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ORIGINAL RESEARCH

Prospective Associations of
Accelerometer-Measured Machine-Learned
Sedentary Behavior With Death Among
Older Women: The OPACH Study

, PhD; John Bellettiere
, PhD; Loki Natarajan

Steve Nguyen
Jordan Carlson

, PhD; Blake Anuskiewicz 2, MS; Chongzhi Di 2, PhD;
, PhD; Michael J. LaMonte @@, PhD; Andrea Z. LaCroix 2, PhD

BACKGROUND: Sedentary behavior is a recognized mortality risk factor. The novel and validated convolutional neural network
hip accelerometer posture algorithm highly accurately classifies sitting and postural changes compared with accelerometer
count cut points. We examined the prospective associations of convolutional neural network hip accelerometer posture—clas-
sified total sitting time and mean sitting bout duration with all-cause and cardiovascular disease (CVD) death.

METHODS AND RESULTS: Women (n=5856; mean+SD age, 79+7 years; 33% Black women, 17% Hispanic or Latina women, 50%
White women) in the Women’s Health Initiative Objective Physical Activity and Cardiovascular Health (OPACH) Study wore
the ActiGraph GT3X+ for ~7 days from May 2012 to April 2014 and were followed through February 19, 2022 for all-cause and
CVD death. The convolutional neural network hip accelerometer posture algorithm classified total sitting time and mean sitting
bout duration from GT3X+ output. Over follow-up (median, 8.4 years; range, 0.1-9.9), there were 1733 deaths (632 from CVD).
Adjusted Cox regression hazard ratios (HRs) comparing women in the highest total sitting time quartile (~696 min/d) to those
in the lowest (<556.0min/d) were 1.57 (95% CI; 1.35-1.83; P-trend<0.001) for all-cause death and 1.78 (95% CI; 1.36-2.31;
P-trend<0.001) for CVD death. HRs comparing women in the longest mean sitting bout duration quartile (>15minutes) to
the shortest (<9.3minutes) were 1.43 (95% ClI; 1.23-1.66; P-trend<0.001) for all-cause death and 1.52 (95% ClI; 1.18-1.96;
P-trend<0.001) for CVD death. Apparent nonlinear associations for total sitting time suggested higher all-cause death (P non-
linear=0.009) and CVD death (P nonlinear=0.008) risk after ~660 to 700 min/d.

CONCLUSIONS: Higher total sitting time and longer mean sitting bout duration are associated with higher all-cause and CVD
mortality risk among older women. These data support interventions aimed at reducing both total sitting time and interrupting
prolonged sitting.
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of death worldwide and in the United States.
Among US adults aged >85years, the annual
rate of new, recurrent, or fatal coronary heart disease
is higher among women (125 per 1000) than men (90
per 1000)." Sedentary behavior (SB), defined as waking

Cardiovascular disease (CVD) is the leading cause

behavior involving sitting or reclining with low energy
expenditure (<1.5 metabolic equivalents), is recognized
for its adverse associations with CVD and death inde-
pendent of physical activity.>* Laboratory studies have
shown that the role of SB in cardiometabolic health
is in part due to reduced muscle contractions, blood
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CLINICAL PERSPECTIVE
What Is New?

The recently developed and validated convolutional
neural network hip accelerometer posture algo-
rithm classifies sedentary behavior more accurately
than traditional cut point measures, which do not
fully capture postural transitions and may misclas-
sify low-intensity physical activity and less risky be-
haviors (eg, standing) as sedentary behavior.

e This is the first study of the associations of con-
volutional neural network hip accelerometer
posture—classified total sitting time and mean
sitting bout duration with all-cause and cardio-
vascular disease death.

e Among 5856 older women, higher total sitting
time (>11-12h/d) and longer mean sitting bout
durations are associated with higher risk of all-
cause and cardiovascular disease death inde-
pendent of physical functioning, multimorbidity,
and accelerometer-measured moderate-to-
vigorous intensity physical activity.

What Are the Clinical Implications?

e Women with >11.6h/d of total sitting time had
a 57% higher risk of all-cause death and 78%
higher risk of cardiovascular disease death
compared with those with <9.3h/d of total sit-
ting time, and women with both high total sitting
time and long mean sitting bout durations had
the highest mortality risks.

e These associations were generally consistent
across age, body mass index, physical func-
tioning, cardiovascular disease risk factors,
accelerometer-measured moderate-to-vigorous
intensity physical activity, and race and ethnicity,
enhancing confidence in these findings; reduc-
ing overall sedentary behavior and interrupting
prolonged sitting in addition to promoting physi-
cal activity could have large public health ben-
efits in an aging society.

Nonstandard Abbreviations and Acronyms

CHAP  convolutional neural network hip
accelerometer posture

MSBD mean sitting bout duration

MVPA  moderate-to-vigorous intensity physical
activity

OPACH Objective Physical Activity and
Cardiovascular Health

SB sedentary behavior

WHI Women’s Health Initiative

WHISH Women’s Health Initiative Strong and
Healthy
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flow, and glucose metabolism during prolonged sit-
ting.>~ Thus, more epidemiologic evidence from spe-
cific investigation of sitting is needed.

The recently developed and validated convolutional
neural network hip accelerometer posture (CHAP) al-
gorithm is an innovative machine learning approach
that accurately classifies sitting and postural transitions
from accelerometer output.® Most previous stud-
ies classified SB by applying accelerometer cut point
methods to low-resolution count data (eg, <100 verti-
cal axis counts/min). This conventional approach does
not capture sitting as accurately and, importantly, can
misclassify low-intensity physical activity and less risky
behaviors (eg, standing) as SB.%'° The present study is
the first to examine whether higher amounts of CHAP-
classified total sitting time and longer mean sitting bout
durations were prospectively associated with higher
all-cause and CVD mortality risk among a racially and
ethnically diverse cohort of older women in the OPACH
(Objective Physical Activity and Cardiovascular Health)
Study. We additionally examined dose—response char-
acteristics of these associations and evaluated effect
modification by age, race and ethnicity, body mass
index (BMI), physical functioning, CVD risk profile, and
accelerometer-measured moderate-to-vigorous inten-
sity physical activity (MVPA). For completeness, we
also present associations of conventional cut point—
classified SB with death.

METHODS

Study Population

The data supporting the present study findings are
available on reasonable request from the Women’s
Health Initiative (WHI) Program in accordance with
publications and presentations policies (https:/sp.whi.
org/researchers/data/WHIStudies/StudySites/AS286/
Pages/home.aspx).

The OPACH Study is ancillary to the WHI Program
and collected accelerometer data from 6489 ambula-
tory community-living women aged 63 to 99 from May
2012 to April 2014 with follow-up through February
19, 2022, for death.":"> OPACH protocol details have
been published.”? In this report, data were excluded
from 270 (4.2%) women who returned accelerome-
ters with data that the CHAP algorithm could not be
successfully applied on and 363 women who returned
devices that did not meet the adherent wear criteria
(>4days with >10hours of wear), yielding an analytic
sample of 5856."""2 The WHI Coordinating Center
(Fred Hutchinson Cancer Research Center, Seattle,
WA) approved the study protocols; all women provided
informed written consent. This study conforms to the
Strengthening the Reporting of Observational Studies
in Epidemiology guidelines.'®


https://sp.whi.org/researchers/data/WHIStudies/StudySites/AS286/Pages/home.aspx
https://sp.whi.org/researchers/data/WHIStudies/StudySites/AS286/Pages/home.aspx
https://sp.whi.org/researchers/data/WHIStudies/StudySites/AS286/Pages/home.aspx
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Mortality Outcomes

The WHI mortality surveillance ascertained vital
status through annual mailed outcome question-
naires, National Death Index searches, obituaries,
and proxy queries.'* All deaths and cardiovascular
events were physician-adjudicated using hospital
records, autopsy reports, next-of-kin reports, and
National Death Index searches."" CVD deaths in-
cluded fatal coronary heart disease, stroke, heart
failure, or death from CVD defined via confirmatory
evidence from medical records as ascertained by
physician adjudication.''* Kappa statistics for inter-
rater agreement on cause-specific death in the WHI
ranged from 0.75 to 0.89."

Accelerometer Measures of Sitting,
Sedentary Behavior, and Physical Activity
Women wore the ActiGraph GT3X+ (ActiGraph LLC,
Pensacola, FL), which collected data at 30Hz, over the
right hip 24h/d up to 7 consecutive days except dur-
ing water submersion (eg, swimming, bathing)."" The
accelerometers were turned on before being mailed to
participants, who were instructed to proceed with their
usual daily living activities."" There was no research
related interference with participants’ daily living ac-
tivities."" The Choi algorithm identified periods of ac-
celerometer nonwear.'® We removed sleep time using
in-bed and out-of-bed times recorded in sleep diaries
kept contemporaneous to accelerometer wear. Missing
sleep time was imputed using individual average sleep
time, if available, otherwise using the OPACH cohort
average (10:45 pm for in-bed time, 7:22 awm for out-of-
bed time).

Total sitting time (minutes/day) and mean sitting
bout duration (MSBD; minutes/bout), were classified
using the CHAP algorithm, which is intended for ap-
plication on hip-worn GT3X+ data.? The 30Hz GT3X+
data were downsampled to 10Hz using boxcar ag-
gregation to reduce file sizes.2 The CHAP algorithm
was developed among 709 older adults in the Adult
Changes in Thought Study (mean [SD] age=77 [6.5]
years; 59% women) who concurrently wore a GT3X+
over the right hip and a thigh-worn activPAL micro3
(criterion measure).8 CHAP had high agreement with
the activPAL micro3 at classifying minute-level sitting
versus nonsitting (sensitivity, 97.1%, specificity, 88.6%,
balanced accuracy, 92.9%).2 The CHAP algorithm and
its documentation are available for research use at
https:/github.com/ADALabUCSD/DeepPostures/.

We applied OPACH Calibration Study triaxial vec-
tor magnitude count cut points to classify MVPA (>518
counts/15s; minutes/day) and total sedentary time
(<18 counts/15's; minutes/day)."” Cut point MSBD was
classified using the common <100 counts/min verti-
cal axis cut point, calculated as the arithmetic mean
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of all sedentary bout durations.'®'® Accelerometer
awake-wear time was accounted for using the resid-
uals method.?°

Covariates

Questionnaires assessed age, race and ethnicity
(Black, White, Hispanic or Latina), education (high
school equivalent or less, some college, college
graduate), alcohol consumption (nondrinker, <1 drink/
wk, >1drink/wk, unknown), current smoking status
(no, yes), and self-rated general health (excellent/very
good, good, poor/very poor) at OPACH Study base-
line. The RAND-36 questionnaire assessed health
limitations on physical functioning during daily activi-
ties; scores ranged from O to 100; higher scores in-
dicated higher physical functioning.?! Participants
self-reported physician diagnosis of hypertension and
medication use. Multimorbidity was categorized as 0,
1, 2, or >3 of 12 prevalent conditions: history of CVD,
cancer, diabetes, hip fracture, osteoarthritis, depres-
sion, chronic obstructive pulmonary disease, cognitive
impairment, self-reported moderate/severe vision or
hearing loss, >2 falls in past 12months, and urinary
incontinence.?? Study staff measured systolic and di-
astolic blood pressure by auscultation using an an-
eroid sphygmomanometer with participants seated
after 5minutes of quiet rest; 2 measurements were
averaged. Height and weight were assessed by tape
measure and bathroom scale to calculate BMI (kg/m@).
Fasting (12-hour) blood samples were collected close
in time (<6 months) to the accelerometer wear interval.
Serum glucose, total cholesterol, high-density lipo-
protein cholesterol, triglycerides, and high-sensitivity
C-reactive protein were measured using standardized
Clinical Laboratory Improvement Act—approved meth-
ods at the University of Minnesota Fairview Advanced
Research and Diagnostics Laboratory.?® We calculated
the Reynolds Risk Score, a summary CVD risk score,
using age, systolic blood pressure, high-sensitivity
C-reactive protein, total and high-density lipoprotein
cholesterol, diabetes, smoking, and family history of
myocardial infarction.?*

Statistical Analysis
We used R 4.2.2 (https://www.r-project.org/) for analy-
ses. We calculated means and SDs or counts and pro-
portions for study characteristics and compared these
across CHAP total sitting time quartiles using F-tests
for continuous variables and chi-square tests for cat-
egorical variables. We calculated Pearson correlations
to understand relationships between accelerometer
variables.

Multivariable Cox proportional hazards regression
models estimated hazard ratios (HRs) and 95% Cls for
associations of quartiles of CHAP SB variables with


https://github.com/ADALabUCSD/DeepPostures/
https://www.r-project.org/
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mortality end points. For completeness, we repeated
the analysis using cut point—classified SB variables.
We calculated follow-up time as number of days from
OPACH Study baseline to date of death, loss to fol-
low-up, last obtained annual WHI medical update, or
end of follow-up, whichever occurred first. Schoenfeld
residuals tested the proportional hazards assumption;
no violations were observed. Model 1, the minimally
adjusted model, contained age and race and eth-
nicity, as published studies of OPACH data showed
that both age and SBs vary by race and ethnicity.#2°
Model 2 additionally contained potential confounders:
education, alcohol use, smoking status, self-reported
health, multimorbidity, and hypertension. Model 3 con-
tained model 2 covariates plus additional confound-
ers: BMI and RAND-36 physical functioning. In models
examining MSBD, model 3A contained model 3 co-
variates plus total sitting time in continuous functional
form. Model 4 additionally contained MVPA, which is
considered a confounder or competing behavior in
compositional or isotemporal frameworks.?%2” Model
5 contained model 4 covariates plus CVD biomark-
ers considered mediators or confounders: systolic
blood pressure, serum glucose, total cholesterol/high-
density lipoprotein ratio, natural-log trigylcerides and
log high-sensitivity C-reactive protein. To characterize
the dose—-response relationship between sitting expo-
sures and mortality risk, we used the rms package to
test the linearity of associations using restricted cubic
splines with knots placed at the 10th, 50th, and 90th
percentiles and computed a Wald test for the nonlinear
spline components.?®

To evaluate the joint dose-response associations
of total sitting time and MSBD, we specified models
containing both variables. We calculated the adjusted
all-cause and CVD mortality rates separately using
the method described in an analysis carried out in the
National Health and Nutrition Examination Survey as
(1 — PAR) xm where PAR is the adjusted population
attributable risk and m is the mortality rate per 1000
person-years.?® The adjusted population attributable
risks were calculated using the confounder-adjusted
(model 3) Cox regression models as (R — Rc) / R where
the observed mortality rate was calculatedas R =1 r
i with / as the baseline hazard rate and r; as the esti-
mated relative risk for participant / and their observed
total sitting time and mean sitting bout duration. The
counterfactual mortality rate Rc was calculated as
R=1Y r, with r, as the estimated relative risk for par-
ticipant / with total sitting time and mean sitting bout
duration set to fixed levels. In the adjusted population
attributable risk calculation, the baseline hazard can-
cels out.

To evaluate the consistency of associations within
cohort subgroups, we carried out stratified analysis
across strata of age, BMI, RAND-36 physical function,
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MVPA, Reynolds Risk Score, and race and ethnic-
ity. We statistically evaluated effect modification with
cross-product terms between SB variables and strat-
ification variables (continuous format). To account for
missing covariate data, we carried out multiple imputa-
tion by chained equations using the R mice package,
specifying all outcomes, exposures, and covariates,
with 100 imputations and 5 iterations.

In sensitivity analyses, we repeated the quartile Cox
regression models excluding data from women who
died within the first 2 years of follow-up to evaluate the
potential of reverse causality influencing our primary
results. The threshold for statistical significance was
P<0.05 for all tests.

RESULTS

Study Population Characteristics

At baseline, women were aged 78.7years on aver-
age; 49.8%, 33.2%, and 17.0% were White, Black,
and Hispanic or Latina, respectively. Women averaged
621.5min/d of CHAP total sitting time and 12.8 min/bout
for MSBD (Table 1). Compared with women with total
sitting time in the lowest quartile, women in higher total
sitting time quartiles were older; were similar in educa-
tion; were more likely to be White and current smokers;
had higher BMI and multimorbidity; less often reported
excellent/very good health; and had lower physical
function scores, less favorable CVD biomarker levels,
and lower MVPA levels (Table 1). Pearson correlations
for CHAP total sitting time with MSBD and MVPA with
cut point-classified total sedentary time were 0.56,
—-0.49, and 0.75, respectively (Figure S1).

Associations of SB Measures With all-
Cause and CVD Death

There were 1733 deaths (632 from CVD) over a median
follow-up of 8.4years. Unadjusted all-cause and CVD
mortality rates were higher across higher quartiles of
CHAP total sitting time and MSBD (Table 2). Based on
these rates, women in the highest versus lowest quar-
tile of each SB exposure had more than double the
absolute mortality risks.

In multivariable-adjusted analyses, higher quartiles
of CHAP total sitting time and MSBD were significantly
associated with higher all-cause and CVD mortality risk
(models 1 and 2, all P-trend<0.001). After additional
adjustment for BMI and RAND-36 physical function-
ing in model 3, the HRs comparing women with total
sitting time in the highest quartile (=696 min/d) to those
in the lowest (<556.0min/d) were 1.57 (95% ClI, 1.35-
1.83; P-trend<0.001) for all-cause death and 1.78 (95%
Cl, 1.36-2.31; P-trend<0.001) for CVD death (Table 2).
The model 3 HRs comparing women with MSBD in
the highest quartile (>15.2min) to those in the lowest
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Table 1. Baseline (2012-2014) Sociodemographic and Health-Related Characteristics by Quartiles of CHAP-Classified
Sitting Time in the OPACH Cohort (n=5856)

Sitting time (min/d) quartiles*
Quartile 1 (low): Quartile 2: Quartile 3: Quartile 4 (high):
Characteristics Total <556.0 556.0-625.6 625.6-695.6 >695.6 &
Age, y, mean (SD) 78.7 (6.7) 76.9 (6.3) 77.9 (6.6) 79.1(8.7) 80.8 (6.5) <0.001
Race and ethnicity, n (%) <0.001
White 2916 (49.8) 603 (41.2) 679 (46.4) 772 (52.7) 862 (58.9)
Black 1944 (33.2) 432 (29.5) 504 (34.4) 516 (35.2) 492 (33.6)
Hispanic or Latina 996 (17) 429 (29.3) 281 (19.2) 176 (12) 110 (7.5)
Highest education level, n (%) 0.47
High school/GED or less 1169 (20.1) 307 (21.0) 292 (20.0) 286 (19.8) 284 (19.5)
Some college 2243 (38.5) 565 (38.7) 546 (37.4) 542 (37.5) 590 (40.5)
College graduate 2409 (41.4) 587 (40.2) 620 (42.5) 619 (42.8) 583 (40.0)
Health behavior/status
Current smoking, n (%) 153 (2.6) 23 (1.6) 34 (2.3) 39 (2.7) 57 (3.9) 0.001
Alcohol use in past 3mo, <0.002
n (%)
Nondrinker 1998 (34.1) 429 (29.3) 477 (32.6) 495 (33.8) 597 (40.8)
<1 drink/wk 1852 (31.6) 470 (32.1) 461 (31.5) 481 (32.9) 440 (30.1)
>1drink/wk 1526 (26.1) 454 (31) 430 (29.4) 376 (25.7) 266 (18.2)
Unknown 480 (8.2) 111 (7.6) 96 (6.6) 12 (7.7) 161 (1)
BMI, kg/m?, mean (SD) 28.1(5.7) 26.1 (4.7) 27.5 (5.0) 28.7 (5.6) 30.1 (6.6) <0.001
Self-rated health, n (%) <0.001
Excellent or very good 2974 (51.0) 867 (59.5) 804 (55) 755 (51.7) 548 (37.6)
Good 2301 (39.4) 511 (35.1) 547 (37.4) 572 (39.2) 671 (46.0)
Poor or very poor 562 (9.6) 79 (5.4) 110 (7.5) 134 (9.2) 239 (16.4)
Physical functioning, mean 68.9 (25.9) 79.5 (20.3) 74.5 (23.0) 67.2 (25.4) 54.4 (27.4) <0.001
(SD)
Number of chronic <0.001
conditions', n (%)
0 1417 (24.3) 426 (29.2) 370 (25.4) 333 (22.8) 288 (19.8)
1 2441 (41.9) 625 (42.9) 628 (43.1) 624 (42.8) 564 (38.7)
2 1391 (23.9) 305 (20.9) 335 (23) 353 (24.2) 398 (27.3)
>3 582 (10.0) 101 (6.9) 124 (8.5) 149 (10.2) 208 (14.3)
CVD risk factors
History of CVD, n (%) 461 (7.9) 72 (4.9 100 (6.8) 121 8.9) 168 (11.5) <0.001
Hypertension, n (%) 4199 (71.7) 926 (63.3) 1034 (70.6) 1091 (74.5) 1148 (78.4) <0.001
Diabetes, n (%) 1184 (20.2) 205 (14.0) 263 (18.0) 307 (21.0) 409 (27.9) <0.001
Systolic blood pressure, 125.7 (14.2) 124.2 (13.7) 124.9 (13.9) 126.3 (14.0) 127.9 (15.2) <0.001
mmHg, mean (SD)
Diastolic blood pressure, 72.3 (8.7) 71.7 (8.3) 72.1(8.4) 72.9 (8.8) 72.82 (9.3) 0.001
mmHg, mean (SD)
Total cholesterol, mg/dL, 197.4 (39.3) 202.6, (37.7) 199.4, (39.22) 195.6, (39.4) 191.6, (40.4)
mean (SD)
HDL cholesterol, mg/dL, 60.5 (15.0) 63.9, (15.4) 61.0, (15.2) 59.2, (14.4) 57.3, (14.0)
mean (SD)
Total cholesterol/HDL 3.41 (0.93) 3.31, (0.87) 3.42, (0.95) 3.43, (0.89) 3.49, (1)
cholesterol ratio, mg/dL,
mean (SD)
Log triglycerides, mg/dL, 4.58 (0.45) 4.5 (0.45) 4.58 (0.45) 4.62 (0.44) 4.66 (0.45) <0.001
mean (SD)

(Continued)
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Table 1. Continued

Machine-Learned Accelerometer Sitting and Mortality

Sitting time (min/d) quartiles*
Quartile 1 (low): Quartile 2: Quartile 3: Quartile 4 (high):
Characteristics Total <556.0 556.0-625.6 625.6-695.6 >695.6 P
Log hs-CRP, mg/L, mean 0.63 (1.05) 0.4 (0.98) 0.59 (1.0) 0.71 (1.07) 0.83(1.12) <0.001
(SD)
Glucose, mg/dL, mean (SD) 98.2 (27.6) 95.0 (26.0) 96.5 (24.8) 98.6 (25.6) 103.4 (33.1) <0.001
Accelerometry, mean (SD)
Total sedentary time* (CP), 555.6 (90.4) 466.4 (68.2) 535.2 (59.1) 582.0 (59.9) 638.7 (70.9) <0.001
min/d
Mean sedentary bout 7.38 (2.7) 5.6 (1.3 6.75 (1.6) 7.74 (2.1) 9.44 (3.5) <0.001
duration* (CP), min
CHAP total sitting time?*, 621.5 (103) 486.5 (57.8) 592.4 (20.2) 658.6 (20.0) 748.7 (40.8) <0.001
min/d
CHAP mean sitting bout 12.8 (5.3) 9.81 (3.0) 1.3 (3.5) 12.9 (4.0) 17.3 (6.7) <0.001
duration,” min
MVPA*, min/d 50.8 (33.7) 721 (39.5) 56.6 (30.2) 44.5 (26.2) 30.1 (20.7) <0.001

BMI indicates body mass index; CHAP, convolutional neural network hip accelerometer posture; CP, cutpoint; CVD, cardiovascular disease; GED, General
Educational Development; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C reactive protein; LDL, low-density lipoprotein; MVPA, moderate-to-vigorous
intensity physical activity; and OPACH, Objective Physical Activity and Cardiovascular Health.

*Adjusted for awake wear time using the residuals method.

fMultimorbidity consisted of 12 conditions: coronary disease (coronary artery bypass graft, coronary heart disease, congestive heart failure, clinical
myocardial infarction, or percutaneous transluminal coronary angioplasty), stroke (carotid artery disease, stroke, transient ischemic attack), cancer (excluding
nonmelanoma skin cancer), diabetes (self-reported physician diagnosis or use of diabetes medications), hip fracture, osteoarthritis, chronic obstructive
pulmonary disease, cognitive impairment, sensory impairment (vision or hearing loss), >2 falls in the past 12 months, and urinary incontinence.??

(<9.3) were 1.43 (95% ClI, 1.23-1.66; P-trend<0.001)
for all-cause death and 1.52 (95% CI, 1.18-1.96; P-
trend<0.001) for CVD death (Table 2). The HRs after fur-
ther adjustment for total sitting time in model 3A were
118 (95% Cl, 1.01-1.40; P-trend<0.001) for all-cause
death and 1.20 (95% ClI, 0.91-1.58; P-trend=0.043) for
CVD death (Table 2). Associations remained significant
after additional adjustment for MVPA and CVD bio-
markers (all P-trend<0.01; Table 2).

We repeated the primary analysis using
cutpoint-classified SB exposures. The model 3 HR
comparing women in the highest quartile of cut point—
classified total sedentary time (>619.3min/d) to those in
the lowest (<4971 min/d) was 1.74 (95% CI, 1.48-2.04;
P-trend<0.001) for all-cause death and 1.39 (95% ClI,
1.19-1.61; P-trend<0.001) for CVD death (Table S1). The
model 3 HR comparing women in the highest quartile of
cut point—classified MSBD (=8.48 minutes) to those in the
lowest (<5.60minutes) was 1.60 (95% Cl, 1.23-2.09; P-
trend<0.001) for all-cause death and 1.42 (95% ClI, 1.10-
1.83; P-trend<0.001) for CVD death (Tables S1 and S2).

Restricted cubic spline analyses showed evidence
of nonlinear dose-responses for CHAP total sitting
time with all-cause death (P-nonlinearity=0.009) and
CVD death (P-nonlinearity=0.008), but not for MSBD
(P-nonlinearity=0.237 and 0.087 for all-cause and CVD
death, respectively; Figure 1). Therefore, we proceeded
with modeling CHAP total sitting time using restricted
cubic splines and MSBD in continuous linear functional
form. Higher total sitting time associated with higher
all-cause mortality risk after ~660min/d and higher

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

CVD mortality risk after ~700min/d (Figure 1). The HRs
for the interquartile range in total sitting time (140 min/d)
were 1.31 (95% ClI, 1.21-1.41) for all-cause death and
1.36 (95% ClI, 1.2-1.54) for CVD death (Table 3). The
HRs for the interquartile range in MSBD (5.9 minutes)
were 117 (95% ClI, 1.12-1.23) for all-cause death and
1.19 (95% ClI, 1.10-1.28) for CVD death (Table 3).

Results from complete case analysis were con-
sistent in direction and significance to main analyses;
however, the HR attenuated when comparing women
in the highest quartile of MSBD with those in the lowest
after adjustment for CVD biomarkers in model 5 was
1.02 (95% ClI, 0.84-1.23; P-trend=0.532) for all-cause
death and 1.10 (95% ClI, 0.79-1.53; P-trend=0.686) for
CVD death (Table S3). In sensitivity analyses that ex-
cluded data from 189 women who died during the first
2years of follow-up were generally consistent in direc-
tion and magnitude with those from the main analysis
results. However, the MSBD-CVD mortality association
was no longer statistically significant after adjustment
for MVPA and CVD biomarkers (Table S4).

Joint Association of SB Measures With
All-Cause and CVD Death

Multiplicative interactions between CHAP total sit-
ting time modeled using restricted cubic splines
with knots at the 10th, 50th, and 90th percen-
tiles and MSBD modeled in continuous func-
tional form were not statistically significant for
all-cause death (B=P-interaction=0.670) or CVD
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Table 2. Associations of Quartiles of Total Sitting Time and Mean Sitting Bout Duration With All-Cause and CVD Death in
the OPACH Cohort (n=5856) 2012 to 2022

All-cause death
Deaths [rate?] 286 [23.9] 355 [30.6] 450 [40.3] 642 [63.7]
Model 1% 1 (ref) 117 (1.00-1.37) 1.35 (1.16-1.56) 1.97 (1.71-2.28) <0.001
Model 28 1 (ref) 1.07 (0.91-1.25) 1.17 (1.01-1.36) 1.59 (1.37-1.84) <0.001
Model 38 1 (ref) 1.09 (0.93-1.27) 117 (1.01-1.37) 1.57 (1.35-1.83) <0.001
Model 48 1 (ref) 1.03 (0.88-1.21) 1.07 (0.92-1.25) 1.36 (1.16-1.60) <0.001
Model 58 1 (ref) 1.03 (0.88-1.21) 1.06 (0.91-1.24) 1.35 (1.15-1.568) <0.001
CVD death
Deaths [rate!] 85 [71] 122 [10.5] 159 [14.2] 266 [26.4]
Model 1% 1 (ref) 1.30 (0.99-1.72) 1.47 (1.12-1.91) 2.44 (1.90-3.13) <0.001
Model 28 1 (ref) 1.15 (0.87-1.52) 1.21(0.93-1.59) 1.82 (1.41-2.35) <0.001
Model 38 1 (ref) 1.16 (0.88-1.54) 1.20 (0.91-1.58) 1.78 (1.36-2.31) <0.001
Model 48 1 (ref) 112 (0.85-1.49) 1.13(0.86-1.48) 1.60 (1.22-2.10) <0.001
Model 58 1 (ref) 113 (0.85-1.49) 1.13(0.85-1.48) 1.59 (1.21-2.09) <0.001

All-cause death
Deaths [rate] 289 [25.2] 380 [33.0] 447 [39.6] 617 [58.8]
Model 1§ 1 (ref) 1.14 (0.98-1.33) 1.28 (1.11-1.49) 1.65 (1.43-1.90) <0.001
Model 28 1 (ref) 1.09 (0.93-1.27) 1.20 (1.03-1.39) 1.45 (1.26-1.68) <0.001
Model 38 1 (ref) 1.08 (0.93-1.27) 1.20 (1.04-1.40) 1.43 (1.23-1.66) <0.001
Model 3AS 1 (ref) 1.02 (0.87-1.19) 1.09 (0.93-1.27) 1.18 (1.01-1.40) 0.001
Model 48 1 (ref) 1.02 (0.87-1.19) 1.08 (0.93-1.26) 1.21 (1.03-1.41) <0.001
Model 58 1 (ref) 1.02 (0.87-1.19) 1.07 (0.92-1.25) 118 (1.01-1.38) <0.001
CVD death
Deaths [rate] 95 [8.3] 126 [10.9] 170 [15.1] 241 [22.9]
Model 1§ 1 (ref) 115 (0.88-1.51) 1.48 (1.15-1.91) 1.88 (1.48-2.39) <0.001
Model 28 1 (ref) 1.08 (0.83-1.41) 1.34 (1.04-1.73) 1.68 (1.24-2.01) <0.001
Model 38 1 (ref) 1.07 (0.82-1.41) 1.33 (1.03-1.72) 1.562 (1.18-1.96) <0.001
Model 3A8 1 (ref) 0.99 (0.75-1.30) 117 (0.90-1.52) 1.20 (0.91-1.58) 0.043
Model 4§ 1 (ref) 1.03 (0.78-1.34) 1.23 (0.94-1.59) 1.34 (1.03-1.75) 0.001
Model 58 1 (ref) 1.01 (0.77-1.33) 1.21 (0.93-1.57) 1.30 (1.00-1.70) 0.002

BMI indicates body mass index; CVD, cardiovascular disease; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C reactive protein; MSBD, mean
sitting bout duration; MVPA, moderate to vigorous intensity physical activity; and OPACH, Objective Physical Activity and Cardiovascular Health. Model 1
adjusted for age and race and ethnicity; model 2 adjusted for model 1 covariates plus educational attainment, alcohol use, smoking status, self-reported
health, multimorbidity, and hypertension; model 3 adjusted for model 2 covariates plus BMI and RAND-36 physical functioning; model 3A adjusted for model
3 covariates plus total sitting time; model 4 adjusted for model 3 covariates plus MVPA; model 5 adjusted for model 4 covariates plus average systolic blood
pressure, serum glucose, total cholesterol/HDL cholesterol ratio, log-triglycerides, and log hs-CRP. Model results were estimated with missing covariate data
imputed using multiple imputation by chained equations from the R mice package.

*Adjusted for awake wear time using the residuals method.

P values from Cox multivariate regression models including total sedentary time or mean sitting bout duration in continuous form.

*Crude incidence rate per 1000 person-years.
SData are hazard ratio (95% ClI).

death (P-interaction=0.256). When modeled as
jointly classified exposures (total sitting time mod-
eled using restricted cubic splines with knots at
the 10th, 50th, and 90th percentiles and MSBD

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

in continuous functional form) using the 10th per-
centile of total sitting time and MSBD as the refer-
ence group, there was a much stronger gradient
of higher all-cause and CVD mortality rates and

~
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Figure 1. Dose-response associations of total sitting time and mean sitting bout duration
(MSBD) with all-cause and CVD death in the OPACH 2012 to 2022.

Models adjusted for age, race and ethnicity, education, smoking status, alcohol use, multimorbidity,
RAND-36 physical function, self-rated health, body mass index, and hypertension. Results were trimmed
at the 1st and 99th percentiles. The reference was set to the 10th percentile. Bottom panels show
histograms for the distributions of total sitting time and MSBD. The vertical dashed lines in the histograms
correspond to the arithmetic mean of CHAP total sitting time or CHAP mean sitting bout duration. CHAP
indicates convolutional neural network hip accelerometer posture; CVD, cardiovascular disease; HR,

hazard ratio; and OPACH, Objective Physical Activity and Cardiovascular Health.

risks with higher total sitting time when holding
MSBD constant than with longer MSBDs when
holding total sitting time constant (Figures 2 and
3, Table S5). Women with the highest total sitting
time and longest MSBD had the highest all-cause
and CVD mortality rate and risk. The rates and HRs
comparing women in the 90th percentile of both
total sitting time (751.6 min/d) and MSBD (19.0 min-
utes) to those in the 10th percentile of total sitting
time (486 min/d) and MSBD (7.3 minutes) were 47.8
per 1000 person-years and 1.60 (95% CI, 1.36-
1.89) for all-cause death and 17.8 per 1000 person-
years and 1.67 (95% ClI, 1.27-2.19) for CVD death
(Figures 2 and 3 and Table S5).

Effect Modification by Participant
Characteristics for the Associations of
Sitting Variables With All-Cause and CVD
Death

In stratified analyses, results were consistent across
most cohort subgroups with few interaction tests
achieving statistical significance. The MSBD-CVD
mortality association was somewhat weaker among
women aged >80years (HR, 1.16 [95% CI, 1.06-1.26])
than for women aged <80years (HR, 1.30 [95% CI,
1.12-1.51]; P-interaction=0.013; Table 3). There was
borderline evidence of effect modification by race
and ethnicity for the MSBD-CVD mortality association

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156 8
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Table 3. Associations of Interquartile Range in CHAP-Classified Total Sitting Time and CHAP-Classified Mean Sitting Bout
Duration With All-Cause and CVD Death by Selected Baseline Characteristics in the OPACH Cohort (n=5856) 2012 to 2022

Total sample 5856 1733 1.31 (1.21-1.41) 632 1.36 (1.20-1.54)

Age 0.083 0.166
<80y 2957 415 1.36 (1.16-1.59) 119 1.42 (1.08-1.87)
>80y 2899 1318 1.26 (1.16-1.38) 513 1.33 (1.15-1.54)

BMI 0.478 0.486
<3B0kg/m? 4023 1247 1.33 (1.22-1.45) 440 1.51 (1.30-1.74)
>30kg/m? 1833 486 1.19 (0.98-1.44) 192 1.01 (0.74-1.38)

RAND-36 physical functioning 0.673 0.330
<75 2681 1115 1.31 (1.17-1.46) 428 1.34 (1.11-1.62)
>75 3175 618 1.31 (1.14-1.51) 204 1.29 (1.02-1.64)

Reynolds Risk Score 0.232 0.652
<10 3027 560 1.31 (1.10-1.55) 174 1.33 (1.00-1.78)
>10 2829 173 1.22 (1.09-1.35) 458 1.30 (1.09-1.56)

MVPA 0.803 0.227
<43min/d 2928 1188 1.18 (1.05-1.31) 453 1.20 (1.00-1.44)
>43min/d 2928 545 1.30 (1.08-1.56) 179 1.20 (0.88-1.64)

Race and ethnicity* 0.203 0.702
White 2916 1189 1.27 (1.16-1.40) 461 1.40 (1.19-1.65)
Black 1944 387 1.38 (1.16-1.64) 129 1.34 (1.03-1.74)
Hispanic or Latina 996 157 1.26 (0.92-1.71) 42 1.16 (0.68-2.00)

Total sample 5856 1733 117 (1.12-1.23) 632 1.19 (1.10-1.28)

Age 0.038 0.013
<80y 2957 415 117 (1.06-1.29) 119 1.30 (1.12-1.51)
>80y 2899 1318 118 (1.12-1.24) 513 1.16 (1.06-1.26)

BMI 0.580 0.723
<B80kg/m? 4023 1247 1.20 (1.13-1.28) 440 1.24 (1.12-1.37)
>30kg/m? 1833 486 112 (1.02-1.23) 192 1.11 (0.96-1.28)

RAND-36 physical functioning 0.470 0.792
<75 2681 1115 1.16 (1.09-1.23) 428 119 (1.09-1.29)
>75 3175 618 1.20 (1.10-1.32) 204 1.18 (1.01-1.38)

Reynolds Risk Score 0.183 0.372
<10 3027 560 112 (0.99-1.28) 174 1.06 (0.85-1.34)
>10 2829 1173 1.14 (1.07-1.22) 458 1.15(1.04-1.28)

MVPA 0.092 0.275
<43min/day 2928 1188 116 (1.10-1.22) 453 118 (1.09-1.29)
>43min/day 2928 545 1.08 (0.89-1.19) 179 1.04 (0.81-1.33)

Race and ethnicity* 0.341 0.047
White 2916 1189 1.19 (1.12-1.25) 461 1.14 (1.04-1.25)
Black 1944 387 1.15 (1.04-1.26) 129 1.32 (1.14-1.52)
Hispanic or Latina 996 157 1.29 (1.02-1.63) 42 1.66 (1.08-2.54)

BMI indicates body mass index; CHAP, convolutional neural network hip accelerometer posture; CVD, cardiovascular disease; HR, hazard ratio; MSBD,
mean sitting bout duration; and MVPA, moderate-to-vigorous physical activity; and OPACH, Objective Physical Activity and Cardiovascular Health. Models
adjusted for age, race and ethnicity, education, smoking status, alcohol use, multimorbidity, physical functioning, self-rated health, BMI, and hypertension.
RAND-36 physical functioning and MVPA were split at the median. Model results were estimated with missing covariate data imputed using multiple imputation
by chained equations from the R mice package.

*The interquartile ranges for total sitting time and MSBD are 139.6 and 5.9 min, respectively.

Total sitting time was modeled using restricted cubic splines with knots placed at the 10th, 50th, and 90th percentiles. MSBD was modeled in continuous
functional form.

*Models for each level of race and ethnicity were not mutually adjusted for race and ethnicity.

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156
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Figure 2. Joint associations of sitting time and mean sitting bout duration (MSBD) with all-cause death in the OPACH
cohort 2012 to 2022.

CVD indicates cardiovascular disease; MSBD, mean sitting bout duration; and OPACH, Objective Physical Activity and Cardiovascular
Health. Model adjusted for age, race and ethnicity, education, smoking status, alcohol use, multimorbidity, RAND-36 physical function,
self-rated health, body mass index, and hypertension. Results were trimmed at the 1st and 99th percentiles. Sitting time was modeled
using restricted cubic splines with knots placed at the 10th, 50th, and 90th percentiles and mean sitting bout duration was modeled

in continuous linear functional form. The reference was set to the 10th percentile of both total sitting time and MSBD.

(P-interaction=0.047), suggesting a somewhat stronger
association among Hispanic and Latina women (HR,
1.66 [95% Cl, 1.08-2.54]) than for Black women (HR,
1.32 [95% ClI, 1.14-1.52]) and White women (HR, 1.14
[95% CI, 1.04-1.25]; Table 3). Results from complete
case analysis were consistent in direction and magni-
tude (Table S6).

DISCUSSION

In this racially and ethnically diverse prospective study
among older ambulatory women, both higher amounts
of CHAP-classified total sitting time and longer MSBD
were significantly associated with higher all-cause and
CVD mortality risk after adjusting for device awake—
wear time, sociodemographic and CVD risk factors,
and accelerometer-measured MVPA. Compared with
women with less than ~9.3h/d of total sitting time, those

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

with ~11.6h/d or more had a 57% higher risk of all-cause
death and a 78% higher risk of CVD death. Compared
with women with MSBDs <9.3minutes, those with
MSBDs of ~15minutes or more had 43% higher risk
of all-cause death and 52% higher risk of CVD death.
There were significant nonlinear dose—response associ-
ations for CHAP total sitting time, suggesting a threshold
of ~660 to 700min/d demarcating higher mortality risks
thereafter. Associations were generally directionally con-
sistent across key subgroups, enhancing confidence in
the primary findings for the overall cohort.

These findings have important public health im-
plications. Older women accumulate substantial SB
amounts when awake (eg, screen use, transportation,
leisure pursuits, and at home).3°-32 When examined as
jointly classified exposures, women with the highest
total sitting time and longest MSBD had the highest
all-cause and CVD mortality risks, but the additional
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Figure 3. Joint associations of sitting time and mean sitting bout duration (MSBD) with CVD death in the OPACH cohort

2012-2022.

CVD indicates cardiovascular disease; MSBD, mean sitting bout duration; and OPACH, Objective Physical Activity and Cardiovascular
Health. Model adjusted for age, race and ethnicity, education, smoking status, alcohol use, multimorbidity, RAND-36 physical function,
self-rated health, body mass index, and hypertension. Results were trimmed at the 1st and 99th percentiles. Sitting time was modeled
using restricted cubic splines with knots placed at the 10th, 50th, and 90th percentiles and mean sitting bout duration was modeled
in continuous linear functional form. The reference was set to the 10th percentile of both total sitting time and MSBD.

risk of both exposures was not synergistic regarding
additive or multiplicative interaction. HRs for total sit-
ting time (HRs for interquartile range, 1.31 for all-cause
death and 1.36 for CVD death; Table 3) were stron-
ger in magnitude than for MSBD (HRs for interquartile
range, 1.17 for all-cause death and 1.19 for CVD death).
Nonetheless, longer MSBDs were associated with
mortality risk independent of total sitting time. Given
that these SB exposures were moderately correlated
(=0.56) and travel together, our findings suggest a
larger risk reduction potential with reducing total sit-
ting time than with reducing MSBD and that introduc-
ing more breaks to sitting may reduce mortality risk by
reducing total sitting time as well as sitting bout dura-
tions. Moreover, when total sitting time is longer than
11 to 12h/d, it may be especially important to interrupt
prolonged sitting to reduce mortality risks. Overall, the
present study results support interventions to reduce
both total sitting time and MSBD.

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

There were somewhat stronger HRs for CVD death
with CHAP-classified SB than with cut point—classified
SB (eg, model 3, quartile 4 versus quartile 1 HR for total
sitting time, 1.78 versus 1.39 with total sedentary time)
despite strong correlations between CHAP-classified
and cut point—classified SB (r=0.67-0.75). These sub-
tle differences could be attributable to the CHAP al-
gorithm more accurately capturing sitting and postural
transitions, whereas cut point methods capture move-
ment intensity and are vulnerable to misclassifying as
SB low-intensity physical activity and nonsitting behav-
iors like standing, which has been shown to inversely
associate with death.83" Additionally, confounding by
MVPA was greater with cut point-classified SB than
with CHAP-classified SB (eg, model 4, quartile 4 ver-
sus quartile 1 HR for total sitting time, 1.60 versus 1.14
with cut point—classified total sedentary time).

The present study results for CHAP-classified sitting
align with published studies that used accelerometer
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cut point—classified SB. In a published OPACH study
(mean follow-up, 3.4years), women with both high
total sedentary time (>558min/d) and long MSBDs
(>6.8 min/bout) had the highest incident CVD risks (HR,
1.34 [95% ClI, 1.08-1.65]), consistent with the present
study, which incorporated an additional 5years of
follow-up.* The present study results also align with
those among middle-aged and older adult Black and
White participants in the REasons for Geographic and
Racial Differences in Stroke (REGARDS) study where
those with both high total sedentary time (=750 min/d)
and long MSBD (>10min/bout) had the highest all-
cause mortality risk (HR, 2.00 [95% ClI, 1.45-2.75]).3
In the European Prospective Investigation into Cancer
(EPIC)-Norfolk study, there were flat, nonsignificant
associations between sedentary time and all-cause
mortality risk up to 660min/d, with a steep increase
in HRs thereafter, consistent with the present study.?
The present study results strengthen the published
literature by showing congruent evidence of adverse
SB-mortality associations despite differences in study
population and SB measurement and classification
methods.

Importantly, the application of CHAP-classified SB
in the present study extends the literature on SB and
death. First, the present study examined the joint as-
sociations of total sitting time and MSBD across their
respective ranges by including both variables in mod-
els. Due to collinearity considerations, studies with cut
point—classified SB instead classified participants with
high or low total sedentary time and MSBD. Second,
adjustment for accelerometer-measured MVPA in the
present study did not eliminate the positive CHAP
SB-mortality associations, in contrast with published
studies. A meta-analysis of 9 studies (n=44 370 middle-
aged and older adults) observed that higher tertiles of
total sedentary time did not associate with higher all-
cause mortality risk among those in the highest ter-
tile of MVPA.3 In the Whitehall Il study, incident CVD
risk was not higher with higher total sedentary time
(HR, 1.02 [95% ClI, 0.88-1.19]) and longer MSBD (HR,
1.09 [95% CI, 0.98-1.23)) after adjusting for MVPA.3*
Differences between the present study findings and
those in the literature could be attributable to differ-
ences in study population, devices used, placement,
wear interval duration, and method of classifying SB.

Several national and international guidelines in-
cluding the US Physical Activity Guidelines, Australian
Physical Activity Guidelines, and World Health
Organization guidelines include recommendations
to reduce and interrupt SB.%%-%8 However, the World
Health Organization guidelines did not specify a quan-
titative threshold for SB due to insufficient evidence as
well as potential variation in SB measurement.®® The
CHAP algorithm as applied in the present study could
address questions of variation in SB measurement
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due to its high agreement with activPAL devices and
CHAP’s availability to researchers to apply on exist-
ing or future hip-worn device data.® Additionally, these
guidelines indicated a need for additional research
on the prospective associations of SB bouts with all-
cause and CVD death and detailed examination of
how factors inclusive of age, race and ethnicity, and
adiposity relate to SB-CVD mortality associations.3%-%"
The present study results support guidelines to reduce
SB and contribute important information addressing
these research gaps and could thereby inform future
physical activity and SB guidelines for older adults.

Strengths and Limitations

Strengths of the present study include the large ra-
cially and ethnically diverse study population of older
women and the application of the highly accurate
CHAP algorithm to determine SB during up to 7 days
under usual free-living conditions.®. The WHI and
OPACH collected extensive health information, ena-
bling comprehensive adjustment for potential con-
founders including health status, physical functioning,
and multimorbidity, and for stratified analysis across
cohort subgroups to determine consistency of the pri-
mary results. Of the 6489 women who returned accel-
erometers with usable data, 363 returned devices that
were not adherent (<4 days of >10h/d of wear), indi-
cating that women in OPACH were highly adherent to
accelerometer wear at 94.4% (6126/6489). Limitations
include the lack of ground truth sitting measures, for
example, direct observation, or concurrent activPAL
wear, which are not available in OPACH. However,
the CHAP algorithm, developed using activPAL as
the criterion sitting measure, has excellent accuracy.®
Women wore accelerometers for up to 7 days, which
has been shown to be reliable for capturing SB pat-
terns over 2 to 3years but may not reflect SB pat-
terns over longer periods of time.3° Finally, replication
among men and among younger populations is war-
ranted for reproducibility and generalizability.

CONCLUSIONS

Our study showed that among older women, higher
total sitting time and longer MSBDs were associated
with higher all-cause and CVD mortality risk. Large,
randomized trials like the WHISH (Women’s Health
Initiative Strong and Healthy) trial are needed to evalu-
ate the effectiveness of reducing SB accumulation in
relation to health outcomes including CVD and death
among older adults.*® Health care providers and future
physical activity guidelines could usefully address re-
ducing both overall SB and interrupting prolonged sit-
ting in addition to promoting physical activity for public
health benefits in an aging society.

12



202 ‘82 Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Nguyen et al

ARTICLE INFORMATION
Received May 31, 2023; accepted November 14, 2023.

Affiliations

Division of Epidemiology, Herbert Wertheim School of Public Health,
University of California San Diego, La Jolla, CA (S.N., J.B., B.A,, LN., A.Z.L);
Division of Public Health Sciences, Fred Hutchinson Cancer Center, Seattle,
WA (C.D.); Center for Children’s Healthy Lifestyles and Nutrition, Children’s
Mercy Kansas City, Kansas City, MO (J.C.); and Department of Epidemiology
and Environmental Health, School of Public Health and Health Professions,
University at Buffalo — SUNY, Buffalo, NY (M.J.L.).

Acknowledgments

The authors thank the Women’s Health Initiative (WHI) participants, staff, and
investigators. The short list of WHI investigators can be found at the follow-
ing site: https://www-whi-org.s3.us-west-2.amazonaws.com/wp-content/
uploads/WHI-Investigator-Short-List.pdf. The full list of WHI investigators
can be found at the following site: https:/s3-us-west-2.amazonaws.com/
www-whi-org/wp-content/uploads/WHI-Investigator-Long-List.pdf. The au-
thors also thank Cecilia Croasdale for her contributions in synthesizing the
published literature on sedentary behavior and death.

Sources of Funding

The present study was supported by the National Institute on Aging (PO1
AG052352 to AZL) and the National Heart, Lung, and Blood Institute,
which provided funding for the OPACH study (grant no. RO1 HL105065 to
AZL). The WHI program is funded by the National Heart, Lung, and Blood
Institute, National Institutes of Health, US Department of Health and Human
Services through 756N92021D00001, 75N92021D00002, 75N92021D00003,
75N92021D00004, 75N92021D00005. The National Institute on Aging
(grant no. 5T32AG058529-03 to Dr Nguyen) supported the present study.
Funding also came from the Tobacco-Related Disease Research Program
New Investigator Award (31KT1501 to JB). Drs LaCroix, Bellettiere, Carlson,
and Natarajan were partially supported by funding from the National Institute
of Diabetes and Digestive and Kidney Disease (R01DK114945). The funding
agencies were not involved in the design of the study, data collection, analy-
sis, data interpretation, or manuscript writing.

Disclosures
None.

Supplemental Material
Tables S1-S6
Figure S1

REFERENCES

1. Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt
MS, Boehme AK, Buxton AE, Carson AP, Commodore-Mensah Y,
et al. Heart disease and stroke statistics-2022 update: a report from
the American Heart Association. Circulation. 2022;145:E153-E639. doi:
10.1161/CIR.0000000000001052

2. Dempsey PC, Strain T, Khaw K-T, Wareham NJ, Brage S, Wijndaele
K. Prospective associations of accelerometer-measured physical ac-
tivity and sedentary time with incident cardiovascular disease, cancer,
and all-cause mortality. Circulation. 2020;141:1113-1115. doi: 10.1161/
CIRCULATIONAHA.119.043030

3. Ekelund U, Tarp J, Fagerland MW, Johannessen JS, Hansen BH,
Jefferis BJ, Whincup PH, Diaz KM, Hooker S, Howard VJ, et al. Joint
associations of accelerometer-measured physical activity and sed-
entary time with all-cause mortality: a harmonised meta-analysis in
more than 44 000 middle-aged and older individuals. Br J Sports Med.
2020;54:1499-1506. doi: 10.1136/bjsports-2020-103270

4. Bellettiere J, Lamonte MJ, Evenson KR, Rillamas-Sun E, Kerr J,
Lee IM, Di C, Rosenberg DE, Stefanick ML, Buchner DM, et al.
Sedentary behavior and cardiovascular disease in older women:
the OPACH study. Circulation. 2019;139:1036-1046. doi: 10.1161/
CIRCULATIONAHA.118.035312

5. Higgins S, Pomeroy A, Bates LC, Paterson C, Barone Gibbs B, Pontzer
H, Stoner L. Sedentary behavior and cardiovascular disease risk: an

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

20.

21.

22.

Machine-Learned Accelerometer Sitting and Mortality

evolutionary perspective. Front Physiol. 2022;13:962791. doi: 10.3389/
FPHYS.2022.962791

Wheeler MJ, Green DJ, Cerin E, Ellis KA, Heinonen |, Lewis J, Naylor
LH, Cohen N, Larsen R, Dempsey PC, et al. Combined effects of contin-
uous exercise and intermittent active interruptions to prolonged sitting
on postprandial glucose, insulin, and triglycerides in adults with obesity:
a randomized crossover trial. Int J Behav Nutr Phys Act. 2020;17:1-11.
doi: 10.1186/512966-020-01057-9

Homer AR, Taylor FC, Dempsey PC, Wheeler MJ, Sethi P, Townsend
MK, Grace MS, Green DJ, Cohen ND, Larsen RN, et al. Frequency of
interruptions to sitting time: benefits for postprandial metabolism in type
2 diabetes. Diabetes Care. 2021;44:1254-1263. doi: 10.2337/dc20-1410
Greenwood-Hickman MA, Nakandala S, Jankowska MM, Rosenberg
D, Tuz-Zahra F, Bellettiere J, Carlson J, Hibbing PR, Zou J, et al. The
CNN hip accelerometer posture (CHAP) method for classifying sitting
patterns from hip accelerometers: a validation study. Med Sci Sports
Exerc. 2021;53:2445-2454. doi: 10.1249/MSS.0000000000002705
Rosenberg D, Godbole S, Ellis K, Di C, Lacroix A, Natarajan L,
Kerr J. Classifiers for accelerometer-measured behaviors in older
women. Med Sci Sports Exerc. 2017;49:610-616. doi: 10.1249/
MSS.0000000000001121

Bellettiere J, Tuz-Zahra F, Carlson JA, Ridgers ND, Liles S, Greenwood-
Hickman MA, Walker RL, LaCroix AZ, Jankowska MM, Rosenberg DE,
et al. Agreement of sedentary behaviour metrics derived from hip-worn
and thigh-worn accelerometers among older adults: with implica-
tions for studying physical and cognitive health. J Meas Phys Behav.
2021;4:79-88. doi: 10.1123/jmpb.2020-0036

LaCroix AZ, Rillamas-Sun E, Buchner D, Evenson KR, Di C, Lee I-M,
Marshall S, LaMonte MJ, Hunt J, Tinker LF, et al. The objective physi-
cal activity and cardiovascular disease health in older women (OPACH)
study. BMC Public Health. 2017;17:192. doi: 10.1186/512889-017-4065-6
Anderson G, Cummings S, Freedman LS, Furberg C, Henderson M,
Johnson SR, Kuller L, Manson J, Oberman A, Prentice RL, et al. Design of
the Women’s Health Initiative clinical trial and observational study. Control
Clin Trials. 1998;19:61-109. doi: 10.1016/S0197-2456(97)00078-0

Von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC,
Vandenbroucke JP. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement: guidelines for report-
ing observational studies. Lancet. 2007;370:1453-1457. doi: 10.1016/
S0140-6736(07)61602-X

Curb JD, Mctiernan A, Heckbert SR, Kooperberg C, Stanford J, Nevitt
M, Johnson KC, Proulx-Burns L, Pastore L, Criqui M, et al. Outcomes as-
certainment and adjudication methods in the Women'’s Health Initiative.
Ann Epidemiol. 2003;13:13-5128. doi: 10.1016/S1047-2797(03)00048-6
Heckbert SR, Kooperberg C, Safford MM, Psaty BM, Hsia J, McTiernan
A, Gaziano JM, Frishman WH, Curb JD. Comparison of self-report, hos-
pital discharge codes, and adjudication of cardiovascular events in the
Women’s Health Initiative. Am J Epidemiol. 2004;160:1152-1158. doi:
10.1093/aje/kwh314

Choi L, Liu Z, Matthews CE, Buchowski MS. Validation of accelerom-
eter wear and nonwear time classification algorithm. Med Sci Sports
Exerc. 2011;43:357-364. doi: 10.1249/MSS.0b013e3181ed61a3
Evenson KR, Wen F, Herring AH, Di C, LaMonte MJ, Tinker LF, Lee IM,
Rillamas-Sun E, LaCroix AZ, Buchner DM. Calibrating physical activ-
ity intensity for hip-worn accelerometry in women age 60 to 91 years:
the Women’s Health Initiative OPACH Calibration Study. Prev Med Rep.
2015;2:750-756. doi: 10.1016/j.pmedr.2015.08.021

Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, Pate
RR, Troiano RP. Amount of time spent in sedentary behaviors in the
United States, 2003-2004. Am J Epidemiol. 2008;167:875-881. doi:
10.1093/aje/kwm390

Migueles JH, Cadenas-Sanchez C, Ekelund U, Nystrom CD, Mora-
Gonzalez J, Lof M, Labayen |, Ruiz JR, Ortega FB. Accelerometer data
collection and processing criteria to assess physical activity and other
outcomes: a systematic review and practical considerations. Sports
Med. 2017;47:1821-1845. doi: 10.1007/s40279-017-0716-0

Willett W, Stampfer MJ. Total energy intake: implications for epidemio-
logic analyses. Am J Epidemiol. 1986;124:17-27. doi: 10.1093/oxford-
journals.aje.a114366

Hays RD, Sherbourne CD, Mazel RM. The RAND 36-ltem Health Survey
1.0. Health Econ. 1993;2:217-227. doi: 10.1002/hec.4730020305
Rillamas-Sun E, LaCroix AZ, Bell CL, Ryckman K, Ockene JK, Wallace
RB. The impact of multimorbidity and coronary disease comorbidity
on physical function in women aged 80years and older: the Women’s

13


https://www-whi-org.s3.us-west-2.amazonaws.com/wp-content/uploads/WHI-Investigator-Short-List.pdf
https://www-whi-org.s3.us-west-2.amazonaws.com/wp-content/uploads/WHI-Investigator-Short-List.pdf
https://s3-us-west-2.amazonaws.com/www-whi-org/wp-content/uploads/WHI-Investigator-Long-List.pdf
https://s3-us-west-2.amazonaws.com/www-whi-org/wp-content/uploads/WHI-Investigator-Long-List.pdf
https://doi.org//10.1161/CIR.0000000000001052
https://doi.org//10.1161/CIRCULATIONAHA.119.043030
https://doi.org//10.1161/CIRCULATIONAHA.119.043030
https://doi.org//10.1136/bjsports-2020-103270
https://doi.org//10.1161/CIRCULATIONAHA.118.035312
https://doi.org//10.1161/CIRCULATIONAHA.118.035312
https://doi.org//10.3389/FPHYS.2022.962791
https://doi.org//10.3389/FPHYS.2022.962791
https://doi.org//10.1186/S12966-020-01057-9
https://doi.org//10.2337/dc20-1410
https://doi.org//10.1249/MSS.0000000000002705
https://doi.org//10.1249/MSS.0000000000001121
https://doi.org//10.1249/MSS.0000000000001121
https://doi.org//10.1123/jmpb.2020-0036
https://doi.org//10.1186/s12889-017-4065-6
https://doi.org//10.1016/S0197-2456(97)00078-0
https://doi.org//10.1016/S0140-6736(07)61602-X
https://doi.org//10.1016/S0140-6736(07)61602-X
https://doi.org//10.1016/S1047-2797(03)00048-6
https://doi.org//10.1093/aje/kwh314
https://doi.org//10.1249/MSS.0b013e3181ed61a3
https://doi.org//10.1016/j.pmedr.2015.08.021
https://doi.org//10.1093/aje/kwm390
https://doi.org//10.1007/s40279-017-0716-0
https://doi.org//10.1093/oxfordjournals.aje.a114366
https://doi.org//10.1093/oxfordjournals.aje.a114366
https://doi.org//10.1002/hec.4730020305

202 ‘82 Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Nguyen et al

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

J Am Heart Assoc. 2024;13:e031156. DOI: 10.1161/JAHA.123.031156

Health Initiative. J Gerontol A Biol Sci Med Sci. 2016;71:S54-S61. doi:
10.1093/gerona/glv059

LaMonte MJ, Lewis CE, Buchner DM, Evenson KR, Rillamas-Sun E, Di C,
Lee |, Bellettiere J, Stefanick ML, Eaton CB, et al. Both light intensity and
moderate-to-vigorous physical activity measured by accelerometry are
favorably associated with cardiometabolic risk factors in older women:
the Objective Physical Activity and Cardiovascular Health (OPACH)
study. J Am Heart Assoc. 2017;6. doi: 10.1161/JAHA.117.007064
Ridker PM, Buring JE, Rifai N, Cook NR. Development and validation of
improved algorithms for the assessment of global cardiovascular risk
in women: the Reynolds Risk Score. JAMA. 2007;297:611-619. doi:
10.1001/jama.297.6.611

Bellettiere J, LaMonte MJ, Healy GN, Liles S, Evenson KR, Di C, Kerr
J, Lee IM, Rillamas-Sun E, Buchner D, et al. Sedentary behavior and
diabetes risk among women over the age of 65 years: the OPACH study.
Diabetes Care. 2021;44:563-570. doi: 10.2337/dc20-0709

Chastin SFM, Palarea-Albaladejo J, Dontje ML, Skelton DA. Combined
effects of time spent in physical activity, sedentary behaviors and sleep
on obesity and cardio-metabolic health markers: a novel compositional
data analysis approach. PLoS One. 2015;10:e0139984. doi: 10.1371/
JOURNAL.PONE.0139984

Mekary RA, Willett WC, Hu FB, Ding EL. Isotemporal substitution par-
adigm for physical activity epidemiology and weight change. Am J
Epidemiol. 2009;170:519-527. doi: 10.1093/aje/kwp163

Harrell Jr FE. rms: Regression Modeling Strategies. R package version 6.8-
0. (2023). https://github.com/harrelfe/rms, https://hbiostat.org/R/rms/
Saint-Maurice PF, Troiano RP, Bassett DR, Graubard Bl, Carlson
SA, Shiroma EJ, Fulton JE, Matthews CE. Association of daily step
count and step intensity with mortality among US adults. JAMA.
2020;323:1151-1160. doi: 10.1001/jama.2020.1382

Owen N, Sugiyama T, Eakin EE, Gardiner PA, Tremblay MS, Sallis JF.
Adults’ sedentary behavior: determinants and interventions. Am J Prev
Med. 2011;41:189-196. doi: 10.1016/j.amepre.2011.05.013

Jain P, Bellettiere J, Glass N, LaMonte MJ, Di C, Wild RA, Evenson KR,
LaCroix AZ. The relationship of accelerometer-assessed standing time
with and without ambulation and mortality: the WHI OPACH study. J
Gerontol A Biol Sci Med Sci. 2021;76:77-84. doi: 10.1093/GERONA/
GLAA227

Nguyen S, Bellettiere J, Wang G, Di C, Natarajan L, LaMonte MJ,
LaCroix AZ. Accelerometer-derived daily life movement classified by
machine learning and incidence of cardiovascular disease in older

33.

34.

35.

36.

37.

38.

39.

40.

Machine-Learned Accelerometer Sitting and Mortality

women: the OPACH study. J Am Heart Assoc. 2022;11:23433. doi:
10.1161/JAHA.121.023433

Diaz KM, Howard VJ, Hutto B, Colabianchi N, Vena JE, Safford MM,
Blair SN, Hooker SP. Patterns of sedentary behavior and mortality in
U.S. middle-aged and older adults a national cohort study. Ann Intern
Med. 2017;167:465-475. doi: 10.7326/M17-0212

Yerramalla MS, van Hees VT, Chen M, Fayosse A, Chastin SFM, Sabia
S. Objectively measured total sedentary time and pattern of sedentary
accumulation in older adults: associations with incident cardiovascu-
lar disease and all-cause mortality. J Gerontol. 2022;77:842-850. doi:
10.1093/GERONA/GLAC023

2018 Physical Activity Guidelines Advisory Committee. 2018 Physical
Activity Guidelines Advisory Committee Scientific Report. Washington,
DC: US Department of Health and Human Services. 2018. https:/
health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_
Report.pdf

Dempsey PC, Biddle SJH, Buman MP, Chastin S, Ekelund U,
Friedenreich CM, Katzmarzyk PT, Leitzmann MF, Stamatakis E, van
der Ploeg HP, et al. New global guidelines on sedentary behaviour and
health for adults: broadening the behavioural targets. Int J Behav Nutr
Phys Act. 2020;17:151. doi: 10.1186/s12966-020-01044-0

DiPietro L, Al-Ansari SS, Biddle SJH, Borodulin K, Bull FC, Buman MP,
Cardon G, Carty C, Chaput J-P, Chastin S, et al. Advancing the global
physical activity agenda: recommendations for future research by the
2020 WHO physical activity and sedentary behavior guidelines devel-
opment group. Int J Behav Nutr Phys Act. 2020;17:143. doi: 10.1186/
512966-020-01042-2

Australian Government. For older Australians (65 years and over).
Australian Government Department of Health and Aged Care. 2021.
https://www.health.gov.au/topics/physical-activity-and-exercise/physi
cal-activity-and-exercise-guidelines-for-all-australians/for-older-austr
alians-65-years-and-over

Keadle SK, Shiroma EJ, Kamada M, Matthews CE, Harris TB, Lee
IM. Reproducibility of accelerometer-assessed physical activity and
sedentary time. Am J Prev Med. 2017;52:541-548. doi: 10.1016/j.
amepre.2016.11.010

Stefanick ML, King AC, Mackey S, Tinker LF, Hlatky MA, LaMonte MJ,
Bellettiere J, Larson JC, Anderson G, Kooperberg CL, et al. Women’s
Health Initiative Strong and Healthy pragmatic physical activity interven-
tion trial for cardiovascular disease prevention: design and baseline char-
acteristics. J Gerontol. 2021;76:725-734. doi: 10.1093/gerona/glaa325

14


https://doi.org//10.1093/gerona/glv059
https://doi.org//10.1161/JAHA.117.007064
https://doi.org//10.1001/jama.297.6.611
https://doi.org//10.2337/dc20-0709
https://doi.org//10.1371/JOURNAL.PONE.0139984
https://doi.org//10.1371/JOURNAL.PONE.0139984
https://doi.org//10.1093/aje/kwp163
https://github.com/harrelfe/rms
https://hbiostat.org/R/rms/
https://doi.org//10.1001/jama.2020.1382
https://doi.org//10.1016/j.amepre.2011.05.013
https://doi.org//10.1093/GERONA/GLAA227
https://doi.org//10.1093/GERONA/GLAA227
https://doi.org//10.1161/JAHA.121.023433
https://doi.org//10.7326/M17-0212
https://doi.org//10.1093/GERONA/GLAC023
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://doi.org/10.1186/s12966-020-01044-0
https://doi.org/10.1186/s12966-020-01042-2
https://doi.org/10.1186/s12966-020-01042-2
https://www.health.gov.au/topics/physical-activity-and-exercise/physical-activity-and-exercise-guidelines-for-all-australians/for-older-australians-65-years-and-over
https://www.health.gov.au/topics/physical-activity-and-exercise/physical-activity-and-exercise-guidelines-for-all-australians/for-older-australians-65-years-and-over
https://www.health.gov.au/topics/physical-activity-and-exercise/physical-activity-and-exercise-guidelines-for-all-australians/for-older-australians-65-years-and-over
https://doi.org//10.1016/j.amepre.2016.11.010
https://doi.org//10.1016/j.amepre.2016.11.010
https://doi.org//10.1093/gerona/glaa325

	Prospective Associations of Accelerometer-Measured Machine-Learned Sedentary Behavior With Death Among Older Women: The OPACH Study.
	Recommended Citation
	Creator(s)

	Prospective Associations of Accelerometer-­Measured Machine-­Learned Sedentary Behavior With Death Among Older Women: The OPACH Study
	Methods
	Study Population
	Mortality Outcomes
	Accelerometer Measures of Sitting, Sedentary Behavior, and Physical Activity
	Covariates
	Statistical Analysis

	Results
	Study Population Characteristics
	Associations of SB Measures With all-­Cause and CVD Death
	Joint Association of SB Measures With All-­Cause and CVD Death
	Effect Modification by Participant Characteristics for the Associations of Sitting Variables With All-­Cause and CVD Death

	Discussion
	Strengths and Limitations

	Conclusions
	Acknowledgments
	Sources of Funding
	Disclosures
	References


