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The goal of this study was to examine associations between accelerometer-measured physical activity (PA) and sedentary time
(ST) with mortality by a genetic risk score (GRS) for longevity. Among 5,446 women, (mean [SD]: age, 78.2 [6.6] years), 1,022
deaths were observed during 33,350 person-years of follow-up. Using multivariable Cox proportional hazards models, higher
light PA and moderate to vigorous PA were associated with lower mortality across all GRS for longevity categories (low/
medium/high; all ptrend < .001). Higher ST was associated with higher mortality (ptrend across all GRS categories < .001).
Interaction tests for PA and ST with the GRS were not statistically significant. Findings support the importance of higher PA and
lower ST for reducing mortality risk in older women, regardless of genetic predisposition for longevity.
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Engaging in physical activity (PA) and reducing sedentary
time (ST) are important to achieve healthy aging (U.S. Department
of Health and Human Services, 2018). Several studies have
reported inverse associations between PA and mortality
(Almeida et al., 2014; Lee et al., 2018; Mok et al., 2019;
Oguma et al., 2002). Moderate to vigorous PA (MVPA), even
below the recommended amount of 150 min per week for older
adults (U.S. Department of Health and Human Services, 2018), was
associated with 22% lower mortality risk in a meta-analysis (Hupin
et al., 2015). Another meta-analysis showed that individuals at the
highest levels of accelerometer-measured ST had higher mortality
risk (Ekelund et al., 2019).

Longevity is likely due to environmental (e.g., lifestyle beha-
viors) and genetic factors (Hjelmborg et al., 2006). Genome-wide
association studies (GWAS) have identified multiple single-nucle-
otide polymorphisms (SNPs) associated with longevity (Deelen
et al., 2019; Pilling et al., 2017; Shadyab & LaCroix, 2015).
Despite consistent evidence of associations of PA and ST with
mortality, it is unknown whether associations of PA and ST with
mortality vary by genetic predisposition for longevity. If these
associations do not vary by genetic predisposition for longevity,
then this would provide further support for the importance of a
physically active lifestyle, regardless of genetic tendency for
greater longevity.

Previous studies examining the Objective Physical Activity
and Cardiovascular Health (OPACH) cohort of older women found
strong associations of accelerometer-measured light PA, MVPA,
and ST with all-cause mortality during a mean follow-up of
3.1 years (LaMonte et al., 2018). However, no attempt was
made to understand the genetic contribution to these associations.

Therefore, the goal of this study was to leverage a longer mean
follow-up of 6.1 years in the OPACH cohort to replicate these
associations and extend them by determining the extent to which
findings vary by a weighted genetic risk score (GRS) for longevity.
We also tested for effect modification byGRS for longevity in these
associations.

Methods
Study Participants

OPACH is an ancillary study to the Women’s Health Initiative
(WHI) designed to investigate accelerometer-measured PA and ST
in relation to cardiovascular and fall events among 7,058 U.S.
postmenopausal women aged ≥63 years. Complete details on study
design have been extensively reported elsewhere for the WHI
(Anderson et al., 2003) and OPACH study (LaCroix et al.,
2017). Briefly, OPACH participants were recruited from a subset
of the WHI Clinical Trial or the Observational Study from 40
clinical sites throughout the United States from 1993 to 1998. WHI
participants were followed annually until 2005, with extension
studies that enrolled consenting participants for continued follow-
up through 2010, 2015, and 2020. OPACH women were enrolled
fromMarch 2012 to April 2014 and followed through February 28,
2020, at the time of this analysis. All baseline covariate information
was obtained using self-report questionnaires and an in-home
clinical examination. Covariates from OPACH baseline assess-
ments were used in the present analysis.

OPACH participants were provided an ActiGraph GT3X+
triaxial accelerometer (ActiGraph), which they were instructed to
wear over their right hip for 24 hr/day (except when bathing or
swimming) for 7 consecutive days. Participants reported in-bed
and out-of-bed times using sleep logs on days of accelerometer
wear. Of the 7,058 enrolled OPACH sample, 10 died before
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receiving OPACHmaterials, 327 did not return the accelerometer,
232 returned the accelerometer with unusable data, and 363 had
nonadherent wear (i.e., they did not wear accelerometers for at
least 10 hr for 4 days, which is the recommended period for
accurately measuring usual behavior; Migueles et al., 2017). Of
the 6,126 with adherent accelerometer wear, 680 did not have
genotyping data, yielding an analytic sample of 5,446 women for
the present study (Figure 1). The WHI program, including the
collection of genetic data, and the OPACH study were reviewed
and approved by the Fred Hutchinson Cancer Research Center
Institutional Review Board in Seattle, WA in accordance with the
U.S. Department of Health and Human Services regulations at 45
CFR 46 (approval number 3467-EXT). All participants provided

informed consent either in writing, or via a telephone-based
consent process.

Outcome: All-Cause Mortality

The primary outcome of interest was all-cause mortality from
2012 to 2014 baseline through February 28, 2020. In the WHI,
mortality surveillance is conducted using annual mailed out-
comes questionnaires supplemented by National Death Index
searches, proxy queries, obituaries, and hospital records (Curb
et al., 2003).

Exposures: PA and ST

The primary exposures of interest were time spent in light PA,
MVPA, and total ST, defined as the average of each behavior over
all adherent days. Accelerometer data were converted to 15-s
epochs using ActiLife (version 6), processed using the Choi
algorithm to flag nonwear time with a 90-min window, 30-min
streamframe, and 2-min tolerance (Choi et al., 2011). The 15-s
epochs allowed for lower misclassification of movement that may
have been missed in longer epochs and is consistent with prior
OPACH work (LaMonte et al., 2018). In-bed time was identified
using sleep diaries. Awake-time epochs were classified into ST
and PA intensities using cut points determined in a previous
calibration study (Evenson, Wen, Herring, et al., 2015). Total
PA was defined as movement resulting in energy expenditure
≥1.6 metabolic equivalents. PA intensity and ST minutes were
categorized using calibrated cut points applied to 15-s epochs of
vector magnitude accelerometer counts, as follows: light PA (1.6–
2.9 metabolic equivalents) defined as 19–518 counts/15 s, MVPA
(≥3.0 metabolic equivalents) as ≥519 counts/15 s, and total ST as
≤18 counts/15 s.

Effect Modifier: GRS for Longevity

The weighted GRS for longevity included three SNPs significantly
associated with longevity in a large meta-analysis of 18 GWAS that
included 11,262 cases surviving to the 90th percentile (defined by
study population census data) and 25,483 controls of European
ancestry: rs429358, rs7412, and rs7676745 (Deelen et al., 2019).
rs429358 and rs7412 are SNPs for the APOE gene (Mahley &
Rall, 2000).

In the overall WHI sample, 27,131 women had relevant
genotyping data from previous core and ancillary studies (see
https://www.whi.org/gwas; accessed April 4, 2021;
Supplementary Methods S1 [available online]). For the present
study, directly genotyped SNPs were coded as 0, 1, or 2,
indicating the number of longevity alleles present, and imputed
SNPs used mean dosages between 0 and 2. The GRS was
calculated by weighting the sum of longevity-influencing alleles
for each SNP by their estimated effect sizes reported in the meta-
analysis of GWAS described above (see Supplementary
Methods S2 [available online]). We validated this GRS for
longevity in the WHI cohort (described below).

Covariates

Covariates were selected based on previous literature (LaMonte
et al., 2018) and included age (years), race/ethnicity (White, Black,
and Hispanic), education (≤high school, some college, and ≥col-
lege graduate), body mass index (BMI; kg/m2), self-reported health

Figure 1 — Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) diagram for derivation of analytic sample with
accelerometer and genotyping data in the OPACH study, 2012–2014
baseline through February 28, 2020. OPACH =Objective Physical
Activity and Cardiovascular Health.
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status (excellent or very good, good, and fair or poor), physical
functioning as defined by the RAND-36 questionnaire (Hays &
Morales, 2001), alcohol consumption (nondrinker, <1, 1–4, and ≥5
drinks per week), smoking status (current and not current), and
comorbidities (0, 1, and ≥2). Comorbidities were analyzed as the
sum of nine chronic conditions present at or before accelerometer
wear: cancer, cardiovascular disease, cerebrovascular disease,
chronic obstructive pulmonary disease, cognitive impairment,
depression, diabetes, frequent falls, and osteoarthritis (Rillamas-
Sun et al., 2016).

Statistical Analysis

The GRS was split into tertiles (low, medium, or high genetic
predisposition for longevity). Participant characteristics were
described across tertiles of GRS and total PA. Comparisons across
tertiles of GRS and total PA were performed using analysis of
variance or Kruskal–Wallis tests for normally distributed and
nonnormally distributed continuous variables, respectively, and
Pearson’s χ2 for categorical variables.

The GRS was validated in the overall WHI sample and in the
OPACH cohort. To validate the GRS in the present study, odds
ratios (ORs) and 95% confidence intervals (CIs) were estimated for
relations between the GRS for longevity and survival to age 90
versus death before this age using logistic regression models in
OPACH (n = 1,641) and the overall WHI sample (n = 11,660).
Women who were born on or before February 28, 1930, who had
the ability to survive to age 90 as of the last date of follow-up, were
eligible to be included in this analysis. Both models adjusted for
age, race/ethnicity, and the first five principal components (PCs) to
control for population stratification (i.e., differences in allele
frequency due to ancestry) and account for genetic ancestry
(Price et al., 2006).

Associations of PA and ST with mortality were estimated using
Cox proportional hazards regression models. Time to mortality was
defined as number of days from first day of accelerometer wear at
OPACH baseline to date of death, loss to follow-up, or February 28,
2020, whichever came first. Two sequentially adjusted models were
computed. Model 1 adjusted for accelerometer wear time, age, race/
ethnicity, education, BMI, smoking status, self-reported health
status, alcohol consumption, and comorbidities. Model 2 addition-
ally adjusted for physical functioning. To examine whether these
associations varied by a GRS for longevity, we stratified models by
GRS tertiles. Two sequentially adjusted models were computed.
Model 1 adjusted for accelerometer wear time, age, race/ethnicity,
and the first five PCs to control for population stratification; Model 2
additionally adjusted for education, BMI, smoking status, self-
reported health status, alcohol consumption, comorbidities, and
physical functioning. To test for effect modification by GRS,
Wald test statistics compared Model 2 with and without a multipli-
cative interaction term between continuous PA/ST and GRS using p
values for interaction (pinteraction). Linear trends for PA and ST were
evaluated by treating PA and ST as continuous variables in the
models using p values for trend (ptrend). To account for missing
covariate data, we employed multiple imputation analysis by
chained equations using the mice package (van Buuren &
Groothuis-Oudshoorn, 2011). There were nine imputed data sets,
corresponding to the highest proportion of covariate missingness
(i.e., 9% missing smoking status). For visualization, we plotted
dose–response associations of PA/ST with mortality by GRS tertiles
using complete case, cubic spline analysis with the rms package
(Harrell, 2020). We used Akaike’s information criterion to help

determine whether three or four knots provided the optimal fit, and
used three knots at the 10th, 50th, and 90th percentiles (Harrell,
2015). The proportional hazards assumption was tested using
Schoenfeld residuals; no violations of this assumption were
observed (Therneau et al., 2021).

Several sensitivity analyses were performed. To evaluate
potential survival bias due to selection of older women, we
plotted survival curves by GRS tertiles for the first 10 years of
WHI enrollment and among those who survived >10 years,
which was approximately the time of OPACH enrollment. We
also plotted survival curves based on Cox proportional hazards
regression models adjusted for age, race/ethnicity, and the
first five principal components in OPACH. To evaluate reverse
causation, primary analyses were repeated after excluding par-
ticipants who died within 2 years of OPACH baseline. Because
GRS SNPs were derived from individuals of European descent,
primary analyses were repeated after restricting to women of
White race/ethnicity. Finally, we tested interactions between PA/
ST and the APOE ϵ2/ϵ4 genotype given their contribution to the
GRS (Deelen et al., 2019).

All statistical analyses were conducted in R (version 4.0.3; R
Core Team, 2020). Statistical tests were two-tailed, and p values
were considered significant at p < .05.

Results
Descriptive Characteristics

Of the 5,446 women in the analytic sample, there were 1,022 deaths
during 33,350 person-years of follow-up (mean follow-
up = 6.1 years; range = 0.1–7.9 years). Based on GRS tertile dis-
tributions in theWHI (N = 27,131), 36.0% of OPACHwomen were
classified as high genetic predisposition for longevity (i.e., high
GRS), 33.1% as medium GRS for longevity, and 30.9% as low
GRS for longevity (Table 1). The number of deaths (rate per 1,000
person-years) in the low, medium, and high GRS groups were 295
(28.6), 381 (34.6), and 346 (28.8), respectively. Women in the low
GRS group were younger, had higher physical functioning scores,
lower ST time, higher total PA time, and higher light PA time
relative to other GRS groups. Women in the low GRS group were
more likely to be of Black race/ethnicity (42.4%) than the medium
and high GRS groups. Women of White race/ethnicity constituted
most of the medium (55.8%) and high (42.7%) GRS groups
compared with the low GRS group.

Women in the highest tertile of accelerometer-measured total
PA were younger, rated their health more favorably, and reported
fewer comorbidities compared with women in the lower total PA
tertiles (Table 2). They were also least likely to be current smokers
but reported more alcohol consumption than women in the lower
tertiles of PA. They had greater physical functioning scores and
lower BMI. GRS for longevity did not vary across total PA tertiles.

Validation of GRS

The GRS for longevity was associated with survival to age 90 in
the overall WHI (ptrend < .001) and OPACH (ptrend = .04;
Supplementary Table S1 [available online]). WHI women in
the medium GRS group had 29% (OR = 1.29, 95% CI [1.18,
1.41]) higher odds of survival to age 90 (vs. death before this age)
relative to the low GRS group. WHI women in the high GRS
group had 37% (OR = 1.37, 95% CI [1.25, 1.50]) higher odds of
survival to age 90 compared to the low GRS group. In OPACH,
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the odds of survival to age 90 were 68% (OR = 1.68, 95% CI
[1.14, 2.48]) higher for the high compared to low GRS group.

Association Between Light PA, MVPA, and ST With
Mortality

Accelerometer-measured amounts of light PA and MVPA per day
were inversely associated with mortality (ptrend < .001, all;

Table 3). After adjusting for accelerometer wear time, age,
race/ethnicity, education, BMI, smoking status, self-reported
health status, alcohol consumption, and comorbidities, women
in higher quartiles of light PA had lower risk of mortality
compared with the lowest quartile of light PA (Quartiles 2, 3,
and 4 hazard ratios [HRs] [95% CI] vs. Quartile 1: 0.72 [0.61,
0.84]; 0.70 [0.59, 0.84]; 0.55 [0.45, 0.67]). These associations
were attenuated but remained statistically significant after further

Table 1 Baseline Sociodemographic and Health-Related Characteristics by GRS for Longevity Among OPACH
Participants, 2012–2014 (N = 5,446)

Tertiles of GRS for longevitya

Characteristics Low (n = 1,681) Medium (n = 1,804) High (n = 1,961) pb

Age (years) 77.6 (6.7) 79.1 (6.5) 78.0 (6.5) <.001

Follow-up time (years), median (IQR) 6.5 (1.3) 6.7 (1.3) 6.6 (1.3) .63

Accelerometer wear time (hr/day) 14.86 (1.3) 14.92 (1.3) 14.89 (1.3) .37

Race/ethnicity, n (%) <.001

White 686 (40.8%) 1,006 (55.8%) 838 (42.7%)

Black 713 (42.4%) 448 (24.8%) 765 (39.0%)

Hispanic 282 (16.8%) 350 (19.4%) 358 (18.3%)

Highest education level, n (%) .37

≤ High school/GED 324 (19.4%) 377 (21.0%) 409 (21.0%)

Some college 638 (38.2%) 706 (39.4%) 728 (37.5%)

≥ College graduate 710 (42.5%) 710 (39.6%) 807 (41.5%)

BMI (kg/m2), median (IQR) 27.2 (7.4) 27.2 (7.0) 27.5 (7.1) .07

Self-reported health status .56

Excellent or very good 859 (51.3%) 939 (52.2%) 969 (49.5%)

Good 659 (39.4%) 688 (38.3%) 793 (40.5%)

Fair or poor 156 (9.3%) 171 (9.5%) 194 (9.9%)

Comorbidities,c n (%) .58

0 388 (23.1%) 401 (22.2%) 439 (22.4%)

1 673 (40.0%) 700 (38.8%) 748 (38.1%)

≥2 620 (36.9%) 703 (39.0%) 774 (39.5%)

Physical functioning (RAND-36), median (IQR) 80.0 (35.0) 75.0 (40.0) 75.0 (40.0) .007

Alcohol consumption (per week) .07

Nondrinker 604 (40.1%) 588 (35.3%) 677 (37.8%)

<1 drink 498 (33.1%) 578 (34.7%) 627 (35.0%)

1–4 drinks 254 (16.9%) 293 (17.6%) 305 (17.0%)

≥5 drinks 149 (9.9%) 205 (12.3%) 182 (10.2%)

Smoking status, n (%) .92

Not current 1,457 (97.0%) 1,619 (97.2%) 1,735 (97.2%)

Current 45 (3.0%) 46 (2.8%) 50 (2.8%)

Total ST (min/day) 546.2 (100.2) 558.6 (97.9) 556.1 (100.5) <.001

PA (min/day)

Total 345.1 (98.2) 336.5 (97.4) 337.4 (96.5) .02

Light 292.6 (77.3) 286.1 (78.3) 286.5 (76.6) .02

Moderate to vigorous, median (IQR) 45.8 (45.5) 43.0 (43.5) 44.2 (44.9) .46

Note. Total ST is average minutes per day with accelerometer counts of ≤18 counts/15 s. Total PA is defined as average minutes per day with accelerometer counts of
≥18 counts/15 s, low light PA is 19–225 counts/15 s, high light PA is 226–518 counts/15 s, and moderate to vigorous PA is ≥ 519 counts/15 s. n missing: education = 37
(0.7%), BMI = 346 (6.4%), self-reported health status = 18 (0.3%), physical functioning = 60 (1.1%), alcohol consumption = 486 (8.9%), and smoking status = 494 (9.1%).
BMI = body mass index; GED =General Educational Development; IQR = interquartile range; OPACH =Objective Physical Activity and Cardiovascular Health;
PA = physical activity; ST = sedentary time; WHI =Women’s Health Initiative; GRS = genetic risk score.
aHigher GRS is indicative of higher genetic predisposition for longevity. Tertile cut points based on larger WHI population with genetic data, resulting in slightly uneven
tertiles in OPACH study. bThe p value derived from F tests or Kruskal–Wallis tests for continuous variables or χ2 categorical variables. cComorbidities is defined as the sum
of the following chronic conditions present at or before accelerometer wear: cancer, cardiovascular disease, cerebrovascular disease, chronic obstructive pulmonary disease,
cognitive impairment, depression, diabetes, frequent falls, and osteoarthritis.
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adjustment for physical functioning. For MVPA, women in higher
quartiles of MVPA had lower risk of mortality compared with the
lowest quartile of MVPA in fully adjusted models (Quartiles 2, 3,
and 4 HRs [95% CI] vs. Quartile 1: 0.76 [0.65, 0.90]; 0.60 [0.49,
0.73]; 0.46 [0.36, 0.58]).

Higher ST per day was associated with higher mortality risk
(ptrend < .001; Table 4). After adjusting for accelerometer wear
time, age, race/ethnicity, education, BMI, smoking status, self-
reported health status, alcohol consumption, and comorbidities,
women in higher quartiles of ST had higher risk of mortality
compared with the lowest quartile of ST (Quartiles 2, 3, and 4 HRs
[95% CI] vs. Quartile 1: 1.22 [0.99, 1.50]; 1.69 [1.38, 2.07]; 2.05
[1.65, 2.56]). Associations remained statistically significant after
further adjustment for physical functioning.

Association Between Light PA and MVPA With
Mortality by GRS Categories

Inverse associations between PA and mortality followed a similar
pattern after stratification by GRS tertiles (Table 5; shown in
Figure 2). Among women in the high GRS group, the highest
quartile of light PA was associated with 56% (HR = 0.44, 95% CI
[0.31, 0.63]) lower risk of mortality compared with the lowest
quartile, after adjustment for accelerometer wear time, age, race/
ethnicity, and the first five PCs. This association was slightly
attenuated but remained statistically significant after further adjust-
ment for education, BMI, smoking status, self-reported health
status, alcohol consumption, comorbidities, and physical function-
ing (HR = 0.55, 95% CI [0.38, 0.80]). In the high GRS group, the

Table 2 Baseline Sociodemographic and Health-Related Characteristics by Tertiles of Total PA Among OPACH
Participants, 2012–2014 (N = 5,446)

Tertiles of total PAa

Characteristics T1 (n = 1,816) T2 (n = 1,815) T3 (n = 1,815) pb

GRS for longevity, median (IQR) 1.8 (0.2) 1.8 (0.2) 1.8 (0.3) .17

Age (years) 80.2 (6.5) 78.0 (6.4) 76.4 (6.3) <.001

Accelerometer wear time (hr/day) 14.4 (1.3) 14.9 (1.2) 15.4 (1.1) <.001

Race/ethnicity, n (%) <.001

White 1,000 (55.1%) 815 (44.9%) 715 (39.4%)

Black 604 (33.3%) 675 (37.2%) 647 (35.7%)

Hispanic 212 (11.7%) 325 (17.9%) 453 (25.0%)

Highest education level, n (%) .005

≤High school/GED 384 (21.3%) 352 (19.6%) 374 (20.7%)

Some college 735 (40.8%) 688 (38.2%) 649 (35.9%)

≥College graduate 681 (37.8%) 760 (42.2%) 786 (43.5%)

BMI (kg/m2), median (IQR) 29.2 (8.1) 27.4 (6.8) 25.7 (6.0) <.001

Self-reported health status <.001

Excellent or very good 704 (38.9%) 956 (52.9%) 1,107 (61.2%)

Good 836 (46.2%) 706 (39.0%) 598 (33.0%)

Fair or poor 269 (14.9%) 147 (8.1%) 105 (5.8%)

Comorbidities,c n (%) <.001

0 294 (16.2%) 411 (22.6%) 523 (28.8%)

1 643 (35.4%) 729 (40.2%) 749 (41.3%)

≥2 879 (48.4%) 675 (37.2%) 543 (29.9%)

Physical functioning (RAND-36), median (IQR) 60.0 (45.0) 80.0 (35.0) 85.0 (25.0) <.001

Alcohol consumption (per week) <.001

Nondrinker 704 (43.4%) 606 (36.5%) 559 (33.4%)

<1 drink 565 (34.8%) 597 (35.9%) 541 (32.3%)

1–4 drinks 209 (12.9%) 294 (17.7%) 349 (20.8%)

≥5 drinks 146 (9.0%) 164 (9.9) 226 (13.5%)

Smoking status, n (%) .02

Not current 1,564 (96.3%) 1,609 (97.2%) 1,638 (98.0%)

Current 60 (3.7%) 47 (2.8%) 34 (2.0%)

Note. Total PA is defined as average minutes per day with accelerometer counts of ≥18 counts/15 s, low light PA is 19–225 counts/15 s, high light PA is 226–518 counts/
15 s, and moderate to vigorous PA is ≥519 counts/15 s. n missing: education = 37 (0.7%), BMI = 346 (6.4%), self-reported health status = 18 (0.3%), physical
functioning = 60 (1.1%), alcohol consumption = 486 (8.9%), and smoking status = 494 (9.1%). BMI = body mass index; GED =General Educational Development;
IQR = interquartile range; OPACH =Objective Physical Activity and Cardiovascular Health; PA = physical activity; T = tertiles; GRS = genetic risk score.
aTotal physical activity (min/day) tertiles are defined as follows: T1 ≤ 295.58, T2 = 295.59–379.42, and T3 ≥ 379.43. bThe p value derived from F tests or Kruskal–Wallis
tests for continuous variables or χ2 categorical variables. cComorbidities is defined as the sum of the following chronic conditions present at or before accelerometer wear:
cancer, cardiovascular disease, cerebrovascular disease, chronic obstructive pulmonary disease, cognitive impairment, depression, diabetes, frequent falls, and
osteoarthritis.
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highest quartile of MVPA was associated with 57% (HR = 0.43;
95% CI [0.28, 0.65]) lower risk of mortality relative to the lowest
quartile in fully adjusted models. In the low GRS group, the highest
versus the lowest quartile of MVPA was associated with
51% (HR = 0.49; 95% CI [0.30, 0.77]) lower mortality risk in
fully adjusted models. Interactions between continuous light
PA (pinteraction = .66) and MVPA (pinteraction = .24) with the GRS
were not statistically significant.

Association Between ST and Mortality by GRS
Categories

Associations were similar across GRS categories (Table 5, shown
in Figure 2). Among women in the high GRS group, the highest
total ST quartile had 2.91 (95% CI [2.01, 4.21]) times higher risk of
mortality compared with the lowest quartile after adjustment for
accelerometer wear time, age, race/ethnicity, and the first five PCs.

This association was attenuated but remained statistically signifi-
cant in fully adjusted models (HR = 1.99, 95%CI [1.34, 2.95]). The
interaction between continuous ST and the GRS was not statisti-
cally significant (pinteraction = .64).

Sensitivity Analyses

Women in the high GRS group had the highest survival probabili-
ties in WHI and OPACH (Supplementary Figures S1 and S2
[available online]). After excluding deaths within the first 2 years
of follow-up, HRs for associations of light PA, MVPA, and ST
with mortality across all GRS categories were slightly attenuated
(Supplementary Table S2 [available online]). Analyses repeated
after restriction to White women yielded similar results
(Supplementary Table S3 [available online]). Interactions of PA/
ST with APOE ϵ2 or ϵ4 were not statistically significant
(Supplementary Table S4 [available online]).

Table 3 Hazard Ratios and 95% CIs Relating PA With Mortality: OPACH Women Enrolled in 2012–2014 and
Followed Through February 28, 2020 (N = 5,446)

Quartiles of PA

Q1 Q2 Q3 Q4

(n = 1,362) (n = 1,362) (n = 1,361) (n = 1,361) p value for trenda

Light PA

Mortality events, n (rate) 399 (51.0) 258 (30.9) 207 (24.4) 158 (18.2)

Model 1 1.00 [reference] 0.72 [0.61, 0.84] 0.70 [0.59, 0.84] 0.55 [0.45, 0.67] <.001

Model 2 1.00 [reference] 0.76 [0.64, 0.89] 0.75 [0.63, 0.90] 0.59 [0.48, 0.72] <.001

MVPA

Mortality events, n (rate) 482 (63.9) 267 (32.0) 169 (19.5) 104 (11.8)

Model 1 1.00 [reference] 0.72 [0.62, 0.84] 0.55 [0.45, 0.66] 0.41 [0.32, 0.52] <.001

Model 2 1.00 [reference] 0.76 [0.65, 0.90] 0.60 [0.49, 0.73] 0.46 [0.36, 0.58] <.001

Note.Measures of effect from multivariable Cox proportional hazards regression models. Light PA (min/day) Q are defined as follows: Q1 ≤ 233.96; Q2 = 233.97–287.13;
Q3 = 287.14–337.94; Q4 ≥ 337.95. Moderate to vigorous PA (min/day) Q are defined as follows: Q1 ≤ 25.17; Q2 = 25.18–44.33; Q3 = 44.34–69.75; Q4 ≥ 69.76. Data for
mortality events are n (crude rate per 1,000 person-years). Model 1 includes PA as the exposure of interest and adjusts for accelerometer wear time, age, race/ethnicity,
education, BMI, smoking status, self-reported health status, alcohol consumption, and comorbidities. Model 2 includes Model 1 and additionally adjusts for physical
functioning. Comorbidities are defined as the sum of the following chronic conditions present at or before accelerometer wear: cancer, cardiovascular disease,
cerebrovascular disease, chronic obstructive pulmonary disease, cognitive impairment, depression, diabetes, frequent falls, and osteoarthritis. BMI = body mass index;
OPACH =Objective Physical Activity and Cardiovascular Health; PA = physical activity; Q = quartile; CI = confidence interval; MVPA =moderate to vigorous PA.
ap values from Cox multivariable regression models using continuous light PA or moderate to vigorous PA.

Table 4 Hazard Ratios and 95% CIs Relating ST With Mortality: OPACH Women Enrolled in 2012–2014 and
Followed Through February 28, 2020 (N = 5,446)

Quartiles of ST

Q1 Q2 Q3 Q4

(n = 1,362) (n = 1,362) (n = 1,361) (n = 1,361) p value for trenda

Mortality events, n (rate) 168 (19.4) 216 (25.4) 294 (35.9) 344 (42.9)

Model 1 1.00 [reference] 1.22 [0.99, 1.50] 1.69 [1.38, 2.07] 2.05 [1.65, 2.56] <.001

Model 2 1.00 [reference] 1.17 [0.95, 1.43] 1.59 [1.30, 1.96] 1.83 [1.47, 2.29] <.001

Note. Measures of effect from multivariable Cox proportional hazards regression models. ST (min/day) Q are defined as follows: Q1 ≤ 489.04; Q2 = 489.05–555.85;
Q3 = 555.86–620.50; Q4 ≥ 620.51. Data for mortality events are n (crude rate per 1,000 person-years). Model 1 includes ST as the exposure of interest and adjusts for
accelerometer wear time, age, race/ethnicity, education, BMI, smoking status, self-reported health status, alcohol consumption, and comorbidities. Model 2 includesModel
1 and additionally adjusts for physical functioning. Comorbidities are defined as the sum of the following chronic conditions present at or before accelerometer wear: cancer,
cardiovascular disease, cerebrovascular disease, chronic obstructive pulmonary disease, cognitive impairment, depression, diabetes, frequent falls, and osteoarthritis.
BMI = body mass index; OPACH=Objective Physical Activity and Cardiovascular Health; ST = sedentary time; Q = quartile; CI = confidence interval.
ap values from Cox multivariable regression models using continuous ST.
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Discussion
In this prospective study of 5,446 older women, higher accelerom-
eter-measured light PA andMVPAwere associated with lower risk
of mortality, and higher ST was associated with higher risk of
mortality, during an average follow-up of 6.1 years. Furthermore,

we found that these associations persisted irrespective of one’s
genetic predisposition for longevity. These findings extend previ-
ous OPACH studies with shorter follow-up (LaMonte et al., 2018)
and provide strong support for the importance of engaging in PA to
lower risk of mortality among older women.

Table 5 Hazard Ratios and 95% CIs Relating PA and ST With Mortality Stratified by GRS for Longevity: OPACH
Women Enrolled in 2012–2014 and Followed Through February 28, 2020 (N = 5,446)

Tertiles of GRS for longevitya

Low (n = 1,681) Medium (n = 1,804) High (n = 1,961) pinteraction
b

Mortality events, n (rate per 1,000 person-years) 295 (28.6) 381 (34.6) 346 (28.8)

PAc

Light .66

Model 1

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.80 [0.59, 1.08] 0.60 [0.47, 0.78] 0.71 [0.54, 0.94]

Q3 0.76 [0.55, 1.06] 0.49 [0.36, 0.66] 0.74 [0.55, 0.99]

Q4 0.57 [0.40, 0.83] 0.53 [0.39, 0.72] 0.44 [0.31, 0.63]

Model 2

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.84 [0.61, 1.14] 0.65 [0.50, 0.86] 0.74 [0.56, 0.98]

Q3 0.82 [0.58, 1.15] 0.56 [0.41, 0.77] 0.91 [0.67, 1.24]

Q4 0.59 [0.40, 0.87] 0.58 [0.41, 0.81] 0.55 [0.38, 0.80]

Moderate to vigorous .24

Model 1

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.83 [0.62, 1.10] 0.64 [0.50, 0.82] 0.49 [0.38, 0.65]

Q3 0.59 [0.42, 0.83] 0.43 [0.31, 0.58] 0.40 [0.29, 0.55]

Q4 0.39 [0.25, 0.60] 0.34 [0.24, 0.49] 0.28 [0.19, 0.41]

Model 2

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.93 [0.69, 1.25] 0.78 [0.60, 1.01] 0.61 [0.46, 0.81]

Q3 0.71 [0.50, 1.02] 0.55 [0.40, 0.77] 0.56 [0.40, 0.77]

Q4 0.49 [0.30, 0.77] 0.47 [0.32, 0.69] 0.43 [0.28, 0.65]

Total STd .64

Model 1

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.90 [0.62, 1.31] 1.21 [0.86, 1.69] 1.73 [1.21, 2.49]

Q3 1.58 [1.12, 2.23] 1.81 [1.29, 2.53] 2.27 [1.59, 3.23]

Q4 1.83 [1.27, 2.65] 2.28 [1.62, 3.21] 2.91 [2.01, 4.21]

Model 2

Q1 1.00 [reference] 1.00 [reference] 1.00 [reference]

Q2 0.86 [0.59, 1.26] 1.17 [0.83, 1.66] 1.46 [1.01, 2.11]

Q3 1.54 [1.07, 2.22] 1.58 [1.11, 2.23] 1.74 [1.21, 2.50]

Q4 1.72 [1.14, 2.60] 1.81 [1.25, 2.63] 1.99 [1.34, 2.95]

Note.Measures of effect from multivariable Cox proportional hazards regression models. p for trend for light PA, moderate to vigorous PA, or ST for all 18 models < .01.
Model 1 adjusts for accelerometer wear time, age, race/ethnicity, and the first five principal components to control for population stratification. Model 2 includes Model 1
and additionally adjusts for education, BMI, smoking status, self-reported health status, alcohol consumption, comorbidities, and physical functioning. Comorbidities are
defined as the sum of the following chronic conditions present at or before accelerometer wear: cancer, cardiovascular disease, cerebrovascular disease, chronic obstructive
pulmonary disease, cognitive impairment, depression, diabetes, frequent falls, and osteoarthritis. BMI = bodymass index; GRS = genetic risk score; PA = physical activity;
OPACH =Objective Physical Activity and Cardiovascular Health; ST = sedentary time; Q = quartile; CI = confidence interval.
aHigher GRS is indicative of higher genetic predisposition for longevity. bpinteraction corresponds to the Wald test statistic comparing the Model 2 with and without the
interaction continuous PA/ST by GRS terms. cLight PA (min/day) Q are defined as follows: Q1 ≤ 233.96; Q2 = 233.97–287.13; Q3 = 287.14–337.94; Q4 ≥ 337.95.
Moderate to vigorous PA (min/day) Q are defined as follows: Q1 ≤ 25.17; Q2 = 25.18–44.33; Q3 = 44.34–69.75; Q4 ≥ 69.76. dST (min/day) Q are defined as follows:
Q1 ≤ 489.04; Q2 = 489.05–555.85; Q3 = 555.86–620.50; Q4 ≥ 620.51.
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The current findings suggest that there was little, if any,
variation in the association of accelerometer-measured PA and
ST with mortality according to a longevity GRS. Because survival
into advanced age was an inherent characteristic of women who
enrolled in OPACH and completed accelerometer assessments of
free-living PA and ST, it is plausible that genetic survival advan-
tage may be a key factor underlying mortality risks attributed to
greater PA or ST (Dato et al., 2017; Rankinen & Bouchard, 2007).
However, results of the present study indicate that a GRS, based on
three selected SNPs, did not modify the strong multivariable
adjusted associations with all-cause mortality for either PA or
ST among women at older age.

Our results align with literature showing that greater light PA
and MVPA are associated with lower risk of mortality among
middle-aged and older adults (Ekelund et al., 2019), including
older women (LaMonte et al., 2018). In a meta-analysis of 36,383
participants from eight studies (Ekelund et al., 2019), accelerome-
ter-measured light PA and MPVA were associated with 62% and
48% lower risk of mortality at the highest (vs. the lowest) quartiles
of activity, respectively. Additionally, our results align with evi-
dence showing that the highest (vs. the lowest) quartiles of ST were
associated with greater risk of mortality in middle-aged and older
adults (Diaz et al., 2017; Ekelund et al., 2019). Given the aging of
the U.S. adult population (Medina et al., 2020) and longer time
spent in lower intensity activities (LaMonte et al., 2018; Matthews
et al., 2008), these results support recommendations that older
women should engage in PA, regardless of intensity, to reduce their
mortality risk.

Because genetic factors likely contribute both to longevity
(Deelen et al., 2019) and PA habits (Lin et al., 2017), it is possible
that genes modify associations between PA and longevity
(Rankinen & Bouchard, 2007). However, we did not find statisti-
cally significant interactions between PA or ST with the GRS for
longevity, possibly due to inadequate power or unaccounted rare
longevity-influencing variants (Broer et al., 2015). Several prior
studies have examined gene by environment (G × E) interactions in
the relationships between PA and adverse health outcomes. For
example, in G × E studies of PA and cognition, others found that
relations between PA and cognitive decline (Stringa et al., 2020)
and Alzheimer’s disease (Luck et al., 2014) did not vary by APOE
ϵ4 status. Another study found lifestyle factors (e.g., cigarette
smoking, regular exercise) in relation to lifespan did not vary
by a BMI GRS (Sakaue et al., 2020). In another study, genes for
physical fitness did not modify associations between PA and
coronary heart disease risk (Chomistek et al., 2013). These findings
taken together with our results highlight the importance of engag-
ing in PA and positive lifestyle behaviors to reduce risk of disease
and premature mortality even among those who may have genetic
traits that may be associated with certain health outcomes.

This study has some limitations. In this study, total ST is
classified based on a calibrated cut point that captures all waking
time spent below the threshold of light PA. Accelerometers may
not be sensitive to posture, thus potentially misclassifying standing
still as ST (Lyden et al., 2012). More sophisticated methods of
processing accelerometer data are emerging that should improve
accurate classification of ST in the future (Greenwood-Hickman
et al., 2021). Such methods are likely to amplify the associations
seen in the present study. In addition, our findings may have been
biased by reverse causation due to changes in PA that possibly
influenced factors underlying mortality. However, excluding
women who died within the first 2 years of follow-up yielded
similar results. The OPACH cohort included 33% Black women

and 17% Hispanic women; however, we were not powered to
examine GRS by PA/ST interactions within strata of race/ethnicity.
Moreover, our GRS was derived from European populations and
may not apply to non-European populations. Future GWAS are
needed to identify longevity-associated SNPs specific to diverse
populations (Sirugo et al., 2019). Notably, previous OPACH
reports have shown similar associations between PA and ST
behaviors and mortality (LaMonte et al., 2018), incident cardio-
vascular disease (Bellettiere, Lamonte, et al., 2019; LaCroix et al.,
2019), and diabetes (Bellettiere, Healy, et al., 2019) in White,
Black, and Hispanic women. Because our study population
included older women in WHI, generalizability of these results
to men and other populations are unknown and should be investi-
gated. Future studies should also evaluate sex differences, as other
studies have reported sex differences in genetic associations with
longevity (Zeng et al., 2018).

Our study has several strengths. Data were obtained from
women in the OPACH study, a large, diverse, and well-character-
ized cohort of older women across the United States with long-term
follow-up. The longitudinal data set allowed for sufficient sample
size to assess associations across three GRS for longevity groups.
Additionally, PA and ST were measured objectively using accel-
erometry and cut points specific to older women (Evenson, Wen,
Herring, et al., 2015), allowing us to minimize recall bias and
measurement error, which often occur with self-reported PA and
ST (Sylvia et al., 2014), especially among older adults (Evenson,
Wen, Metzger, et al., 2015).

In conclusion, among older women, higher accelerometer-
measured light PA and MVPA were associated with lower risk of
mortality, and higher accelerometer-measured ST was associated
with higher risk of mortality during an average follow-up of
6.1 years. Findings were consistent across categories of a GRS
for longevity. These results offer strong support that PA at older
ages is associated with reduced risk of death. The complexity of
longevity warrants further G × E interaction studies to improve our
understanding of longevity, cause-specific mortality, and the inter-
secting roles of genes and lifestyle behaviors in achieving a long
and healthy life.
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