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Abstract

Background: Previous studies on physical activity and telomere length have relied largely upon self-reported physical activity data, and few
studies have examined older adults. The association of objectively measured physical activity with leukocyte telomere length (LTL) is currently
unknown.

Methods: In this study, we examined cross-sectional associations between accelerometer-measured total, light, and moderate-to-vigorous
physical activity (MVPA) and LTL, measured using Southern blot. The sample included 1,405 older (64-95 years old) white and African
American women from the Women’s Health Initiative. Multiple linear regression models adjusting for potential confounders were used to
determine the association between accelerometer-measured physical activity and LTL.

Results: Overall, the mean (standard deviation) of total, light, and moderate-to-vigorous activity was 5.5 (1.6), 4.7 (1.3), and 0.8 (0.5) h/d,
respectively. Adjusting for accelerometer wear time, age, race/ethnicity, education, marital status, smoking, alcohol, body mass index, a history
of chronic diseases, and hormone therapy use, LTL was 80 (95% confidence interval: 9, 150) base pairs longer among women with >2.5
compared with <2.5 h/wk of MVPA. Light activity was not significantly associated with LTL. For total activity, the most physically active
women had significantly longer LTL than the least active women after adjustment for demographic and lifestyle characteristics; however,
findings were not significant after further adjustment for health-related factors.

Conclusions: Older women meeting current recommendations of 2.5 h/wk of MVPA, as assessed by accelerometer, had longer LTL. Additional
studies using accelerometers in large, diverse cohorts of older women are needed to confirm and extend these findings.
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Engaging in regular physical activity is an important component
of healthy aging. Current guidelines recommend participating
in 22.5 h/wk of moderate-to-vigorous physical activity (MVPA)
for substantial health benefits (1). However, physical inactiv-
ity is highly prevalent among older adults, particularly among
those who are burdened with chronic diseases and disability (2).
Physical inactivity is associated with increased risk of obesity,
heart disease, diabetes, and mortality, and remaining physically

active even in old age is important for improved function and
longevity (3,4).

Increasingly, physical activity is being studied in relation
to telomere length (5). Telomeres are tandemly repeated DNA
sequences at the ends of linear chromosomes involved in protect-
ing genomic stability. As purported markers of cellular aging,
telomeres shorten at each cell division and gradually undergo
attrition over time (5). Prior studies have shown associations
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between short leukocyte telomere length (LTL) and risk of age-
related diseases and mortality (5-8).

Associations between physical activity and LTL have been con-
flicting (9-14). For example, in the Nurses’ Health Study, higher lev-
els of MVPA were associated with longer LTL among middle-aged
and older women (10), but in the Cardiovascular Health Study,
no association between physical activity and LTL was observed
among older adults (14). However, these studies were reliant on
self-reported physical activity, which is often overestimated and
vulnerable to misclassification bias (15,16). Limited data currently
exist on the relationship between objectively measured (i.e., from
accelerometer) physical activity and LTL. Self-reported physical
activity is weakly correlated with accelerometer-measured activity
(correlation coefficients range from 0.14 to 0.49), which may pro-
vide a more accurate estimate of time spent in activities of varying
intensity (17). Although older adults spend a large amount of time
in light-intensity activity (18), this type of activity is the most dif-
ficult to query by questionnaire and recall (16). Therefore, the use of
accelerometry to determine physical activity patterns is important
to understand the relationship between physical activity and LTL
among older adults.

The objective of this cross-sectional study was to evaluate asso-
ciations of accelerometer-measured total, light, and moderate-to-
vigorous physical activity with LTL among older white and African
American women from the Women’s Health Initiative (WHI).

Methods
Study Population

The WHI is a longitudinal investigation among postmenopausal
women. The study design and methods are described elsewhere (19).
Briefly, during 1993-1998, a diverse cohort of 161,808 postmeno-
pausal women aged 50-79 years old was recruited from 40 United
States clinical centers. Women participated in one or more of three
clinical trials, including one of two hormone therapy (HT) trials, or
an observational study. In 2005, 77% of eligible women agreed to
follow-up for an additional 5 years in the first Extension Study, and
in 2010, 87% of women consented to follow-up through 2015 in the
second Extension Study. Between March 2012 and May 2013, more
than 7,800 women from the second Extension Study participated in
the Long Life Study (LLS), which involved a single study visit. The
present cross-sectional study was exclusive to 1,405 women who
participated in two ancillary studies of the LLS with information
on accelerometer-measured physical activity and LTL assessed dur-
ing 2012-2013 (Supplementary Figure 1), as previously described
(20,21). All participants provided written informed consent, and
Institutional Review Board approval was received by all participat-
ing institutions.

Accelerometer-Measured Physical Activity

During 2012-2013, participants wore a triaxial accelerometer
(ActiGraph GT3X4+; Pensacola, FL) on their right hip for up to seven
consecutive days during waking and sleeping hours, removing it dur-
ing bathing or swimming. Participants also completed a sleep log
concurrent with accelerometer wear. Movement was captured along
vertical, anteroposterior, and mediolateral axes in 15-second intervals
(epochs), and activity counts were provided as composite vector mag-
nitudes (VM) of these axes. Accelerometer wear time was determined
using sleep logs and a computer-automated algorithm devised for this
study (21). Intervals of 290 minutes of consecutive zero VM counts/

minute were assigned as non-wear time. Nonzero VM counts lasting
up to two minutes were considered nonwear time if no VM counts
were detected 30 minutes before or after that interval (22,23). Any
other nonzero VM counts were considered wear time. A valid day
was defined as having >10 hours of wear time during wake hours.
The present analysis included only women with 4-7 valid days (24).

In a calibration study among 200 study participants, relevant
cutpoints along the distribution of VM counts were determined for
various intensity levels of activities relevant to an older woman’s
life (21). Light-intensity physical activity was defined as 19-518
VM counts/15 s and MVPA as >519 VM counts/15 s. Variables for
MVPA occurring in any bout duration and that occurring in bouts of
>10 minutes were created. Physical activity variables are presented
as the average number of hours/day spent in total, light, and moder-
ate-to-vigorous intensity activities.

Covariates

Covariates included age, race/ethnicity, education, marital status,
smoking, alcohol consumption, body mass index (BMI), physical
functioning status, self-rated health, HT use, blood pressure, hyper-
tension, and chronic diseases (coronary heart disease, stroke, dia-
betes, and cancer) that have been previously associated both with
physical activity and LTL (6-8,25-28). Additional information on
covariate data collection is provided in the Supplementary Material.

LTL Measurement

During the 2012-2013 study visit, blood samples were collected.
DNA extraction was performed using the 5-prime method (5 PRIME,
Inc.; Gaithersburg, MD), and DNA samples were sent in batches
during a 1-year period to the Center of Human Development and
Aging at Rutgers University to measure LTL. Batches had samples
that were randomly selected. The laboratory measuring LTL was
blinded to the identity and characteristics of all participants. DNA
integrity was inspected through electrophoresis of DNA on ethidium
bromide-stained 1% agarose gel (200 V for 2 hours). DNA had to
appear as a single compact crown-shaped band migrating in parallel
with the other samples on the gel. Telomere length in kilobases was
determined by using the mean length of the terminal restriction frag-
ments from the Southern blot method, which has low measurement
error compared with other methods (29) and is described in detail
elsewhere (30). Samples that did not pass the integrity test were not
processed for further terminal restriction fragment analysis. Samples
were run in duplicate on different gels, and the average of the two
LTL measurements was used in the analysis. An average inter-assay
coefficient of variation of 2.0% was observed for blinded pair sets.
Additional information on LTL measurement is provided in the
Supplementary Material.

Statistical Analysis

Accelerometer-measured total, light, and moderate-to-vigorous activ-
ity (in hours/day) were analyzed as quartiles. MVPA was also catego-
rized as <2.5 or >2.5 h/wk of MVPA occurring in any bout duration
as well as in bouts of 210 minutes, which is equivalent to the amount
of activity currently recommended for adults (1). Characteristics of
participants were compared across levels of physical activity using
analysis of variance and Kruskal-Wallis tests for normally and non-
normally distributed continuous variables, respectively. * tests were
used to compare differences for categorical variables across levels of
physical activity. Age-adjusted linear models were used to compare
physical activity levels and LTL by race/ethnicity.
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Multiple linear regression models were used to examine asso-
ciations between accelerometer-measured physical activity variables
and LTL. The first model was adjusted for accelerometer wear time,
and subsequent models were additionally adjusted for age, race/eth-
nicity, education, marital status, smoking, alcohol, BMI, a history
of chronic diseases, and HT use. Multicollinearity in the multivari-
able models was tested using tolerance values but was not observed
in the analysis. To test for linear trends, physical activity variables
were included as continuous variables in multivariable models.
Interaction tests were performed by including the product terms of
physical activity variables and age, race/ethnicity, BMI, and physi-
cal performance score in the fully-adjusted multivariable models.
p-values were two-tailed and p < .05 was considered significant.
All statistical analyses were performed using SAS Version 9.3 (SAS
Institute Inc., Cary, NC).

Results

This study included 818 (58.2%) white and 587 (41.8%) African
American women aged on average 79.2 (standard deviation [SD]
6.7; range 64-95) years old. Women wore the accelerometer for an
average of 6.5 (SD 0.8) days with an average wear time of 14.9 (SD
1.3) h/d. Women spent an average of 5.5 (SD 1.6) h/d in total activ-
ity, 4.7 (SD 1.3) h/d in light activity, and 0.8 (SD 0.5) h/d in MVPA.
Overall, 1,026 (73%) women achieved physical activity guidelines of
>2.5 h/wk of MVPA in any bout duration; 117 (8 %) attained >2.5 h/
wk of MVPA in >10-minute bouts.

MVPA was significantly higher in white compared with African
American women (age-adjusted mean [standard error] = 0.87 [0.02]
and 0.66 [0.02], respectively; p < .001). Light and total activity did
not vary significantly by race/ethnicity. Average LTL was 6.62 (SD
0.60; range 4.92-8.86) kilobases and longer in African American
than white women (age-adjusted mean LTL [standard error]| = 6.76
[0.02] and 6.52 [0.02], respectively; p < .001).

Women engaging in greater amounts of MVPA were more likely
to be younger, college graduates, married or living as married, and
in excellent health (Supplementary Table 1). They were also more
likely to have a higher physical performance score and less likely to
be obese, have high blood pressure, or have a history of chronic dis-
eases. Women with greater amounts of light activity were more likely
to be younger and in excellent health, and less likely to be obese or
have a history of chronic diseases (Supplementary Table 2).

Adjusting for accelerometer wear time, age, and race/ethnicity,
there was a significant linear association between MVPA and LTL
(P yens = -04; Supplementary Table 3). However, linear associations
were not significant in subsequent models, and findings across quar-
tiles of MVPA were not significant in the fully-adjusted model. When
categorizing MVPA according to a cutpoint of >2.5 h/wk, there
were significant associations of MVPA with LTL across all models
(Table 1). In the fully-adjusted model, LTL was on average 80 (95%
confidence interval [CI]: 9, 150) base pairs longer among women
with >2.5 compared with <2.5 h/wk of MVPA. In analyses using
MVPA occurring in bouts of >10 minutes, findings were not signifi-
cant when comparing women with >2.5 compared with <2.5 h/wk
of MVPA (data not shown).

There was a significant linear association between light activity
and LTL adjusting for wear time, age, and race/ethnicity (p__ . =.04;
Table 2). After additional adjustment for other demographic, life-
style, and health-related factors, the data were suggestive of a linear
trend but no longer statistically significant (p__. = .09 in the fully-
adjusted model).

trend

In a model adjusted for accelerometer wear time, age, race/ethnic-
ity, education, marital status, smoking, alcohol, and BMI, LTL was
100 (95% CI: 8,200) base pairs longer among women in the highest
035;
Table 3). After additional adjustment for a history of chronic diseases

compared with the lowest level of total physical activity (p,_, = .
and HT use, this difference was not significant. Furthermore, findings
were suggestive of a linear association between total activity and LTL,
=.09).

trend ~

but were not statistically significant in the final model (p
Findings did not vary by age, race/ethnicity, BMI, or physical per-
formance score (data not shown).

Discussion

Older white and African American women engaging in >2.5 h/wk
of accelerometer-measured MVPA had longer LTL, after adjust-
ing for demographic, lifestyle, and health-related characteristics.
Accelerometer-measured light activity was not significantly associ-
ated with LTL. Women in the highest compared with the lowest level
of total activity had longer LTL independent of demographic and
lifestyle characteristics; however, after adjusting for health-related
factors, this difference was not significant.

Previous studies evaluating the association of physical activity
with LTL have relied upon self-reported data (9-14). In a cross-
sectional study among women aged 43-70 years old, there was a
positive linear association between total leisure-time physical activ-
ity and LTL (10). Although our findings were suggestive of a linear
association between total and light activity and LTL, the p values for
trend did not reach statistical significance. Larger studies of older
women are needed to determine whether a linear association of this
magnitude is present.

Although MVPA was not linearly associated with LTL in our
study, LTL was significantly longer among women with >2.5 h/wk of
MVPA in all multivariable models. Similarly, a study among middle-
aged and older women observed that LTL was significantly longer
only among those with 2 to <4 h/wk of self-reported MVPA (10).
Meeting physical activity guidelines of MVPA occurring in >10-min-
ute bouts, however, was not associated with LTL in our study.
This may be partly explained by the low number of women performing

Table 1. Association of Accelerometer-Measured Moderate-to-
Vigorous Physical Activity With Leukocyte Telomere Length (in
Kilobases) Among Older Women in the Women'’s Health Initiative,
2012-2013

Accelerometer-Measured Moderate-to-
Vigorous Physical Activity, h/wk

>2.5
<2.5 B (95% CI)
Model 12 Ref 0.22 (0.15, 0.30)
Model 2° Ref 0.10 (0.03, 0.17)
Model 3¢ Ref 0.10 (0.03,0.17)
Model 4¢ Ref 0.09 (0.02, 0.17)
Model 5¢ Ref 0.08 (0.009, 0.15)

Note: B = beta estimate; CI = confidence interval; Ref = reference.

“"Model 1: Adjusted for wear hours (7 = 1,405). "Model 2: Adjusted for
model 1 + age and race/ethnicity (7 = 1,405). “Model 3: Adjusted for model
2 + education and baseline marital status, smoking behavior, and alcohol con-
sumption (7 = 1,375). ‘Model 4: Adjusted for model 3 + body mass index
(n =1,361). “Model 5: Adjusted for model 4 + history of chronic diseases and
hormone therapy (1 = 1,340).
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Table 2. Association of Accelerometer-Measured Light Intensity Physical Activity With Leukocyte Telomere Length (in Kilobases) Among

Older Women in the Women'’s Health Initiative, 2012-2013

Accelerometer-Measured Light Activity, h/d

3.84-<4.67 4.67-<5.51 >5.51
<3.84 B (95% CI) B (95% CI) B (95% CI) p for Trend
Model 12 Ref 0.04 (-0.05,0.13) 0.12 (0.03,0.21) 0.17 (0.07, 0.26) <.001
Model 2° Ref 0.03 (-0.06,0.11) 0.04 (-0.04,0.12) 0.08 (-0.008, 0.16) .04
Model 3¢ Ref 0.03 (-0.06, 0.11) 0.04 (-0.04,0.12) 0.07 (-0.02, 0.16) .06
Model 4¢ Ref 0.03 (-0.06, 0.11) 0.04 (-0.04,0.13) 0.08 (-0.01, 0.17) .05
Model 5¢ Ref 0.03 (-0.05,0.11) 0.04 (-0.05,0.12) 0.07 (-0.02, 0.16) .09

Note: B = beta estimate; CI = confidence interval; Ref = reference.

“Model 1: Adjusted for wear hours (1 = 1,405). "Model 2: Adjusted for model 1 + age and race/ethnicity (7 = 1,405). ‘Model 3: Adjusted for model 2 + education
and baseline marital status, smoking behavior and alcohol consumption (7 = 1,375). ‘Model 4: Adjusted for model 3 + body mass index (7 = 1,361). “Model 5:

Adjusted for model 4 + history of chronic diseases and hormone therapy (7 = 1,340).

Table 3. Association of Accelerometer-Measured Total Physical Activity With Leukocyte Telomere Length (in Kilobases) Among Older
Women in the Women'’s Health Initiative, 2012-2013

Accelerometer-Measured Total Physical Activity, h/d

441-<5.42 5.42-<6.50 26.50

<4.41 B (95% CI) B (95% CI) B (95% CI) p for Trend
Model 1° Ref 0.10 (0.01, 0.19) 0.17 (0.08, 0.27) 0.25 (0.15, 0.34) <.001
Model 2 Ref 0.06 (-0.02,0.14) 0.06 (-0.02, 0.14) 0.10 (0.02, 0.19) .03
Model 3¢ Ref 0.06 (-0.02, 0.15) 0.05 (-0.03, 0.14) 0.09 (0.005, 0.18) .06
Model 4¢ Ref 0.06 (~0.02, 0.15) 0.06 (-0.03, 0.15) 0.10 (0.008, 0.20) .05
Model 5¢ Ref 0.06 (-0.02, 0.15) 0.06 (-0.03, 0.14) 0.09 (-0.005,0.18) .09

Note: B = beta estimate; CI = confidence interval; Ref = reference.

“Model 1: Adjusted for wear hours (1 = 1,405). "Model 2: Adjusted for model 1 + age and race/ethnicity (7 = 1,405). ‘Model 3: Adjusted for model 2 + education
and baseline marital status, smoking behavior, and alcohol consumption (7 = 1,375). ‘“Model 4: Adjusted for model 3 + body mass index (z = 1,361). “Model 5:

Adjusted for model 4 + history of chronic diseases and hormone therapy (7 = 1,340).

MVPA in >10-minute bouts. Understanding how duration of activity
bouts influences LTL later in life requires further investigation.

Prior studies measured telomere length using quantitative poly-
merase chain reaction (QPCR) techniques and were not exclusively
focused on older adults (9,10), thus it is difficult to compare base
pair differences in LTL from our study with those of other studies.
The Southern blot method is considered the gold standard and pro-
vides LTL in kilobases, unlike qPCR methods that provide a ratio of
telomeric DNA content (29). We observed that LTL was on average
80 base pairs longer among women meeting current physical activ-
ity recommendations of >2.5 h/wk of MVPA. A study among white
twins found that LTL, measured using Southern blot, was on aver-
age 200 base pairs longer among the most compared with the least
physically active participants. However, the study population had
a wide age distribution (18-81 years), and meeting MVPA guide-
lines was not evaluated in relation to LTL (11). Additional studies
of physical activity among older adults that measure telomere length
using Southern blot are currently needed.

We adjusted for chronic diseases such as coronary heart disease
and diabetes that are associated both with physical activity and
LTL (6-8,25-28). Consequently, the most active women did not
have significantly longer LTL than the least active women after this
adjustment. It is currently unknown whether LTL shortening causes
or is a consequence of chronic diseases, although recent genetic
Mendelian randomization studies are supporting a potential causal

role of LTL in chronic diseases such as cancer (31). Therefore, it is
unclear whether chronic diseases confound or mediate the associa-
tion between physical activity and LTL.

We observed that women spent an average of 48 min/d in MVPA
and the majority of their time in light activity, consistent with pre-
vious findings among older populations (2,32). Average time spent
per day in MVPA as assessed by accelerometer has varied substan-
tially in previous studies, likely due to various count thresholds
used to define this level of intensity (2,32-35) as well as variation
in actual movement patterns and intensities among study cohorts.
For example, a recent study among Women’s Health Study partici-
pants aged on average 72 years old observed that the percentage of
women meeting physical activity guidelines of >2.5 h/wk of MVPA
(irrespective of bout duration) varied from 26% to 93% based on
the cutpoint used for accelerometer-measured MVPA, and was sub-
stantially lower for MVPA occurring in 210 minute bouts (range
19%-50%) (35). Optimal accelerometer cutpoints to define physical
activity intensity among older adults have not been established. We
performed a calibration study to determine intensity-specific cut-
points for physical activity intensity among our older population of
women, thus providing a more accurate estimate of the amount of
physical activity at various intensity levels in this group.

Physical activity may induce antioxidant and anti-inflammatory
responses, thus preventing telomere attrition due to oxidative stress
and inflammation (36,37). It is possible that obesity may mediate
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the relationship between physical activity and LTL; that is, physi-
cally inactive women may have higher BMI, which has been asso-
ciated with shortened LTL (38). Chronic diseases such as diabetes

health in older adults: recommendation from the American College of
Sports Medicine and the American Heart Association. Circulation.
2007;116:1094-1105. doi:10.1161/CIRCULATIONAHA.107.185650
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