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Abstract

Introduction—Accelerometers are used increasingly in large epidemiologic studies, but most
studies are restricted to a single, 7-day accelerometer monitoring period given logistic and cost
constraints. It is unknown how well a 7-day accelerometer monitoring period estimates longer-
term patterns of behavior, which is critical for interpreting, and potentially improving, disease risk
estimates in etiologic studies.

Methods—A subset of participants from the Women’s Health Study (N=209; mean age, 70.6
[SD=5.7] years) completed at least two 7-day accelerometer administrations (ActiGraph GT3X+)
within a period of 2-3 years. Monitor output was translated into total counts, steps, and time spent
in sedentary, light-intensity, and moderate to vigorous—intensity activity (MVPA) and bouted-
MVPA (i.e., 10-minute bouts). For each metric, intra-class correlations (ICCs) and 95% Cls were
calculated using linear-mixed models and adjusted for wear time, age, BMI, and season. The data
were collected in 2011-2015 and analyzed in 2015-2016.

Results—The ICCs ranged from 0.67 (95% CI=0.60, 0.73) for bouted-MVPA to 0.82 (95%
Cl=0.77, 0.85) for total daily counts and were similar across age, BMI, and for less and more
active women. For all metrics, classification accuracy within 1 quartile was >90%.

Conclusions—These data provide reassurance that a 7-day accelerometer-assessment protocol
provides a reproducible (and practical) measure of physical activity and sedentary time. However,
ICCs varied by metric; therefore, future prospective studies of chronic diseases might benefit from
existing methods to adjust risk estimates for within-person variability in activity to get a better
estimate of the true strength of association.
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INTRODUCTION

Physical activity lowers risk for chronic diseases and improves longevity.! Much of this
evidence comes from prospective epidemiologic studies, which have historically relied on
self-report questionnaires designed to estimate habitual physical activity over a relatively
long time interval (e.g., past year).2 Accelerometers provide several advantages over self-
report questionnaires, including improved accuracy and precision, particularly for lower-
intensity activities.® Recently, accelerometer-assessed physical activity has been linked to
premature mortality in the National Health and Examination Survey.*— Several other cohort
studies have incorporated accelerometer assessments; however, economic and logistic
constraints limit data collection protocols typically to a single 7-day period.378 It is
unknown whether data obtained from a 7-day monitoring protocol is representative of usual
activity levels over a longer-time period, which is the primary exposure of interest in
epidemiologic studies.

It is expected there will be some behavioral variation in physical activity over time.®
However, if a 7-day accelerometer-assessment period is not sufficient to estimate longer-
term physical activity owing to high amounts of individual behavioral variation, then
etiologic studies using these data will underestimate disease risk estimates.10-11
Furthermore, random within-person behavioral variation is a form of measurement error that
can be accounted for in statistical models to improve risk estimates in etiologic studies.12
Therefore, quantifying how well a single 7-day accelerometer monitoring period estimates
longer-term patterns of behavior is a critical component for interpreting, and potentially
improving, understanding of physical activity and disease risk. To the authors’ knowledge,
this has not been investigated previously. The purpose of this paper was to examine the
reproducibility of physical activity among older women over 2-3 years.

METHODS
Study Sample

The Women’s Health Study is a completed randomized trial (1992-2004) among 39,876
healthy women aged >45 years.13-15 When the trial ended, 33,682 women (89% of those
alive) consented to continue with observational follow-up, reporting on their health habits
and medical history annually on questionnaires. During 2011-2015, an ancillary study was
conducted to collect 7 days of accelerometer data. In total, 26,679 women responded (90%
of invited). Of those who responded, 1,456 indicated they could not walk outside unassisted,
making them ineligible, and 6,931 declined, leaving 18,289 willing and eligible women who
were sent monitors (69.7% of respondents). There were 581 monitors lost or not returned,
leaving a sample of 17,708 women (96.8% of willing and eligible, 66.4% of respondents)
who wore and returned their devices. The study was approved by the Brigham and Women’s
Hospital’s IRB committee and all women signed consent to participate.

For the present study, to minimize accelerometer loss and data collection delays, sampling
was restricted to those women who had worn and returned an accelerometer and a physical
activity questionnaire within 30 days of being mailed a device. Among these women, 283
were randomly selected and invited to repeat the physical activity assessment at two time
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periods within the next 3 years (approximately 1 and 2 years later, on a rolling basis). The
aim was to obtain a sample of 100 women with complete data for the intraclass correlation
(ICC) analysis. Because it was unclear what the response rate would be at the beginning of
the study and the Women’s Health Study data were collected on a rolling basis, it was
estimated that 40 monitors per season over the data collection period would ensure a
representative and sufficient sample.

A flow chart of participant eligibility and enrollment is shown in Appendix Figurel. Women
were invited to complete the third administration regardless of their response to the second
administration. For the primary analysis, all women who wore and returned the monitor at
least twice (i.e., baseline and one of the additional administrations; N=209, 93% of those
willing and eligible) were included. A sensitivity analyses was conducted that restricted to
those with valid data at all three time points (baseline, Time 2, and Time 3; N=129, 58% of
those willing and eligible).

Accelerometer Protocol

Measures

The overview of data processing and cleaning procedures for the ancillary study has been
reported previously.18 Briefly, women were mailed an ActiGraph GT3X+ (ActiGraph, Inc.,
Pensacola, FL) accelerometer and asked to wear the monitor, secured with an adjustable belt
on the hip, for 7-days during waking hours and return the monitor and wear-log by mail. To
be included in the analysis, women had to have valid data on at least 4 of the 7 days of wear,
as is conventional. 16 Accelerometer data were expressed as counts per minute (cpm). The
Choi algorithm7:18 plus dates from the wear-log were used to identify valid days of wear
(=600 minutes per day).18 The files were summarized into total daily vector magnitude
(VM) counts (an index of total physical activity), steps per day, and time in sedentary (0-199
cpm),19 light (200-2,690 cpm), and moderate to vigorous (2,691 cpm) physical activity
(MVPA).20 Bouted-MVPA was defined as 10 consecutive minutes above the 2,691-cpm
threshold, allowing for up to 2 minutes below the threshold.” Accelerometer data processing
was done using R, version 3.3.1 (www.R-project.com) and the Choi algorithm was
implemented using the Physical Activity package (https://cran.r-project.org/web/packages/
Physical Activity/Physical Activity.pdf).

As part of the parent study, women completed annual questionnaires on sociodemographic
characteristics, lifestyle habits, and medical history. Participant characteristics for women in
the present analysis were compared to all women in the accelerometer study using
questionnaire data from baseline of the accelerometer study (i.e., 2011).

Statistical Analysis

Times spent sedentary, light-intensity activity, steps, and VM counts were approximately
normally distributed and the ICC values with natural log transformation were virtually
unchanged, thus untransformed values were used for all analyses. Time spent in MVVPA and
MVPA-bouts were not normally distributed and natural log transformed values were used in
analyses. For each activity metric, the weekly average was calculated and Spearman
correlations between baseline and the second and third administrations were estimated.2
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Repeated measures linear-mixed models were used to estimate whether the accelerometer
metric changed over time, adjusting for age and monitor wear time.

The ICCs were used to estimate the random measurement error for each accelerometer
metric. Between-person and within-period variances were estimated using random effects
models that included average weekly value for each metric at each of the three
administrations. To calculate ICCs, the between-person variance was divided by the sum of
within- and between-person variances. ICCs and 95% Cls were calculated using the macro
described by Hankinson et al.22 (http://www.hsph.harvard.edu/donna-spiegelman/software/
icc9/). Generally, ICC values =0.75 are considered excellent; 0.4-0.75, fair to good; and
<0.4, poor reproducibility.23 ICCs are presented with and without adjustment for age, BMI,
season of the year, and monitor wear time. ICCs were stratified by age (median, 70.3 years),
BMI (normal weight [<25 kg/m?] versus overweight and obese [>25 kg/m?]) using
questionnaire data from baseline of the accelerometer study, and activity status based on
median VM counts.

To assess the utility of a single 7-day administration for classifying longer-term activity,
women were cross-classified according to the quartile distribution from the baseline
administration and the quartile distribution of the average of the second and third
administrations (i.e., longer-term behavior, as has been done previously with blood
biomarkers).2! There were 80 participants who did not have both Time 2 and Time 3; for
those individuals, a single timepoint was used. The quartile cut points were defined
separately for each period, and thus were not identical at baseline and Times 2 and 3. A high
proportion of women did not have any bouted-MVPA, so tertiles were examined to ensure
approximately equal distribution across groups in analyses of this metric.

To examine the impact of different sample size at the three time points, sensitivity analyses
were conducted for those with complete data at all three timepoints (/7=129), those with
baseline and Time 2 only (/7=172), and those with baseline and Time 3 only (/7=166) using
VM counts, a metric of overall activity. In the primary analysis, quartiles were recalculated
at each timepoint. As a sensitivity analysis, percentage agreement was examined when the
baseline quartile cut points for VM counts were applied to the later timepoints. SAS, version
9.3 was used for all analyses.

The demographic characteristics for women in the present study (N=209) were similar to
those for the total sample from the accelerometer study (N=17,708) (Appendix Tablel). The
median (25th, 75th percentile) number of days between baseline and Time 2 was 392 (332,
432), and between baseline and Time 3 was 838 (767, 1,004) days (Table 1). The median
values for each accelerometer metric are shown in Table 1. For total VM counts, the
Spearman correlation between baseline and the average of Times 2 and 3 was 0.83; baseline
and Time 2, 0.81; and baseline and Time 3, 0.81. There were modest, but statistically
significant declines in total activity over time (2.4% and 3.7% lower at Times 2 and 3,
respectively). Steps, MVPA, and bouted-MVPA also declined over time, whereas sedentary
time and light intensity activity did not (Table 1).
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The adjusted 1CCs (95% Cls) ranged from 0.67 (0.60, 0.73) for bouted-MVPA to 0.82 (0.77,
0.85) for total daily VM counts (Table 2). ICC values were similar with and without
adjustment for age, BMI, season, and wear time (Table 2). In the stratified analysis, the ICCs
were similar for all metrics between younger and older, and normal weight and overweight/
obese women (Table 3). The ICCs for MVPA and bouted-MVPA were lower for less active
(0.51 and 0.45, respectively), compared with more active (0.73 and 0.64, respectively)
(Table 3). In the less active group, the median (interquartile range) for bouted-MVPA was 0
(0, 4.5) minutes. The ICCs for sedentary time were higher for less active than more active
(0.75 vs 0.64) women (Table 3).

To compare consistency of activity classification, women were cross-classified by quartile
distributions at baseline compared to Times 2 and 3 (Table 4). For total VM counts, an index
of total physical activity, there were 117/209 women (56.0%) who were classified in the
same quartile at both timepoints, an additional 81/209 women (38.8%) were within 1
quartile, and 11/209 (5.3%) of women were misclassified by =2 quartiles (Table 4). For
sedentary time, 50.2% were classified in the same quartile at both timepoints, an additional
42.6% were within 1 quartile, and 7.2% were misclassified by >2 quartiles (Table 4). The
percentage of women who were classified within 1 quartile was 95.2% for light-intensity
activity, 93.3% for MVVPA (Table 4), and 93.3% for steps (Appendix Table 2). Bouted-
MVPA was examined in tertiles, and the percentage classified in the same tertile at both
timepoints was 64.1% (Appendix Table 2).

A sensitivity analysis using VM counts was conducted to examine the impact of the different
sample sizes at Times 2 and 3 on the ICCs and quartile classification. Appendix Table 3
shows slightly higher ICC values for the 129 participants with complete data at all three
timepoints (Appendix Figure 1 shows flow chart of enrollment), compared with the 209 used
in the main analysis who had data at baseline and Time 2, Time 3, or both. The percentage
of women classified in the same quartile using VM counts for the full sample was 56%,
whereas slightly more women were consistently classified (62%) for the 129 with complete
data at all three timepoints (Appendix Table 4). When comparing baseline to Time 2 alone,
60% were consistently classified, and for baseline and Time 3 alone the value was 52%
(Appendix Table 4). When separate cut points were used at each timepoint, 56% were
classified in the same quartile at both timepoints and 94.7% were within 1 quartile.
Similarly, when the baseline VM count quartile cut point was applied to Times 2 and 3, a
total of 57.4% were classified in the same quartile at both timepoints and 95.2% were within
1 quartile (Appendix Table 5).

DISCUSSION

This study examined the reliability of accelerometer-assessed physical activity and sedentary
time over 2-3 years among older women. The ICCs were good to excellent and were similar
among older and younger, normal weight and overweight/obese women. There was some
indication that the ICCs were lower among less active individuals, particularly for MVPA,
likely due to the high number of zeroes in this group (i.e., approximately 25% had <1 minute
of MVPA). For all activity-related metrics, quartile rankings were fairly well preserved, with
90% of women classified in the same quartile or within 1 quartile over time. Collectively,
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these results suggest that a single 7-day accelerometer administration reasonably estimates
longer-term physical activity and sedentary time.

The ICCs in the present study, using a single 7-day accelerometer administration, were
similar to or higher than reproducibility for self-report questionnaires that assess longer-term
activity. For total activity (VM counts), the ICCs were 0.82 for three administrations 2—-3
years apart (Table 2). Reproducibility of past-year physical activity has been examined in
studies that administered questionnaires twice, approximately 1 year apart. The reported
ICCs for total activity using self-reported questionnaires was 0.69 among older women,24
0.70 among Chinese women,2> 0.82 among college-educated women, 26 and 0.69 for men
and women.2” Two previous studies included a longer follow-up similar to the present
design and reported r=0.5928 for total activity and ICC=0.522° for vigorous activity.
Reliability of household and lower-intensity activities as assessed by questionnaire tends to
be lower than total activity.24-26:29.30 |n addition, the ICC values observed in the present
study (0.67-0.82) are similar to those for other important biological measures including
cholesterol, blood pressure, glucose, and C-reactive protein over 4 years (0.43-0.81)3! and
plasma steroid hormones and insulin-like growth factor over 2-3 years (0.22-0.94).2

A commonly used method in epidemiologic studies is to rank individuals by ordinal groups
(e.9., quartiles) of the exposure of interest. To examine how well a single accelerometer
administration categorizes relative levels of physical activity over time, the authors
compared baseline values to the average of Times 2 and 3, and found that approximately
50%-56% of women were classified in the same relative quartile and 90% of women were
classified within 1 quartile. Few previous studies have assessed the reliability of physical
activity as a categorical variable. Jurj and colleagues32 reported 66% were classified in the
same quartile for self-reported total activity over a 1-year period, which is similar to the 61%
over 1 year in the present study (Appendix Table 4), and 56% over the 3-year period (Table
4). The percentage agreement for activity metrics observed in the present study was similar
to other epidemiologic exposures of interest, such as testosterone (56%) and estradiol
(41%).21.22 The primary analysis evaluated whether the quartiles rankings were preserved
over time, thus the present results may not reflect classification agreement on an absolute
basis. However, differences in the quartile cut points for the metrics did not vary greatly over
time, and the sensitivity analysis using baseline quartile cut points at baseline and at Times 2
and 3 revealed similar results (Appendix Table 5), suggesting that classification agreement
for the same cut points over time would also be fairly reproducible.

Although the present results indicate activity levels among older adult women are fairly
stable over time, even modest amounts of within-person random error will result in
attenuation of true relative risk and an underestimation of the actual benefits of physical
activity or harms associated with sedentary time.12 Methods have been developed to correct
relative risk estimates for random within-person variation and could be applied in future
studies.® To provide some insight into the magnitude of attenuation of risk estimates for even
modest amounts behavioral variability estimate the degree of attenuation was estimated by
multiplying the ICC by the natural log of the true relative risk and exponentiated.12 For a
true relative risk of 2.5, a metric with ICC=0.82 would be observed (with error) as a relative
risk of 2.1, whereas a metric with an ICC=0.67 would have an observed relative risk of only
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1.8. Future prospective studies of physical activity and disease or mortality should consider
correcting relative risk estimates even for modest amounts of random error due to behavioral
variation, and the current results can inform such efforts.12 It should also be noted that
activity declined slightly during the 3-year period for the sample as a whole; however, the
approximately equal proportion of individuals classified in higher versus lower quartiles
over time supports that it was likely largely attributable random to random measurement
error due to within-person variability.

Strengths of this study include measurement over a period of 2-3 years in a large sample of
women. Generalizability is the primary limitation; this sample only includes older women,
the majority of whom are highly educated and white. The women were also very compliant,
with an average wear time of 15 hours per day. Almost all women wore the monitor for least
6 days (97.6% baseline, 97.1% Time 2, and 95.2% Time 3). This analysis assumed,
according to usual convention, that 4 or more valid days of wear are sufficient to achieve an
adequate estimate of activity within a single monitoring period.33-3% The number of days
needed for different activity metrics has been extensively studied and some have suggested a
higher number of consecutive days are needed to provide a reliable estimate of activity,36
and the number of days required is highly dependent on the target “goal” that is set by
investigators (e.g., ICC=0.8 or 0.9).36 These results investigate the reproducibility of 4-7
days’ worth of information from a single monitor administration over several years.
Although the authors considered season of the year in the analysis, the study design did not
capture each season for each participant, so the adjustment for the average seasonal effects
may not be complete and that residual effects of season are reflected in the ICCs. The
present analyses do not address other forms of systematic or random error that may result
from processing accelerometer data into activity metrics. Measurement error correction
models that address these other sources of error are also needed in studies of physical
activity and disease.37-39

CONCLUSIONS

The present results suggest that a 7-day accelerometer assessment protocol provides a
reproducible (and practical) measure of physical activity and sedentary time among older
women. These data can inform interpretation of past and future studies investigating
associations between physical activity and disease risk.
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Appendix Table 4

Cross-Classification Matrix by Quartile for Total VM Counts at Baseline and the Longer-
Term Estimates for Sub-Sets Based on Missing Data

Quartilesfor mean of Times2 and 3

Quartiles 1 2 3 4 Total Per cent
at baseline agreement

Full sample (n=209)

1 35 14 2 1 52
2 14 23 12 3 52
3 3 13 24 13 53
4 0 2 15 35 52
Total 52 52 53 52 209 56%
Subset with both complete data for both Time 2 and Time 3 (n=129)
1 25 6 1 0 32
2 5 17 9 1 32
3 2 8 15 8 33
4 0 1 8 23 32
Total 32 32 33 32 129 62%

Quartilesfor Time 2 only

Baseline and Year 2 (n=172)

1 32 8 2 2 44
2 9 18 10 2 39
3 2 13 23 8 46
4 0 4 8 31 43
Total 43 43 43 43 172 60%

Quartilefor Time 3 only

Baseline and Year 3 (n=166)

1 26 11 2 0 39
2 10 18 12 1 41
3 5 11 13 11 40
4 0 2 15 29 46
Total 41 42 42 41 166 52%

Notes: Total VM counts is the summation of vector magnitude counts per minute over the daily wear period. Values are
daily averages based on the number of days of wear. Bolded values indicate classified in the same quartile at both-time
points and italicized are within one quartile.

VM, vector magnitude

Am J Prev Med. Author manuscript; available in PMC 2018 April 01.
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Appendix Table5

Comparison of Using Same Cut-Point at Baseline Versus Using Different Cut-Points Over
Time to Define Quintiles

Quartilesfor mean of Times2 and 3

Quartileat Values 1 2 3 4 Total Per cent
baseline agreement

Cut-points computed separately at each time-point for vector magnitude counts/1,000

Values <3625 362.5-449.3 449.3-557.8 >557.8

1 <356.6 35 14 2 1 52

2 356.6-480.9 14 23 12 3 52

3 480.9-581.9 3 13 24 13 53

4 >581.9 0 2 15 35 52

Total 52 52 53 52 209 56%

Cut-points from T1 as applied to Times 2 and 3 for vector magnitude counts/1,000

Values <356.6 356.6-480.9 480.9-581.9 >581.9

1 <356.6 34 12 3 0 49

2 356.6-480.9 16 32 22 4 74

3 480.9-581.9 1 7 20 14 42

4 >581.9 1 1 8 34 44

Total 52 52 53 52 209 57.4%

Notes: Bolded values indicate classified in the same quartile at both-time points.

Full accelerometer sample e e Randomly selected sample for repeat study
=17,70! (baseline)
n=283
) %
e
Time 2: Invited for repeat study Time 3: Invited for repeat study
n=283 n=282 (1 death)
| |
v v
41 Declined 245 Responded 256 Responded 43 Declined
5 Ineligible (unable to (87% of invited) (91% of invited) 13 Ineligible (unable to walk
walk outside home) outside home)
199 Willing and eligible 200 Wiling and eligible
0 Device error (70% of invited) (71% of invited) 5 Device error
17 Invalid wear | 29 Invalid wear
| !
172 Valid data baseline and Time 2 166 Valid data baseline and Time 3
(86% of eligible) (83% of eligible)

e @
~

[ 209 Valid data at either Time 2 or 3 |

v

[ 129 vaiddata at both Time 2and3 |

Appendix Figure 1.
Flow-chart of participant eligibility and enrollment.
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Table 4

Cross-Classification Matrix by Quartiles at Baseline and the Average Over 2-3 Years

Quartilesfor mean of Times2 and 3

Quartiles 1 2 3 4 Total Percent
at baseline agreement

Total counts

1 35 14 2 1 52
2 14 23 12 3 52
3 3 13 24 13 53
4 0 2 15 35 52
Total 52 52 53 52 209 56.0%

Sedentary time

1 35 13 3 1 52
2 13 15 21 3 52
3 4 20 18 11 53
4 0 4 11 37 52
Total 52 52 53 52 209 50.2%

Light intensity activity

1 37 12 1 2 52
2 11 22 17 2 52
3 4 17 20 12 53
4 0 1 15 36 52
Total 52 52 53 52 209 55.0%
MVPA time
1 34 13 5 1 53
2 15 23 12 1 51
3 3 12 25 13 53
4 0 4 11 37 52
Total 52 52 53 52 209 56.9%

Notes: Bolded values indicate classified in the same quartile at both-time points and italicized are within one quartile.
MVPA, moderate to vigorous physical activity; VM, vector magnitude; cpm, counts per minute

aSummation of VM cpm over the daily wear period. Baseline: Q1 <358,112; Q2 358,112 to <483,187; Q3: 483,187 to <582,059.8 Q4: =582,059.8.
Time 2/3: Q1 <362,598; Q2 362,598 to <450,051.4; Q3: 450,051.4 to <559,695.8 Q4: >559,695.8.

bSedentary time is defined as the daily sum of minutes during which the accelerometer registers VM cpm <200.19 Baseline: Q1 <455.1 min; Q2:
455.1 to <509.2 min; Q3: 509.2 to 580.3 min Q4: =580.3 min. Time 2/3: Q1 <451 min; Q2: 451 to <506.3 min; Q3: 506.3 to 566.4 min Q4: >566.4
min.

cLight-intensity physical activity min is defined the daily sum of minutes during which the accelerometer registers VM cpm between 200 and

2690.20 Baseline Q1: <296.6 min; Q2: 296.6 to <351.9 min; Q3: 351.9 to <414.0 min Q4: 2414.0 min. Time 2/3 Q1: <290.1 min; Q2: 290.1 to
<343.8 min; Q3: 343.8 to <396.6 min Q4: =396.6 min.

dMVPA time is defined the daily sum of minutes during which the accelerometer registers VM cpm >:2,691.20 Baseline: Q1 <9.0 min; Q2: 9 to
<21 min; Q3: 21 to <46.0 min Q4: =46.0 min. Time 2/3: Q1 <8.3 min; Q2: 8.3 to <19.1 min; Q3: 19.1 to <36.4 min Q4: =36.4 min.
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