American Journal of Epidemiology Vol. 191, No. 4

&} © The Author(s) 2022. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of - pitns://doi.org/10.1093/aje/kwab294
Public Health. All rights reserved. For permissions, please e-mail: journals.permissions @ oup.com. : Ad\./ance Access publication:

January 5, 2022

Practice of Epidemiology

Reproducibility, Validity, and Relative Validity of Self-Report Methods for
Assessing Physical Activity in Epidemiologic Studies: Findings From the
Women'’s Lifestyle Validation Study

Laila Al-Shaar, Claire H. Pernar, Andrea K. Chomistek, Eric B. Rimm, Jennifer Rood,
Meir J. Stampfer, A. Heather Eliassen, Junaidah B. Barnett, and Walter C. Willett*

* Correspondence to Dr. Walter C. Willett, Department of Nutrition and Department of Epidemiology, Harvard T.H. Chan School
of Public Health, 655 Huntington Avenue, Boston, MA 02115 (e-mail: wwillett@ hsph.harvard.edu).

Initially submitted April 8, 2021; accepted for publication December 1,2021.

Among 683 participants in the Women'’s Lifestyle Validation Study (2010-2012), we evaluated the performance
of a self-administered physical activity questionnaire (PAQ) and Web-based 24-hour recalls (Activities Completed
Over Time in 24 Hours (ACT24)) using multiple comparison methods. Two PAQs, 4 ACT24s, two 7-day
accelerometer measurements, 1 doubly labeled water (DLW) physical activity level (PAL) measure (repeated,;
n = 90), and 4 resting pulse rate measurements were collected over 15 months. The deattenuated correlation
between the PAQ and DLW PAL was 0.41 (95% confidence interval (ClI): 0.33, 0.49) for total physical activity (PA)
and 0.40 (95% CI: 0.31, 0.48) for moderate-to-vigorous PA (MVPA). These correlations were similar when using
accelerometry as the comparison method. Single and averaged ACT24 measurements had lower correlations
with DLW and accelerometry as comparison methods. The PAQ showed inverse correlations with DLW body fat
percentage and resting pulse rate. Using the method of triads, the estimated correlation of the PAQ with true total
PA was 0.54 (95% CI: 0.47, 0.62) and that with true MVPA was 0.60 (95% CI: 0.52, 0.69). For averaged ACT24,
the estimated correlations were 0.50 (95% CI: 0.43, 0.59) for total PA and 0.47 (95% CI: 0.39, 0.58) for MVPA,
and for averaged accelerometry, these estimated correlations were 0.72 (95% ClI: 0.64, 0.81) and 0.62 (95% CI:
0.53, 0.71), respectively. The PAQ provided reasonable validity for total PA and MVPA.

accelerometry; ACT24; doubly labeled water; physical activity questionnaires; reproducibility; validity

Abbreviations: ACT24, Activities Completed Over Time in 24 Hours; BMI, body mass index; Cl, confidence interval; DLW, doubly
labeled water; ICC, intraclass correlation coefficient; MET, metabolic equivalent of task; MVPA, moderate-to-vigorous physical
activity; PAEE, physical activity energy expenditure; PAL, physical activity level; PAQ, physical activity questionnaire; RPR, resting
pulse rate; TEE, total energy expenditure.

Physical activity has many health benefits, including lower
risks of coronary heart disease (1), stroke (2), type 2 diabetes
(3), hypertension (4), and obesity (5), some specific types of
cancer (6), and cognitive decline (7). Some inconsistencies
across studies may be related to the instrument used for
measuring physical activity. Measurement errors inherent to
these assessment tools could introduce bias in estimating the
associations, depending on the type and magnitude of these
errors. Self-reported measurements taken via physical activ-
ity questionnaires (PAQs) or 24-hour recalls are commonly
used in prospective cohort studies because of their relatively
low cost and ability to provide data on different types and

domains of physical activity (8), but they are inevitably
imperfect because they rely on participants’ perception and
memory (9). After accounting for other determinants of
energy expenditure, doubly labeled water (DLW) has been
considered a reference method for measuring total energy
expenditure (TEE), but it is expensive and cannot determine
the type, intensity, frequency, or duration of activities. DLW
is also considered an alloyed gold standard, since it includes
both analytical and physiological errors (9). Alternatively,
daily records or diaries have been widely used as reference
methods, but these require several weeks of recording to
capture seasonal variation and long-term physical activity
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patterns, and participants may change their physical activity
because of their data recording (10). Measures of fitness
such as resting pulse rate (RPR) have also been used to
validate PAQs (11), but fitness also has a genetic com-
ponent. The use of accelerometers as a reference method
has increased due to technological advances, but there is
still a debate about the appropriate metrics for analyzing
accelerometer data, and some forms of activity are poorly
detected by these devices (12). Given these challenges,
comparisons of PAQs and 24-hour recalls with biomarkers
and device-based measures of physical activity can provide
useful data on the validity and relative validity of each
method.

We aimed to evaluate the validity and reproducibility of
our PAQ and the self-administered Activities Completed
Over Time in 24 Hours (ACT24) assessment tool among par-
ticipants in the Women’s Lifestyle Validation Study (2010-
2012), by comparing them with physical activity levels
(PALs) measured via DLW and 7-day accelerometry. We
also examined physical activity assessed by different meth-
ods in relation to RPR and body fat mass percentage, which
are biological consequences of physical activity, to assess
the relative validity of these methods.

METHODS
Study population

The Women’s Lifestyle Validation Study is one of the 3
components of the Multi-Cohort Eating and Activity Study
for Understanding Reporting Error (MEASURE) (13). The
study was conducted within the Nurses” Health Study and
Nurses’ Health Study II between 2010 and 2012. Recruit-
ment details are provided in the Web Appendix (available
at https://doi.org/10.1093/aje/kwab294) and Web Figure 1.
This study was approved by the human subjects committees
of the Harvard T.H. Chan School of Public Health and
Brigham and Women’s Hospital (Boston, Massachusetts).

Physical activity assessments

To represent the 1-year time frame of the PAQ, data were
collected over approximately 15 months, and participants
were randomly assigned to one of 4 different groups with
the order of measurements varied (Figure 1). This included
2 self-administered PAQs, 4 ACT24s, 1 DLW measure-
ment (repeated among 90 women), two 1-week accelerom-
eter measurements, and 4 RPR measurements (see Web
Appendix). The study period was divided into phases, with
each phase representing a 3-month interval. Groups 1 and
3 had the same data collection timeline, with the exception
that DLW was measured in phase 1 for group 1 and phase 3
for group 3. Groups 2 and 4 also had the same data collection
timeline, with the exception that DLW was measured in
phase 2 and phase 4, respectively. A subgroup of group
1 participants was randomly selected for a second DLW
measurement (DLW2), which was taken at month 9, 12, or
15. In all groups, accelerometer and DLW measurements
were taken within the same phase but not during the same
week (Figure 1).
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Physical activity questionnaire. The PAQ is an updated
version of a previously validated self-administered modified
Paffenbarger questionnaire (14) that assesses the average
amount of time spent per week on 13 specific activities in
the previous year (15). Response categories range from 0 to
>40 hours/week. Activities included walking to work or for
exercise (including golf), jogging (> 10 minutes/mile), run-
ning (<10 minutes/mile), bicycling (including a stationary
bicycle), lap swimming, tennis, squash or racquetball, other
aerobic exercise (exercise classes, etc.), lower-intensity exer-
cise (e.g., yoga, stretching, or toning), moderate outdoor
work (e.g., yard work or gardening), heavy outdoor work
(e.g., digging or chopping), weightlifting (including use of
machines), and standing or walking around at work and at
home. Participants indicated the intensity of activity (low,
medium, or high) for swimming, biking, and tennis, and
they reported their walking pace and number of flights of
stairs climbed daily. Data on sedentary behaviors included
amounts of time spent sitting at work or while commuting;
sitting at home watching television, videocassettes, or digital
video discs; and other sitting at home.

A weekly energy expenditure score (metabolic equivalent
of task (MET)-hours/week) was computed for each partic-
ipant, at baseline and at the end of data collection, about
12 months later, after summing up the number of MET-
hours per day associated with each activity (16). Activities
were grouped by intensity as follows: vigorous physical
activity, >6.0 METs; moderate physical activity, 3.0-5.9
METs; and moderate-to-vigorous physical activity (MVPA),
>3.0 METs (Web Appendix). Total activity included light
physical activity (<3.0 METs) and MVPA.

ACT24 assessment. The ACT24 is an online tool for
assessing physical activity over the past 24 hours (17). Par-
ticipants choose among more than 200 activities in four 6-
hour time periods and report the starting and stopping times
for each activity in >5-minute increments (Web Appendix).
Active behaviors were classified on the basis of energy
expenditure level: light activity (<3.0 METs), moderate
activity (3.0-5.9 METs), vigorous activity (>6.0 METs), or
MVPA (>3.0 METs).

Accelerometry.  Participants were mailed an accelerometer
(ActiGraph GT3X; ActiGraph LLC, Pensacola, Florida),
detailed instructions, and a wear-time diary. The methods
for deriving accelerometer data have been previously de-
scribed (12) (Web Appendix). Data on daily total activity
counts based on the triaxial vector magnitude were used to
determine the total volume of physical activity. Intensity
was defined as <200 counts/minute for sedentary behavior
(18), 200-2,689 counts/minute for light-intensity activity,
2,690-6,166 counts/minute for moderate-intensity activity,
and >6,167 counts/minute for vigorous-intensity activity
(19). For sedentary behavior, every minute and bouts of
>15 minutes were examined. The mean amount of time
spent in activity of different intensity categories daily
was calculated across all valid wear days. To predict
METs from triaxial counts, we used the equation METs =
0.000863 x (activity counts from all 3 axes) + 0.668876
(19).
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DLW2 DLW2 DLW2
Group 1 Month 1 2 3 4 5 6 7 8 9 | 10| 11| 12| 13| 14| 15
< Phase 1 > Phase 2 > < Phase 3 >< Phase 4 >
RPR
PAQ1 RPR RPR ACT24
ACT24 ACT24 Accelerometer RPR
DLW1 ACT24 PAQ2
Accelerometer
Group 2 Month 1 2 3 5 6 7 8 9 10 | 1 12 | 13 | 14 | 15
< Phase 1 > Phase 2 > Phase 3 > < Phase 4 >
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RPR RPR
PAQ1 RPR Accelerometer Ag;?
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Accelerometer DLW
Group 4 Month 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Phase 1 > Phase 2 > Phase 3 > < Phase 4 >
ACT24
RPR RPR RPR DLW
PAQ1 Accelerometer ACT24 Accelerometer
ACT24 ACT24 RPR
PAQ2
Figure 1. Measurement schedule for assessing physical activity over a 12- to 15-month period in Women’s Lifestyle Validation Study groups 1-

4, United States, 2010-2012. Participants were randomly selected into 4 different groups. Groups 1 and 3 had the same data collection timeline,
with the exception that doubly labeled water (DLW) was measured in phase 1 for group 1 and phase 3 for group 3. Groups 2 and 4 also had
the same data collection timeline, with the exception that DLW was measured in phase 2 and phase 4, respectively. A subgroup of group 1
participants was randomly selected for a second DLW measurement (DLW2) which was taken at month 9, 12, or 15. In all groups, accelerometer
and DLW measurements were taken within the same phase but not during the same week. ACT24, Activities Completed Over Time in 24 Hours;
PAQ1, first physical activity questionnaire; PAQ2, second physical activity questionnaire; RPR, resting pulse rate.

Doubly labeled water. TEE (kcal/day) was obtained from
DLW data, a widely used standard for estimating TEE in
free-living people (12). We also calculated physical activ-
ity energy expenditure (PAEE) by subtracting the resting
metabolic rate and thermic effect of food (10% of TEE)
from TEE. Resting metabolic rate was calculated using the
Mifflin prediction equation (20). PAL was calculated by
dividing the TEE by resting metabolic rate (21). DLW body
fat percentage was calculated by dividing DLW fat mass by
DLW body weight, multiplied by 100.

Resting pulse rate. RPR was self-reported 4 times during
the study, once per phase. RPR measurements were collected
as part of the PAQ in phases 1 and 4 and using an online
tool in phases 2 and 3. Participants were given instructions
for measuring their RPR and report from 10 choices in
increments of 5, ranging from <55 beats/minute to >100
beats/minute.

Statistical analyses

Absolute physical activity measurements were charac-
terized as mean values and standard deviations. Because
most variables were not normally distributed, they were log-
transformed after changing 0 values to 0.0001, except for
PAL and DLW body fat percentage. Subsequent analyses
were based on the ranks of log-transformed data.

Reproducibility was assessed using rank intraclass cor-
relation coefficients (ICCs) calculated using random-effects
analysis of variance (22) between the first PAQ (PAQ1) and
the second PAQ (PAQ2) (collected 12 months apart), the
first and second accelerometer measurements (collected 6
months apart), and the 4 ACT24 and RPR measurements
(collected once every 3 months over the 12-month period).
Spearman rank correlation coefficients and their 95% confi-
dence intervals (Cls) were calculated to assess validity. Deat-
tenuated correlation coefficients and their 95% CIs were
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computed to account for within-person variation and number
of repeated measurements of the reference method (23-25)
(Web Appendix). We considered PAQ2 the primary compar-
ison, since it would best represent the physical activity spent
in the same period in which the comparison methods were
administered. We also assessed the PAQ1 and the average
of the 2 PAQs (PAQ,y) as secondary comparisons. When
studying the validity of the ACT24, we used the average
of up to 4 measurements of ACT24 recalls (ACT24,y,) to
represent activity throughout the year, and we also report the
results of individual ACT24s to represent a typical measure-
ment in an epidemiologic study.

All Spearman correlation coefficients were age-adjusted;
accelerometer measurements were also adjusted for wear
time to reduce spurious variation. Correlations of 0.4 or
higher were considered to represent adequate validity. Anal-
yses were also conducted after stratifying by age (<60 years,
>60 years), body mass index (BMI) (weight (kg)/height
(m)z; <25, >25), and cohort (Nurses’ Health Study, Nurses’
Health Study II).

To estimate the correlation (validity coefficient) (26) and
95% CI (27) between true physical activity and activities
estimated via the PAQ and the ACT24, we used the method
of triads with data from the 3 pairwise correlations between
PAQ?2 (or the mean ACT24), the mean of 2 accelerometer
measurements, and DLW PAL (or PAEE). It is reasonable to
assume that these methods have independent errors because
they rely on different technologies, and the assessments were
spaced in time by design (Web Appendix).

Out of 796 enrolled participants, 795 completed the base-
line PAQ (PAQ1); of those participants, 755 completed
PAQ2, 695 completed at least 1 ACT24 (272 completed
all 4 ACT24s; the average was 3 ACT24s per participant),
684 had at least 1 DLW measurement, and 683 had at
least 1 accelerometer measurement. In the analyses of RPR,
women who reported use of antihypertensive medication
were excluded (n = 220).

RESULTS
Descriptive statistics

On average, participants were 61 (standard deviation, 10)
years of age at enrollment and had a mean BMI of 26.4 (stan-
dard deviation, 5.3); 98% were nonsmokers, and 91% were
White (Table 1). Similar distributions were observed when
data were stratified by cohort, except that Nurses’ Health
Study II participants were younger and 87% were White
(Table 1). The mean DLW-determined TEE was 2,194 (stan-
dard deviation, 360) kcal/day.

Distributions of energy expenditures and physical ac-
tivity measurements as assessed by different methods are
presented for the overall sample (Table 2, Web Tables 1 and
2) and stratified by age, BMI, and cohort (Web Tables 1, 3,
and 4). In general, total physical activity and time spent in
moderate activity, MVPA, and sedentary activities assessed
by PAQ were lower than those estimated by ACT24. Times
spent in moderate activity and MVPA assessed by accelerom-
eter were similar to those estimated by PAQ and lower than
those estimated by ACT24. For sedentary behaviors, self-

Am J Epidemiol. 2022;191(4):696-710

reported time by PAQ was similar to accelerometer-assessed
time when bouts greater than or equal to 15 minutes were
included. Sedentary time assessed by ACT24 was similar
to accelerometer-assessed time when every minute was in-
cluded. Similar distributions were observed when we strat-
ified by age, BMI, and cohort (Web Tables 1-4).

Reproducibility

High reproducibility was observed among the different
physical activities assessed by PAQs, accelerometers, and
DLW-derived measures: PAL, TEE, PAEE, and body fat
mass percentage (Table 2, Web Table 5). ICCs for PAQ-
assessed physical activities had a median value of 0.64 and
ranged from 0.35 for sedentary time to 0.71 for MVPA.
The ICCs for accelerometer measurements had a median
value of 0.76, ranging between 0.59 for vigorous activity
and 0.78 for total physical activity. The ICCs for DLW-
derived measures were 0.74 (95% CI: 0.66, 0.81) for TEE,
0.57 (95% CI: 0.44, 0.68) for PAL, and 0.42 (95% CI:
0.28, 0.58) for PAEE. In contrast, ACT24 showed lower
reproducibility, and the median ICC was 0.21, with ICCs
ranging between 0.17 for moderate activity and 0.41 for
total activity. The reproducibility of the PAQ was slightly
higher among participants with BMI >25 than among those
with BMI <25 (median ICC, 0.66 vs. 0.51), among those
aged <60 years than among those aged >60 years (median
ICC, 0.73 vs. 0.57), and among Nurses’ Health Study II
participants than among Nurses’ Health Study participants
(median ICC, 0.69 vs. 0.59). The reproducibility of each
of the accelerometer and DLW-determined TEE, PAL, and
body fat mass percentage measurements was comparable
across the different subgroups, unlike the DLW-determined
PAEE, which showed higher reproducibility in the older sub-
group (age >60 years, Nurses’ Health Study) and those with
BMI >25. The RPR measurements were highly reproducible
in the overall sample and across all subgroups (Table 2, Web
Table 5).

Validity

DLW as the reference method.  Comparing activity assessed
via PAQ2 with that assessed by DLW PAL, the median value
of Spearman correlations excluding sedentary time was 0.31,
and the coefficient became stronger after accounting for
within-person variation in DLW measurements (median
r = 0.37; Table 3). Sedentary time assessed by PAQ2
was not correlated with DLW PAL. Similar deattenuated
multivariate-adjusted correlations were observed with DLW-
determined PAEE (Web Table 6). PAQ1 and PAQ,y, showed
comparable correlations with DLW PAL (Table 3) and
after stratifying by BMI, age, and cohort type (Web Tables
7-9).

Relatively lower correlations were observed between
activities assessed by ACT24 and DLW PAL (for active
categories, median deattenuated r = 0.29). Correlations
were consistently lower when using a single ACT24 versus
ACT24,y, (for active behaviors measured by the second
ACT24, median deattenuated r = 0.19 vs. r = 0.29 for
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Table 2. Distributions (Mean (Standard Deviation)) of and Intraclass Correlation Coefficients (95% Confidence Interval) for Different Physical
Activity Measurements in the Women'’s Lifestyle Validation Study (n = 683), United States, 2010-2012

Physical Activity Measurement Pa:i(::.i::fants Mean (SD) ICC 95% CI
DLW physical activity level® 0.57 0.44, 0.68
Measurement 1 683 1.7 (0.2)
Measurement 2 87 1.7 (0.3)
DLW-determined PAEE, kcal/day 0.42 0.28, 0.58
Measurement 1 683 709 (241)
Measurement 2 87 706 (285)
DLW-determined TEE, kcal/day 0.74 0.66, 0.81
Measurement 1 683 2,194 (360)
Measurement 2 87 2,158 (390)
DLW body fat mass, % 0.83 0.76, 0.87
Measurement 1 683 38 (8)
Measurement 2 87 38 (7)
Total physical activity (not including sedentary time)
PAQ, MET-hours/day 0.58 0.53, 0.63
PAQ1 683 8.2 (5.0)
PAQ2 683 8.1(4.8)
ACT24, MET-hours/day 0.41 0.36, 0.47
Phase 1 683 16.1 (9.1)
Phase 2 616 16.6 (9.5)
Phase 3 501 16.2 (8.4)
Phase 4 268 16.1 (8.1)
Accelerometer
Total activity counts/day 0.78 0.75, 0.81
Phase 1 683 588,069 (179,367)
Phase 2 662 585,181 (173,407)
MET-hours/day 0.77 0.74, 0.80
Phase 1 683 29.8 (2.2)
Phase 2 662 29.8 (2.1)
Moderate-to-vigorous physical activity
PAQ, MET-hours/day 0.71 0.67,0.74
PAQ1 683 4.3 (4.5)
PAQ2 683 4.3 (4.2)
ACT24, MET-hours/day 0.18 0.14,0.24
Phase 1 683 6.7 (8.5)
Phase 2 616 75 (9.3)
Phase 3 501 74 (8.0)
Phase 4 268 72 (7.4)
Accelerometer, hours/day 0.77 0.74, 0.80
Phase 1 683 0.7 (0.4)
Phase 2 662 0.7 (0.4)
Vigorous activity
PAQ, MET-hours/day 0.67 0.62, 0.71
PAQ1 683 1.6 (2.6)
PAQ2 683 1.6 (2.6)

Table continues

Am J Epidemiol. 2022;191(4):696-710
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Table 2. Continued

No. of

Physical Activity Measurement Participants Mean (SD) ICC 95% CI
ACT24, MET-hours/day 0.21 0.17,0.26
Phase 1 683 0.9 (2.8)
Phase 2 616 1.4 (4.3)
Phase 3 501 1.4 (3.9)
Phase 4 268 1.4 (3.6)
Accelerometer, hours/day 0.59 0.54, 0.64
Phase 1 683 0.04 (0.1)
Phase 2 662 0.03 (0.1)
Moderate activity
PAQ, MET-hours/day 0.64 0.60, 0.68
PAQ1 683 2.7 (2.9)
PAQ2 683 2.7 (2.8)
ACT24, MET-hours/day 0.17 0.13,0.22
Phase 1 683 5.8 (8.1)
Phase 2 616 6.1 (8.3)
Phase 3 501 5.9 (7.1)
Phase 4 268 5.8 (6.9)
Accelerometer, hours/day 0.76 0.73, 0.79
Phase 1 683 .6 (0.4)
Phase 2 662 0.6 (0.4)
Sedentary time
PAQ, hours/day 0.35 0.29, 0.42
PAQ1 681 3.1 (1.3)
PAQ2 681 3.1 (1.3)
ACT24, hours/day 0.35 0.29, 0.41
Phase 1 683 71 (3.2)
Phase 2 616 7.3 (3.1)
Phase 3 501 72 (3.0)
Phase 4 268 75 (3.1)
Accelerometer, hours/day
Including every minute 0.69 0.65, 0.73
Phase 1 683 8.0 (1.4)
Phase 2 662 79 (1.4)
Including bouts of >15 minutes 0.71 0.67,0.74
Phase 1 683 3.7 (1.4)
Phase 2 662 3.7 (1.4)
Resting pulse rate, beats/minute 0.60 0.56, 0.63
Measurement 1 677 68.7 (8.5)
Measurement 2 671 69.2 (7.7)
Measurement 3 641 68.5 (7.9)
Measurement 4 675 68.6 (8.3)

Abbreviations: ACT24, Activities Completed Over Time in 24 Hours; Cl, confidence interval; DLW, doubly labeled water; ICC, intraclass
correlation coefficient; MET, metabolic equivalent of task; PAEE, physical activity energy expenditure; PAQ, physical activity questionnaire;
TEE, total energy expenditure.

2 DLW physical activity level was calculated as the ratio of DLW-determined TEE to resting metabolic rate.
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[ ACT24,y,) (Table 3, Web Table 6). Stronger correlations
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E R % % ‘/'T| § Accelerometry as the reference method. Us.mg the accel-
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g g §53¢853 % e S 0.35 (Table 3); the correlation became slightly stronger after
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Z § = g% E ter measurements (median deattenuated r = 0.40, ranging
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2| 8 o s cw|35888F ACT24s (Table 4).
S| 2 SS 3T = | I888ED
5| 2 79999 Je %< ACT24 as the reference method. When the ACT24 was
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3 E gg 3 £3 in ACT24 measurements, except for sedentary activities
§3 35385 g 235 3 @'% (Table 5). For example, the age-adjusted Spearma}n corre-
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; 8 599965 | 85882¢ 0.47, 0.62) for total physical activity and 0.60 (95% CTI:
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§ * ® £ 3§ £ MVPA assessed by PAQ2 and true physical activity were
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Table 4. Age-Adjusted and Deattenuated Spearman Correlation Coefficients (95% Confidence Interval) for Comparisons of Physical Activity
Questionnaires, 24-Hour Recalls, and Accelerometer Measurements With Body Fat Mass Percentage Calculated from Doubly Labeled Water
in the Women'’s Lifestyle Validation Study (n = 683), United States, 2010-2012

DLW Body Fat Mass %

Physical Activity Measurement

Age-Adjusted Deattenuated 95% CI
Total activity, MET-hours/day
PAQ1 —0.35 -0.37 —0.44, —0.31
PAQ2 —0.34 -0.37 —0.44, —0.30
PAQayvg —0.37 —0.40 —0.47, —0.34
ACT24 (phase 2) —0.26 —0.28 —0.36, —0.20
ACT2444 —0.29 —0.31 —0.37, —0.24
Accelerometerayg —0.33 -0.35 —-0.42, —0.28
MVPA, MET-hours/day
PAQ1 —0.37 —0.40 —0.46, —0.33
PAQ2 —0.38 —0.41 —0.47, —0.34
PAQavg —0.40 —0.43 —0.49, —0.36
ACT24 (phase 2) -0.25 -0.27 —0.34, —0.19
ACT24,,g -0.25 -0.27 —0.35, —0.20
Accelerometerayg -0.27 -0.29 —0.37, —0.22
Vigorous activity, MET-hours/day
PAQ1 -0.27 -0.29 —0.37, —0.22
PAQ2 —0.23 -0.25 —0.33, —0.18
PAQavg —-0.25 -0.27 —0.35, —0.20
ACT24 (phase 2) -0.11 —0.12 —0.19, —0.04
ACT245 -0.17 —-0.18 —0.25, -0.11
Accelerometerayg —-0.23 -0.24 —-0.32, -0.17
Moderate activity, MET-hours/day
PAQ1 -0.31 -0.34 —0.40, —0.27
PAQ2 -0.34 —0.36 —0.43, —0.30
PAQavg —0.35 —0.38 —0.44, —0.31
ACT24 (phase 2) -0.20 —0.21 —0.29, —0.13
ACT2444 —0.21 -0.22 —0.30, —0.15
Accelerometerayg —-0.24 -0.26 —-0.33, —0.18
Sedentary time, hours/day
PAQ1 0.05 0.06 —0.02, 0.13
PAQ2 —0.01 —0.02 —0.10, 0.06
PAQavg 0.02 0.02 —0.06, 0.10
ACT24 (phase 2) 0.10 0.10 0.02, 0.18
ACT2444 0.10 0.10 0.03, 0.18
Accelerometerayg (>1-minute bouts) 0.28 0.30 0.23, 0.37
Accelerometerayg (= 15-minute bouts) 0.26 0.28 0.20, 0.35

Abbreviations: Accelerometerayg, average of two 7-day accelerometer measurements; ACT24, Activities Completed Over Time in 24 Hours;
ACT24,,4, average of up to 4 ACT24 measurements; Cl, confidence interval; DLW, doubly labeled water; MET, metabolic equivalent of task;
MVPA, moderate-to-vigorous physical activity; PAQ, physical activity questionnaire; PAQayg, average of PAQ1 and PAQ2.

very similar to those between true physical activity and DLW PAEE instead of DLW PAL (Web Table 13) and after
each of the DLW PAL and accelerometer measurements further adjusting DLW PAEE for body weight (Web Table
(Table 6). Validity coefficients were comparable when using 14).
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Table 5. Age-Adjusted and Deattenuated Spearman Correlation Coefficients (95% Confidence Interval) for Comparisons of Physical Activity
Estimated by Questionnaire With the Average of Up to Four 24-Hour Activity Recalls in the Women'’s Lifestyle Validation Study (n = 683), United

States, 2010-2012

ACT24
Physical Activity Measurement
Age-Adjusted Deattenuated 95% ClI

Total activity, MET-hours/day

PAQ1 0.47 0.62 0.53, 0.69

PAQ2 0.50 0.61 0.51, 0.68

PAQavg 0.53 0.67 0.58, 0.74
MVPA, MET-hours/day

PAQ1 0.45 0.60 0.48, 0.69

PAQ2 0.43 0.61 0.49, 0.70

PAQayvg 0.47 0.63 0.51,0.72
Vigorous activity, MET-hours/day

PAQ1 0.33 0.38 0.31, 0.45

PAQ2 0.32 0.37 0.29, 0.44

PAQayvg 0.33 0.38 0.31, 0.45
Moderate activity, MET-hours/day

PAQ1 0.37 0.55 0.41, 0.67

PAQ2 0.35 0.56 0.42, 0.67

PAQayvg 0.39 0.59 0.45, 0.70
Sedentary time, hours/day

PAQ1 0.06 0.08 —0.01, 0.17

PAQ2 0.05 0.07 —0.03,0.16

PAQayvg 0.06 0.08 —0.01,0.17

Abbreviations: ACT24, Activities Completed Over Time in 24 Hours; Cl, confidence interval; MET, metabolic equivalent of task; MVPA,
moderate-to-vigorous physical activity; PAQ, physical activity questionnaire; PAQayg, average of PAQ1 and PAQ2.

For ACT24,y,, the estimated correlation was 0.50 (95%
CI: 0.43, 0.59) for true total physical activity and 0.47 (95%
CI: 0.39, 0.58) for true MVPA. As for sedentary behavior,
the correlation with true behavior was 0.31 (95% CI: 0.21,
0.44). Heywood cases (correlations > 1) (26) were observed
in these comparisons, and correlations did not change if 1-
minute bouts versus >15-minute bouts were included.

DISCUSSION

We evaluated the reproducibility and validity of our self-
administered PAQ and ACT24 by comparing the reported
activity with that derived from accelerometer measurements
and DLW. We also evaluated the relative validity of dif-
ferent methods by their correlations with RPR and adipos-
ity. The correlations between PAQ and activity assessed
by accelerometry or DLW PAL were moderate. Using the
method triads to estimate correlations with true activity,
the PAQ had good validity for active behaviors, and these
estimated correlations were similar to those using DLW PAL
or accelerometer methods. The ACT24 tool had low repro-
ducibility, and a single measurement may not be adequate to

capture day-to-day and seasonal variation; using the average
of up to 4 days, the correlation coefficients with DLW PAL
and accelerometry were moderate but slightly lower than
those for the PAQ, except for sedentary behavior. Corre-
lations were consistently lower when using single ACT24
data versus ACT24,,, data. When ACT24 was used as a
reference method, the correlations with PAQ were moderate,
and they became stronger after adjusting for within-person
variation of ACT24. Using correlations with RPR and DLW
body fat percentage to evaluate relative validity, PAQ2 had
higher validity than accelerometer measurements, and single
ACT24 and ACT24,,, had the lowest validity.

We consider this study an expanded update to our
previous validation study of our PAQ (14), conducted among
231 Nurses’ Health Study II participants in 1989-1991
using 4 past-week activity recalls and four 7-day activity
diaries completed over the course of a year as reference
methods. In addition, we evaluated the validity of the
ACT24. The reproducibility of our PAQ for total activity,
assessed by ICC, was 0.58 in the current study versus
0.59 in the previous study. The validity of the PAQ was
lower in the current study, potentially because of different
comparison methods; the previous study used 28-day
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activity diaries (for MVPA, deattenuated r = 0.56), while the
current study used accelerometry (for MVPA, deattenuated
r = 0.42) and DLW measurements (deattenuated r of
MVPA = 0.40). However, the accelerometer and DLW
methods may have systematic within-person errors (person-
specific biases) that would have underestimated the validity
of the PAQ beyond that due to random errors that were
accounted for by deattenuation. The DLW method is
subject to analytical error in the laboratory measurement
of changes in isotope ratios, variations in energy balance,
differences in dietary macronutrient intake within and
between participants, homeostatic control of energy intake,
and biological differences in absorption and metabolism.
The resting metabolic rate, used to calculate DLW PAL and
PAEE, was not measured but estimated using the Mifflin pre-
diction equation (20), which may have underestimated the
correlation between the PAQ- and DLW-derived measures.
However, in a study conducted by our research group, the
correlation between calorimetry-measured resting metabolic
rate and that predicted by the Mifflin equation ranged from
0.66 to 0.70 (Dr. Claire Pernar, Harvard T.H. Chan School
of Public Health, unpublished data, 2021). In addition,
the correlations between the accelerometer measurements
and DLW-derived measures were moderate (Web Table
15) (12). Accelerometer assessments also have multiple
potential sources of error, including being less sensitive
to some activities such as swimming or cycling. Lastly,
the Compendium of Physical Activities, which classifies
activities according to their cost of energy expenditure (16),
could also have affected the validity of the PAQ because
the Compendium estimates rely on group averages and may
not apply to all individuals. These errors may have similarly
applied to the ACT24.

The method of triads can be valuable when no method is
a perfect reference for assessing validity; a key assumption
is that errors for the 3 methods are uncorrelated, which
is reasonable in this case. Using the method of triads, the
estimated correlation between our PAQ and true underlying
physical activity was stronger than the deattenuated corre-
lations when either DLW or accelerometry was used as the
reference method, indicating that PAQ validity was not seri-
ously overestimated in our previous study. This estimated
correlation with true physical activity can be viewed as
the upper boundary of validity (because correlated errors
between methods could overestimate validity), and the deat-
tenuated correlation with DLW or accelerometry as its lower
boundary (because nonrandom errors in the comparison
method could lead to an underestimate of validity). The
modest differences between these lower and upper limits
suggest that the validity of the PAQ was not seriously over-
estimated. Its correlations with RPR, which reflects cardiac
fitness, and with DLW body fat percentage are consistent
with its ability to robustly predict cardiometabolic endpoints
(28-30). In addition, these correlations, which were similar
to or higher than those for DLW PAL and accelerometry
with these biological measurements, were consistent with
the relative strength of correlations in the method-of-triads
analyses.

On the other hand, the ACT24 had slightly lower cor-
relations with true total physical activity and MVPA even

after using the average of up to 4 ACT24 assessments.
However, this suboptimal performance of ACT24 was not
observed among AARP participants who completed up to 6
ACT24 recalls, spaced 2 months apart (17). Because month-
to-month variability in physical activity is large, more than
4 ACT24 recalls may be needed over a year to estimate
true long-term physical activity for adequate measurement
of true physical activity. Thus, the ACT24 has the potential to
be used as a comparison method in future validation studies
if adequate adjustment is made for within-person variation.

Many validation studies have been conducted for PAQs
using DLW as a reference method (31), and the vast majority
did not show adequate validity in estimating usual physical
activity. As shown by the method-of-triads analyses, the
correlation between DLW PAL and true physical activity
was moderate; thus, using it as the reference method would
underestimate the validity of other assessment methods.
The moderate reproducibility of DLW-determined physical
activity was also seen among women in other studies (17).

Consistent with our study, some PAQ validation studies
have found low validity in measuring sedentary activities
(32) because PAQs are not designed to capture the full spec-
trum of sedentary behaviors or lower-intensity activities,
and sedentary and activity hours do not add up plausibly.
On the other hand, our PAQ showed acceptable validity
when accelerometry was used as the reference method. The
validity was comparable to several validation studies that
used the ActiGraph accelerometer as a reference method,
with comparable thresholds of counts per minute (32-35).

To our knowledge, this was the largest and most com-
prehensive validation study on physical activity assessment
methods among women to date, because of the multiple
methods used for comparison over a period of 12-15
months. However, the study had several limitations. The
results may not be generalizable to the general popula-
tion, persons with chronic diseases, or men. The similar
results in our Men’s Lifestyle Validation Study support
generalizability to male health professionals and a more
general middle-aged population. Inclusion of participants
from the Nurses’ Health Study and Nurses’ Health Study
IT cohorts provided a wide range of ages. However, our
findings may not be generalizable to other groups defined
by race/ethnicity, education, or motivation or for different
physical activity behaviors. In addition, RPR measurements
were self-reported; however, the participants were all nurses,
and the ICCs were comparable across age, BMI, and cohort
subgroups.

In conclusion, our findings indicate that our self-
administered PAQ has good validity for measuring physical
activity but not for measuring sedentary time. Based on the
results of the method of triads and correlations with multiple
comparison methods, the PAQ appears to have validity
similar to that for methods using DLW, accelerometers, or
repeated ACT24 assessments. The far lower cost of the PAQ,
which facilitates repeated assessments over time, makes
this or similar tools particularly suitable for epidemiologic
studies. If multiple ACT24 assessments are collected over
the year and within-person variation is taken into account,
the ACT24 may be considered as a method for assessing
physical activity in epidemiologic studies.
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