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Abstract

Purpose—To compare estimates of moderate-vigorous physical activity (MVVPA) duration
derived from accelerometers calibrated only to walking and running activities to estimates from
calibrations based on a broader range of lifestyle and ambulatory activities.

Methods—In a study of 932 older (50-74 yrs) adults we compared MVPA estimates from
accelerometer counts based on three ambulatory calibration methods (Freedson 1952 counts/min
(cpm); Sasaki 2690 cpm; activPAL 3+ METS) to estimates based on calibrations from lifestyle and
ambulatory activities combined (Matthews 760 cpm; Crouter 3+ METS; Sojourn3x 3+ METS). We
also examined data from up to 6 previous-day recalls describing the MVPA in this population.

Results—MVPA duration values derived from ambulatory calibration methods were significantly
lower than methods designed to capture a broader range of both lifestyle and ambulatory activities
(p < 0.05). MVPA (hrs/d) estimates in all participants were: Freedson (median [inter-quartile
range]=0.35 [0.17-0.58]); Sasaki (0.91 [0.59-1.32]); and activPAL (0.97 [0.71-1.26]) compared to
Matthews (1.82 [1.37-2.34]); Crouter (2.28 [1.72-2.82]); and Sojourn3x (1.85 [1.42-2.34]).
Recall-based estimates in all participants were comparable (1.61 [0.89-2.57]) and indicated
participation in a broad range of lifestyle and ambulatory MVPA.
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Conclusion—Accelerometer calibration studies that employ only ambulatory activities may
produce MVPA duration estimates that are substantially lower than methods calibrated to a
broader range of activities. These findings highlight the potential to reduce potentially large
differences among device-based measures of MVVPA due to variation in calibration study design by
including a variety of lifestyle and ambulatory activities.
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INTRODUCTION

The use of accelerometers in epidemiologic studies has advanced our understanding of
physical activity and public health, including providing the first objective estimates of
moderate-vigorous intensity physical activity (MVPA) and sedentary time in the United
States (1, 2), and more recent indications that light intensity physical activities also may
have mortality benefits (e.g., (3, 4)). This progress was made with low tech “first generation”
devices (e.g., vertical acceleration in 60 second epochs) worn at the waist, that were
calibrated in the laboratory using ambulatory activities (i.e., walking and running) to identify
activity count cut-points to estimate MVPA (e.g., (1, 5, 6)). The “next generation” of devices
(e.9., 80Hz sampling in 3-axes) and associated calibration methods have moved on from use
of activity count cut-points and are more refined and robust (e.g., (7-9)). New calibration
methods for waist worn devices using densely sampled movement data and as many as 20—
30 different physical activities to develop more advanced prediction models are being used
to estimate both ambulatory and lifestyle activities (7), and machine learning methods have
been used to identify specific activity types (10-12).

Much attention has focused on technical aspects of accelerometer use (e.g., epoch length,
attachment site), the limitations of using activity count cut-points, and the value of using raw
acceleration signals to minimize differences among monitors (e.g., (13, 14)). However, the
design of calibration studies and the selection of activities included in the protocol, the key
methodological step that translates acceleration signals into public health relevant metrics
such as free-living MVPA values (14, 15), often receive less attention. Design choices may
be critical because high quality studies using indirect calorimetry as a criterion have reported
that MVPA values derived from monitors calibrated only to ambulatory activities are
substantially lower than measured MVPA values (16, 17), and that methods designed to
capture a broader range of lifestyle activities produced more accurate MVPA estimates at the
group level (16). Similar results have also been noted in studies using direct observation as a
criterion (8), when comparing devices calibrated only to ambulatory activities to those
calibrated to a broad range of activities (18, 19), and in relation to previous-day recalls (20,
21).

Despite these known differences, new data processing methods for next generation devices
worn on the wrist or waist continue to be developed using only ambulatory activities (e.g.,

(22)) in controlled and free-living settings, suggesting that it is not widely appreciated how
much the choice of activities in calibration studies can affect the future estimates of free-
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living MVPA. Furthermore, determining the magnitude of differences in group level MVVPA
estimates associated with different monitor calibration methods may provide insights into
the potential for better harmonization of these studies to minimize future variation between
monitors and data processing methods.

Accordingly, the purpose of this investigation was to compare mean MVPA estimates from
three methods calibrated to only ambulatory activities to estimates from three methods
calibrated to lifestyle and ambulatory activities. Two ambulatory-based methods relied on
activity count cut-points (i.e., Freedson (5), Sasaki (24)), and the third relied on steps/minute
to estimate MVPA (activPAL (25)). In contrast, three distinct methods were calibrated more
broadly and included one method that used an activity count cut-point (Matthews (26)),
another that integrated two-regression models to capture both ambulatory and lifestyle
activity (Crouter (7)), and a third that used hybrid machine learning to estimate MVPA
events (Sojourn 3x (8)). We also explored data from previous-day recalls to better
understand the breadth of activities contributing to MVVPA among our participants.

METHODS
Study Design

The Interactive Diet and Activity Tracking in AARP (iDATA) study was designed to
evaluate a variety of diet and physical activity measures suitable for use in epidemiologic
studies of middle-age and older adults. A convenience sample of AARP members (50-74
years) from Pittsburgh, PA who spoke English, had internet access, were not on a weight-
loss diet, had a body mass index (BMI) < 40 kg/m?, and were free of major medical
conditions and mobility limitations were studied. The investigation protocol was approved
by the NCI Special Studies Institutional Review Board. Consented participants visited the
study center up to three times over 12-months and completed several diet and physical
activity measurements, including up to 6 physical activity previous day recalls over a year
and two accelerometer measurement periods (7 days each), six months apart. The ActiGraph
(model GT3X), a triaxial accelerometer, was requested to be worn on the right hip from the
time participants got out of bed for the day until they went to bed for the night. It was
initialized to record in 1-s epochs (tri-axial acceleration) with the low-frequency extension
enabled. The activPAL 3D (PAL Technologies, Glasgow, Scotland), an accelerometer worn
on the mid-right thigh was also used. It estimates the duration of specific behavioral events
including time spent lying, sitting, standing, stepping, and in non-wear time. Participants
were asked to wear the activPAL for 24-hours and to record the wear date and time they got
out of bed in the morning and into bed each night (i.e., waking day). To confirm wear dates
and estimate the waking day for both monitors we used monitor wearing logs, and to
estimate non-wear time during the waking day we used the Choi algorithm (9) for the
ActiGraph, and the native non-wear time estimate from the activPAL. Further details of the
iDATA study can be found elsewhere (21), and this report extends our prior investigation of
the accuracy of the ActiGraph and previous-day recalls for estimating energy expenditure
and total active and sedentary time (21). Table 1 describes key technical details (epoch
length, axis measured) and the characteristics of the calibration study and prediction method
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from which each MVPA estimate originated. For simplicity, we focused on estimating values
of total accumulated MVPA at the group level.

Ambulatory Calibration Methods

Two ActiGraph-based estimates of MVPA derived from methods that only used walking and
running (i.e., ambulatory) activities for calibration were calculated using vertical
acceleration cut-points from Freedson (5) and vector magnitude cut-points of Sasaki (24).
Time in MVPA recorded using activPAL was derived from ambulatory activities because
this monitor is attached to the leg and uses a prediction equation that estimates MET values
from step frequency, or cadence (i.e., MET-hours=(1.4 x duration [h]) + (4 — 1.4) x (cadence
[steps/min]/120) x duration (25)).

Lifestyle + Ambulatory Calibration Methods

Estimates derived from calibration methods that employed both lifestyle and ambulatory
activities were calculated using the 760 count/minute (cpm) cut-point of Matthews (20, 27)
that was initially developed using 13 light and moderate intensity activities and refined using
free-living indirect calorimetry measures (27). Two more sophisticated prediction methods
that did not rely on activity count cut-points were also examined. The refined Crouter
method (7) applies two-regression equations developed from 18 activities to estimate energy
expenditure in both ambulatory and lifestyle activities. Sojourn 3% (Soj3x) (8) employs
three-dimensional acceleration features from 1 second epochs and a hybrid machine-
learning (neural network) model trained on approximately 30 activities (12) to classify
behaviors and estimate energy expenditure.

Previous-day Recall Measures

Activities Completed Over Time in 24 Hours (ACT24) is an internet-based previous day
recall designed to estimate total time (hrs/d) spent sleeping (in bed), sedentary (sitting or
reclining), engaged in physical activity, and to estimate energy expenditure associated with
these behaviors (MET-hrs/d) (21). To complete ACT24, respondents select from more than
200 individual activities, record the duration of each activity (typically 20-30 distinct
behaviors), and answer pertinent follow-up questions including body position. Sedentary
behaviors were defined as those performed during the waking day (out of bed) while sitting
or reclining and that require little energy expenditure (typically < 1.8 METS) (36). Time
spent in moderate-vigorous intensity (e., = 3 METS) activities were also calculated. Similar
previous-day recalls have been shown to provide useful estimates of MVPA (20, 26).

Accounting for Monitor Non-wear and Missing Time

To minimize differences between measures due to variations in non-wear or missing time,
we used a simple imputation approach. Of the mean 15.8 hrs/d waking day reported on the
monitor wearing logs, activPAL recorded a mean of 0.7 hrs/d of non-wear time, while the
ActiGraph recorded 1.9 hrs/d of non-wear. For days with non-wear time, we imputed MVPA
values for the non-wear time in proportion to time recorded in MVVPA during the waking day
(i.e., % MVPA) for each monitor. ACT24 missing time was minimal (0.005 hrs/d), so no
adjustments were made.
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Statistical Analysis

We described our study population using means and frequency counts overall and by sex. To
examine differences in the MVPA estimates we calculated mean MVPA values using all
valid days of observation and examined the distributions of each method (i.e., mean, SD,
median, inter-quartile range) and plotted these values by sex. Paired t-tests were used to test
for differences between methods. To better understand the specific moderate-vigorous
intensity activities in which adults in this study engaged, we also evaluated 5,018 previous-
day recalls from 923 participants with at least one recall and one valid day of accelerometer
wear. We summed values for moderate and vigorous intensity activity duration over each
recall day by activity domain, and ranked the individual activities reported. We then
calculated the proportion of days in the overall population each activity was reported and
calculated the mean duration of each activity on days of participation.

RESULTS

Average age and BMI of participants was 63 years and 28 kg/m?, respectively, 30.9% of
participants were obese, and the number of males and females was approximately equal.
Participants reported spending 15.8 hrs/d out of bed (i.e., waking day) and the activPAL and
ActiGraph estimates were derived from 9 to 10 days of data collection on average (Table 2).

Figure 1 shows the median and inter-quartile range of each estimate of MVPA duration in
males and females. In both sexes combined, median values for methods calibrated only to
ambulatory activities (Freedson, Sasaki, activPAL) ranged from 0.35 (Freedson) to 0.97
(activPAL) hrs/d. The MVPA estimate from Sasaki (0.91 hrs/d) derived from vector
magnitude activity counts at the waist was not significantly different from activPAL (0.97
hrs/d) which used recorded steps/minute to estimate MVPA (see Table, Supplemental Digital
Content 1, Mean values and mean differences between methods, by sex). Mean values and
mean differences between methods, by sex). Overall, median values of MVPA derived from
the ambulatory calibration methods alone were broadly similar to one another and all were
much lower than the median values from the group of three methods calibrated to lifestyle
and ambulatory activities (Matthews, Crouter, S0j30x; see Figure 1). Median values for the
latter group were also broadly consistent with one another and ranged from 1.82 (Matthews)
to 2.28 (Crouter) hrs/d. T-tests revealed that values for the ambulatory methods were
significantly lower (p < 0.05) than the lifestyle/ambulatory calibration methods (see SDC
Table 1). Within the lifestyle/ambulatory calibration methods we found small mean
differences (< 2%) between Matthews and Soj3x that were significant in men (=0.05 hrs/d;
p=0.002) but not women (0.004 hrs/d; p=0.78), and estimates from these two methods were
lower than those from Crouter (p <0.05).

To gain insight into the type of moderate-vigorous intensity activities in which our
population engaged, we examined data reported on up to six previous day recalls collected
over 12-months. The distribution of overall MVPA duration reported in all participants was
comparable to that observed using the lifestyle/ambulatory-based accelerometer methods
(median=1.61 (IQR=0.89-2.57) hrs/d; see also Figure 1). Figure 2 describes mean values of
moderate intensity activity by the major activity domains and lists the most common
activities reported in each domain. Moderate intensity activities at work and in exercise
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domains were often more ambulatory in nature, while household and lawn/garden activities
were less rhythmic, involved more intermittent movement and often require upper-body
movement (e.g., cleaning floors, sweeping, pick-up stick/debris in yard, trimming/weeding,
etc.). Vigorous activities reported (data not shown) were primarily exercise and sports
related activities, and carrying and lifting heavy loads at work or at home. The most
common vigorous exercise activities reported were use of cardio machines, cycling, weight
lifting, running, and swimming.

DISCUSSION

In this large study of older adults, we found MVPA estimates derived from accelerometers
calibrated only to ambulatory activities to be similar to one another, but substantially lower
than those derived from three distinct methods designed to capture a broader range of
MVPAs. This finding was consistent in men and women and was independent of the epoch
lengths (60, 10, 1 sec), axis of acceleration (vertical vs 3-dimensional), ActiGraph model
type (7164, GT3X), and the modeling/prediction approach employed. Importantly, three
methods examined were not limited by reliance on activity count cut-points; one in the
ambulatory calibration category (activPAL) and two in the lifestyle and ambulatory category
(Crouter, Soj3x). Furthermore, MVPA values from our previous-day recall were similar to
those from our broadly calibrated accelerometer-based methods, and detailed analysis of
commonly reported activities indicated that our participants engaged in a wide variety of
moderate intensity lifestyle and ambulatory activities. Together, these findings support the
notion that calibration method matters, and strongly suggest that reliance on ambulatory
activities alone to calibrate accelerometers will not capture the full spectrum of MVPA
accumulated in daily life. The present results also challenge our common understanding of
the amount of MVPA adults may do each day, which in recent years has been quantified
primarily using accelerometers calibrated using walking and running protocols in controlled
settings.

Understanding the best approach to measuring MVPA with accelerometers has been plagued
by many competing cut-points proposed for use with first generation devices and a general
lack of rigorous free-living validation studies that would clarify differences between
measures in their accuracy and precision. This study overcomes this limitation in part by
examining two groups of methods to estimate MVPA (with and without cut-points) using a
variety of accelerometer technology and prediction methods. Our results confirm earlier
reports (16, 17, 20) and extend these findings to modern accelerometers (e.g., 3-dimensional
acceleration) and more sophisticated calibration methods (e.g., Crouter, Soj3x). Importantly,
the Soj3x method which reflects the current state-of-the-art for calibration study designs has
been rigorously tested for validity in an independent study sample using a strong criterion
measure (8). Lyden (8) reported that for MVVPA duration Soj3x was within 1% of direct
observation. By comparison, estimates from the Freedson method were lower and values
from the Crouter two-regression method were somewhat higher. These results are also
broadly consistent with at least two studies that reported a similar divergence in MVPA
values by calibration method using indirect calorimetry as a criterion (16, 17), and mean
MVPA values as high as 2.2 hrs/d were observed in a population-based sample from lowa
using the Sensewear device, a multi-sensor monitor that is calibrated to a broad range of
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activities (19). Our results are also consistent with laboratory-based studies, for example,
Kozey et al. reported that 7 self-paced moderate-vigorous intensity (3+ METS) lifestyle
activities (sweeping, mopping, raking, painting, trimming, vacuuming and gardening) all had
average activity counts values below commonly used ambulatory activity count cut-points
for MVVPA (28). We assume So0j3x to be our best estimate of MVPA, and find it notable that
the other two methods in this category (Matthews, Crouter) produced broadly consistent
estimates of MVPA duration. Although we were not able to test other accelerometer brands
in this study, or wrist worn monitors, based on our results one might hypothesize that such
instruments calibrated to capture only ambulatory activities could also capture lower MVPA
estimates in large populations with heterogeneous activity patterns. Indeed, Leinonen et al.
(29) recently reported MVPA values in middle-age adults of about 1.06 hrs/d as measured by
the waist-worn Hookie AM20 device using mean amplitude deviation and raw acceleration
data calibrated to only ambulatory activities (22); results quite similar to the 0.97 hrs/d of
MVPA we observed using activPAL. Also, Menai et al. (30) reported that older adults (60—
83 yrs) in the Whitehall 11 Study accumulated only 0.44 hrs/d of MVVPA using a wrist-worn
device collecting raw acceleration data and calibrated to ambulatory MVPAs (23).

Recommendations for calibration studies have encouraged inclusion of a broad range of
daily activities (14, 15) but the impact of including only ambulatory activities vs. lifestyle
and activities that primarily involve walking and running has not been clearly documented in
large studies using more sophisticated acceleration signals. Our findings suggest that the
magnitude of differences in MVPA that may result from use of divergent calibration study
designs may be quite large. Although our results may appear obvious in hindsight, we
suggest that this observation is not widely appreciated among general users of accelerometer
data, and possibly by designers of calibration studies for new devices to predict behavioral
metrics like MVPA from bodily movement at the wrist or waist (e.g., (22, 30, 31)).
Anchored by the contrasting median values of MVPA from the activPAL (0.97 hrs/d) and
Soj3x method (1.85 hrs/d), the present results suggest that adults may accumulate as much
as 90% more MVPA each day than previously thought based on ambulatory estimates alone.
These findings raise important questions about the interpretation of results from
epidemiologic studies that use activity monitors calibrated only to ambulatory activities, or
calibrated more broadly, such as: what is the optimal dose of accelerometer measured
MVPA for greater longevity—is it 4-11 min/d or 50-86 min/d (3)?; do self-report
instruments like the International Physical Activity Questionnaire over- (32) or under-
estimate (33, 34) MVPA duration?; and, is the prevalence of meeting MVPA guidelines
about 10%, or closer to 60% (35)? Notably, the Matthews cut-point was comparable to
Soj3x, suggesting even data from “first generation” devices may provide useful population
estimates of MVPA derived from both lifestyle and ambulatory movement. Given the large
differences in MVPA by calibration method observed here, and the importance of the
questions noted above, it is critical that we conduct high quality studies to identify accurate
measures and better understand the background level of MVPA in the population.

Rigorous validation studies that might accomplish this task have several essential
characteristics (14, 15). First, they must be conducted in a free-living setting and in a study
sample that is independent from the study sample used to develop prediction models.
Second, accurate and precise criterion measures are required, but implementing strong
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measures of MVPA, such as direct observation (8) from video recordings, indirect
calorimetry (16), or use of multi-sensor methods (18) can be logistically challenging and
requires attention to appropriate sampling (e.g., time of day, day of week) to ensure capture
of more representative daily behavior. Third, conduct of studies in different populations with
heterogeneous patterns of activity is also key so that unique aspects of a one population
don’t obscure results. For example, testing populations that accumulate a large proportion of
total MVVPA in ambulatory activity (e.g., mail carriers) may not reveal the limitations of
methods calibrated to capture only ambulatory MVPA.

The ability to access raw acceleration signals from devices has been an important advance
that can reduce differences among monitors (36) and our findings suggest that a more
concerted effort to enhance and harmonize future calibration efforts is another opportunity to
reduce differences among device-based measures of MVVPA. Freedson et al. noted the
importance of including appropriate activities in training protocols for better prediction
accuracy (12). ldeally, the activities used in a calibration study for model development
should come from activities done in free-living settings reflective of a typical day, and this is
increasingly possible with direct observation via video. The basic logic is that the activities
employed in calibration studies should be a good match for the major activities encountered
in daily life (14, 15), yet several new calibration studies have continued to rely primarily on
ambulatory activities to develop MVPA estimates (e.g., (22, 31)). Figure 2 illustrates the
breadth of moderate intensity activities accumulated in daily life, and our finding that recall-
based estimates of MVVPA were comparable to estimates from Soj3x and the Matthews cut-
point suggest that short-term recall-based methods such as ACT24 or time-use surveys could
help identify prevalent activities to include in calibration studies conducted in more
controlled settings. Some resources to fulfill this purpose already exist from time-use
surveys linked to the Compendium of Physical Activities (37, 38).

The strengths and limitations of our study should also be considered. The main strengths
include a large sample size of middle-aged to older adults, use of distinct methods to
estimate MVPA within each calibration-type category, as well as integration of previous-day
recall estimates to gain more insight into the specific ambulatory and lifestyle activities
reported in this population. It is important to note that due to differences in the time-frame of
the previous-day recalls and the accelerometer monitoring periods, our description of
moderate-vigorous intensity activities reported on the recalls should be considered a
population estimate of these activities over the year of the study, rather than specific
activities that may have been done while wearing the monitors. The main limitation of this
study is the lack of an unequivocal gold standard measure of free-living MVPA that would
clarify the accuracy and precision of each of our estimates at both the group and individual
level. We are unable determine the most accurate and precise MVPA estimate, but evidence
of validity for Soj3x (8), the general consistency of all our lifestyle and ambulatory
estimates, and the unambiguous ambulatory nature of the activPAL MVPA values support
our conclusions. Additional studies are needed to characterize the accuracy and precision of
these methods at the individual level. Another limitation is that our study population is
somewhat older than the study populations in which the accelerometers were originally
calibrated. If the relation between activity counts and energy expenditure differs greatly by
age, it is possible that an age by calibration methodology interaction may have affected our
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results. However, studies conducted in younger participants (16, 17, 20) have reported
findings that are consistent with ours, suggesting that our findings may be applicable to
younger adults as well. Research in younger study populations should seek to replicate our
findings. Additionally, our study sample was a relatively healthy group of older adults, so
our results may not generalize to other populations, such as younger, lower SES, or rural
adults whose activity patterns might differ from our sample, or people with underlying
mobility and gait limitations, both healthy and unhealthy.

In conclusion, we observed that MVPA duration estimates derived from activity monitors
calibrated with only ambulatory activities were substantially lower than estimates based on
calibration methods designed to capture a broad range of both lifestyle and ambulatory
activities. These findings have implications for the design of future monitor calibration
studies, which may need to be conducted in free-living populations and/or include more
representative daily activities. Importantly new methods should be rigorously tested for
validity in free-living studies designed to demonstrate equivalence or superiority to existing
methods (15). Our results also have implications for future application of accelerometers in
etiologic studies of disease risk (39, 40), population surveillance, and evaluation of self-
report measures of physical activity. We hope this research leads to conduct of more
definitive studies that will help us understand how best to measure MVPA in future studies,
and the underlying level of MVPA in the population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B. Females
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Duration of MVVPA by calibration type, measurement method, and sex.

Values are median (25t — 75! percentiles).

See text for results of statistical testing.
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exercise/sports unspecified (2%; 1.39 hrs)
aerobics (2%; 1.08 hrs)
golf (1%; 3.61 hrs)

0.41 hrs/d
(26%)

0.31 hrs/d
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Figure2.
Domain specific moderate intensity activity duration (hrs/d) reported via previous-day

recalls and the most common activities reported in each domain.
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Table 2

Description of participant characteristics and relevant monitor administration details

Participant Characteristics

Age (yrs)

Height (cm)

Weight (kg)

Body mass index (kg/m?)
Obese (% BMI 30+)
Monitor administration
Reported waking day (hrs)
activPAL total wear days (#)

activPAL non-wear (hrs)
ActiGraph total wear days (#)1

ActiGraph non-wear (hrs)J

Overall (N=932) Males(n=461) Females(n=471)
63.2 (5.9) 64.2 (5.7) 62.3 (6.0)
169.4 (9.3) 176.1 (6.8) 162.8 (6.1)
80.9 (16.3) 88.4 (14.8) 73.5 (14.3)
28.1 (4.7) 28.5 (4.3) 27.7 (5.0)
30.9% 30.1% 31.3%
15.8 (1.0) 15.9 (0.9) 15.6 (1.0)
10.3 (3.6) 10.1 (3.6) 10.4 (3.5)
0.7 (0.5) 0.7 (0.5) 0.7 (0.5)
9.4 (3.5) 9.2 (3.5) 9.5 (3.4)
1.9 (0.9) 2.0 (0.9) 1.7 (0.8)

'ZActiGraph N=924 overall; n=457 men and n=467 women

Med Sci Sports Exerc. Author manuscript; available in PMC 2019 November 01.

Page 15



	Abstract
	INTRODUCTION
	METHODS
	Study Design
	Ambulatory Calibration Methods
	Lifestyle + Ambulatory Calibration Methods
	Previous-day Recall Measures
	Accounting for Monitor Non-wear and Missing Time
	Statistical Analysis

	RESULTS
	DISCUSSION
	References
	Figure 1
	Figure 2
	Table 1
	Table 2

