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Consumer-level activity trackers can potentially be used for population monitoring of physical activity,
without suffering from the recall and social desirability bias that occur in self-report and at lower costs and
effort compared to research-grade devices. However, other drawbacks may be at play when using personal
activity trackers. The current study compares response, representativeness and measurement quality of con-
sumer-level activity trackers to a research-grade accelerometer (ActivPAL) and self-report (the SQUASH
survey). The study existed of a questionnaire on physical activity, possession and usage of a personal activ-
ity tracker and willingness to share data or wear a research-grade device. Subsequently, a smaller follow-up
study was conducted in which respondents wore an ActivPAL and their own personal tracker to allow com-
parison of the different methods. The results showed a loss of respondents in each step of the process. Addi-
tionally, the representativeness of the response was influenced by both demographics and physical activity
level, introducing nonresponse bias. The measurements of personal trackers had a decent agreement with
the ActivPAL for number of minutes MVPA and steps, while both objective measures differed substantially
from self-report on all indicators. It is concluded that consumer-level trackers are not a full replacement for
self-report in large-scale studies for estimation of the exact physical activity level of a population due to
representation and measurement issues, but could be used, possibly together with research-grade devices, to
supplement or calibrate survey results. More research to identify and lower the barriers for respondents to

participate in research with activity trackers is warranted.
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1 Introduction

In the last decades, physical inactivity and sedentary behav-
ior have become more prevalent, with adverse consequences
for health (Lee et al., 2012; L6pez-Valenciano et al., 2020;
World Health Organization, 2011). This phenomenon has
led to the development of global physical activity (PA) rec-
ommendations (World Health Organization, 2020) and na-
tional guidelines (Weggemans et al., 2018 for the Dutch
guidelines). Most countries use self-report questionnaires
to monitor adherence of the population to these guidelines,
but subjective measures of PA are prone to recall and so-
cial desirability bias (Adams et al., 2005; Sallis and Saelens,
2000), and correlate poorly with objective measures (Prince
et al., 2008; Skender et al., 2016; Steene-Johannessen et al.,
2016).
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Using objective monitoring devices to replace or sup-
plement self-report can reduce measurement error and aug-
ment survey estimates. This is increasingly done in health
research and already implemented in some countries for
national surveillance (de Wolf et al., 2023). Objective mo-
nitoring provides opportunities to study additional variables
such as sleep, number of steps and sedentary behaviour, as
well as patterns in activity. This may provide a more com-
plete and comprehensive understanding of one’s physical
activity rhythm, which can create additional health-related
insights (DiPietro et al., 2020). However, the costs of pro-
fessional, research-grade monitoring devices are high and
the logistics involved in distributing them to participants
are important (e.g., de Wolf et al., 2023). Since an increas-
ing amount of people possess a consumer-level (personal)
activity tracker (e.g., fitness tracker, smartwatch), collect-
ing data from those devices might be a convenient alterna-
tive. Especially if people would donate historical data, the
data would give an unbiased understanding of the partic-
ipant’s regular physical activity, instead of behaviour they
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show when they know they are monitored and that might
be adapted to the demanded task (e.g., McCambridge, de
Bruin & Witton, 2012). To our knowledge, personal activ-
ity trackers are not used in population monitoring, although
they are increasingly used in health studies (see Albert et
al., 2014; Meyer and Hein, 2013; Radin et al., 2020 for
examples). Possibly this is due to some major disadvan-
tages: differences in performance between devices, limited
access to raw data, and changing algorithms, unknown to
researchers. For population monitoring, time series are cru-
cial, and this kind of fluctuation is extremely undesirable.
The potential gain in efficiency and reduction in cost need
to be balanced carefully against these drawbacks, and addi-
tionally against the pros and cons of other methods which
are further discussed in section 2. This is part of a larger
debate in survey research over whether sensors can replace
surveys.

Statistics Netherlands monitors PA of the Dutch po-
pulation for their Health Survey currently by means of
self-report data, gathered with a questionnaire. Statistics
Netherlands considers supplementing or replacing the ques-
tionnaire data with objective measurement and is presently
researching various alternatives towards that end, together
with the National Institute for Public Health and the En-
vironment (RIVM). The current study is a small scale
feasibility study into the possibilities of using personal
activity trackers, by comparing them to a research-grade
accelerometer (the ActivPAL™) and self-report measures.
The study focusses on the two pillars of the Total Survey
Error framework: representation and measurement (Groves
et al., 2004). Representation is studied by determining
what part of the population has (and uses) their own activ-
ity tracker, what part of activity-tracker-owners is willing

Sedentary Behavior
Sleep Sitting, reclining, lying

to share their data and what part is willing to wear the
research-grade device. Furthermore, a comparison of the
demographic characteristics and PA profile of the willing
and unwilling will give insight in the representativeness of
the respondents. The measurement aspects are studied by
comparing three kinds of measurements (by questionnaire,
research-grade device and consumer-level activity tracker)
for a small subset of respondents.

2 Measuring Physical Activity

2.1 Physical activity measurement and guidelines

Physical activity has been defined as “any bodily move-
ment produced by skeletal muscles that results in energy
expenditure” (Caspersen et al., 1985, p. 126). It is usually
characterized by its type, duration and intensity, and can
be expressed in terms of energy expenditure or metabolic
equivalents (METs). PA is often classified into light, mod-
erate and vigorous-intensity (Beyler, 2010; Schutz et al.,
2001), as shown in Fig. 1. Sedentary behaviour is defined
as “waking behavior characterized by an energy expenditure
<1.5 METs, while in a sitting, reclining or lying posture”
(Tremblay et al., 2017, p. 9).

The amount of PA can also be expressed by the number
of steps per day. Step count is an easy-to-understand metric.
In the general population, steps per day have been used to
classify people as more or less active, see Table 1 (Tudor-
Locke et al., 2013).

Most countries base their national PA guidelines on the
global recommendations of the WHO (2020). Following the
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Physical activity spectrum, showing energy expenditure in METs and related intensity
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WHO, the most recent Dutch PA guidelines advise adults
to perform moderate-to-vigorous PA (MVPA) at least 150
minutes per week, to engage in muscle- and bone-strength-
ening activities twice per week, and to avoid long periods
of sedentary behavior (Gezondheidsraad, 2017). National
(self-report) data show that only 53% of the Dutch popula-
tion meets these guidelines (Statistics Netherlands, 2021).
Globally, more than a quarter of the adult population are
insufficiently active, with levels of inactivity being twice
as high in high-income countries compared to low-income
countries (Guthold et al., 2018). Statistics Netherlands uses
the Short Questionnaire to Assess Health-enhancing PA
(SQUASH), developed by the RIVM for national surveil-
lance. The SQUASH is reasonably valid compared to other
PA questionnaires, but lacks strong correlation with ac-
celerometer measurement in the Dutch population (Kwak
et al., 2007; Nicolaou et al., 2016; Wendel-Vos et al., 2003).

2.2 Research-grade monitoring devices

Over the last decades, several monitoring devices for re-
search purposes have been developed and the technology
is advancing quickly (Nweke et al., 2018; Troiano et al.,
2014). These devices are often small and can be worn on
the body, typically around the wrist, the waist, on the ankle,
or on the upper leg. They track bodily movements (e.g., mo-
tion, acceleration, speed, postural allocation) and/or physi-
ological reactions (e.g., heart rate, temperature), which can
be used to obtain energy expenditure (Ainsworth et al.,
2015; Beyler, 2010; Doherty, 2009). Accelerometry-based
monitors, often enhanced with other sensors such as pe-
dometers and heart rate monitors, are most commonly used.
For more on the technology, characteristics and overviews
of commonly used devices in research (e.g., Actigraph, Ac-
tical, RT3), we refer to Chen et al., (2012) and Reilly et al.,
(2008).

2.3 Personal activity trackers

Personal activity trackers (e.g., fitness trackers, smart-
watches) have become widely available. Pew Research
(2020) estimates that 21% of Americans used a smartwatch
or fitness tracker to monitor their activity in 2019. Kantar
(2021) shows that the sale of smartwatches in the US, the
UK and Germany increased with 20% (Germany) to 25%
(US) in one years’ time. These devices allow people to
track their own PA and provide immediate feedback to the
user. These trackers could provide a cheap and unobtrusive
alternative for PA measurement (Evenson et al., 2015; Lee
et al., 2014a; 2014b; Loh et al., 2017; Nweke et al., 2018).
To date, numerous personal activity trackers, such as the

Table 1

Step-based classification of physical activity

Cut-off point Classification
<5000 steps per day Sedentary
5000-7500 steps per day Low active

7500-10000 steps per day
10000-12500 steps per day
212500 steps per day

Somewhat active
Active

Very active

Fitbit, Garmin Vivofit and Apple Watch, have undergone
validation studies in laboratory and free-living settings (e.g.
Case et al., 2015; Ferguson et al., 2015; Guo et al., 2013;
Lee et al., 2014b; Woodman et al., 2017). These studies
show that the accuracy of commercial devices in estimating
PA is mixed, and depend strongly on the device and the ac-
tivity indicator (e.g., step count, energy expenditure, sleep)
that is used (Evenson et al., 2015; Ferguson et al., 2015;
Lee et al., 2014a). Step count seems to be estimated more
accurately than energy expenditure (e.g., Evenson et al.,
2015; Ferguson et al., 2015). A study employing indirect
calorimetry (an often used ‘golden standard’ laboratory
instrument) found that consumer monitors can provide
similar, and sometimes even better, accuracy compared to
an established research-grade device (Lee et al., 2014b).
As a result researchers have started to use these devices in
health studies (e.g., Albert et al., 2014; Meyer and Hein,
2013, Radin et al., 2020).

Even though many people may possess an activity tra-
cker, they also would need to share the data with the re-
searcher, or, in this case, the National Statistics Office. Hyde
et al., (2020) describe that between 40 and 76% of Ameri-
can owners of activity trackers is willing to share the data
of their trackers. Willingness varies with the (potential) re-
ceiver of the data: it is least with public health agencies,
and most with respondents’ health-care provider. To what
extent (Dutch) people are willing to share their PA data for
statistical purposes is one of the questions in the present
research.

2.4 Challenges of (objective) measurement:
nonresponse and bias

Although objective measurement of PA may decrease meas-
urement errors, it could increase problems related to repre-
sentation. Nonresponse is a growing concern for survey re-
searchers since response rates in national surveillance stud-
ies show a decreasing trend (Luiten et al., 2020; Williams
and Brick, 2017). Objective measurement of PA is only fea-
sible when response rates are acceptable and nonresponse
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bias is minimal. Ideally, a substantial and representative part
of the population should participate in PA monitoring.

A prior study among members of a Dutch research panel
found that, while 77% of invited members completed the
invitation questionnaire, only 57% of the respondents was
willing to participate with accelerometers. Of those sub-
sequently invited to wear the device, only 90% actually
adhered (Scherpenzeel, 2017). Another study in the Nether-
lands, among an independent cross-section of the popula-
tion, showed even lower response to monitoring with a re-
search-grade accelerometer, with a response rate of 10%. It
was also found that the participants were healthier and more
active than the average Dutch person (Loyen et al., 2020). In
a Norwegian national representative sample, response to an
invitation to wear an accelerometer was related to sex, age,
level of education, and ethnic background with higher par-
ticipation rates for women, people with higher education,
middle aged people and people with a Western European
background (Hansen et al., 2019). Additionally, in a Cana-

Panel study

Invited to participate
n=4997

v

dian study it was found that people willing to participate
were older, more often women and also less obese (Colley
et al.,, 2011). In contrast, in a study in the United King-
dom no demographic, health and lifestyle differences were
found between people declining to wear an accelerometer
and people with valid data (Roth and Mindell, 2013).

Ownership of commercial activity trackers is likely to
be biased too: a Dutch study in 2018 showed that 31% of
the population used at least one health internet-of-things
(IoT) device, with activity trackers and heart rate monitors
most commonly used. The use of health-related devices was
highest among young, high income and highly educated
people (van Deursen et al., 2018).

Overall, a lot is still unknown about within- and be-
tween-respondent differences in willingness to share sen-
sor data, and research is still accumulating (Revilla et al.,
2019; Struminskaya et al., 2020; 2021). The current study
contributes to this on-going effort by examining: 1) willing-
ness to copy or donate data from personal activity trackers,
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Overview of respondents and available data in the panel and follow-up study

* Only self-report data of participants who completed the SOQUASH was used in the follow-up
study, meaning that the number of respondents for the analyses with self-report is lower:

Note: valid ActivPAL data: at least four days with 24 hours of recording time, and not more
than 4 hours of continuous stillness per day. Valid Personal activity tracker data: data for at
least one of the PA indicators on at least four measurement days.
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2) willingness to wear a research-grade device, 3) predic-
tors of willingness that could introduce nonresponse bias,
and 4) conditions that could change unwillingness to par-
ticipation. Moreover, 5) the study adds to the literature by
investigating how personal activity trackers compare to the
ActivPAL and subjective SQUASH self-report in measuring
PA.

3 Data and methods

3.1 Design

Data was gathered using a panel study and a subsequent,
small follow-up study (see Fig. 2), both conducted by 1&O
Research on behalf of Statistics Netherlands and in collabo-
ration with Utrecht University. In the panel study, data were
collected with a survey in the Dutch, probability-based 1&O
Research Panel in June 2020. A total of 4997 people of age
18 and older were invited by email to participate in a survey
on physical activity in exchange for 1&O credits. The PA
questionnaire consisted of a questionnaire to assess the le-
vel of PA, questions related to the possession and usage of
personal activity trackers and willingness to participate in
follow-up research. In total, 2276 respondents participated
in the survey. In the follow-up study, 80 of the willing re-
spondents were asked to wear an ActivPAL for a week in
June or July 2020. A selection of these willing respondents
(45) also owned a personal activity tracker and were asked
to share that data as well. Only 43 participants provided
valid data for the ActivPAL, of which 25 also shared the
data from their personal tracker.

Participants gave informed consent and the data were
pseudonomised to guarantee anonymity and confidentiality.
The research was approved by the Ethical Review Board
of Utrecht University’s Faculty of Social and Behavioural
Sciences.

3.2 PA Questionnaire

All respondents were randomly assigned to either the
SQUASH PA questionnaire or a PA questionnaire of 1&0O
Research!. The other part of the questionnaire was the same
for all respondents. These questions were on possession
and usage of any device or application that measures PA.
Those possessing a personal activity tracker were asked to
copy data from the day before into the questionnaire. In

! The two versions allowed I&O Research to validate their own physi-
cal activity questionnaire with the SQUASH. Results of this validation
study are not reported in this article.

addition, willingness to copy a weeks’ worth of data into
a questionnaire, willingness to download and share data
from the device (either a months’ or a weeks’ data) and
willingness to wear a research-grade device were asked.
Additionally, some questions were included on objections
against sharing data or wearing a research-grade device as
well as conditions in which respondents would be willing
to participate. The entire questionnaire can be found in
Supplementary Materials A.

3.3 Follow-up study

In the follow-up study, 80 respondents, selected from the
people who indicated to be willing to wear a research-grade
device and share data from their personal activity tracker
in the questionnaire, were asked to wear an ActivPAL for
a week. The ActivPAL is a triaxial thigh-worn accelerome-
ter, which was selected based on prior research comparing
several physical activity monitors in a lab setting (van Hoek
etal., 2022). Several studies show the ActivPAL’s good per-
formance on multiple aspects, for example estimating pos-
ture (Grant et al., 2006) and time spent in activity intensity
categories (Lyden et al., 2017). The device distinguishes all
behaviour into upright and non-upright. Subsequently up-
right activity is classified as standing or stepping (including
cycling and other active behaviours), and non-upright activ-
ity is classified as primary lying (sleeping), secondary lying
(such as lying on the couch watching tv), or sitting.

The respondents were divided into two batches: the first
batch consisted of 35 respondents without a personal ac-
tivity tracker, whereas in the second batch 45 respondents
with a personal tracker were invited. The latter group was
also asked to report the data of their personal device of the
week they wore the ActivPAL by copying it into a ques-
tionnaire (see Supplementary Materials B). Data donation
in terms of uploading the data of the personal devices was
only asked hypothetically in the prior survey, but not ac-
tually performed. The samples were randomly drawn, but
then slightly adjusted to ensure representative distribution
of age, sex, education and PA. All selected respondents re-
ceived an information letter and were asked for consent to
participate. An ActivPAL and wear instructions were sent to
the respondents who gave consent, and they received a re-
minder email two days before they had to start wearing the
ActivPAL. Participants received 20 euros as compensation
and feedback on their PA after sending the ActivPAL back
to the researchers.
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Table 2

Operationalization of the physical activity variables

PA Questionnaire®

ActivPAL

Personal activity tracker

MVPA (minutes) MVPA
150 min. MVPA (yes/no) MVPA dichotomized -
LPA (minutes) LPA

Sleep (minutes) -

Step count -

Stepping (cadence >75)

Primary lying
Total steps/cycling steps

Number of active minutes

Standing + stepping (cadence <75) -

Sleeping time

Step count

Note: MVPA moderate-to-vigorous physical activity, LPA light physical activity
2 For MVPA and LPA, only the data of respondents who filled in the SQUASH was used. The dichotomous MVPA-variable is also available for

respondents who filled in the I&O questionnaire

3.4 Measures

Adherence to the PA guidelines was calculated for all re-
spondents of the PA questionnaire. Furthermore, the num-
ber of minutes of moderate-to-vigorous physical activity
(MVPA), light physical activity (LPA) and sleep were de-
termined as well as step count for the respondents that
completed the SQUASH and wore the ActivPAL and/or
the personal activity trackers to compare the three meas-
urement methods. An overview of the operationalization is
provided in Table 2.

For the respondents who completed the SQUASH in the
PA questionnaire, only the self-reported minutes of LPA and
MVPA and adherence to the guidelines were computed. The
standardized methods to compute these parameters (Wen-
del-Vos et al., 2020; syntax version 2020 04 01) were used
with some small adjustments (see Supplementary Materials
O).

The self-reported data from the 1&O questionnaire was
only used to determine the dichotomous variable for adher-
ence to the MVPA guidelines. This was calculated by di-
chotomizing the sum of the average time of MVPA (without
sports) and the average time performing muscle- or bone-
strengthening activities (including sports; see Supplemen-
tary Materials C).

The ActivPAL data was processed using the PAL soft-
ware. Only data of respondents with at least four valid
measurement days, with 24 hours of recording time and
not more than 4 hours of continuous stillness per day, was
used in the analyses. This software computes the number of
minutes lying, sitting, standing and stepping at a cadence
< 75, stepping at a cadence > 75 for each valid day. For
the number of minutes MVPA, the number of minutes step-
ping at a cadence > 75 was taken. LPA was the sum of
standing and stepping with a cadence < 75. For step count,
cycling steps were extracted from the total steps, to be con-
sistent with step count in personal activity trackers. Lastly,
sleep equalled primary lying. For a maximum of three in-
valid days per respondent, the mean values of the valid days

were imputed. Subsequently, the number of weekly minutes
for each parameter was calculated by summing the minutes
per day for each parameter.

The data from the personal activity trackers was cleaned
by removing erroneous values (7% of the data for active
minutes and 8% for sleep). The number of active minutes
was regarded as minutes MVPA following earlier studies
(Ferguson et al., 2015). Step count and sleep could directly
be obtained from the given responses. Subsequently, per
parameter missing values for a maximum of three measure-
ment days were imputed with the mean value on the other
days. When more days were missing, that parameter was
deemed invalid. For each valid parameter, the weekly min-
utes was calculated by summing the daily minutes for that
parameter.

3.5 Statistical analysis

First, the response percentages were calculated for the re-
sponse on the questionnaire and the indicated willingness
to participate in several elements of PA measurements. Chi-
square tests were used to conduct a non-response analysis
in which bivariate relationships between the questionnaire
response and age, sex and education were tested. Analy-
ses were performed to investigate potential predictors for
the possession and usage of personal activity trackers, will-
ingness to copy or upload data, and actually copying data.
For these analyses, logistic regression models were fitted
with sex, age, education and adherence to PA guidelines
as predictors and the response on the various willingness
questions as dependent variable. For the model for will-
ingness to wear a research-grade device the same predic-
tors were used in addition to the type of device. Average
Marginal Effects (AME) for these models? were obtained

2 Generalized Linear Models had to be fitted to obtain Average
Marginal Effects (AME). In the current paper only AME are reported,
but odds ratios (OR) are also available.
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Table 3

Demographics of respondents and nonrespondents for the PA questionnaire

435

Characteristic Respondents Nonrespondents X test
N =2276 % N=2721 %
Sex 2 (1)=5.90,p<0.05
Male 1129 50 1256 46
Female 1147 50 1465 54
Age X2 (3) = 67.13, p < 0.001
18-34 412 18 622 23
3549 391 17 620 23
50-64 818 36 913 34
65+ 655 29 566 21
Education level x> (2)=132,p=0.52
Low 540 24 649 24
Medium 870 38 1077 40
High 866 38 995 37

with the R-package “mfx” (Fernihough and Henning, 2019)
to examine what person characteristics were the strongest
predictors of response (or possession, usage, etc). To con-
trol for multiple testing, a Bonferroni-corrected significance
level was applied for all analyses.

To compare the output of the personal activity trackers to
the self-report and the ActivPAL, total minutes of MVPA,
LPA, and sleep and step count were compared using scat-
terplots, comparisons of the mean for the different methods
and calculation of the correlation. Due to the small sample,
the Pearson’s r or Spearman’s p (when the scores were not
normally distributed) should be interpreted with extreme
care.

All analyses were performed in R version 4.0.3.

4 Results

4.1 Non-response analysis PA questionnaire.

The response rate on the PA questionnaire in the panel study
was 46%. Table 3 provides the composition of the sample
on demographic characteristics. Chi-square tests compar-
ing the groups of respondents and nonrespondents on sex,
age and education show that respondents differ from non-
respondents on sex and age, but not on education. Males
were more likely to respond than females, and people from
the oldest two age groups (50—64 and 65+) had a higher re-
sponse rate than people from the youngest two age groups
(18-34 and 35-49).

4.2 Willingness in PA questionnaire

Table 4 shows the response and willingness to participate
in the several elements of PA measurements. Of the 2276
respondents, 49% would be willing to wear a research-grade
device (ActivPAL) for a week when it is given to them on
loan.

About half (49%) of the 2276 respondents were in pos-
session of a personal activity tracker, of which 492 (44%
of 1119) possessed a smartwatch or activity tracker and
the remaining 627 (56% of 1119) possessed (only) a phone
that can track PA. Of all respondents possessing a personal
activity tracker, 878 (78%) used it daily or sometimes. Of
all those respondents using a personal activity tracker, 469

Table 4

Response and hypothetical future response in PA measure-
ment

Response step N %
Invited to participate 4997
Responded to questionnaire 2276 100
> 150 minutes MVPA per week (self-report) 2000 88
< 150 minutes MVPA per week (self-report) 276 12
Willing to wear ActivPAL 1109 49
Possession of tracking device® 1119 49
Usage of tracking device? 878 39
Daily/sometimes, activity tracker or smartwatch 411 18
Daily/sometimes, phone 467 21
Copied at least one indicator 754 33
Willing to copy data (a week) 469 21
Willing to upload data 332 15

& A smartwatch, activity (fitness) tracker or phone that measures PA
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Table 5

PA indicators that respondents using a tracking device® could and want to report

Uses tracker® that is able to

Copied yesterday’s data

Did not know how to Did not want to copy

measure this indicator copy
Indicator n % n % n % n %
Number of steps 732 83 637 87 29 4 66 9
Distance (traveled) 724 83 565 78 89 12 70 10
Active minutes 503 57 350 70 102 20 51 10
Calories burned 463 53 326 70 73 16 64 14
Heart rate 353 40 236 67 75 21 42 12
Sleep duration 244 28 209 86 16 7 19 8
Speed (current/mean) 278 32 128 46 119 43 31 11
Stairs climbed 229 26 176 77 31 14 22 10

& A smartwatch, activity (fitness) tracker or phone that measures PA

(53%) were willing to copy a weeks’ data, 332 (38%) were
willing to upload tracker data, and 754 (86%) copied at
least one PA indicator from the day before. Table 5 gives
an overview of the PA indicators that were asked for and
how many respondents copied, did not know how to copy
and did not want to copy these data in the survey.

4.3 Likelihood to possess, use and share data of
personal tracker measures

Multivariate logistic regression models were used to inves-
tigate which respondents possess and use a personal activity
tracker, would be willing to copy or upload their data, and
actually copied a PA indicator from the day before. The
results are presented in Table 6. The models are conditional
on the previous step, meaning that the benchmark of every
model is the amount of respondents that ‘passed’ the pre-
vious step (e.g., possess a tracker for the model of using
a tracker).

Model 1 shows that age, education level and PA were
significantly related to personal activity tracker posses-
sion among respondents. The probability of possession
was lower for people aged 50-64 and 65+ (9% and 19%,
respectively) compared to people aged 35-49. Moreover,
higher educated people were more likely (11%) to possess
a tracking device compared to medium level educated peo-
ple. Physically active people, who meet the requirement
of 150 minutes of MVPA per week (based on their self-
report), were 15% more likely to possess an activity tracker
than people not meeting this PA requirement. Model 2
shows that of those respondents possessing an activity tra-
cker, physically active people were also more likely (13%)
to actually use their tracking device.

Among respondents using a personal activity tracker,
sex, age, education and PA level were not significantly re-
lated to willingness to copy data and actually copying data
from the day before (Model 3 and 5). However, willingness
to upload a data file (Model 4) was significantly related
to sex and age: the probability of being willing to upload
a data file from a personal activity tracker was lower for
people aged 50-64 and 65+ (16% and 14%, respectively)
compared to people aged 35-49. Furthermore, the proba-
bility of willingness to upload a data file was reduced by
14% for females. The model fit is low for all 5 models, with
Model 1 having the best fit with a Nagelkerke R? of 0.09.

4.4 Likelihood to wear a research-grade device

Table 7 presents the results of the multivariate logistic re-
gression model investigating which respondents were will-
ing to wear a research-grade device for a week. Sex, age,
PA and personal activity tracker usage were all significantly
related to willingness to wear a research-grade device. Fe-
males were 6% more willing to wear a research-grade de-
vice than males. People aged 50-64 and 65+ were less will-
ing (9% and 18%, respectively) compared to people aged
35-49. Physically active people were 11% more likely to be
willing to wear a research-grade device. Lastly, for people
using a personal smartwatch or tracker, the probability to
be willing was 18% higher compared to people not using
a tracking device.



437

THE FEASIBILITY OF USING CONSUMER-LEVEL ACTIVITY TRACKERS IN...

100°0>d s “10°0>d 45 *60°0>d &
(001%) sa3ejuaorad ojul pauLIOJsuRI) AIe $)O0)H [PUISIBAl 9SRIOAY UL ,
doys snotaaid oy pessed, ey syuopuodsar Jo Junowre oy} ST [9powl AI9AD JO JTewyouaq Y} jey) Surueow ‘doys snoraaid 9y) UO [BUOTIIPUOD QI8 S[OPOW YT, 210N

8L8 8L8 8L8 6111 9LTT N
200 00 €00 200 600 2 Iy[ageN
88 €S oL's L6°6 17’9 vy 16'v *£8°Cl 0ce * LY (VAN 'uru (g 2) vd
L9C L1~ Le 65T 6L°¢ (X% SL'T 0" Ly'e #8111 pajeanpa 1oySTH
vy 59 8C'S V'L 70°S 99°¢ L8'E 91°C- ¥6'C 9C'9- P23ednpa Jomo ]
(wnipaw :'jor1) uoneoONpyg
£€6'C 0L'9 (R4 *C1'¥1- LE'S cel- 98¢ 9’1 yee *€C61- +S9
w'e LY'1 6T %*8G°C1- YLy 0¢'0l- we 681 II'e *£C'6" ¥9-0S
0T’e 80C 16'v o 61°S Y29 433 01" 89°¢ 0% ye-81
(61-6¢€ Jo1) 93y
9¢'C 9¢'1 S *0S°¢1- LY'E 060 61'C SLY- 0cT'C SLo (oreur :-jor ‘ofewray) Xo§
Y PIS HNV Y PIS HNV g pIS HANV Y PIS HANV Y PIS HNV
(oSesn uo (e8esn uo [eUOTIPUOD) (eSesn uo [euon

[eUONIIPUOD) JOJEDIPUI UO
1seo] Je pardoo A[enoy

901A9p Suryors} Woly [y
eyep peordn 0} ssoUSUI[IAL

-IPUO0d) J1A2p SUNYORI) WOILY
eyep Adood 03 ssoudurfip

(uorssassod uo [EUOTIIPUOD)
901A9p 3unyorI) Jo oFes)

901A9P SUDORI) JO UOISSASSO]

S [9POIN

¥ [POIN

€ [9PON

C IPPON

I [°POIN

Vd JO a4nsvaw 4230041 1141300 (puos.tad v Jo vipp a4vys pup asn ‘ssassod 01 pooy11ay1) ayi 10f ,s102[f7 [puISivp 230424y

9 91qEL



438 RIANNE KRAAKMAN, MAAIKE KOMPIER, ANNEMIEKE LUITEN, VERA TOEPOEL

Table 7

Average Marginal Effects® for the likelihood to be willing to
wear a research-grade device

Willingness to wear re-
search-grade device

AME Std. Err.

Sex (female) 5.60* 2.19
Age (ref.: 35-49)

18-34 -1.30 3.66

50-64 -9.22%%* 3.17

65+ -18.36%** 3.27
Education (ref.: medium)

Lower educated -5.14 2.93

Higher educated 2.84 2.51

PA (= 150 min. MVPA)

Tracking device usage (ref.: no usage)

11.35%*%* 3.25

Tracker/smartwatch 17.60%** 2.84
Only phone 4.83 2.74
Nagelkerke R? 0.08
N 2276

2 The Average Marginal Effects are transformed into percentages
(x100)
* p<0.05, ** p<0.01, *** p<0.001

4.5 Conditions for willingness to participate in
objective monitor-based measurement

Respondents not willing to share data from their own track-
ing device or wear a research-grade device were asked un-
der which conditions they would change their mind. Fre-
quently mentioned conditions were classified in nine cate-
gories. The condition most mentioned was ‘burden’. One
third of the unwilling respondents (n=>546) indicated they
would be willing if it would be less of a burden, take less

Table 8

Means (sd) for all comparisons on physical activity indicators

time or be less complicated. Other conditions mentioned
often were ‘information’ (25% needed more information
about the research and its purpose) and ‘privacy’ (24%
mentioned privacy concerns or desire to control their data
or which info is shared). ‘Compensation’ (wants financial
compensation) and ‘feedback’ (wants feedback or advice on
the PA measured) were mentioned by respectively 16% and
13% of respondents. 29% of respondents indicated that they
would not share data with I&O under any circumstance. For
wearing an ActivPAL ‘never’ was reported most often (55%
of 1125 unwilling respondents), followed by ‘information’
(15%), ‘privacy’ (12%), ‘feedback’ (8%) and ‘compensa-
tion’ (8%).

4.6 Comparison of self-report, ActivPAL and personal
device

The dataset for the comparison between the three meas-
urement methods was fairly small as not all people invited
for the follow-up study actually participated and provided
valid data. In batch 1 (no personal activity tracker, but will-
ing to wear the ActivPAL), 22 of 35 invitees consented to
participate in the follow-up study, and 17 of those 22 pro-
vided valid data. In batch 2 (owners of personal activity
tracker and willing to wear the ActivPAL), 26 of 45 invi-
tees consented to participate and all of them provided valid
ActivPAL data. Of those 26, 25 people also provided data
for at least one of the indicators from their personal activity
tracker. The kind of tracking devices used by participants
were phone (9), Fitbit (5), Garmin (4), Apple (2), Polar (2),
Samsung (1), Huawei (1), TomTom (1) and an unknown
tracker (1). The number of steps was provided by 25 out of
26 participants, but only 14 people provided sleep duration
and 15 provided active minutes, used to infer moderate-to-
vigorous PA (MVPA).

Indicator Self-report? ActivPAL Personal tracker
Mean sd Mean sd Mean sd N Spearman’s p/Pearson’s r
MVPA min/ 926.9 865.9 453.9 225.6 21 p=0.11
week 580.4 248.0 698.4 257.5 15 p = 0.60%
653.3 385.5 640.1 311.3 7 r=-0.01
LPA min/week 786.3 436.3 2152.8 908.2 20° p=0.24
Sleep min/week 3330.0 574.4 2904.6 413.8 14 r=0.28
Steps/week 75148.6 9851.5 75478.4 33998.6 25 r=0.83%**

Note. MVPA moderate-to-vigorous PA, LPA light PA

2 Only self-report of follow-up study participants who filled in the SQUASH was used
b 1 participant with an extreme value on self-reported LPA was removed. The self-report values for MVPA were not extreme

*ik p < 0.001, *#*p < 0.01, *p < 0.05
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In Table 8, the means and standard deviation for the
PA indicators are given pairwise for each comparison. As
not all indicators could be determined for each method as
a result of unavailable data, a different N was available for
every comparison, resulting in different means and standard
deviations for each comparison. For minutes MVPA, the rel-

ative agreement (p=0.60, p<0.05) between the ActivPAL
and personal trackers was moderate to good, while it was
poor between self-report and the ActivPAL, and self-report
and personal trackers, as can be seen in the scatterplots in
Fig. 3a—c. Table 8 also shows the large difference in means
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between the self-reported and ActivPAL measured MVPA,
with the self-reported MVPA being much higher.

LPA is compared for self-report and the ActivPAL only.
The agreement is weak and participants score much higher
on the ActivPAL (Table 8 and Fig. 3d). Sleep and steps
were only compared between the ActivPAL and the per-
sonal activity trackers, as those measures were not part
of the SQUASH questionnaire (Fig. 3e—f). For sleep the
agreement is weak: the correlation is not significant, and
the ActivPAL scores are higher on average. In contrast, the
strong correlation for steps (r=0.83, p<0.001) and the simi-
lar means show good agreement between the ActivPAL and
the personal activity trackers.

5 Discussion

Measuring physical activity (PA) and adherence to PA
guidelines is important to monitor the health of the popu-
lation. The currently used self-report measures often suffer
from response bias and measurement error. Hence, objec-
tive measurement with monitoring devices is increasingly
applied. For monitoring the physical activity of the general
population, research-grade devices are used (de Wolf et al.,
2023). Additionally, a growing number of people have their
own personal activity trackers, which may provide another
opportunity for the monitoring of physical activity.

In this study, we investigated whether using personal
tracking devices would be feasible for large scale popula-
tion monitoring, in terms of (potential) response, represen-
tativeness, and measurement qualities. Response and rep-
resentativeness were studied by tallying possession of per-
sonal trackers amongst respondents to a recruitment ques-
tionnaire in a probability-based web panel, gauging respon-
dents’ willingness to wear a research-grade accelerometer
for a week, gauging their willingness to copy a weeks’ data
from their personal device into a questionnaire, and gauging
willingness to download and share an overview file of their
personal data. Response and representativeness of persons
who indicated willingness were compared with the response
and representativeness of the PA questionnaire.

In a small scale follow-up study, 80 willing respon-
dents were invited to wear the research-grade accelerom-
eter. About half of the invitees owned and used a personal
tracker and wore that as well in the measurement week.
The follow-up study allowed comparison of physical activ-
ity between the SQUASH questions posed in the PA ques-
tionnaire, the research-grade ActivPAL and the personal
trackers, by means of the data that respondents copied into
a follow-up questionnaire. Data donation by uploading tra-
cker data was not part of this study.

The nonresponse analyses showed that (hypothetical) re-
sponse rates for objective monitoring measures were sub-

stantially lower than the response rates of the PA question-
naire. In each step of the response process, sample persons
were lost: in the PA questionnaire, in the recruitment for
objective measurement, in the actual participation, and in
wearing the device for the required minimal number of
days. Extrapolating the final response of the small subsam-
ple to the initial recruitment sample, only 12% of the invited
persons wore the research-grade device for a valid number
of days, similar to one Dutch study (Loyen et al., 2020),
but lower than another (Scherpenzeel, 2017). We encoun-
tered a large drop-out after respondents had indicated to be
willing to participate. This may be due to (limited) infor-
mation in the initial questionnaire and the (duration of) the
process to receive the informed consent and ActivPAL. Re-
sponse from personal trackers would be even lower, as only
about half of the respondents indicated having a personal
tracker in some form, and among those, again about half
was willing to copy their data. Willingness to upload data
would be lower still, with 38% of owners willing to upload
data. This willingness is lower than that found by Hyde
et al., (2020), suggesting that donating for research may
not be sufficiently relevant for respondents. Interestingly,
a substantial number (71%) of people who indicated that
they would not copy their data for a week did copy one day
in the PA questionnaire. Alternatively, 37% of people who
copied the data for one day were not willing to do it again.
The explanation of these findings is not clear though; did
the exertion of copying the data of the previous day discour-
age people when the recruitment question for one weeks’
data donation was posed? The findings show that several
people who did not copy data indicated that they did not
know how to do this. We may have underestimated the task
involved. Giving clear instructions tailored to commonly
used commercial activity trackers could increase response
rates. This is a general lesson from the entire study: in order
to be successful, nonresponse in each step of the process
needs to be addressed; even when respondents indicate that
they are willing to participate, a substantial number still
drop out. Respondents indicated that they needed more in-
formation, both about the procedure and about privacy, and
clearer instructions. Copying data or uploading data may be
a needlessly complicated and burdensome way of access-
ing the data from the personal trackers. Some trackers allow
third party access, where the only thing the participant has
to do is give consent. This would potentially increase both
response rates and data accuracy. However, extensive in-
structions are not necessarily beneficial for response either,
in spite of the expressed wishes. One way of meeting the
respondents’ needs may be by involving interviewers in the
recruitment, in contrast to the web-only recruitment in this
study. Interviewers can be instrumental in addressing the
respondents’ needs, precluding the necessity to elucidate
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all information in a recruitment question, or supplementary
material.

Low response rates need not be problematic if there is no
relation between response and the target variable of inter-
est. Yet, in this study, responding to the PA questionnaire,
usage of an activity tracker and willingness to wear a re-
search-grade device were all strongly related to adhering to
the PA guidelines. Whereas in the general population 53%
of people adhere to the guidelines for PA, and 57% move
(moderately) vigorous at least 150 minutes in a general
week (see Supplementary Materials D), the latter percent-
age was 88% among the respondents of the PA survey. In
addition, the mean number of minutes MVPA in the meas-
urement week was far above the threshold of 150 minutes,
both when measured with the personal trackers and with
the ActivPAL.

In addition to a strong bias related to physical activity,
there were also strong correlates with demographic cha-
racteristics influencing the representativeness of the results.
Older persons were more likely to participate in the PA
questionnaire, but younger persons were more likely to pos-
sess a personal tracker, and more likely to donate their data.
Thus, the age bias found in the questionnaire would be
partly corrected by the use of personal trackers. This cor-
rection does not happen for the bias that was found for sex:
men were more likely to fill in the questionnaire, and were
also more willing to donate their data. On the other hand,
women were more willing to wear the ActivPAL. A final
demographic response bias was found for educational at-
tainment: highly educated persons were more likely to pos-
sess a personal tracker. Demographical biases can to some
extent be calibrated, but the bias as a result of differential
physical activity can not, and is thus more detrimental.

Some respondents indicated that they would never partic-
ipate in this kind of research, but others indicated conditions
in which they could be persuaded. Their decision is more
situational or condition-dependent, which corresponds to
the findings of a recent study on the mechanisms of will-
ingness (Struminskaya et al., 2021). However, whether the
indicated conditions will actually result in response is yet
to be determined. A large knowledge gap to be filled is how
to persuade people to participate with this kind of objective
measurement, or sensor measurements in general. Poten-
tially, response rates can be increased by better procedures,
better recruitment questions and better instructions. Further-
more, we foresee a large role for interviewers in gaining
trust and response, and in diminishing bias. As a further
step in the area of PA, a larger scale study has already been
performed where we tried to implement the lessons learned
from this feasibility study. The results are eagerly awaited.

The second main research question concerned the meas-
urement quality of people’s personal trackers, compared
to the research-grade trackers and the self-report findings.

This question was studied in a small follow-up study. Re-
gretfully, of the 80 people that were invited, an unforeseen
large number did not actually participate. For an additional
few persons, data was lost as result of device malfunction-
ing. As a result, the basis of comparison is rather slim.
Nevertheless, we found good convergent validity between
the ActivPAL and personal activity trackers on the number
of steps and minutes MVPA. This is in line with earlier
studies showing agreement between commercial trackers
and research-grade devices on these outcomes (e.g., Fer-
guson et al., 2015; Kooiman et al., 2015). Minutes MVPA
on the monitoring devices differed substantially from self-
report, with the self-report scores often being higher, which
is also in line with earlier research (Nicolaou et al., 2016).
Other measures, like LPA and sleep did not match between
the two objective measurement methods, and can also not
be compared to self-reported values as there is no direct
equivalent measurement for these topics in the subjective
instruments.

Overall, the convergent validity between the personal ac-
tivity trackers and the ActivPAL was better than between
the monitoring devices and self-report. Yet, nine different
type of personal trackers were used and systematic varia-
tion in performance may exist between the different types
of trackers. It would be worthwhile to study the perfor-
mance of different trackers in more detail, and limit data
donation to those trackers with the highest correlation with
the ActivPAL or another research-grade device of choice.
Some measurement difference between the ActivPAL and
the personal devices will always exist, as a result of the
different part of the body where the devices are worn: the
leg for the ActivPAL, the wrist for most personal trackers,
and perhaps other parts of the body for smartphones (waist
or upper arm). Accelerometers placed on the hip, waist or
wrist can underestimate movements like cycling, whereas
thigh-worn monitors may be more accurate in determining
different PA intensity categories than hip- and wrist-worn
accelerometers (Montoye et al., 2016).

In spite of the relatively high convergent validity, the
quality of the copied data from the personal trackers left
to be desired. Not all trackers could measure all physi-
cal activity indicators needed, and the indicators measured
might be measured differently. Furthermore, not all partici-
pants copied the data from their trackers, especially if they
needed to look back a number of days. Better instruction
could help, but data donation could be another venue, either
through downloading and uploading data, as proposed here,
or by asking respondents permission to access their data for
them, by means of an API. Data donation would also pre-
clude another phenomenon that occurred: doctoring of the
values. Some of the values gave ground for suspicion, for
example when only perfectly round values were provided.
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This indicates that copying data from a personal tracker
may not solve the problem of social desirability bias.

We started this study in an endeavor to find out whether
personal activity trackers could be used as an alternative to
self-report questionnaires and/or objective measurement us-
ing research-grade activity trackers. We found that response
rates for data sharing are very low due to the conditional
structure; people had to complete the questionnaire, possess
a tracker, use a tracker and also be willing to share data. Ad-
ditionally, whereas the bias in questionnaire response may
be partially counteracted for age by the bias in the data
sharing of the personal trackers, it accumulated for gen-
der, education and level of physical activity. Furthermore,
we found that convergent validity of personal trackers with
research-grade trackers is high for some indicators.

Even though when using personal trackers to assess PA,
response rates will definitely be lower and response bias
will occur, they still might be a relevant alternative or sup-
plement to self-report questionnaires, as this study shows
(again) that the agreement between the personal trackers
and research-grade devices is better than with the self-re-
ported data. Although no ground truth measure of respon-
dents’ PA was done in this study, it is highly likely that
the objective measures provided a more accurate estimate
than the self-report. This small scale feasibility study in-
dicates that personal tracking devices can play a role for
some purposes, like estimating number of steps or minutes
MVPA, or calibrating subjective PA measures. More ad-
vanced indicators of PA can only be measured by the most
advanced personal trackers, further limiting the availability
in the population. Research-grade accelerometers are better
suited for that purpose.

Future research should investigate whether the data of
both types objective measurements is of such quality that
we can accept the lower response rates and additional bias
of self-report measures. An important consideration for the
eventual answer will depend on the goal: one would proba-
bly not use a host of different devices with varying measure-
ment quality to make point estimates of the physical activity
level of the population. On the other hand: the personal de-
vices could probably give a fair estimate of the chance that
a person adheres to (part of) the physical activity guidelines:
the number of minutes of MVPA, and especially whether
this exceeds the threshold of 150 minutes or not.

To gather information from the general population, it is
essential to increase the response and reduce the bias that
occurs when implementing objective measurement meth-
ods. Therefore, future research should focus on identifying
and lowering the barriers for people to participate in PA
research with these methods. For example, people who do
not have a personal tracker should be loaned a research-
grade device. Yet, even with these barriers addressed, there
will still be a substantial part of the population that does not

want to participate with objective measurements. For these
people, we might have to contend ourselves with subjective
data of lower quality if we want to know anything about
them at all. The resulting multi-mode, multi-device design
will be complicated to analyze but is inevitable if we strive
for both population representation and high quality data.
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