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Abstract

Objectives: To estimate the extent of physical activity (PA)
measurement reactivity among adults ages 40—60 with
risk factors for cardiovascular disease (CVD), to inform
best practices for addressing reactivity in PA research and
intervention.

Design: Coordinated secondary analysis across six datasets
from studies that used 6—7 days of observation following the
introduction of PA measurement devices. Moderators of in-
terest were demographic and study design characteristics.
Methods: We included data from participants ages 40—60
with =21 CVD factors who provided device-assessed PA
behaviour across 6—7days (IN=1825). We used multilevel
modelling to examine participants' PA behaviour (i.e., ac-
tivity units, steps per day) across days, with decreases in
activity indicating reactivity. The threshold for statistical
significance was set at p<.05 and standardized effect sizes
of interest were semipartial correlation coefficients (s7s)
2.25; we also report convetsions to Cohen's 4 and corre-
sponding equivalence tests.

Results: No patterns met both criteria for significance for
either main or moderation effects, including tests of study
design features. Results from one small study showed a de-
crease in steps per day across days of observation (p=.15,
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5r=.26, d=.23, 90% CI: —.03, .50), though men showed an
increase in steps per day (whereas women decreased).

Conclusions: Adults in midlife with CVD risk factors show
little evidence of PA measurement reactivity. We recom-
mend continuing to examine PA patterns in individual stud-
ies, though widespread use of burdensome procedures to
prevent reactivity is not warranted in this at-risk population.

KEYWORDS

cardiovascular risk, gender difference, intensive assessment,

measurement reactivity, midlife, physical activity, sex difference

Statement of Contribution

What is already known on this subject?

* Equivocal evidence regarding the effect of measurement reactivity on physical activity
estimates.

What does this study add?

e Coordinated analysis found minimal measurement reactivity among adults with CVD risk
factors.
* Burdensome methods such as adding observation days may be unwarranted.

INTRODUCTION

Measurement reactivity has gained considerable attention as a source of bias in physical activity (PA)
measurement (Christiansen et al., 2023; Davis & Loprinzi, 2016; Hilden et al., 2023). Measurement reac-
tivity is the change in behaviour due to its direct observation; with respect to PA, measurement increas-
ingly involves monitoring devices such as Fitbit or pedometers (Davis & Loprinzi, 2016). Device-based
PA measurement most often occurs over multiple days to capture observable fluctuations in activity,
and daily PA totals are averaged to estimate ‘typical’ PA (Tudor-Locke et al., 2010). Reactivity is most
often defined as greater PA early in the measurement period (vs. later), and some studies demonstrate
that participants show more PA on initial days of observation than on subsequent days (Baumann
et al.,, 2018; Clemes & Deans, 2012). This is thought to result from increased awareness of PA on initial
days (due to the novel presence of a monitoring device) as well as efforts to comply with researcher or
societal expectations (e.g., that PA is healthy and desirable), and is one of many possible research par-
ticipation effects (McCambridge et al., 2014). When averaged across days, initial increases that may not
represent ‘typical’ PA can inflate and skew estimates (Baumann et al., 2018; Clemes & Deans, 2012).
This could lead to incorrect conclusions about which populations are already active (vs. not) and/or
mask the effects of interventions for insufficiently active groups (French & Sutton, 2010).
Consequently, researchers are encouraged to consider potentially burdensome approaches such as
adding days of observation to the start of a measurement period (which would be dropped from analy-
ses; Clemes & Deans, 2012; Foote et al., 2017; Konig et al., 2022) and avoiding use of measurement de-
vices that show recorded data to participants (French et al., 2021; Konig et al., 2022). These approaches
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can increase study costs and participant burden, while the need for such procedures is not clear — par-
ticularly in populations that are regularly targeted for PA promotion. For example, conclusions about
the presence and extent of measurement reactivity are clouded by differences in study type (e.g., obser-
vational vs. experimental) and inconsistencies in definitions and statistical approaches to modelling its
effects (Konig et al., 2022).

Meta-analytic work does demonstrate that reactivity is stronger for PA than for other health be-
haviours (e.g., monitoring food intake through sensor devices; Bell et al., 2020; Koénig et al., 2022).
Importantly, however, evidence is equivocal as to the impact of measurement reactivity on PA esti-
mates or conclusions, and attempts to induce PA measurement reactivity are largely unsuccessful (Konig
et al., 2025). Some studies show no evidence of PA measurement reactivity (e.g., Konig et al., 2025;
Ozdoba et al., 2004; Prewitt et al., 2013; Vincent & Pangrazi, 2002). Meta-analyses also indicate ex-
tensive variability in effect sizes: average effects are small to medium and are unlikely to meaning-
fully influence aggregated PA estimates (Konig et al., 2022). Thus, there appears to be considerable
heterogeneity in PA measurement reactivity that could result from differences in research designs, or
from differences in participant populations and characteristics. Further, existing work on PA measure-
ment reactivity has focused on healthy populations (e.g., Kénig et al., 2025) or children (e.g., Davis &
Loprinzi, 2016; Zhu & Haegele, 2019). These groups are typically more active than the populations
targeted for PA interventions and may show different responses to the introduction of PA monitoring
(cf. Haynes & Robinson, 2019). Additional work is needed to understand the potential for reactivity to
bias PA estimates in groups that regularly receive PA intervention, such as those with health conditions
that increase their risk for cardiovascular disease (CVD; e.g., obesity, type 2 diabetes).

PA measurement reactivity among adults with CVD risk factors

CVD remains the leading cause of death worldwide (Karvinen et al., 2019), and adults in midlife (ages
40-60; Rodgers et al., 2019) are at particularly high risk of developing CVD and associated risk condi-
tions that lead to premature mortality (e.g., hypertension; Matthews et al., 2009; Rodgers et al., 2019).
Cardiovascular health in this group is negatively impacted by ageing of the cardiovascular system and
psychosocial stressors (Cohen et al., 2015; Reeves et al., 2011; Sassarini, 2016). Insufficient PA in this
group exacerbates these risks and represents a missed opportunity to reduce the likelihood of premature
mortality — particularly given the additional and substantial benefits of modest PA engagement (e.g.,
stress reduction, improved quality of life; Chekroud et al., 2018; Kraus et al., 2019).

As a result, adults in midlife with CVD risk factors are consistently advised by healthcare providers to
increase PA to improve cardiovascular health and longevity (Rodgers et al., 2019), and they represent the
largest subset of participants in behavioural intervention programmes designed to increase PA (Cooke
& Jones, 2017; Waters et al., 2011). This group often expresses interest in and invests considerable effort
in patticipating in these interventions, though they experience only limited and/or short-term gains
(Edney et al., 2019; Neve et al., 2010). Reactivity appears to be stronger for participants who see a need
for changes to their health (vs. those who do not; Barta et al., 2012; Kénig et al., 2022; Poulton et al.,
2019), though existing observational studies show little evidence of reactivity among midlife adults with
CVD risk conditions (Arigo & Koénig, 2024; Maher et al., 2024). Further examination of PA measure-
ment reactivity in this population across study designs is warranted, as the need for and effectiveness of
PA promotion efforts for this at-risk group is contingent on accurate PA measurement.

Individual and study characteristics as moderators of reactivity
As noted, existing evidence indicates considerable heterogeneity in reactivity outcomes and effect sizes,

and has not yet determined whether demographic, medical, psychological, or research design factors
influence reactivity. For example, reactivity may differ by gender: relative to men, women demonstrate
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greater responsiveness to and interest in others' perceptions of them (e.g., researchers' perceptions;
Ambwani & Chmielewski, 2013; Tang et al., 2022). Individuals who are particularly prone to social
comparison (i.e., self-evaluation relative to others; Arigo et al., 2021; Buunk & Ybema, 1997) and those
who have made more (vs. fewer) prior efforts to improve their health (e.g., weight loss attempts; Barta
et al., 2012) may also respond more strongly to the introduction of measurement, due to awareness of
researcher observation and the desire to fulfil expectations (e.g., to live up to their peers in this respect).
Conversely, medical and psychological factors such as body mass index (BMI) and depressive symptoms
are negatively associated with PA levels; as those with higher (vs. lower) BMIs and depressive symptom
severity are less active than others in their demographic groups (Hansen et al., 2013; Simon et al., 2008),
their PA may be less responsive to environmental influences such as measurement procedures.

Several study design characteristics may also be relevant. First, differences in measurement devices
(e.g., commercial vs. research-grade devices), location of the device (e.g., hip vs. wrist), and the avail-
ability of feedback from the device has the potential to impact PA behaviour (Clemes & Deans, 2012;
French et al., 2021). In particular, feedback may increase the salience of PA measurement and prompt
adjustments that would not occur under typical conditions. Second, the purpose of a research study
may influence reactivity, such that participants who complete assessments prior to the start of an in-
tervention and those who participate in an observation-only study may have different expectations
for increases in future PA (Motl et al., 2012). Perhaps most importantly, definitions of reactivity are
not consistent across studies. Some research defines reactivity as a linear decrease in PA over days of
observation (e.g., Klenk et al., 2019), whereas others use comparisons between ‘early’ and ‘later’ days
in the study (e.g., Hilgenkamp et al., 2012), and the definition of these periods is inconsistent. The
lack of consensus for how reactivity is defined and evaluated causes confusion about its influence and
about whether prevention efforts are warranted. Examining reactivity across multiple research con-
texts, with an emphasis on standardized effect sizes and impact on PA averages, would address critical
questions about this phenomenon and refine evidence-based guidance for addressing it in PA research.
Conducting this work among adults with CVD risk conditions — who show insufficient PA in daily life
and are often the targets of PA intervention — provides the optimal overarching context for this work.

Aims of the present study

Toward these goals, we designed the present study to examine PA measurement reactivity across mul-
tiple datasets that included device-based PA assessment, among adults in midlife with one or more
CVD risk conditions. We used a pre-specified, peer-reviewed coordinated secondary analysis approach,
which was published as a protocol paper (Baga et al., 2025). A coordinated analysis approach lever-
ages existing data resources and enables efficient comparison of analytic results and conclusions across
these resources (Hofer & Piccinin, 2009), allowing for replication of substantive conclusions across
samples and research contexts (cf. Hill et al., 2021; Mogle et al., 2021). This approach is particularly well
suited to testing for PA measurement reactivity: if this phenomenon is indeed widespread (cf. French
& Sutton, 2010), it should be observable across studies that use daily device-based assessment of PA
and across PA outcomes of interest (e.g., activity counts, steps per day). Moreover, if PA measurement
reactivity is problematic enough to warrant additional burdensome procedures, its effects should be
not just statistically significant using p-values, but should affect PA estimates to an extent that reaches
a threshold of minimal potential for meaningful impact (i.e., likelihood of meaningful differences in
the real world).

In this spirit, the aims of the present study were to: (1) characterize PA measurement reactivity among
adults ages 40—60 with CVD risk conditions following the introduction of measurement devices, (2) test
for moderating effects of demographic, medical, and psychosocial characteristics on reactivity patterns, and
(3) test for differences in reactivity based on study design and PA measurement features. Datasets included
in the present analyses used either observation only or observation prior to the start of a behavioural inter-
vention and were either publicly available or available by request to the principal investigator. As described
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below, we set a minimum effect size threshold for detecting a potentially meaningful pattern of measure-
ment reactivity in addition to our specification of statistical significance.

MATERIALS AND METHODS

Datasets were selected for inclusion based on availability of day-level PA data from individuals in
the population of interest, across 6—7days of measurement (i.e., the typical window of observation;
Hilgenkamp et al., 2012). These data were from two publicly available databases under national long-
term research programmes and four randomized clinical intervention trials in the United States, which
collected observations between January 2005 and January 2023 (total included N= 1825). Publicly avail-
able datasets used observation-only research designs and included the National Health and Nutrition
Examination Survey (NHANES; Centers for Disease Control, 2024) and the Midlife in the United
States Study (MIDUS; Brim et al., 2019; combined »=1385). NHANES captures health data in a na-
tional sample of US adults and provides these data for public use online; data for the current study were
from the 2013—2014 phase of data collection, as this was the most recent phase to release PA data (7 days
of assessment). MIDUS assesses health-related factors among US adults ages 25-75; data included
in the present analyses were collected during the MIDUS Biomarker Project (6days of assessment,
2004-2009; Ryff et al., 2010). NHANES and MIDUS captured PA behaviour using ActiGraph GT3X+
and Actiwatch-64 devices, respectively. Both datasets are publicly available through the International
Consortium for Political and Social Research repository hosted by the University of Michigan (ICPSR;
United States). Participants in these studies had not enrolled in a previous wave of data collection (i.e.,
were new to study-specific measurement procedures).

Clinical trials included four tests of behavioural weight loss treatments that were funded by the
US National Institutes of Health. These studies included Project ENACT, Project IMPACT, FitLink
Pilot, and FitLink Full (combined #»=440). Project ENACT (NCT01858714; completed 2011-2012) and
Project IMPACT (NCT02363010; completed 2014-2016) examined the effects of specific enhance-
ments to behavioural weight loss treatment on long-term weight loss maintenance (i.e., incorporation of
acceptance-based skills, greater emphasis on PA). These studies both provided in-person treatment with
7 days of PA assessment at baseline (prior to treatment start), using ActiGraph GT3X+ devices that were
worn on the hip. The FitLink Pilot study (NCT03337139; completed 2018—2019) and FitLink Full study
(2021-2023; NCT05180448) evaluated the effects of sharing self-monitoring data (e.g., weight loss, PA
behaviour) with an individual health coach, with treatment group members, and/or with a nominated
friend or family member on long-term weight loss maintenance. Both FitLink studies assessed PA for
7 days at baseline using wrist-worn Fitbit devices; the Pilot provided in-person treatment while the Full
version was conducted remotely. Additional details are provided in Table 1 and in Baga et al. (2025).

Participants

Individuals eligible for inclusion in analyses were adults who provided data for the aforementioned
studies who (1) were ages 40—60 (inclusive) at the time of participation, and (2) reported or showed
evidence of 21 health condition(s) that confer CVD risk at the time of enrollment. CVD risk condi-
tions were type 2 diabetes, prediabetes, high cholesterol, hypertension, smoking tobacco, and obesity
(i.e.,, BMI=30 kg/mz). Each study assessed height and weight, as described below, though each assessed
only a subset of the other conditions considered for inclusion. Further, participants were included only
if they provide adequate PA data to support planned analyses, with the following criteria: (1) device- as-
sessed PA data on day 1 of the observation period, (2) =23 consecutive days of device-assessed PA data
(total), and (3) 210h of device wear time where this indicator was available (i.e., for NHANES, MIDUS,
ENACT, IMPACT). Day-level wear time was not available for Fitbit data; participants were included in
each parent clinical trials dataset if they had =6 days of Fitbit data at baseline (i.e., recorded a minimum
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of 500 steps per day on 6days) and were included in the present analyses if they met all other criteria
above. Participant demographics for each study are available in Table 2; there were no significant demo-
graphic differences between included and excluded participants in any study.

Measures
Demographics

These data were captured at baseline using surveys or interviews and included age, gender, income,
education, marital status, and racial/ethnic identity. NHANES and MIDUS collected this information
through interviews; all four clinical trials used electronic surveys.

Physical activity (PA) behaviour

PA was measured using research-grade or commercially available PA monitors to generate daily sum-
mary metrics for PA. Publicly available datasets used wrist-worn ActiGraph devices (ActiGraph GT3X+,
ActiGraph-64) and measured PA behaviour using Monitor Independent Movement Summary units
(MIMS, NHANES; John et al., 2019) and total activity counts (TAC, MIDUS; Ryff et al., 2010). Clinical
trials used hip-worn ActiGraph devices (ENACT, IMPACT) or wrist-worn Fitbit devices (FitLink Pilot:
Fitbit Flex; FitLink Full: Fitbit Inspire 2) to monitor steps per day during a 7-day baseline period prior
to the start of the behavioural weight loss intervention (see Table 1).

CVD risk conditions

Participants' CVD risk status was evaluated using baseline questionnaires or physical assessment. All par-
ticipants wete assessed for the presence of hypertension, type 2 diabetes, and obesity (i.e., BMI=30kg/
m? captured through measurement or self-report). Additional risk factors that informed eligibility for a
subset of studies included self-reported high cholesterol, prediabetes, and current smoker (see Table 1
for conditions assessed in each study).

Depressive symptoms

Observational studies captured these symptoms using the Patient Health Questionnaire (PHQ-
9; Kroenke & Spitzer, 2002). Clinical trials used the Beck Depression Inventory (BDI-II; Beck
et al., 1996) or items assessing depressed mood and anhedonia from the Weight and Lifestyle
Inventory (FitLink Pilot; WALI; Wadden & Foster, 20006). Total scores for these measures range
from 0 to 27 (PHQ-9) and 0 to 63 (BDI-II), respectively. Items assessing depressed mood and
anhedonia in the WALI were dichotomized and summed to capture presence and severity of these
symptoms among FitLink Pilot participants. In all cases, higher scores indicate more severe depres-
sive symptoms.

Social comparison
This construct, which captures participants' experiences with self-evaluation relative to others, was

measured for three studies (MIDUS, ENACT, FitLink Full). Assessment for MIDUS focused on
health-specific social comparison and asked for participants' perception of their risk of having a heart
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attack relative to others of their same gender and age (i.e., higher, lower, the same). The other studies
used the Jowa—Netherlands Comparison Orientation Measure (INCOM; Gibbons & Buunk, 1999) to
evaluate tendencies towards making social comparisons on a continuous scale. Participants rated items
such as I often compare myself with others with respect to what 1 have accomplished in life on a scale from 1 (Disagree
strongh) to 5 (Agree strongly). This measure provides a score for overall tendencies towards social compari-
sons as well as scores for tendencies towards upward (i.e., ‘better off”) and downward (i.e., ‘worse off’)
comparison targets. Higher scores indicate stronger inclination to compare.

PA motivation

Three clinical trials (ENACT, IMPACT, FitLink Pilot) measured PA motivation using the Treatment
Self-Regulation Questionnaire (TSRQ; Levesque et al., 2007). This measure provides separate scores for
specific types of motivation (i.e., autonomous motivation, introjected regulation, external regulation,
amotivation). Participants rate items such as I want to be physically active because I personally believe it is the best
thing for my health (autonomous motivation) on a scale from 1 (No# az all) to 7 (Very true), with higher scores
representing greater motivation of that subtype.

Weight loss attempts

The number of prior weight loss attempts was measured for NHANES and the four clinical trials data-
sets. Participants were asked to report attempts in the past year (NHANES) or all past attempts (as part
of the WALI in clinical trials; Wadden & Foster, 2006). These efforts were summed to capture total
weight loss attempts in the relevant time frame.

Procedures

This study was approved as exempt by the Institutional Review Board at Rowan University and proce-
dures were described in a published, peer-reviewed protocol paper prior to conducting analyses (Baga
et al., 2025). Datasets and relevant documentation were accessed online for publicly available data (via
ICPSR) and were shared by the home institution for randomized clinical trials. Data acquired and pre-
pared for planned analyses included the demographic information, CVD risk factors, scores for indi-
vidual difference measures, and PA-relevant behavioural parameters that were required for assessment
of eligibility and examination of PA (e.g., number of days with valid observations). CVD risk variables
were coded dichotomously based on presence (1) or absence (0) of each condition. As studies assessed
different combinations and numbers of CVD risk factors, dichotomous variables were used to calculate
the proportion of CVD risk factors for each person out of the total number of CVD risk conditions
assessed in the relevant study.

Next, a dichotomous eligibility variable was created to indicate whether a participant met the age
and CVD risk criteria for planned analyses (i.e., 1 vs. 0; analyses included only those coded as 1). PA be-
haviour was analysed at the day level, along with the date of observation (where available) and sequential
day of observation for each summary measure of PA for that day. Variables were created to indicate the
number of continuous measurement days per participant and whether the measurement day occurred
on a weekday or weekend (where available). Inclusion in analyses was further determined by identifying
participants with =3 days of PA data in the relevant unit (i.e., MIMS, TAC, steps per day), including the
first measurement day, and days with 210h of device wear time (where available).
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Data analysis

As described above, participants were identified for inclusion if they met demographic and health-
related criteria (i.e., ages 40—060, =21 CVD risk factors) as well as PA device wear time criteria. PA
measurement criteria were applied following exclusion based on age and CVD risk status, which
removed 11 additional participants from NHANES, 16 participants from FitLink Pilot, and 21
participants from FitLink Full; none were removed from MIDUS or the other clinical trials data-
sets. The final analytical sample sizes are presented in Table 2; as noted, there were no differences
between those included and excluded from analyses. The final sample included 11,569 valid PA ob-
servations across 1825 adults. With the exception of the FitLink Pilot, each dataset afforded power
>.80 to detect linear (main) effects of time at an effect size equivalent to s7=.25 (see further detail
below; Hoffman, 2015; Hox et al., 2017). Power to detect moderated effects was more limited in
most datasets; for this reason, and to enable the intended comparisons across datasets, we relied on
effect sizes to determine the potential impact of reactivity patterns on means and conclusions; see
below for details about the inference criteria.

We used multilevel modelling to account for nesting, with days of observation (level 1) nested in par-
ticipants (level 2). Analyses were completed in SAS 9.4 (Cary, NC) using PROC MIXED with restricted
maximum likelihood estimation. In line with a coordinated analysis method (Hill et al., 2021; Hofer &
Piccinin, 2009), each dataset was treated separately rather than pooling across datasets; this approach
carries advantages with respect to addressing the potential generalizability of an effect and allowing
for examination of differences between studies (Graham et al., 2022). In each dataset (separately), we
used empty models to identify (1) intraclass correlation coefficients (ICCs) to estimate between-person
stability versus within-person variability in PA outcomes across days, and (2) averages for each PA out-
come across days in each study (for comparison with published norms). As noted, PA outcomes available
were different across studies: NHANES used MIMS units, MIDUS used TAC, and clinical trials used
steps per day. We examined the influence of potential covariates in each dataset, including age, day of
week (weekday vs. weekend) and BMI on PA outcomes (cf. Hansen et al., 2013; Klenk et al., 2019). Day
of week and BMI were significantly associated with PA in three out of six datasets; BMI was included
as a covariate in analyses for all datasets, and day of week was included where it was available (i.e., all
datasets other than MIDUS; see Table 3). BMI and continuous moderators were grand-mean centred in
all models. Of note, the statistical patterns and primary conclusions did not differ with these covariates
removed from analyses.

Our first aim was to characterize the extent of PA measurement reactivity in each dataset; we did
this by modelling the fixed linear effect of day in study on PA outcomes using measurement day as
a continuous predictor (cf. Klenk et al., 2019). Day in study was also examined as a categorical pre-
dictor, comparing Day 1 to all other days and days 1-2 to all other days using planned contrasts (cf.
Hilgenkamp et al., 2012). Given that there is no consistent method for identifying PA measurement
reactivity, we expected to observe either linear trends, differences in planned contrasts, or both. Effect
sizes were calculated in two ways: (1) the difference in the relevant PA unit for each outcome between
days (e.g., steps per day), and (2) using semipartial correlation coefficients as a standardized estimate,
which enabled direct comparison across datasets. As there is also no agreed-upon effect size estimate for
multilevel models (cf. Lorah, 2018), to promote interpretability across fields that conduct device-based
assessments of PA, we also report the corresponding Cohen's d value with 90% confidence intervals and
used these to inform our interpretations (described further below).

We addressed our second aim of identifying individual differences in PA measurement reactivity
patterns in two ways. We first added random effects to determine whether this improved model fit; sig-
nificant improvement would indicate systematic variability in the level 1 effect of interest at level 2 (i.e.,
between people). Model comparisons were based on % tests of the —2 log likelihood difference between
the full and reduced models. Second, and independent of whether random effects improved model fit,
we tested for moderation of linear and categorical time effects by the individual difference characteris-
tics of interest using cross-level interactions. These included gender, BMI, number of CVD risk factors,
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severity of depressive symptoms, social comparison responses, PA motivation, and weight loss history.
Given prior work in these areas, we expected PA measurement reactivity to be more pronounced among
women; those with greater (vs. lesser) PA motivation and social comparison responses; those with lower
(vs. higher) BMIs, depressive symptom scores, and numbers of CVD risk factors; and those with more
(vs. fewer) weight loss attempts. We also tested for gender differences in moderated effects, which were
expected to be stronger among women, using three-way interactions. We conducted separate models for
each three-way interaction, and each model also included the main effects and corresponding two-way
interactions. Addressing our third aim involved comparison of reactivity patterns and effect sizes be-
tween studies that used different PA measurement methods. We compared study designs (i.e., observa-
tion vs. pre-intervention) and device types (i.e., worn on wrist vs. hip, offered feedback vs. no feedback).

The threshold for statistical significance was set at p<.05 for two-tailed tests. Effect sizes are initially
expressed as semipartial correlation coefficients for comparison across datasets, which are appropriate
for multilevel models. Semipartial correlation coefficients (s7s) are comparable to Cohen's 4 and are inter-
preted similarly with respect to size (i.e., .20 as a small effect, .50 as a moderate effect, .80 as a large effect;
Cohen, 1988). However, 4 s typically used to describe group-level, between-person differences, whereas srs
in this study desctibe day-level, within-person differences (or linear change across days). We note that there
is no standardized effect size that automatically equates to clinical or practical significance; however, inter-
vention science consistently relies on effect size interpretation as suggesting small, medium, and large effects
in the real world (Rutledge & ILoh, 2004). To determine the potential for minimally meaningful potential impact
of PA measurement reactivity patterns at the day level, we set s72.25; this is roughly equivalent to Cohen's &
of .20, or a small but meaningful effect at the day level (cf. Ferguson, 2009; Panjeh et al., 2023).

To supplement our planned analyses as specified in Baga et al. (2025), we also conducted equivalence
tests based on Cohen's 4; these tests were one-tailed, as we were primarily interested in evidence of initial
elevation effects (given that these would align with prior findings). Upper bounds of 90% confidence
intervals for 4= .20 were interpreted as rejecting the null (i.e., null: the effect is larger than the speci-
fied size). As noted, where available, we also report day-level differences and trends in steps per day, to
provide additional estimates with respect to real-wotld outcomes. Both the inclusion of Cohen's 4 with
confidence intervals and equivalence tests were conducted as deviations (i.e., supplements) to the pre-
specified analysis plan, in response to helpful suggestions from reviewers.

RESULTS

Relative to published estimates of PA behaviour among adults ages 40—60 with risk factors for CVD,
participants in the studies included in this analysis engaged in similar levels of PA (i.e., moderately ac-
tive but not meeting US PA guidelines; Aguiar et al., 2024; Kraus et al., 2019). Specifically, participants
in NHANES and MIDUS achieved an average of 15.0 MIMs per minute (§E=.09) and 335.2 activity
counts per minute (SE=7.91) across days, respectively. Participants in clinical trials completed an aver-
age of 6123.75—7883.32 steps per day prior to the start of the intervention. ICCs for each study ranged
from .35 to .66 (see Table 3), indicating that 34%—065% of the variability in each PA outcome could be
attributed to within-person variability (and error) across days of observation.

Aim 1: Extent of PA measurement reactivity

Fixed linear effects generally showed non-significant downward trends in PA behaviour across study
days (ps >.14, srs =.06—.12, ds=—.12 to —.06) and planned contrasts between early and later days were
not significant (ps >.14; see Table 3 and Figure 1). In subsequent equivalence tests, the upper bound
of 90% confidence intervals for associated effect sizes did not reach the specified threshold of 4= .20,
suggesting that the effect is smaller than this threshold (and thus, the null that the effect size is larger
than this threshold should be rejected; see Table 3). NHANES was an exception, for which the negative
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FIGURE 1 Physical activity outcomes across observation days, overall and by gender, in each included dataset. MIMs,
monitor independent movement summary units.

linear trend and contrasts between early and later days were statistically significant (F[16432] =11.88,
ps=.0000). Importantly, however, the effect sizes for these models were s#=.10 and contrasts showed
differences of only .02—.04 MIMS units; as these effects were equivalent to /=—.09 and the upper
bounds of confidence intervals were <.20, it is unlikely that reactivity would meaningfully affect PA
estimates. In addition, although not statistically significant (ps =.15), the FitLink Pilot showed an effect
size of sr=.26 (or d=.23, 90% CI: —.03, .50) and potentially meaningful difference between days: Day
1 was 91 steps higher than the average of subsequent days and the average of days 1-2 was 182 steps
higher than the average of subsequent days.

Aim 2: Individual differences in PA measurement reactivity

Adding random effects resulted in model non-convergence for MIDUS and ENACT and did not
improve model fit for most of the included datasets (¥’ =.70-8.80, ps>.05; see Table 4). Adding
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TABLE 4 Random effect model results for each study.

NHANES MIDUS B ENACT B IMPACT B FitLink pilot FitLink

B (SE) (SE) (SE) (SE) B (SE) full B (SE)
Intercept 12.93 (67)*  9774.37 5,095,427 3,966,633 4,848,534 6,797,717
(1161.53)** (751979)** (826695)** (3781718) (1564456)*
Slope 12 (01)* - - 103,775 39,552 (137261) 106,958
(43760)* (50277)
Intercept 15.11 (13)* 339.32 6393.69 6414.21 7193.96 7171.80
(9.30)** (269.88)** (259.66)** (818.63)** (362.33)*
BMI (kg/m?) —.08 (01)* —2.24 (1.02)  12.27 (46.40)  —161.64 —107.25 —105.87
(41.54)* (121.10) (42.35)
Day of week .14.(.06) - —115.47 774.21 23.40 (536.36) —373.72
(weekday vs. (190.45) (187.32)** (214.00)
weekend)
Day of observation —.04 (.02) -1.18 (1.45)  —62.57 —48.94 175.66 (130.88) —61.25
(42.25) (51.13) (55.50)
7~ 150.4%¢ - - 8.8 i 6.8

Note: PA outcome for NHANES: MIMS/min, for MIDUS: activity counts/min; for ENACT, IMPACT, FitLink Pilot, and FitLink Full: steps/
day.

"Compared to main effect model results (see Table 3).

*p<.01; ¥4 <.0001.

random effects did improve NHANES model fit ()(22 150.4, p<.001), however. There were no
differences in reactivity patterns between genders in most studies (ps >.08, s7s =.02 to .09, /= —.08
to .01 and upper bounds of 90% confidence intervals for 4 did not reach the specified threshold of
d=.20; see Table 5 and Figure 1). The FitLink Pilot was an exception: though not statistically sig-
nificant (p=.08), there was a potentially meaningful difference in PA reactivity by gender (sr=.31;
d=—.28,90% CI: —.55, —.02). Men tended to show a greater linear zuzcrease in steps per day over study
days as compared with women (~922 steps/day vs. 119 steps/day, respectively), which represents a
pattern opposite of what typically characterizes reactivity. As expected, BMI, number of CVD risk
factors, and depressive symptom severity all were negatively associated with PA behaviour across
days (i.e., person-level averages), such that individuals with higher BMIs, more CVD risk factors,
and more severe depressive symptoms engaged in less PA on average (across days) than their coun-
terparts. However, statistically significant main effects of these characteristics showed up only in
NHANES (BMI, CVD risk) and IMPACT (BMI) and these did not interact with day in study
(ps>.13, srs=.01-.14; ds=.0 to —.006; see Table 6). PA motivation, weight loss attempts, and social
comparison also did not moderate these effects.

When incorporating the three-way interaction between gender and other moderators, two notable
differences emerged. In MIDUS, more severe depression was associated with a decrease in activity
counts over study days, and this effect was attenuated in men (relative to women; p=.007). The size
for this effect was s7=.20 and the difference between women with higher (vs. lower) depression scores
was only 1 activity count per minute per day. As the upper bound of the 90% confidence interval ex-
ceeded ¢=.20 in this case (Cohen's 4=.18, 90% CI: .07, .30), there remained potential for measurement
reactivity among women with higher (vs. lower) depression scores. In contrast, there was a statistically
significant and moderate effect size in FitLink Full for the three-way interaction between study day,
gender, and social comparison (p=.003, sr=.26, d=—.22, 90% CI: —.34, —.10). For women, a stronger
(vs. weaker) social comparison tendency was associated with an zucrease in steps per day over study days;
this effect was the opposite for men, who experienced a reduction of ~80 steps per day.
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Aim 3: Design characteristics and PA measurement reactivity

There were also few differences in reactivity patterns between observation-only versus intervention
study design. Effect sizes were lower in observational studies (s7s =.06—.10; ds =—.09 to —.006) relative
to clinical trials (srs =.10—.26; ds=—.12 to .23; see Tables 5 and 6), but this was primarily driven by
one clinical trial with a small sample that showed moderate effects (FitLink Pilot; s7=.26; 4=.23, 90%
CI: —.03, .50). Remaining studies had small effect sizes within a narrow range (s7s=.10-12; ds=—.12
to .12). There were also no differences in PA patterns across study designs with respect to moderators,
with the exception of gender. Effects of gender on measurement reactivity were smaller on average
in observational studies (s7s =.02 to .09; ds =—.08 to .01) relative to intervention studies (s7s=.01-.31;
ds =—.28—.01). This difference was also primarily attributed to the FitLink Pilot, where men increased
their steps over the course of the observation period (opposite of typical reactivity pattern; s7=.31;
d=-.28,90% CI: —.55, —.02; see Table 5).

Similarly, there were no meaningful differences in PA patterns with respect to device location or
availability of device feedback. Average effect sizes were highly similar for studies using hip-worn (av-
erage s7=.11) and wrist-worn devices (average sr=.13); moderators of PA patterns were also similar
between studies using different devices. The only noteworthy difference was for depressive symptoms.
The association between depressive symptoms and PA patterns was slightly higher on average among
studies using hip-worn (average sr=.12, d=.11) versus wrist-worn devices (average sr=.00, 4=.02). PA
patterns were also similar between studies with devices that provide PA feedback (vs, do not provide
feedback), with motivation as an exception. Across the three studies that measured these experiences,
the influence of motivation on PA patterns was larger in one study that provided feedback (FitLink
Pilot; sr=.13, 4= .11, 90% CI: —.15, .38) compared with two studies that did not provide device feedback
(ENACT, IMPACT; srs =.01-.03; ds=.01-.03). Overall, however, these differences were modest and
thus unlikely to meaningfully bias PA conclusions.

DISCUSSION

PA measurement reactivity is a possible source of bias that can complicate assessment and consequent
understanding of ambulatory PA behaviour. This is a particular concern with respect to determining
who should be the targets of PA intervention efforts and how well these interventions work to increase
PA (Baumann et al., 2018). As noted, concern about PA measurement reactivity has led to recommen-
dations for procedures that can introduce considerable burden for both researchers and participants.
Although existing evidence suggests that PA measurement reactivity may be present for some individu-
als (Arigo & Koénig, 2024; Clemes & Deans, 2012), the extent of its effect on PA estimates remains
unclear, as does who is most affected and under what circumstances. To address these questions in a
population that commonly receives PA resources and intervention, the goal of the present study was
to estimate PA measurement reactivity and potential moderators of its impact on PA behaviour among
adults ages 40—60 with CVD risk factors, across six existing datasets. Our coordinated analysis ap-
proach enabled examination of reactivity within and across studies using a consistent modelling strategy
for rigorous development of conclusions.

Findings from this coordinated analysis, including those of supplemental equivalence tests, show
limited evidence of PA measurement reactivity: there was no pattern that indicated reactivity in five of
the six studies included. Although a statistically significant decline in PA across days was observed for
NHANES, this is attributable to its considerable sample size (#=1208, £=7808 observations), which
provided high sensitivity for detecting even very small effects. Importantly, the overall impact of mea-
surement reactivity on estimates of PA was minimal (and likely, inconsequential) across all studies, with
the exception of a small pilot trial. Given the sample size, findings from this trial should be interpreted
with caution. As noted, an advantage of coordinated analysis is its ability to speak to replicability and
generalizability: statistical procedures and inference thresholds are the same across studies that were
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conducted for different purposes, and conclusions rest on patterns across or between studies (vs. for
individual studies). Thus, although findings from the FitLink pilot trial are noteworthy (see below for
further discussion), the broader pattern suggests that they are anomalous and likely due to a small and
non-representative sample.

Overall, our findings are consistent with meta-analytic work in this area (Konig et al., 2022) as
well as with empirical evidence from similar populations of adults (Maher et al., 2024), suggesting
that the influence of measurement reactivity on PA estimates is negligible. Of note, prior work
seems to focus exclusively on initial elevation (i.e., decreases over time), rather than other patterns
that could indicate a response to measurement; in the present study, we observed several instances
of later elevation (i.e., increases over time), which warrant additional attention. Prior research has
also highlighted the role of individual differences such as social desirability, self-monitoring ten-
dencies, or concern with others' perceptions in shaping reactivity to self-monitoring or behaviour
in observational settings (Ambwani & Chmielewski, 2013). In the present study, we observed little
evidence that subsets of participants are particularly prone to reactivity. Complex interactions indi-
cated gender differences in the association between depression and PA patterns and between social
comparison and PA patterns. Yet, these effects were small and were only seen in one study each (of
six that measured depressive symptoms and three that measured social comparison). Consequently,
there is little evidence that these represent important and widespread individual differences in the
likelihood of reactivity responses.

Similarly, evidence from the present study indicates that the effects of study design and PA measure-
ment device are minimal. There were no consistent, minimally meaningful differences in PA patterns
between observational and intervention studies or those using different types of devices. The differences
observed herein were driven by one intervention study with a moderate effect size (FitLink Pilot). This
study also had a very small sample size, as noted, and had very few men enrolled as participants. Further,
reactivity may have been greater in this study due to fewer required pre-intervention study activities (e.g.,
orientation sessions) before the PA measurement period, relative to other intervention studies (ENACT,
FitLink Full). PA behaviour and measurement may have been more salient for these participants com-
pared with those who communicated with the research team for a longer period (and thus, had more time
to get used to researcher observation; Motl et al., 2012). Similarly, there was little variation in reactivity ef-
fects with respect to device differences. Exceptions to this were greater influence of depressive symptoms
in studies using hip- versus wrist-worn devices and greater influence of motivation in a study providing
device feedback. However, as differences in effect sizes were small, there is little evidence of meaningful
effects of reactivity on PA estimates.

If PA measurement reactivity were ubiquitous and affecting PA estimates across PA research studies,
as has been suggested (cf. French et al., 2021), it should appear in any study (or at least most) that involves
PA measurement across days of observation. Yet, taken together, findings from the present study indicate
that measurement reactivity is 7ot likely to meaningfully bias PA estimates among midlife adults with CVD
risk. Consequently, there is little justification for altering research design or procedures with this popula-
tion, such as adding initial days of observation that will be excluded from statistical analyses (cf. Clemes
& Deans, 2012). Instead, we reiterate encouragement for researchers to statistically test for reactivity pat-
terns in any study that uses device-based PA measurement and to control for study day in analyses if there
are small differences across or between days (cf. Arigo & Koénig, 2024; Maher et al., 2024).

We also recommend explicitly introducing the concept of reactivity during participant orientations
to studies that use device-based PA measurement, to ensure that they are aware of the potential for
changes in their behaviour due to enrolling in the study and knowing that their PA is being measured.
For instance, in clinical trials, the overarching objective may be to encourage PA behaviour change,
though this change is expected to occur only after a baseline measurement period. It is important to
explain the purpose of this initial assessment and the potential for reactivity, as participants often expe-
rience peak motivation for behaviour change at the start of a programme (and thus may engage in PA at
levels they cannot sustain; Neve et al., 2010). In observational studies, greater emphasis on continuing
typical PA during the measurement period to capture accurate behaviour in the natural environment
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could be useful. Many participants have a general understanding that PA is beneficial for health and
may use their participation as an opportunity to try to meet recommended guidelines, as someone else is
watching (McCambridge et al., 2014). Reassurance that this is not expected, or explicit discouragement
to change behaviour simply because they are enrolled in a study, may effectively mitigate any potential,
minimal effect of reactivity.

Strengths, limitations, and future directions

A major strength of the current study is our use of pre-specified, coordinated multilevel analysis across
six different studies, which we supplemented with equivalence testing. This allowed us to represent a wide
range of participant characteristics and PA measurement approaches from nearly two decades of research
(2005-2023), increasing the generalizability and robustness of the current findings. The use of existing
data also enabled us to test the phenomenon using multiple PA metrics (e.g., steps per day, MIMS units,
activity counts). This approach is responsive to calls for examining reactivity in PA outcomes other than
steps per day, to gain deeper insights into the potential for reactivity to bias estimates of PA behaviour
(French & Sutton, 2010; Konig et al., 2022). Notably, however, PA outcomes varied across studies; MIMS
units and total activity counts cannot be converted to estimates of daily steps or vice versa, to make di-
rect comparisons across all studies (Baga et al., 2025; Lee et al., 2023). We addressed this directly using
standardized effect sizes with equivalence tests based on confidence intervals; however, comparison in the
original unit across studies would be desirable, as this would also speak directly to the potential for clinical
or practical significance of potential reactivity patterns. As considerable intervention research for midlife
adults with elevated CVD risk focuses on increasing structured exercise or reducing sedentary time (Arigo
et al., 2022; Mosalman Haghighi et al., 2018), examining reactivity in parameters of PA behaviour other
than overall movement in this group is also important, though it is unlikely to yield meaningfully different
results (see Arigo & Konig, 2024; Maher et al., 2024).

In addition, it is unclear whether participants all used study-assigned devices or their own device (spe-
cifically in FitLink Pilot and FitLink Full), or whether participants had prior experience using a commer-
cially available PA device (i.e., Fitbit, pedometer). Kénig et al. (2025) recently tested the role of researcher
observation on PA patterns, by randomly assigning participants who already used their own PA monitoring
device to a high-salience or a low-salience observation condition. There were no meaningful differences
between pre- and post-enrollment steps per day, or between conditions, suggesting that reactivity to PA
observation is minimal for adults who already use a PA monitor (Kénig et al., 2025). In the general popu-
lation of US adults, use of personal PA monitoring devices increased during the period of data collection
across studies (i.e., 2005-2023); however, other studies were published during this period that did show ev-
idence of PA measurement reactivity (e.g., Baumann et al., 2018; Clemes & Deans, 2012; Motl et al., 2012;
meta-analysis by Konig et al., 2022), and users consistently tend to be healthier and more physically active
than non-users (Friel & Garber, 2020). Consequently, changes in personal PA device use are unlikely to
explain findings for the specific population in question (i.e., adults in midlife with risk factors for CVD,
whose PA is limited), and we saw no evidence of change in reactivity patterns over time. In future stud-
ies, researchers may consider participants' prior experiences with self-monitoring devices, as exposure to
these devices outside of a research study could influence their response to the study-issued device and
potentially influence PA measurement reactivity in comparison to those that had no prior exposure. The
introduction of a new device could play a larger role in PA measurement reactivity when compared with
observation alone (Konig et al., 2025).

Conclusion

PA measurement reactivity has been a concern for scientists and practitioners studying PA promotion.
Fortunately, findings from the present study indicate that these effects are unlikely to confound PA
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estimates or require intensive changes to measurement procedures or interpretation of results with
adults in midlife who have CVD risk factors. Controlling for observation day in analyses (as appropriate)
and encouraging participants not to change behaviour during measurement periods should suffice for
addressing any unique reactivity patterns. Continued investigation of PA reactivity, particularly for
those who may be more reactive to measurement, will yield further nuance.
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