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3.  Timeline:
Statistical Analysis: 3 months
Manuscript Preparation: 4 months
4. Rationale:

Physical activity (PA) has been shown to reduce morbidity and mortality associated with multiple
chronic conditions, including cardiovascular disease, type 2 diabetes, and several cancers, and is
linked to improved quality of life (Paluch et al., 2022). The step count, a simple yet popular
approach for providing PA targets to the general public, is easy to understand and remember,
making it an ideal metric for PA and disease prevention guidelines (del Pozo Cruz et al., 2022a).
With the increasing popularity of wearable monitors and mobile devices, monitoring daily steps
has become more feasible than ever for the public. However, estimating steps using commercial
devices rarely allows access to raw data or provides open-source algorithms for processing data
into clinically meaningful endpoints, limiting reproducibility, generalizability, and scalability
(Straczkiewicz et al., 2023a, 2023b). In contrast, employing open-source algorithms to estimate
step counts using high-density tri-axial data from wearable PA monitors (e.g., accelerometers) is
a potentially promising alternative that could provide harmonizated and interpretable data across
and within studies (Karas et al., 2019).

Open-source algorithms using raw (sub-second) accelerometry measurements have been proposed
to estimate step counts (Ducharme et al., 2021; Karas et al., 2021a; Maylor et al., 2022; Small et
al., 2023; Straczkiewicz et al., 2023a). However, obtaining true step cunts in free living settings is
difficult due to privacy, cost, and logistics. As such, most open-source algorithms are only
validated in controlled or semi-controlled settings, and accuracy in free-living varies widely
(Maylor et al., 2022). As physical activity has been shown to be the strongest predictor of mortality
(Sheng et al., 2021), public health recommendations are increasingly based on the number of steps,
which in turn may depend on the algorithm used for estimation.

Published papers note problems with the number of steps estimated using currently available
algorithms, which, on average are around 9,000 to 10,000 steps per day even in older populations
(del Pozo Cruz et al., 2022b, Sheng et al., 2021; Maylor et al., 2022; Paluch et al., 2022). This
seems to be an overestimate that requires further investigation. Indeed, there is a general lack of
transparency on exactly what algorithms provide and what, if any, open-source step counting
algorithms are comparable. This can have profound effects on recommendations and intervention
studies, where a difference of a few thousand steps may make a huge difference.

We propose to investigate: (1) whether it is feasible to deploy open source step counting algorithms
in the ARIC study; (2) compare results of the algorithms across the population and their predictive
performance; (3) compare the absolute number of steps and discuss implications for health
recommendations. The paper also generates new variables that provide the estimated number of
steps in the ARIC population, one of the premier studies of cardiovascular and neurocognitive
health in a diverse population. As high-resolution data are collected and stored and each algorithm
is known and fixed, the process is perfectly reproducible and can be applied to the same study
and/or other studies to produce harmonized measures of number of steps.

To our knowledge, no prior study has focused on comparing the scale and distribution differences
in generated step counts and explored whether the association results between estimated steps and
health outcomes are sensitive to the choice of open-source step algorithms within the same dataset.
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We will deploy five open-source algorithms in more than 1,400 study participants in the ARIC
study who had high-resolution wrist accelerometry data collected at V9. We hypothesize that the
estimated steps will exhibit high correlations and similar distributions, demonstrate consistent
directionality and significance in association results, but differ in scale. Thus, different algorithms
may produce similar predictive performance for health outcomes but vary in their interpretation of
steps. This analysis will provide a critical perspective on step count algorithms and offer insights
into the challenges involved in translating research findings into public health recommendations.
Also, the existence of open-source reproducible software will make harmonization of data with
other studies feasible. For example, one of the algorithms was designed for and applied to UK
Biobank, thus harmonizing ARIC and UK Biobank in terms of the number of steps estimated by
one of the algorithms.

5.  Main Hypothesis/Study Aims:

Aim 1: To generate step counts utilizing five distinct open-source step count algorithms (i.e.,
ADEPT, Oak, Step Detection Threshold, Verisense, and Stepcount) on sub-second accelerometry
data collected from wrist-worn Actigraphs in ARIC Study Visit 9. Subsequently, we will compare
and visualize the distribution of the step counts estimated by each open-source algorithm.

Subaim 1la: To identify the preferred step algorithm(s) by evaluating the distribution and
plausibility of estimated step counts, considering factors such as expected daily step ranges
for the ARIC population, consistency across demographic subgroups, and alignment with
previous literature on step counts in older adults.

Hypothesis 1: We hypothesize that the step counts derived from these open-source algorithms
will vary substantially in terms of number of steps within the population, yet they will be
highly correlated. We further hypothesize that one algorithms will emerge as preferred based
on producing more plausible step count distributions for ARIC population.

Aim 2: To evaluate the cross-sectional linear and non-linear associations between steps estimated
by the five algorithms and health outcomes, with a particular emphasis on metabolic diseases,
cardiovascular diseases, and cognitive function.

Hypothesis 2: We postulate that step counts will be associated with health outcomes. For a
given outcome, we also postulate that the direction of the effect will be consistent between
step count algorithms, but the effect sizes will vary. And after the scaling of estimated step
counts, the effect size will be similar and comparable.
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6. Design and analysis - please address the following aspects:
a) inclusion/exclusion
b) study design
c) outcome and other variables of interest with specific reference to the time of their
collection
d) summary of data analysis
e) Any anticipated methodologic limitations or challenges if present
f)  Will the author need Limited data to complete the proposed manuscript? [1 Yes,
Limited data is needed (Provide a brief (2-3 sentences) justification for requesting
PHI data) . X No, De-identified data will be sufficient.
*Please note, Limited dataset access is strict and rarely provided. Limited data includes identifiable
information such as dates (birthdays, visit dates, etc.). CMS, Genomic, Geocoded,
Proteomics/Somalogic, and other -omic data all fall under the limited data category. De-identified
data does not include dates. All dates are date adjusted to "Days since Visit 1".

Study design:

Figure 1 represents the proposed analytic workflow. The study focuses on the comparative
visualizations of step count generated from five open-source algorithms and the associations
between step counts and health outcomes at ARIC Visit 9.

Study Population ————
People with valid Actigraph

I
I
I
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I
|
¢ I SDT Verisense :

: | | :
Estimate step counts by «— Stepcount Oak Aim 1
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i B |
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I
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| . .
| Cardiovascular disease
|
|

Study Population:

We will include all participants who attended Visits 9 in ARIC. We will exclude those whose race
was other than Black or White and those who had missing covariates. We will exclude participants
who have insufficient Actigraph data, defined as those with more than 10% missing data during
the day and fewer than three valid measurement days.
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Exposures:

The ARIC-NCS collects wrist accelerometry data using the triaxial Actigraph GT9X (Actigraph
Corp, Pensacola, FL). Participants wore the device on their non-dominant wrist 24 hours per day
for 7 days. Wrist placement is validated for physical activity measurement and has become popular
due to its associated higher compliance, wear time, and ability to measure 24-hour rhythms and
both upper and lower body movements (Schrack et al., 2016). Accelerometry data were collected
at 80 Hz, and raw sub-second data were downloaded using ActiLife (version 6.13.4). Wear time
was evaluated using the validated Choi algorithm, and days with >10% missing data were
considered invalid and excluded from analysis (Choi et al., 2011).

Then, step counts will be generated from five different open-source step count algorithms using
raw sub-second level accelerometry data.

1. ADEPT: ADEPT is a method for automatic segmentation of individual walking strides from
high-resolution accelerometry data (Karas et al., 2021a). ADEPT computes the covariance
between a scaled and translated empirical stride pattern and the vector magnitude of the triaxial
accelerometry signal. Segments with high enough correlation are flagged as potential steps,
and then various filters are applied to remove potential false steps. The empirical patterns are
derived from manually segmented strides, enabling ADEPT to be applied to data from various
body locations. ADEPT outputs the length and precise start and end times of each detected
stride. We applied ADEPT, implemented in the adept R package (Karas et al., 2021a), to the
accelerometry data using left wrist templates from the adeptdata package (Karas et al., 2021c)
and the optimal parameter combination that maximized accuracy in recognizing walking in the
IU data (Karas et al., 2021b).

2. Oak: Oak leverages the inherent features of walking based data from accelerometers or smart
phones (Straczkiewicz et al., 2023a). The approach was validated against 20 publicly available
datasets covering various walking styles, sensor locations, and measurement settings,
demonstrating high sensitivity across body locations and high specificity for common daily
activities. Specifically, the method first preprocesses the raw accelerometer data to a
standardized vector magnitude format then resamples the data to 10Hz. It then identifies high-
amplitude data segments exceeding a predefined threshold. Continuous wavelet transforms
(CWT) is applied to these segments to reveal temporal oscillation frequencies. Segments with
important frequency components outside the typical step frequency range or of insufficient
duration are excluded. Finally, the method classifies the remaining segments as walking. We
will fit Oak using the R package walking, which interfaces with the Python ‘forest’” module
(Muschelli, 2024).

3. Step Detection Threshold (SDT): This algorithm aims to determine the minimum
acceleration value needed to be treated as a “step” using raw acceleration data (Ducharme et
al., 2021). To account for device orientation, raw vector magnitude acceleration data is
demeaned and then band-pass filtered (0.25-2.5 Hz) using Butterworth filter. Peaks were
identified using a peak picking algorithm that detected increasing followed by decreasing
acceleration. An acceleration threshold was applied to remove errant peaks, with values
iteratively adjusted between 0.0 and 0.2g. Step counts for each threshold were compared to
hand-tallied steps, and the threshold with the lowest absolute error across participants was
selected. We will implement SDT in the walking R package (Muschelli, 2024).

4. Verisense: This method is proposed based on peak detection to address the over-counting
problem caused by false walking (Gu et al., 2017; Femiano et al., 2022). The algorithm detects
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peaks in the acceleration signal and applies constraints on step periodicity (time between peaks
falls within a typical range for walking), similarity (peak amplitudes for the same foot are
similar), and continuity (motion state is continuous without frequent significant changes) to
eliminate false peaks. We will fit Verisense using walking package (Muschelli, 2024),
and the R code is available at https://github.com/ShimmerEngineering/Verisense-
Toolbox/tree/master/Verisense_step _algorithm .

Stepcount: This method utilized a hybrid approach combining self-supervised deep learning
for walking classification and peak detection for step counting. The algorithm includes
wear/non-wear detection and step counting (Small et al., 2023). The pre-trained model (an 18-
layer ResNet-V2 on the UK Biobank) was used to classify periods of walking and non-walking,
and then fine-tuned for supervised gait classification using the OxWalk dataset, with 10-second
epochs of accelerometer data labeled as walking or non-walking. Step counting was performed
using the "find_peaks" method from the SciPy Python package on the classified walking time
windows. The peak finding algorithm is applied after low-pass filtering of the raw signal. We
implement stepcount using a R package (https://github.com/jhuwit/stepcount), which wrap up
the python package (stepcount: https://github.com/OxWearables/stepcount).

Outcomes:

One recent review offered a complete overview of the evidence of step counts measured by devices
and multiple health outcomes (Ao et al., 2024). A total of 27 health outcomes in the 20 studies
included were related to step counts, with metabolic diseases accounting for 44%, cardiovascular
diseases for 31%, all-cause mortality for 17%, physical function points for 2%, and fractures,
depression score, frailty, global cognitive function, falls, and fear of falling for 1% each (Ao et al.,
2024). Considering the observed health associations and cross-sectional study design limitations,
we will consider the following health outcomes.

1.

Metabolic outcomes: body mass index (BMI), waist circumference, triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C), type 2 diabetes

Cardiovascular diseases: heart failure, myocardial infarction, stroke, systolic blood pressure
(SBP), diastolic blood pressure (DBP), carotid-femoral pulse wave velocity (cfPWV)

Physical function and impairment: short physical performance battery (SPPB), gait speed,
falls, fear of falling, frailty

4. Cognitive and psychological outcomes: cognitive function, depression (important health
outcomes in older adults that are associated with physical activity).

Covariates:

1. Demographic: age, sex, race/ethnicity, site, education

2.
3.
4.

Lifestyle: smoking, alcohol consumption
Genetic risk factor: APOE
Physical function: short physical performance

All these covariates will be based on ARIC Visit 9. If covariates at visit 9 are missing,
measurements in prior visits will be considered.

Data Analysis:
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For Aim 1, we will employ five distinct open-source step count algorithms with their own default
parameters—ADEPT, Oak, Step Detection Threshold, Verisense, and Stepcount—on the same
raw sub-second Actigraph physical activity data obtained from the ARIC Study Visit 9 to generate
estimated step counts. To prevent extreme value influencing distributions, we plan to exclude
individuals who have outlier step counts using adaptive trimmed-mean estimation for each
algorithm (Léger and Romano, 1990; “Measuring Robustness,” 2018). Then, we will use
histograms to visualize the distribution of step counts and use scatter plots to examine pairwise
relationships. We will calculate Pearson correlation coefficients to assess the relationships between
step counts, and use Bland-Altman plots to analyze the agreement between algorithms. We will
visualize the distribution of steps by covariates such as age, gender, race, education, smoking,
drinking, short physical function performance (SPPB) battery and APOE.

For Aim 2, we plan to investigate the associations between step counts and health outcomes
mentioned in the recent review (details are shown in outcome part). We will use multivariable
linear or logistic regression models to assess the associations of step counts with health outcomes.
The choice of model will depend on the type of outcome. Model 1 will adjust for demographic
variables, while Model 2 will additionally adjust for lifestyle and physical functions. Then, we
evaluate non-linear trends by implementing the restricted cubic spline regression with knots placed
at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. From the analyses we generate, we will
compare the directionality and effect sizes of associations across algorithms. This will involve
examining whether an increase in step counts is consistently associated with positive or negative
health outcomes and the relative magnitude of these associations.

In sensitivity analyses, we will run the analysis including individuals who have extreme values of
step counts. Also, to determine whether results differed by physical functioning, the same analyses
will be repeated in the sample stratified by SPPB quartiles. To address potential bias from step
undercounting in specific subpopulations, stratified analyses will be conducted based on sex and
race, with normalization performed within each stratum. Means and standard deviations of each
method will be reported for sex and race to examine any differences. Additionally, subjects will
be randomly allocated into five groups, and the analyses will be repeated (akin to cross-validation)
to validate the robustness of the findings.

Anticipated methodologic limitations or challenges:

1) At visit 9, participants in the study were 70 years or older. This limits the generalizability of
our findings to the younger population.

2) The wrist-worn nature of accelerometry may lead to an overestimation of steps. However,
some open-source algorithms, such as SDT, are designed to address this issue. This challenge
may explain the differences in estimated step counts among various algorithms.

3) At the time of this analysis, only Actigraph measurements from visit 9 are available, limiting
the study design to cross-sectional.

4) There are no ground truth step counts in ARIC, limiting the evaluation of generated step counts.
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