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Abstract

Background: The authors conducted a scoping review as a first step toward establishing
harmonized (ie, consistent and compatible), empirically based best practices for validating step-
counting wearable technologies.

Purpose: To catalog studies validating step-counting wearable technologies during treadmill
ambulation.

Methods: The authors searched PubMed and SPORTDiscus in August 2019 to identify
treadmill-based validation studies that employed the criterion of directly observed (including
video recorded) steps and cataloged study sample characteristics, protocol details, and analytical
procedures. Where reported, speed- and wear location-specific mean absolute percentage error
(MAPE) values were tabulated. Weighted median MAPE values were calculated by wear location
and a 0.2-m/s speed increment.

Results: Seventy-seven eligible studies were identified: most had samples averaging 54% (SD =
5%) female and 27 (5) years of age, treadmill protocols consisting of 3 to 5 bouts at speeds of

0.8 (0.1) to 1.6 (0.2) m/s, and reported measures of bias. Eleven studies provided MAPE values
at treadmill speeds of 1.1 to 1.8 m/s; their weighted median MAPE values were 7% to 11% for
wrist-worn, 1% to 4% for waist-worn, and <1% for thigh-worn devices.

Conclusions: Despite divergent study methodologies, the authors identified common practices
and summarized MAPE values representing device step-count accuracy during treadmill walking.

Tudor-Locke (ctudorlocke@umass.edu) is corresponding author.
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These initial empirical findings should be further refined to ultimately establish harmonized best
practices for validating wearable technologies.

Keywords

accelerometry; measurement; pedometry; physical activity assessment; scoping review/meta-
analysis; motion sensors

Stepping is the principal motor pattern underlying basic human mobility (ie, walking).
With walking being the most commonly reported leisure-time physical activity,! step-
based metrics (eg, steps/d, steps/min) provide a simple and straightforward approach to
quantifying physical activity. Consumer preference for this trackable and human-scaled
measurement is reflected by the fact that most contemporary wearable technologies (ie,
devices) offer a step-counting feature.? The 2018 Physical Activity Guidelines Advisory
Committee Scientific Report also recently advocated for the benefits of step counting.3
Simple counts of steps derived from wearable technologies provide movement data that
are less distorted by the assumption-based manipulations required to estimate distance or
energy expenditure with the same devices (eg, step length, resting metabolic rate).4> Step
counting also has a clear criterion standard (direct observation), which can be applied even
in free-living conditions.®

For step-based metrics to be readily adopted to measure and modulate physical activity,
there is a need to harmonize (ie, make consistent or compatible) the protocols, analyses,

and data interpretation methods used in validating the rapidly growing range of step-
counting wearable technologies.” This need is further highlighted by the fact that only

~5% of consumer step-counting devices have been formally validated.8 A harmonized
methodology for validating these devices would facilitate comprehensive evaluations of
device performance and enable direct comparisons between studies and the devices they
test. The Consumer Technology Association (CTA) released a standard (their term for a
technical publication) in 2016° with guidelines (eg, testing setup, participant considerations,
walking/running speeds, bout durations, etc.) for treadmill-based validation of step-counting
wearable technologies. The CTA additionally provided an acceptable error requirement for
evaluating the accuracy of these devices based on mean absolute percentage error (MAPE),
calculated as follows®:

Device-Criterion
Criterion

1

h2
where criterion is the hand-counted steps from direct observation, device is the step-count
output from the device being tested, and n is the total number of step-count observations
(ie, person bouts) being analyzed. While the CTA stated that a device must perform with a
MAPE of <10% to meet their acceptable error requirement, they provided no rationale or
supporting evidence for this or any of their guidelines. A MAPE of <5% has been suggested
by other researchers as a threshold for determining the accuracy of step-counting devices,
with the rationale that MAPESs below this level do not have “practical relevance.”10:11 In
addition, Hatano? reported that pedometers made in Japan were expected to perform at
a MAPE <3% for approval by the Japanese Ministry of Economy Trade and Industry.

) x 100% @)
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However, these earlier attempts®12 to guide evaluations of step-counting device validity also
lacked any empirical basis.

A first step toward establishing harmonized, empirically based best practices for validating
step-counting devices is to review the relevant body of literature and identify common
practices employed by researchers in the field. Furthermore, aggregating the results of
these validation studies could provide summary MAPE values representing the accuracy
of contemporary step-counting devices. Thus, the purpose of this scoping review was

to summarize the scientific literature that has focused on the validation of step-counting
wearable technologies during treadmill ambulation (a common, controllable, and replicable
condition). The specific objectives were to (1) catalog the sample characteristics, protocol
details, and analytical procedures of treadmill-based validation studies that employed a
criterion of observed steps taken and (2) aggregate the speed- and wear-location-specific
MAPE values reported for step-counting devices.

Congruent with the CTA Standard® and more recent recommendations,3 MAPE was
selected as the preferred accuracy metric for 2 main reasons. First, MAPE is a relative
measure of error (percentage error). The practical relevance of a given step-counting error
value is largely dependent upon the total number of steps taken. For example, an error

of 100 steps is marginal relative to a full day of 10,000 accumulated steps (ie, 1%), but
substantial relative to a 5-minute bout of 500 steps (ie, 20%). Presenting MAPE, therefore,
contextualizes error values to enhance communication of their practical relevance and enable
more meaningful comparisons across studies. Second, calculation of the absolute error
obviates the cancelation of differences when averaging positive and negative values from
underestimation and overestimation.13 For example, a 50-step overestimation (positive error)
in 1 bout and 50-step underestimation (negative error) in another would result in a mean
error of 0 steps, but a mean absolute error of 50 steps.

Search Strategy, Inclusion Criteria, and Study Selection

The PRISMA statement!* was used to guide our search and reporting strategies; however,
we acknowledge that this checklist was not fully applicable to our stated intentions to
catalog study samples, protocols, analytical procedures, and criterion-based MAPE values.
Accordingly, an electronic search of PubMed and SPORTDiscus was conducted and updated
to August 2019 with the Boolean search string of “(acceleromet* OR pedomet* OR device
OR monitor OR wearable) AND (‘steps/min*” OR ‘steps per min*’ OR ‘step count”) AND
(valid* OR reliab*)” and filters of “human” and “English.” All articles identified were
screened for inclusion, first by a review of their abstracts and then full texts, using the
following inclusion criteria: (1) a validation study of wearable technology, (2) conducted
during treadmill walking, (3) using steps as a device outcome measure, and (4) while
employing a criterion measure of observed steps taken (ie, hand-counted steps, including
video recording and/or dictated executions of stepping patterns). The reference sections of
all included studies were then screened for other potentially eligible articles. All articles
included from this search comprised the catalog of validation study sample characteristics,
protocol details, and analytical procedures.
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We subsequently rereviewed all included articles to catalog treadmill speed- and device wear
location-specific MAPE values using the following 3 additional criteria: (1) the protocol
included level walking (ie, 0% treadmill grade) at treadmill speeds that were consistent
across all participants (eg, not set relative to participants’ self-selected walking speeds); (2)
devices were worn in a location commonly used for research purposes (ie, on the waist,
wrist, upper arm, thigh, ankle, or foot); and (3) the reported MAPE values were calculated
using the standard formula (Equation 1). We have chosen to focus on MAPE herein for

the reasons previously discussed. Nonetheless, we also cataloged the mean percentage error
(MPE) values by speed and device wear location using the same search strategy, thereby
quantifying the direction of the device step-count error.

Data Extraction and Synthesis of Results

We first extracted and tabulated the following details for all included studies: reference
information (authors and publication year); sample characteristics (sample size, age and sex
descriptive data); operational definitions of a step (where reported); duration of treadmill
bouts; number of bouts included; speed range (converted to meters per second [m/s] if not
originally presented in these units); and use (yes/no) of video recording for directly observed
step counts. Once tabulated, we calculated descriptive statistics (range, first quartile [Q1],
and third quartile [Q3]) for study sample characteristics (sample size, percentage women,
and mean age) and protocol details (bout duration, numbers of bout, and minimum and
maximum speeds of walking and running). The calculation of Q1 and Q3 values provides
an objective and empirically derived assessment of the sample characteristics and protocol
details included in at least half of the included studies. The proportion of studies using a
video recording was calculated, and the operational definitions of a step (if provided in the
original text) were qualitatively compared and contrasted.

The analytical procedures that were reportedly used to assess device criterion validity (ie,
agreement between device and directly observed step counts) were cataloged in terms

of bias, precision, accuracy, and additional analytic procedures. Measures of bias (eg,
Bland-Altman plots, MPE) were identified as any metric that reflected underestimation and
overestimation of steps with respect to the difference between device- and hand-counted
steps.1® Measures of precision (eg, standard deviation, coefficient of variation) were
identified as those that estimated the degree of variability in differences between the device-
and hand-counted steps. Accuracy measures (eg, MAPE, root mean square error) were
defined as those that accounted for the overall performance of a step-counting device and
thus reflected both bias and precision.1®> Additional analytic procedures, in which device-
and hand-counted steps were analyzed directly (eg, statistical tests for differences between
device- and hand-counted steps and equivalence tests), were also identified. The frequencies
and proportions of studies reporting measures of bias, precision, accuracy, or other analytical
procedures were then determined. Other explanatory factors that were included in the
original analyses (eg, participant waist circumference, treadmill incline) were also cataloged.

To aggregate speed- and wear location-specific MAPE values, the MAPE values reported
in the relevant subset of articles were tabulated according to device make/model, device
wear location, and treadmill walking speed. Any values derived from treadmill running
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bouts or those performed at grades other than 0% were excluded. For synthesizing results
across studies, treadmill speeds were grouped into 0.2 m/s (0.5 mph) speed increments and
separated by wear location. The weighted median, Q1, and Q3 MAPE values were then
calculated across the devices worn at each wear location for each 0.2 m/s increment in
speed (ie, stratified by wear location and treadmill speed), in order to properly illustrate
any potential influences of wear location on device performancel® and/or reductions in step-
count accuracy at slow walking speeds.* These median, Q1, and Q3 values were calculated
while weighting the MAPE values by study sample sizes using the “spatstat™ package in

R (version 3.6.1; R Foundation for Statistical Computing, Vienna, Austria). The median
MAPE values were then used to determine speed- and wear location-specific summary
errors, representing the accuracy of contemporary step-counting devices during treadmill
walking. This same analysis was also conducted to summarize the studies’ MPE values.

Search Results

The search strategy and a modified PRISMA flow chart documenting the search process are
presented in Supplementary Material 1 (available online). The search string identified 174
articles in PubMed and 112 in SPORTDiscus, with 218 articles remaining after removing
duplicates. After abstract screening, 74 articles were eligible for full-text review, 33 of which
met the inclusion criteria. A review of these 33 included the articles’ reference sections

and identified an additional 162 potentially eligible articles, 44 of which met the inclusion
criteria. In total, 380 articles were screened, and 77 studies®10.11.17-90 were yltimately
included in the catalog of validation study methodologies.

Catalog of Study Methodologies

Supplementary Material 2 (available online) provides the sample characteristics, treadmill
protocol descriptions, and analytical procedures for each of the 77 studies cataloged. Any
apparent inconsistencies in reporting of the table values (eg, age ranges vs means, number
of decimal points, etc) reflect discrepancies in reporting conventions between the original
articles. In addition, Table 1 presents summary values (ranges, Q1, and Q3) for the sample
characteristics and protocol details of all the studies cataloged. To limit excessive citations,
and because all of the study details can be found in Supplementary Material 2 (available
online), exhaustive references are not always provided in the sections below.

Sample Characteristics.—Although sample sizes ranged from 9 to 259 participants,
only 4% (n = 3) of the studies3>7%:7> included >100 participants. While 6 studies did not
report the proportion of their sample that was female, the majority (52% [n = 37]) of the
remaining studies were approximately evenly distributed for sex (ie, 54% [5%] female).
Information pertaining to the participants’ age was not included in 3 studies,?:76:90 and all
but 333:52.70 of those remaining reported the mean age of their sample. The majority (61%
[n = 43]) of these studies had a sample with a mean age of 27 (5) years (Table 1). Only one
study*® reported a mean age of >55 years (mean age = 67.5y), and 9% (n = 7) of the studies
reported including children <18 years of age.
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Protocol Details.—A large proportion (78% [n = 60]) of the included validation studies
had treadmill protocols consisting of 3 to 5 bouts. Two studies did not report bout
duration,32:90 and bout durations were not consistent across participants (eg, set randomly or
relative to total steps taken) in 8 studies. Of the remaining study protocols, most (70% [n =
47]) implemented bout durations of 3 to 6 minutes (Table 1). Treadmill walking speeds were
not consistent across all participants (ie, set individually relative to self-selected walking
speeds or elicited cadences) in 17% (n = 13) of the studies, and one study protocol consisted
of only running bouts.>® Of the remaining 63 protocols, about 3 quarters (73% [n = 46]) had
slowest walking speeds that were 0.8 (0.1) m/s (1.8 [0.2] mph). Discounting protocols that
allowed participants to transition to running (n = 7), a similar proportion (79% [n = 44]) had
fastest walking speeds that were 1.6 (0.2) m/s (3.6 [0.5] mph). In addition, of the 56 studies
using speeds consistent across all participants without allowing a transition to running, 41%
(n = 23) employed the same range of walking speeds: 0.9 to 1.8 m/s (2.0-4.0 mph). Fewer
than half (42% [n = 32]) of the study protocols included video recording of the participants’
feet for counting and/or verifying directly observed steps.

Operational definitions of a step were provided in 6% (n = 5) of the studies.2:50:54.60.74 For
contextual purposes, we have included other relevant or common definitions, including those
provided by the CTA,° Merriam-Webster Dictionary,®! and Oxford English Dictionary.%2
These 8-step definitions are reported in Supplementary Material 3 (available online). Seven
definitions®20:54.60.74.91,92 jnclyded the criteria that the foot must be completely lifted off
the ground, whereas the remaining definition#2 would recognize the sliding of a foot as a
step. Four50:54.60.74 state that the entire foot (toe and heel) must recontact the ground after
being lifted to be considered a step. One*? step definition stated that steps were counted
“every time the right heel made contact with the ground,” thus requiring a heel strike. This
definition is also congruent with the biomechanical definition of a stride (full gait cycle)
rather than a step.%3 Three definitions included a requirement for movement: 2 similarly
required that the foot be put “down in another spot™® or a “fresh location,”%? whereas the
third®® specified that “an advance or movement” must be made by the lifting and planting of
the foot, which may imply whole-body movement.

Analytical Procedures.—The numbers and percentages of studies that reported a
measure of bias, precision, accuracy, and/or used additional analytic procedures are provided
in Table 2. Analytical procedures are also reported individually for the studies included
herein in Supplementary Material 2 (available online).

Bias: Almost all (88% [n = 68]) of the 77 included studies presented a measure of bias. Bias
was most commonly reported as Bland—Altman or Modified Bland—Altman plots (44% [n =
30]) and MPE with respect to device- and hand-counted steps (43% [n = 29]), followed by
mean differences between device- and hand-counted steps (34% [n = 23]), the percentage of
device-detected steps relative to hand-counted steps (31% [n = 21]), and the proportion of
devices that displayed underestimation and overestimation (4% [n = 3]). A subset of these
studies further investigated the potential effects of device factors on bias measures, including
device make/model (25% [n = 17]), device setting (1% [n = 1]), wear location (10% [n =

7]), device tilt angle (4% [n = 3]), treadmill walking speed (31% [n = 21]), and participant
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factors—age (6% [n = 4]), sex (3% [n = 2]), health condition (1% [n = 1]), height (1% [n =
1)), weight (1% [n = 1]), waist circumference (1% [n = 1]), and body mass index (BMI; 13%
[n=9].

Precision: Over half of the studies (68% [n = 52]) reported a measure of precision for
device-detected steps. Precision was reported as the SD of differences between device

step counts and directly observed step counts across a majority (71% [n = 37]) of these
studies, while another substantial proportion (46% [n = 24]) calculated the observed linear
and/or monotonic relationship between device- and hand-counted steps. Precision was also
reported as the standard error of measurement (8% [n = 4]), 95% confidence interval for
the mean difference in device-detected steps (8% [ = 4]), coefficient of variation (4% [n
= 2]), variance (2% [n = 1]), and loss of precision (2% [n = 1]). A small number of these
studies investigated the potential effects of treadmill walking speed (6% [n = 3]), device
make/model (4% [n = 2]), and wear location (2% [n = 1]) on precision.

Accuracy: Slightly less than a quarter (22% [n = 17) of the included studies reported a
measure of accuracy. The majority of the studies (88% [n = 15]) that did provide an accuracy
measure reported MAPE, while 12% (n = 2) presented accuracy as the root mean squared
percentage error, and 6% (n = 1) reported the median (not the mean) absolute percentage
error. A portion of these studies explored the influence of device and protocol factors on
accuracy, including device wear location (12% [n = 2]), device make/model (6% [n = 1]),
device tilt angle (6% [n = 1]), treadmill incline (6% [n = 1]), treadmill walking speed (6%

[n =1]), and interdevice agreement with respect to device precision (6% [n = 1]), as well as
participant factors, including sex (18% [n = 3]), height (6% [n = 1]), and leg length (6% [n =
1.

Additional analytic procedures: Beyond (or in lieu of) calculating and reporting measures
of bias, precision, and accuracy, fewer than half of the studies (35% [n = 27]) directly
analyzed device- and hand-counted steps. Most (89% [n = 24]) of these studies reported
differences in mean/median values for device- and hand-counted steps. In addition, 7% (n
= 2) of these studies reported the statistical similarity (eg, equivalence tests) in device-

and hand-counted steps, and 7% (n = 2) reported the overall volume of miscounted device-
determined steps relative to hand-counted steps. As an extension of these analyses, studies
also considered whether the following factors influenced device-determined step counts:
treadmill walking speed (21% [n = 7]), sex (6% [n = 2]), device make/model (6% [n = 2]),
treadmill grade (6% [n = 2]), device wear location (3% [n = 1]), footwear (3% [n = 1]), and
BMI (3% [n = 1]).

Speed- and Wear Location—Specific MAPE Values

Relevant Subset of Studies and Available Data.—Of the 15 articles identified

as correctly calculating MAPE, 9 initially could not be included in a calculated

summary because the exact MAPE values either were not provided (eg, only plotted in
figures)22:27:37,52,62.88 or were not specific to each walking speed.?6:65.74 We contacted those
authors who did not report exact MAPE values and were able to obtain eligible results

from 4.22:52.62.88 Additional MAPE values were also obtained through communications
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with the authors of a publicationl8 that presented the median absolute percentage error
values. Thus, speed- and wear location-specific MAPE values were available from 11
articles.18:20,22,52,57,62,66,68,82,88,.90 One articleb8 included in this count reported calculating
“mean percentage error ... using individual error values regardless of directionality,” which
we interpreted to be a calculation of MAPE. Relevant information for each of these studies
(sample size, number of person bouts [sample size x number of bouts per participant],
device makes/models, and treadmill walking speeds) is provided in Supplementary Material
4 (available online). In total, the 11 studies included 335 participants and 1577 person bouts,
testing 28 different device makes/models worn on either the wrist, waist, thigh, upper arm,
or ankle. Nine device makes/models worn at the wrist were tested at treadmill walking
speeds of 0.4 to 1.8 m/s (1.0-4.0 mph) between 2 studies.2952 A total of 17 waist-worn
device makes/models were tested across 6 studies,18:20.22.66.68,90 g15q at speeds ranging
from 0.4 to 1.8 m/s (1.0-4.0 mph). Only one thigh-worn device make/model was tested
(activPAL, PAL Technologies Ltd, Glasgow, Scotland, UK), but this same device was tested
in 3 studies®’:68.82 and at the speeds of 0.5 to 1.8 m/s (1.0-4.0 mph). Two device makes/
models worn on the upper arm were tested across 2 studies,20:66 at the speeds of 0.9 to

1.8 m/s (2.0-4.0 mph), and one study®8 tested a single ankle-worn device at 0.6 to 1.4 m/s
(1.3-3.1 mph).

The MAPE values reported by these studies are depicted in Tukey boxplots in Figure 1,
and the weighted median, Q1, and Q3 MAPE values are provided in Table 3, along with
the numbers of person bouts and individually reported MAPE values for devices tested at
each speed and wear location. In alignment with the scope of this review, the MAPE values
presented in Figure 1, and Table 3 were stratified by speed and wear location to summarize
the results across the studies and offer speed- and wear location-specific summary MAPE
values. We acknowledge that accuracy specific to the device make/model and technology
contributes to the high degree of variability in the MAPE values. Therefore, average MAPE
values (weighted by sample size) for individual device makes/models are provided in Table
4,

Synthesis of Reported MAPE Values.—The median MAPE values for wrist-worn
devices ranged from 6.6% to 17.6% at all speeds at which they were tested (0.4-1.8

m/s [1.0-4.0 mph]; Table 3). The highest MAPE values for wrist-worn devices at each
speed were consistently obtained from the Polar Loop (Polar Electro Inc, Bethpage, NY),
Nike+ Fuelband SE (Nike Inc, Beaverton, OR), and ActiGraph GT3X+ (ActiGraph LLC,
Pensacola, FL) (Table 4).

For waist-worn devices at walking speeds of 1.1 to 1.8 m/s (2.5-4.0 mph), the median
MAPE values ranged from 0.8% to 4.1% and were lower than those for wrist-worn devices
(Table 3). Waist-worn devices had a greater median MAPE value than wrist-worn devices
(11.4% vs 8.2%, respectively), at a slightly slower speed (0.9 m/s [2.0 mph]). However,
the MAPE values reported for several waist-worn device make/models (ActiGraph 7164
[ActiGraph LLC], Omron HJ-112 [Omron Corp, Kyoto City, Kyoto, Japan], Fitbit One
[Fitbit Inc, San Francisco, CA], Fitbit Zip [Fitbit Inc, San Francisco, CA], Withings Pulse
[Withings, Issy-les-Moulineaux, France]) were <5% at this walking speed, through 1.8

m/s (4.0 mph; Table 4). Three studies?2°2.68 tested waist-worn devices at an even slower
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speed (0.4-0.7 m/s [1.0-1.5 mph]), where the median MAPE values were >35.0%. The
highest MAPE values associated with waist-worn devices were obtained from the Samsung
Galaxy S4 GT-19500 (Samsung Electronics Co, Ltd, Seoul, South Korea) smartphone device
(with the 3 apps it used), Kellogg’s Special K Step Counter (K pedometers; manufactured
for Kellogg Canada by Sasco Inc, Raleigh, NC), Omron HJ-105, Sun TrekLINQ (Sun
Company Inc, Wheat Ridge, CO) and Sportline 330 (Sportline Inc, EImsford, NY), each of
which had MAPE values that were consistently greater than the Q3 MAPE value for the
waist wear location at the respective speed (Table 4). Except for the Samsung Galaxy S4
GT-19500, the waist-worn devices with the highest MAPE values all used a spring-levered
mechanism. Therefore, we have also provided results for waist-worn devices stratified by
internal mechanism (piezoelectric vs spring levered) in Supplementary Material 5 (available
online). Spring-levered devices were not worn at any other wear location.

The only thigh-worn device tested (activPAL) was used in 3 studies.>”:68:82 The activPAL
had better accuracy than the devices worn on the waist and wrist at each comparable speed,
with reported MAPES remaining <3.5% across all speeds (0.5-1.8 m/s [1.0-4.0 mph]).

Two upper arm-worn device makes/models were tested between 2 studies,2%:66 each at
speeds of 0.9 to 1.8 m/s (2.0-4.0 mph), and with an overall MAPE range of 2.5% to 55.4%.
However, the MAPE values reported for the upper arm—-worn Samsung Galaxy S4 GT-19500
were greater at each speed by 2-fold or more, compared with those for the SenseWear
Armband Mini (BodyMedia, Pittsburgh, PA) (Table 4). Only one study®® tested a single
ankle—worn device (PALIlite, PAL Technologies Ltd, Glasgow, Scotland) at speeds of 0.6 to
1.4 m/s (1.3-3.4 mph), which demonstrated MAPE values of 1.1% to 3.9% (Table 3).

Speed- and Wear Location-Specific MPE Values

Speed- and wear location-specific MPE values (a measure of bias) were available

from 15 studies. However, we have chosen to focus on MPE herein for the

reasons previously discussed. In brief, MPE values were available from 15
studies.11:2325.28,34,36,37,49,53,55,57,67,76,82.89 At treadmill speeds of 1.1 to 1.8 m/s (2.5-

4.0 mph), the weighted median MPE values indicated that wrist- and waist-worn devices
underestimated steps by 10% to 1% and 4% to 0%, respectively, while those for thigh-worn
devices were +1%. Limited data were available for devices worn on the foot or ankle.
Additional results regarding the screening of eligible studies, weighted median MPE values
by wear location, and weighted mean MPE values by device make/model are provided in
Supplementary Material 6 (available online).

Discussion

The purpose of this scoping review was to summarize the scientific literature that

has focused on the validation of step-counting wearable technologies during treadmill
ambulation. The divergent methodologies documented across the included articles
(Supplementary Material 2 [available online]) substantiate the need to harmonize the
protocols, analyses, and data interpretation methods used in treadmill-based validation
studies of step-counting wearable technologies. As a starting point, we were able to identify
gaps in the current body of knowledge and common practices employed by researchers:
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most had samples averaging 54% (5%) female and 27 (5) years of age, treadmill protocols
consisting of 3 to 5 bouts at speeds of 0.8 (0.1) to 1.6 (0.2) m/s, and reported measures

of bias. Furthermore, aggregating the study results provided preliminary summary MAPE
values that represent the accuracy of contemporary step-counting devices across walking
speeds and wear locations (Table 3). Specifically, during treadmill walking at the same
speeds for which the CTA provided their <10% MAPE requirement for acceptable device
error (1.1-1.8 m/s [2.5-4.0 mph]), our empirically informed findings support the following
wear location-specific summary MAPE values: 7% to 11% for the wrist, 1% to 4% for

the waist, and <1% for the thigh. Further research is needed to strengthen and refine these
ranges and establish summary MAPE values for ankle- and upper arm—worn step-counting
devices.

Identification of Common Practices

The samples included in a majority of studies consisted of ~20 to 40 participants and were
somewhat sex-balanced in their design (Table 1). A study’s research aims may also be a
consideration for sample size selection, such as the statistical power required to explore the
impact of participant factors (eg, age, sex, BMI, or health status) on device performance.
Treadmill protocols tended to include 3 to 5 bouts that were ~5 minutes in duration (3-6
min). In regard to the range of treadmill speeds used, the majority of studies with speeds
consistently applied across participants included walking bouts at least as slow as 0.9 m/s
(89%; median [and Q3] slowest walking speed) and at least as fast as 1.8 m/s (60%;

median [and Q3] fastest walking speed). In addition, 0.9 to 1.8 m/s (2.0-4.0 mph) was the
most common range of walking speeds employed within each protocol (used in 41% of
studies with speeds consistently applied across all participants) and is inclusive of all the
speeds implemented in 55% of these studies. The inclusion of this specific range of walking
speeds would therefore enable between-study, speed-specific comparisons with a majority of
validation studies conducted to date. This range also includes the normal walking speeds of
the vast majority of healthy adults.?3 Still, we acknowledge that the specific research intent
and application (eg, population of concern) may necessitate the inclusion of slower or faster
walking speeds and/or running bouts. In addition, at least 1 bout per 0.2 to 0.3 m/s (~0.5
mph) speed increment was included in 86% of the studies with speeds consistently applied
across all participants and at least 2 bouts. This suggests that the selected range of speeds
may help to inform the appropriate number of bouts that a protocol should include (eg, a
greater number of bouts when covering a wider range of speeds). Treadmill walking speeds
were set individually (ie, relative to participants’ self-selected walking speeds or elicited
cadences) in 17% of the studies included. As observed herein, the use of such protocols
hinders the ability to make speed-specific evaluations and comparisons of device accuracy,
but may still reflect other valid research aims.

All identified studies used a hand tally counter to obtain the criterion measure of directly
observed steps. High agreement (intraclass correlations >.96) between hand-counted step
counts of 2 observers has been reported previously.22:36:38 \/ideo recording participants’ feet
during the treadmill protocol was reported in fewer than half (42%) of the studies. Although
this practice does not appear to be widely adopted, video recording enables directly observed
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criterion step counts to be verified as needed. Maintaining a real-time count of steps may
also be advantageous in preventing data loss in the event of video recorder malfunction.

We documented substantial inconsistencies in the analytical procedures used to evaluate
the validity of devices. For example, although bias was reported in the vast majority

(88%) of studies, the most commonly reported measures of bias (MPE and Bland-Altman/
Modified Bland-Altman plots) were each included in only ~45% of studies. Of the 77
included articles, comprehensive validation metric reporting (ie, providing measures of bias,
precision, and accuracy) was present in only 8% of the studies (Table 2). We suggest that
researchers consistently report measures of device bias, precision, and accuracy to yield
more comprehensive evaluations of device step-counting performance. Moreover, to further
facilitate comparisons of device performance across studies, we suggest that researchers
consider scaled measures of bias (eg, MPE), precision (eg, coefficient of variation), and
accuracy (eg, MAPE),15 in addition to the corresponding unscaled metric.

This review provides an initial advancement toward harmonizing the validation of step-
counting wearable technologies by identifying the prevailing methodologies used in
treadmill-based validation studies. These common practices reflect the shared wisdom of
researchers who have published in the field. Further research and deliberation by experts
using these devices for research and practice is necessary to evaluate and build upon

these methodologies and, ultimately, establish standard best practices for validating step-
counting devices. Still, this initial effort to catalog the methods previously employed sheds
light on the samples, protocols, and analytical procedures currently used in the literature
and establishes a platform of empirical findings for the future creation of best practice
recommendations.

Definitions of a Step

Harmonious validation of step-counting wearable technologies requires the use of a common
criterion measure (ie, directly observed steps). The use of this criterion measure further
requires a definition of a step that is both standardized and observable. As Bassett et

al% described previously, several definitions of a step have been proposed to reflect the
anticipated natural variations in step execution that might occur under free-living conditions.
Although the studies assembled herein were all treadmill based (and not free living), we still
identified a range of nuanced definitions of a step (Supplementary Material 3 [available
online]). Considering the assembled definitions, we suggest a standardized operational
definition of a step for specific use in treadmill-based device validation purposes: a foot
strike following the complete lifting of that foot from the surface of the treadmill belt.
Although previous publications have included additional criteria for the occurrence of a

step (eg, requiring movement of the foot or body, a heel strike, or a goal of locomotion),

this simple definition could be used for operationally defining observed steps taken in the
context of treadmill walking. Defining a step in the free-living setting appears to be much
more nuanced® and is beyond the scope of treadmill-based validation.
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The CTA Standard

The CTA Standard provides guidelines for the protocols, analyses, and interpretations

of the treadmill-based validation of step-counting wearable technologies,® but as we
indicate above, the empirical basis for these guidelines is not clear. Regardless, a post

hoc comparison showed that the CTA Standard’s guidelines for participant selection (ie,
including =20 ostensibly healthy participants) were met by most (70% [n = 54]) of the
studies included herein. However, fewer studies met the protocol-related CTA guidelines:
5-minute bout durations were reported in 29% (n = 22) of the included studies, 6% (n

= 5) implemented walking speeds that were consistent across the participants and within
the CTA-recommended range (1.1-1.8 m/s [2.5-4.0 mph]), running bouts at 2.2 to 5.4 m/s
(5.0-12.0 mph) were included in 16% (n = 12), video recording was used in 42% (n = 32),
and MAPE was calculated with the specified formula (Equation 1) in 19% (n = 15).

These findings reveal discrepancies between the guidelines provided by the CTA for the
treadmill-based validation of step-counting wearable technologies and the common practices
employed by researchers. It bears mentioning that many of the studies included in this
review were published prior to the release of the 2016 CTA Standard. The CTA Standard
was also developed with commercial manufacturers’ interests in mind and, thus, may not

be directly relevant to research needs. For example, the CTA Standard ambiguously states
that participants should be “representative across body types” and in “good health,” whereas
researchers may aim to evaluate the validity of devices in specific populations, such as
obese individuals or those living with a disability or chronic disease. In addition, the

CTA Standard’s guideline that requires testing of step-counting devices at both walking

and running speeds does not accommodate some researchers’ need to tailor their protocol

to their specific population of interest and/or research question. Diversity of participants’
characteristics may not be as relevant to manufacturers of commercial devices used in

the general population, but can be a central concern for researchers working with special
populations.

When determining whether step-counting devices meet their acceptable error requirement
(a MAPE <10%), the CTA Standard specifies that device accuracy be analyzed separately
for walking and running but averaged across participants and speeds within each locomotor
mode. These guidelines do not allow for examining potentially relevant factors like speed,
BMI, and chronic disease status.*® This specific MAPE requirement is also not supported
with any rationale or empirical evidence anywhere in their documents. Moreover, it is
notably greater than the median MAPE values (<4%) observed for waist- and thigh-worn
devices at the CTA-recommended walking speeds and the MAPE values reported for many
device makes/models (Table 4). Thus, when determining whether a step-counting wearable
technology performs comparably to (or better than) those that currently exist, researchers
and device manufacturers may need to employ an acceptable error requirement that is more
stringent than a MAPE <10%.

Interpretation of Device Accuracy

Aggregating the results of validation studies is a logical step toward establishing empirically
based summary MAPE values that represent the accuracy of contemporary step-counting
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wearable technologies during treadmill walking. Although the values presented for this
purpose herein are preliminary, device manufacturers and researchers may choose to
consider or refine these summary MAPE values when determining whether a device meets
or improves upon the performance of other technologies. Specifically, during treadmill
walking at speeds of 1.1 to 1.8 m/s (2.5-4.0 mph), the current review observed the following
wear location-specific median values of MAPE for step-counting wearable technologies: 7%
to 11% for the wrist, 1% to 4% for the waist, and <1% for the thigh. To reiterate, all MAPE
values included in this analysis were observed during treadmill walking at 0% grade. We
have also provided results stratified by internal mechanism (piezoelectric vs spring-levered
waist-worn devices) in Supplementary Material 5 (available online) and summarized the
reported MPE values in Supplementary Material 6 (available online).

This range of walking speeds (1.1-1.8 m/s [2.5-4.0 mph]) is the same as that for which

the CTA provided a guideline for acceptable device error. However, we included additional
data available to inform summary MAPE values for slower speeds (Table 3). For example, at
0.9 m/s (2.0 mph), the accuracy of wrist-worn devices was similar to that reported at faster
speeds (median MAPE = 8%), but the accuracy of waist-worn devices appeared to decrease
(median MAPE = 11%). Still, several individual device makes/models worn on the waist

are capable of attaining MAPE values <5% at this speed (Table 4). At even slower speeds
(0.6-0.9 m/s [1.3-2.0 mph]), the thigh-worn activPAL continued to exhibit MAPE values of
~1%.

Limited data were available to inform the summary MAPE values for ankle- and upper
arm-worn step-counting devices. The 2 upper arm-worn devices included (each tested in a
single study) had speed-specific MAPE values that differed by over 2-fold (Table 4). Only
one ankle-worn device was included in a single study. These data did not appear to be
sufficient for establishing preliminarily summary error values for devices worn on the upper
arm or ankle.

As mentioned previously, other validation studies have evaluated device step-count accuracy
against a MAPE value of 5%, citing the rationale that errors below this level do

not have “practical relevance.”19.11 A MAPE value of <3% during usual walking has

also been used for ensuring the quality of pedometers manufactured under industrial
standards in Japan.12 We considered the alternative approach of creating standards based

on “practical relevance” (eg, measurement needs and/or health outcomes). However, we
believe that this approach would require a degree of conjecture and generalization (eg,
steps accumulated in 150 min, how much change in which health outcome to relate to)

that would detract from any empirical basis. In addition, improving device accuracy beyond
such a minimum requirement would still enable greater precision and/or reduced bias. Our
suggested approach of evaluating devices against summary (ie, median) MAPE values (1)
is empirically based; (2) creates a simple, transparent framework for continually improving
step-counting technologies; and (3) includes considerations for factors influencing step-
count accuracy (ie, treadmill walking speed and wear location). We believe that this
framework will advance efforts to harmonize the data interpretation methods used for
validating step-counting wearable technologies during treadmill walking. Future studies are

J Phys Act Health. Author manuscript; available in PMC 2022 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al.

Page 14

needed to strengthen and/or refine these preliminary summary MAPE values and provide
more data regarding device accuracy at speeds and wear locations.

Strengths, Limitations, and Future Directions

We are not aware of any other publications that have adopted a similar approach

to reporting common practices used for validating step-counting devices or informing
evidence-based summary MAPE values. This approach enabled us to evaluate and
summarize a fractured body of literature that was littered with inconsistencies and
punctuated with closeable knowledge gaps. The inclusion criteria used in our search strategy
facilitated the identification and coherent synthesis of 77 validation studies (individually
described in Supplementary Material 2 [available online]) published over the past 24 years.
For comparison, a recent systematic review of general wearable technology performance
included only 5 studies specifically examining step-counting performance.®® The larger
range of studies we included allowed us to more precisely catalog the various points of
divergence and convergence in study methodologies, thereby identifying opportunities to
harmonize validation efforts.

This review was purposefully delimited to treadmill-based validation studies in a concerted
effort to initially harmonize this common, controlled, and easily replicable activity for
evaluating device performance. The findings reported herein therefore may not be applicable
to the development of best practices and/or acceptable levels of accuracy for device
validation during overground walking and in the free-living setting. We also chose to
delimit our search to studies that employed a criterion of directly observed steps taken.
Some well-known validation studies may appear conspicuously absent if they employed
“research-grade” devices as an alternative near-criterion standard (ie, to establish convergent
validity between devices). Similarly, with our focus on criterion validity, issues specific to
intradevice and interdevice reliability are outside the scope of this review. Future efforts are
needed to develop and harmonize best practices for examining these important components
of step-counting device performance.

Device step count MAPE values were available from only 11 out of 77 studies. We chose

(a priori) to focus on MAPE because relative measures of error enable more meaningful
comparisons across studies, and calculation of the absolute error obviates the cancellation of
differences when averaging underestimation and overestimation.13 Furthermore, the choice
of an alternative error metric did not substantially increase the data available. Specifically,
MPE was the second most commonly reported error metric (reported in 29 articles; Bland-
Altman plots provided in 30 articles), but only 15 studies provided speed- and wear location-
specific MPE values that could be used in analyses (reported in Supplementary Material

6 [available online]). Therefore, the fact that the MAPE (and MPE) values were only
available from a limited number of studies stems from inconsistent/incomplete reporting in
the literature. Finally, the MAPE values aggregated herein were all observed during level
treadmill walking with ostensibly healthy participants. Step-counting devices may perform
differently when walking on an incline or running, and certain participants’ characteristics
(eg, BMI, pregnancy, and chronic disease status) are known to independently influence
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device accuracy.*® Therefore, the preliminary summary MAPE values reported herein may
not be generalizable to inclined ambulation, running, or special populations.

This study has revealed several knowledge gaps in the literature. For example, few of the
included treadmill-based validation studies had a sample with a mean age representative
of older adults or children, explicitly reported including obese participants, or recruited
participants with a health-related condition. In addition, only 12% (n = 9) of the studies
included walking speeds <0.7 m/s (Q1 for slowest walking speed). Extremely frail older
adults are categorized by normal walking speeds of 0.2 m/s or less,% yet only 3% (n

= 2) of the included studies included speeds this slow. Similarly, only 21% (n = 16)

of the studies included running bouts. Future studies are needed to test step-counting
wearable technologies and inform summary values representing their performance with
diverse samples, at slower walking speeds, and during running.

Conclusions

In summary, this scoping review identified common practices in treadmill-based validation
studies of step-counting wearable technologies. Despite divergent methodologies, these
congruencies identified across study sample characteristics, protocol details, and analytical
procedures reflect the shared wisdom of researchers who have published in the field.
Furthermore, we have taken an empirical approach to proposing preliminary summary
MAPE values that may be useful for evaluating the performance of step-counting
wearable technologies relative to other contemporary devices. Moving forward, these
common practices and summary speed- and wear location-specific MAPE values should
be considered and further refined through more robustly designed studies. With input
from additional experts in the field, these advancements will propel the field toward the
harmonization of a treadmill-based validation of step-counting wearable technologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —.

Tukey boxplots of MAPE values reported by treadmill-based validation studies of step-
counting devices, with quantiles weighted by sample size. MAPE indicates mean absolute

percentage error.
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