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ABSTRACT

The International Federation of Sports Medicine (FIMS) in association also with the European
Federation of Sports Medicine Associations (EFSMA) seeks to establish a central resource at
accredited laboratories to evaluate consumer sport and fitness wearables (CSFWs) for quality
and data standardization. This will guide companies to achieve these aspects and educating
consumers to critically consider them. A virtual panel was convened for formative discussions
among industry and academic stakeholders regarding: (1) key facilitators and barriers to
participation by CSFW manufacturers and (2) stakeholder priorities. The venues were the Yale
Center for Biomedical Data Science Digital Health Monthly Seminar Series (62 participants) and
the New England Chapter of the American College of Sports Medicine Annual Meeting (59
participants). This event served as part of the consultation process for FIMS to refine its roadmap
towards full implementation of a global standard for wearables in sport and fitness. Stakeholders
outlined both facilitators (e.g., commercial return on investment in device quality, lucrative
research partnerships, and transparent and multilevel evaluation of device quality) and barriers
(e.g., competitive advantage conflict, lack of flexibility in previously developed devices) to
adopting the global standard. There was general agreement to adopt Keadle et al.’s (2019)
standard pathway for testing devices (i.e., benchtop, laboratory, field-based, implementation)
without consensus on the prioritization of these steps. In conclusion, the panel identified
facilitators to industry participation (e.g., added value to commercial return on investment and
constructive critiques), and barriers, that were especially palpable for larger companies (e.g.,
inability to modify marketed devices at a benchtop level). An implementation roadmap was
recommended that prioritized field-based testing with forthcoming small manufacturers, with the

goal of subsequently attracting larger manufacturers and beginning to offer benchtop testing.



KEY POINTS

e The International Federation of Sports Medicine and the European Federation of Sports
Medicine Associations seek to establish a central resource at accredited laboratories to
evaluate consumer sport and fitness wearables for quality and data standardization.

e Stakeholders agree the resource could add value to commercial return on investment and
provide constructive critiques to manufacturers, especially when quality and
standardization procedures focus on the benchtop testing stage.

e The large company representative noted limited flexibility to unveil or modify devices at
this basic level and suggested the alternative of analytics on big data generated by widely

used devices (e.g., batch effect corrections).
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1. INTRODUCTION TO CONSUMER SPORT AND FITNESS WEARABLES

Scientific advances over the past 50 years have supported the evolution of wearable technology:
the application of small, light-weight sensors to free-living conditions. These novel devices can
be worn on the human body, inside vital organs (i.e., ingestible core body temperature sensor) or
even mounted on sporting equipment such as skis, shoes, or clothing. Consumer-grade sport and
fitness wearables (CSFWSs) include devices that can measure position, motion, location,
biomechanics (e.g., foot-worn inertial sensors), heart rate and blood and muscle tissue oxygen
saturation, sweat composition and sweat lactate concentration, galvanic skin response, body
temperature, autonomic function, and sleep. These portable sensors collect a wide range and
volume of kinetic, kinematic, mechanical and bioenergetic data, and analyze them by interfacing
with physical and server-based computers. An increasing number of physicians, sport scientists
and other employees within international sports and medical federations, at rehabilitation centers,
sports clubs, and sporting events use some form of CSFWSs. Across professional and leisure

contexts, CSFWs comprise a $19 billion industry worldwide [1].

2. MAJOR CONCERNS: QUALITY ASSURANCE, PRIVACY, AND DATA
INTERPRETATION

As the CSFW market has rapidly expanded there has been increased focus on the quality
assurance of CSFWs. For example, in an early study, researchers assessed the validity of two
commercial wearables and determined that Fitbit™ heart monitoring was inaccurate, particularly
with higher exercise intensity [2], resulting in two class action lawsuits [3, 4]. More recently,
Peake and colleagues evaluated 61 wearables and found that only 5% matched their marketing

claims according to accepted reference standards [5]. The validity and reliability of these devices
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also tend to vary depending on the variables that are measured. A review of 158 publications in
which nine brands were examined, revealed that steps were generally measured accurately across
brands in the laboratory but less so in field settings, and no device accurately measured energy
expenditure [6]. A primary study of energy expenditure from 4 of these sensors and 8 others
worn simultaneously by 19 adults drew a similar conclusion [7]. Moreover, variable gait patterns
[8] (Figure 1) suggest the need for population-specific validations, which are currently lacking.
Another concern is Lastly, these studies likely use new or well-maintained devices thus ignoring
possible durability and long-term calibration concerns. Because the device market evolves
rapidly, quickly outpacing this and other related research, this market necessitates fast and
frequent au courant comparisons to provide objective quality metrics. In this way, users can

maximally benefit from CSFWs to monitor and understand their health behaviors.

Wearable devices typically lack the security that is afforded most personal data, thereby
threatening an individual’s privacy, which is often unbeknownst to them [9]. Privacy policies are
often ambiguous or extensive, so CSFW users may be largely unaware of the security policies of
their data storage and sharing, including who may access, own, or sell their health data [10]. Data
obtained from these devices generally do not fall under the regulatory purview of health privacy
statutes. Consequently, workplace wellness programs could furnish wearable data to insurance
companies, who may then choose to raise premiums or to deny coverage for individuals
exhibiting high-risk behavior patterns (e.g., poor sleep, physical inactivity) [11, 12]. Also, these
decisions may be based on inaccurate data (e.g., periods of restful wakefulness may be
interpreted as sleep) [13]. There is also the potential for data access and threats to confidentiality

from outside parties, legally (sale of the company or its data) or illegally (hacking of databases or
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wireless transmissions) [14]. This disclosure is particularly concerning as Global Positioning
System data can easily infer home address and 24 h biodata could theoretically carry a unique
signature, akin to DNA and can be used for commercial purposes [15]. Many companies claim
that data they share with outside parties are deidentified, but the United States Health Insurance
Portability and Accountability Act does not specify how to deidentify these data and there are
several clear threats to privacy. Some protection against these threats may begin emerging in the
European Union due to the recent General Data Protection Regulation (GDPR) designed to
protect personal information. Unfortunately, a preliminary analysis suggests most consumer
health applications fail to comply with the GDPR on numerous levels, especially regarding

opaque privacy policies [16].

The best practices for interpreting and presenting CSFW data to consumers remain unclear and
controversial. For instance, sleep watch data can harm consumers by eliciting “preoccupation or
concern with improving or perfecting wearable sleep data” instead of accepting medical advice,
standard sleep hygiene education, or validated laboratory sleep assessments [17]. Some research
has addressed this problem by optimizing the timing of data presentation (i.e., just-in-time
adaptive interventions) [18]. For example, if a night of sleep is inadequate, the Whoop®
smartwatch (Boston, MA) alerts the consumer to this problem when they should start getting
ready for bed the next night [19]. A criticism of such an approach, however, is that it conveys
paternalism, and furthermore, may impose overly generic sleep and physical activity
requirements if their algorithms fail to capture individual physiological and psychological needs
(e.g., benefit from positive versus negative reinforcement). In addition, brief message prompts

may be an inadequate substitute for providing more comprehensive wellness education, in which
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consumer literacy and numeracy are considered. The latter, along with the relatively high cost of
CSFWs, limits the diversity of consumers reached and subsequent research. A recent systematic
review of 463 articles found the most important research gap in the CSFW field was
understanding the human-information interaction that determines the adoption, acceptance, and

health impact of CSFWs [20].

In addition to issues surrounding data presentation to consumers, standardization of data for
technical purposes is also a prominent concern. Various CSFWs collect data using different raw
units, timescales, and coding languages. Data are also stored in different formats. Even the
Coordinated Universal Time format for date and time stamping is often not followed. The United
States’ National Institutes of Health solved similar problems in the field of genomics with the
Genomic Data Sharing Policy. Based on the Policy, federally funded researchers are required to
format their data according to standards of the Genbank database, an annotated collection of all
publicly available DNA sequences that exchanges data with similar entities in Europe and Asia
[21]. This streamlines the process for other researchers and coders to download and integrate
data. A similar process is needed for the large datasets derived from CSFWs to facilitate
research, encourage market competition, and interoperability between devices and other systems

such as the electronic health or medical record.

3. BODIES THAT COULD ADDRESS CONCERNS ASSOCIATED WITH CSFWs
The United States Food and Drug Administration (FDA, Washington, DC) is responsible for
regulating medical devices. In the current digital age, this effort requires regulating not only the

devices, but also their cybersecurity, software, artificial intelligence, and machine learning
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algorithms. This scope has led to an unprecedented focus on grey areas, such as defining the
extent to which software can be updated before requiring reapproval. The FDA responded to
these challenges by issuing dozens of formal guidance documents and recently launching the
Digital Health Center of Excellence in September 2020. FDA has pledged extensive resources to
develop the Center by raising awareness, engagement, and partnership with stakeholders [22].
However, the FDA does not oversee low risk products that are intended for general wellness use
and unrelated to diagnosing or treating a chronic disease (i.e., most CSFWs) [23]. The FDA
Digital Health Center of Excellence exemplifies the level of investment that is needed to keep
regulatory processes abreast of the digital health revolution but does not offer tangible support to

the CSFW field for issues like those described in the previous section.

Several international working groups have begun assembling knowledge that could address
concerns in the CSFW field. The Consumer Technology Association (CTA, Washington, DC)
has standard guidelines for testing protocols and performance criteria of CSFWs, including those
that measure energy expenditure, heart rate, step counting, sleep, and stress indicators such as
autonomic function [24]. These guidelines were developed by panels of experts (vendors,
regulators, other industry leaders), to establish a common understanding that sets a foundation
for the industry to develop. In the case of step counting, the Towards Intelligent Health and
Well-Being Network of Physical Activity Assessment (INTERLIVE) consortium has refined
guidelines via expert panel discussion supported by a systematic literature review of existing
validation protocols and possible sources of bias [25]. Turning from quality assurance to data
standardization, the Personal Connected Health Alliance (PCHA) Continua Design Guidelines

[26] and the Institute of Electrical and Electronics Engineers (IEEE) P1752 Open Mobile Health
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Working Group [27] have specifications and open-source codes for standardization of mobile
health data. The CTA, INTERLIVE, PCHA, and IEEE standards require a practical plan for
practical refinement (e.g., synergistically testing multiple outcomes to improve workflow),
protocols for keeping abreast of field developments apart from expert opinion (e.g.,

INTERLIVE), utilization, and implementation.

The International Federation of Sports Medicine (FIMS, Lausanne, Switzerland) in association
also with the European Federation of Sports Medicine Associations (EFSMA) aims to promote
the well-being of all who are engaged in sports and exercise, to assist athletes in achieving
optimal performance, and to promote the study and development of sports medicine throughout
the world. FIMS advocates for both the consumers of CSFWs and the sports medicine
researchers making use of their data. Both groups depend upon an essential third pillar:
manufacturers of CSFWSs. Therefore, FIMS aims to develop a novel solution that integrates the
needs of all three entities. After several years of stakeholder discussions [28, 29], FIMS has
determined that the best solution is to establish a central resource at accredited laboratories to
evaluate CSFWs for quality and/or data standardization, thus, guiding companies to achieve
these metrics, educating consumers to critically consider them, and creating a unique database

with the evaluation results.

It is rare to find initiatives in any context that integrate the needs of two of these groups
(consumers, manufacturers, researchers), let alone all three simultaneously. With CSFWs, it is
essential to meet the mutual needs of all three constituents because they are growing rapidly in

capacity: (1) Consumers of CSFWs increased from 350 to 441 million worldwide in 2020 [1]
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and their usage of CSFWs is generating enormous databases. For example, the 100+ billion
hours of heart rate data assembled by Fitbit to address questions such as the age dependence of

resting heart rate [30]; (2) Manufacturers are continually expanding the scope of the variables

their devices can measure, across biomechanical, biochemical, biophysical, and biobehavioral

domains [31]; (3) Researchers recognize that these big datasets will contribute to the biological

and behavioral phenotyping of individuals and populations, analyzing the relationships among
these outputs and other big data sources such as genomics, and ultimately developing
personalized interventions (e.g., recommended bedtime for optimal daytime performance) only if
the data are accurate [32]. Therefore, it is essential to incorporate the needs of all three
stakeholder groups into the new FIMS central resource. Yet, this novel undertaking has brought

novel challenges.

4. PROGRESS TO DATE AND CHALLENGES

In January 2019, FIMS established a task force that began meeting to address the need for a
quality assurance central resource among wearable devices. The first FIMS Collaborating Centre
of Sports Medicine was established in the Growth, Exercise, Nutrition and Development
(GENUD) Research Group at the University of Zaragoza (Zaragoza, Spain), which hosted the
initiative in September 2019. The multidisciplinary GENUD Lab receives national and European
Union funding to design and implement interventions that combine a nutritional-physical
activity-psychological approach. Specifically, the GENUD group is formed by experts in body
composition and functional capacity in a wide variety of populations, and has a long-standing
record of performing clinical and public health investigations in collaboration with medical

doctors, nurses, dieticians, and sports scientists. GENUD also has extensive experience with
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method validation of wearable technologies (e.g., camera-based systems to measure movement
velocity, accelerometers, brain stimulation wearables, and foot-wear inertial sensors) focusing on
body composition, physical activity, and athletic performance assessment in both trained and

sedentary children, adolescents, adults, and elderly individuals.

FIMS will also appoint additional testing centers. Current leading candidates include the
University of Massachusetts Institute for Applied Life Sciences, the Hong Kong Baptist
University Obesity Comorbidities Center, and the Yale University School of Medicine. The first
one is specifically instrumented for testing wearable devices at various stages of device evolution
including “core facilities for projects ranging from device prototyping, precision manufacturing
and roll-to-roll fabrication, to human motion and gait studies, calorimetry, magnetic resonance
imaging and spectroscopy, as well as, EEG and sleep studies” [33]. The second one regularly
utilizes wearables for telemedicine studies and can also measure a wide range of obesity-related
phenotypes to provide criterion (i.e., ground reaction forces) and construct validity (e.g., body
composition, agility, and coordination). The third one has cloud computing management,
information security, and behavioral science expertise to develop digital behavioral interventions
(clinical trials for pilot, efficacy, effectiveness testing, implementation science) that incorporate
CSFWs aiming to optimize their adoption, acceptance, and health impact. Authors from this
institution (G.A., M.S., C.B., L.F.,, SW., W.M., W.R., J.L., M.G.) and their collaborators (J.B,
L.S., T.P,, S.G,, E.S., B.M.) are already developing two such interventions that use sensors to
provide users with feedback about multiple health behaviors, their potential intersection, and
responsive lifestyle guidance [34, 35]. This work responds to the concerns with best practices for

interpreting and presenting CSFW data to consumers discussed earlier in the “major concerns”
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section. FIMS will solicit additional centers through its partnership with WT - Wearable
Technologies, an innovation and market development platform business supporting wearables
manufacturers globally [31]. These plans for multicenter, intercontinental collaboration will
establish inter-center reliability to prevent bias, productive writing groups for peer reviewed
publications, and global meetings to disseminate findings and endorsements. GENUD is
currently establishing protocols and standard operating procedures for validity/reliability testing

and certification of CSFWs.

A full-time project coordinator has been deployed by FIMS to support the GENUD lab and will
be assisted by staff and students as part of their normal scholarly activities. GENUD is providing
specialist facilities and equipment. Other costs will be met from the testing fee passed on to the
manufacturer of the wearable device(s) being evaluated. The fee will be determined on a case-

by-case basis but it is not expected to exceed 10,000 € per assessment.

During Autumn 2020, FIMS conducted a consultation process to refine the next steps in its
roadmap toward full implementation of the central resource. This included a virtual panel for
formative discussions among industry and academic stakeholders regarding: (1) key facilitators
and barriers to participation by CSFW manufacturers; and (2) stakeholder priorities. Venues
were the Yale Center for Biomedical Data Science Digital Health Monthly Seminar Series and
the New England Chapter of the American College of Sports Medicine Annual Meeting. By
including both industry and academic stakeholders, the panel built upon its similar previous

event in 2019 that only included academic stakeholders [29].
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5. PANEL LOGISTICS AND RECRUITMENT

The panel was hosted on September 16, 2020, by the Yale Center for Biomedical Data Science
Digital Health monthly seminar series using the Zoom video call platform (San Jose, CA). The
seminar series previously has included panels, and we adopted their suggested maximum number
of panelists (n = 5) and format: moderator introduction (7 min), 5 panelists giving self-
introductions and explaining their company’s or organization’s profile (4 min each), audience
questions (33 min). To fill the panelist spaces, we executed a recruitment strategy focused on
attracting a mixture of large and small international and national companies. Invitations were
sent electronically to the public relations departments and/or personal contacts within 6 large and
4 small companies and followed up with a postal letter if there was no initial reply. Google
Health (Palo Alto, CA, represented by author L.G.) and Xsensio (Lausanne, Switzerland,
represented by author E.M.) accepted the invitation. One large company declined the invitation
stating the following reasons: (1) the company is already involved in numerous research efforts
so do not see the added value of data standardization; (2) they are concerned about protecting the
privacy of their customers’ data; and (3) they have limited resources and would prefer to invest
those resources once the strategy has come to fruition, versus in these early planning stages. One
small company also declined the invitation for this year but welcomed us to contact them in
future years. The other 6 companies did not reply. Thus, 40% of companies expressed some

interest, although only 20% agreed to participate.

We interpreted this recruitment result to mean that the idea of the central resource has the
potential to gain industry stakeholder attention, but it was not possible to convene a large

discussion at this time. Therefore, as a short-term strategy to increase scope, the last 3 panelist
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spaces were used to include individuals who have experience collaborating with a variety of
CSFW companies. The first space was filled by VivoSense (Denver, CO, represented by author
K.L.) who consults with pharmaceutical companies by interpreting wearable sensor outcomes
and has worked with hundreds of devices in this manner. The second panelist space was filled by
a European Respiratory Society Digital Health Working Group (Lausanne, Switzerland) member
(author 1.V.), who evaluate the role of CSFWs to develop large research initiatives. The third

space was filled by the CTA (represented by author L.S.).

The panel audience was recruited by mass advertising on the Yale Center for Biomedical Data
Science listserv (n = 355 faculty and graduate students) as well as via personal invitations that
were extended to researchers and clinicians working with wearable devices from Yale
University, Yale-New Haven Hospital, the United States Veterans Affairs Healthcare System,
the United States National Institutes of Health Mobile Health Shared Resource, the New England
Chapter of the American College of Sports Medicine (NEACSM), FIMS, and EFSMA. In total,
62 individuals attended the panel, among whom 42 have made substantive contributions and
were invited to coauthor this manuscript (24 kinesiologists, 9 data scientists, 2 endocrinologists,
3 sleep researchers, 3 behavioral psychologists, 1 strategic advisor). A condensed summary of
the proceedings was broadcast on-demand at the NEACSM Annual Meeting (October 1-15,
2020) followed by a live discussion when attendees were invited to ask questions and provide
comments (October 16, 2020). The session recordings were professionally transcribed and
circulated to all authors so they could review and edit their contributions as desired. Authors

G.A. and Y.P. then reviewed the edited transcript and wrote the first draft of this manuscript. All
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authors commented on subsequent versions of the manuscript until all authors were able to

approve the final manuscript.

6. DISCUSSION TOPICS

6.1. What could incentivize industry stakeholders to engage with the quality assurance and
data standardization central resource?

Individuals from both manufacturers in attendance (Google Health, Xsensio) were supportive of
the FIMS central resource and expressed interest in joining. When these individuals were asked
what incentivized them to join the panel, two themes emerged. The first theme was value with
respect to consumer appeal and satisfaction. Third-party endorsement provided by the central
resource could help them dispel stereotypes about poor quality of CSFWs created by
controversies such as the Fitbit class action lawsuits [3, 4]. Also, user education provided by the
central resource would promote the more discerning selection of CSFWs and potentially foster a
greater appreciation of CSFWs that offer high validity, quality, and useful data. This education
would increase the commercial value yielded by their development efforts. For example, if users
know that they should expect a heart rate sensor to have <5% error based on a reference
standard, it will increase the return on investment for the development needed to reach that
standard; otherwise, the sensor with 5% error has no greater market value than one with 10%

error.

The second theme that emerged from the panel discussion was value with respect to scientific
endeavors. The two manufacturer panelists stated an interest to participate in data mining

research that would be facilitated by data standardization. For example, it is very challenging to
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compile and interpret physical activity accelerometer information from different populations and
datasets because of the myriad of inter-study and inter-device variations in protocols for
converting raw to clinical units [36]. Some examples are epoch lengths, count thresholds
demarcating activity intensity, and detection and handling of non-wear time. Data
standardization would allow multicenter projects with data from thousands of individuals, thus,

increasing the impact of associated research and potential health outcomes.

Two of the consultant panelists also noted observing scenarios where companies benefit from
having high quality and accessible data, as defined by an unambiguous list of endpoints and
reference standards. The author from VivoSense reported that devices often miss opportunities to
collaborate on drug trials if they are incompatible with the analytic software the trial is using.
Evidence presented at the 2020 Annual Congress of the European Respiratory Society suggested
that within the new ecosystem of clinical trials when companies have validated and accessible
data, it offers a number of business opportunities: they can supply data directly to researchers
and pharmaceutical companies, collect data directly from hospitals and universities, and
collaborate with leading bioinformaticians to improve their algorithms for data processing and

interpretation.

6.2. What stage of device development should the central resource target in order to
achieve the quality assurance and data standardization objectives?

Since Keadle et al.’s standard testing pathway for wearable technology has multiple steps
(benchtop, laboratory, free-living, implementation) [37], the panel debated which of these steps

should be the focus of FIMS validation checks, quality assurance procedures, and standardization
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of data outputs. Several members expressed support for focusing these efforts at the benchtop
testing stage and for using the most basic physical units possible (e.g., gravitational force
equivalents in benchtop testing of accelerometers). Assuring the validity and quality of these
basic units could, in turn, contribute to the validity and quality of higher-level measures at later
testing stages (e.g., estimated energy expenditure during free-living testing). Meanwhile,
standardizing the data output from these basic units, could create algorithms that convert the
units to higher-level measures portable between devices. For example, Fitbit’s formula to convert
gravitational force equivalents to estimated energy expenditure could be tested with Apple
Watch hardware. It would similarly allow datasets to be combined and devices to interoperate.
Overall, these achievements would facilitate detailed, collaborative evaluation of each device at
multiple levels, rather than a simplistic confirmation/refutation of the entire device. This process
would yield transparency to troubleshoot poor performance and cost-savings during

development, which would incentivize companies to participate.

The lone author from a large company (Google Health), however, pointed out that such
collaboration may present a competitive advantage conflict for some companies. Thus, they may
prefer to have non-standardized basic physical units and hardware-level data smoothing that are
proprietary and novel. Furthermore, even those companies interested in having standardized
basic units may be unable to comply because they have already completed downstream
development around their existing units. Therefore, an alternative strategy was proposed: rather
than focusing on the basic physical units (i.e., the earliest possible stage), to look at the other end
of the testing pathway spectrum; i.e., analytics on big data generated by CSFWs that are widely

used already (Figure 2). An example is batch effect correction: machine-learned rules could scale
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data between different devices worn by the same users (or populations of similar users) to a
common consensus metric under which all devices report the same mean and variance for the
same properties under similar conditions [38]. Existing devices could then incorporate these

rules as a software update or a universal guide for researchers.

6.3. Will clinical applications raise the stakes?

CSFWs are originally conceptualized as end-user consumer devices, yet sometimes through
unwitting marketing claims manufacturers may unexpectedly transform their products into
regulated medical devices, as opposed to high-risk medical devices intended from early
development to be regulated. An example is a high-risk medical device such as the artificial
pancreas systems (e.g., closed-loop insulin delivery systems) for people with diabetes. Currently
marketed systems infuse insulin in response to elevated blood glucose levels, as detected by a
continuous glucose monitor, resulting in automated blood glucose stabilization. However, this
stabilization improves when incorporating physical activity data (as detected by a CSFW
accelerometer that is not necessarily a medical device) according to recent clinical trials [39].
Therefore, a marketed artificial pancreas system that is regulated may need to seek further FDA
authorization for updated versions that incorporate data from a non-regulated CSFW
accelerometer. In this instance, the FDA would intervene to assess safe and effective functioning
of the artificial pancreas system that included a low-risk non-regulated accelerometer. Arguably,
an accelerometer previously guided by FIMS central standards (e.g., holding quality assurance at
the forefront of their development process) would be better positioned to embark upon the
process of meeting FDA standards. A similar process previously occurred for continuous glucose

monitors; the monitors were initially considered an end-user consumer technology product, but
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the most successful versions passed FDA clearance as medical devices and were incorporated

into the standard of care [40].

7. POLL OF CSFW IMPROVEMENT PRIORITIES

At the end of the session, we asked attendees to complete a poll, assigning a 1 to 4 priority score
to each possible objective of the FIMS central standards. Results revealed that the majority of
attendees were most concerned about quality assurance (Table 1). One participant justified this
response by noting that “without high quality data none of the other priorities are meaningful”.
These sentiments are consistent with the preference to deprioritize big data analytics on devices

that have not completed earlier stages of quality testing (see discussion topic #1, paragraph #2).

Table 1. Poll results. Participants were 24 of the 62 attendees from the Yale Center for
Biomedical Data Science.

Median Priority Number of Top Priority Votes

Objective
Score
#1 Quality Assurance 18 (75%)
#2 Data standardization 5 (21%)
Interoperability of devices with 1 (4%)
#3 .
electronic health record
#4 Interoperability of devices with 0 (0%)

each other

8. CONCLUSIONS
Facilitators of industry participation in the FIMS central resource were identified and agreed
upon by all stakeholders: (1) consumer appeal and satisfaction by increasing the return on

investment in device quality; (2) unambiguous targets regarding endpoints and reference
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standards; (3) lucrative research partnerships; (4) transparent, multilevel evaluation of device

quality with specific, constructive criticisms to inform further development; and (5) priming for
the more rigorous FDA requirements indicated should CSFWSs become part of regulated medical
devices. These facilitators (especially #4) can be best exploited if the central resource prioritizes

the benchtop stage of testing.

Benchtop testing was the stage most affected by the barriers to industry participation that were
identified: competitive advantage conflict and lack of flexibility in previously developed devices.
These barriers are heavily pertinent to the benchtop stage of testing because it focuses upon basic
physical units that are often proprietary. These barriers were all noted by the representative from
a large manufacturer (Google Health) rather than the small one (Xsensio), suggesting they may

be most pertinent to larger companies market-wide.

9. NEXT STEPS

Altogether, FIMS recognizes a disconnect between the roadmap to optimizing the full potential
of the central resource (benchtop testing, for large and small companies) and the more
immediately achievable steps (field-based and implementation testing, for forthcoming small
companies). Thus, an implementation roadmap was recommended (Figure 3), in which panel
attendees prioritized field-based testing with forthcoming small manufacturers in the first
instance, with the goal of subsequently attracting larger manufacturers with benchtop testing. We
will also meta-analyze the literature for the CSFW endpoints to examine in future testing that are
most clinically relevant (i.e., surrogate endpoints) [41] and grounded (e.g., pressure-sending

treadmill to validate foot-worn inertial sensors), leading to a white paper with input from
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academic and industry stakeholders. The roadmap steps have a relatively short timeframe
compared to the longer timeframe of full regulatory processes (e.g., FDA); this efficiency is

attributable to the outstanding in-kind resources provided by the GENUD research group.
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FIGURE CAPTIONS

Fig 1 Graphical representation of the step sequence in people with and without classical gait
disorders [reprinted from [8], Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/)]

Fig 2 Discussion of where to focus testing efforts, based upon Keadle et al.’s standard testing
pathway for wearable technology [37]

Fig 3 Implementation roadmap
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Where in the pathway to test?

Most panel members: test here.
* Achieves nuanced, multilevel troubleshooting and constructive
critiques

\

Large company representative:test here 4

(ie, data analytics to develop error-correction algorithms)
* Exploitslarge datasets available from marketed devices
* No redevelopmentor risk to competitive advantage



4 January — June 2021 A
Testing of standard
operating procedures
with devices from
forthcoming small
companies upon both
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individuals. Pending
available funds. repeat
the tests after at least 6
months of free-living
wear by the
participants to test
durability.

Pending available
funds, meta-analyses
followed by
stakeholder panel
discussion to select
most relevant
endpoints and
reference standards.
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