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Abstract: With the growing number of people affected by osteoarthritis, wearable technology may
enable the provision of care outside a traditional clinical setting and thus transform how healthcare
is delivered for this patient group. Here, we mapped the available empirical evidence on the
utilization of wearable technology in a real-world setting in people with knee osteoarthritis. From
an analysis of 68 studies, we found that the use of accelerometers for physical activity assessment
is the most prevalent mode of use of wearable technology in this population. We identify low
technical complexity and cost, ability to connect with a healthcare professional, and consistency in the
analysis of the data as the most critical facilitators for the feasibility of using wearable technology in a
real-world setting. To fully realize the clinical potential of wearable technology for people with knee
osteoarthritis, this review highlights the need for more research employing wearables for information
sharing and treatment, increased inter-study consistency through standardization and improved
reporting, and increased representation of vulnerable populations.
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1. Introduction
Osteoarthritis (OA) is the most prevalent chronic joint disease, with the knee being
the most commonly affected joint [1,2]. It is estimated that about 250 million people
worldwide are affected by OA [3]. OA is characterized by irreversible articular cartilage
degeneration, chronic pain, and disability, and 13% of OA patients are forced into early
retirement, with an average loss of eight working years per patient [4]. The medical cost
of OA in various high-income countries accounts for between 1% and 2.5% of their gross
domestic product [5]. As the number of people affected with OA is likely to increase due
to aging populations and the obesity epidemic [6], so too will the demand on healthcare
resources. In addition, the COVID-19 pandemic has had a notable impact on primary care
services which have had to adapt to different methods of service provision to limit the
number of face-to-face appointments with patients [7]. Concurrently, there has been a rise
in the research and development of wearable technology for healthcare applications for this
population [8,9], which could facilitate the treatment and monitoring of patients outside of
a clinical setting.
Wearable technology can be defined as any wearable and portable device with the
ability to detect or record any health indicators and/or as a device that allows information
sharing and/or treatment to the wearer. Wearable technology has had a significant influence on the fitness industry, with mobile phones, apps, and wearable sensors in widespread
use by citizens [10]. Moreover, innovations such as artificial intelligence (AI) are finding
new uses in patient self-care and clinical management, enabling the growth of personalized
medicine [11]. Thus, the widespread adoption of wearable technology in a real-world
setting has the potential to change how healthcare is provided.
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The transformation of the wearable technology landscape is evidenced and synthesized in numerous focused review articles. Matthew-Maich et al. provided guidelines for
designing, implementing, and evaluating mobile health technologies for the management
of chronic conditions in elderly people [12]. Another review summarized the usage of
accelerometers for monitoring of physical activity and sedentary behavior and provided
practical considerations for their adoption in orthopaedics [13]. Kvedar et al. examined
the values of telehealth and telemedicine to patients and professionals [14]. Within the OA
research field however, knowledge regarding current utilization of wearable technology
seems limited. Summarizing and disseminating information from peer reviewed, published research can stimulate and facilitate knowledge transfer between policymakers and
relevant stakeholders, and thus guide the further development of wearable technology.
Kobsar et al. conducted a scoping review examining use of wearable sensors in
people with lower-limb OA but focused primarily on gait analysis, rather than a free-living
assessment broadly [8]. Another scoping review investigated wearable sensors for the
assessment of outcomes following knee joint replacement surgery [9]. In their narrative
review, Sliepen et al. provided an overview of physical activity monitors in knee and
hip OA with a focus on technical specifications [15]. Thus, the way wearable technology
has been deployed in knee OA research in a real-world setting remains unexamined. In
addition, to our knowledge, the facilitators and barriers to the feasibility of using wearables
in a real-world setting in people with knee OA have not been determined. A better
understanding of such facilitators and barriers will shed light on users’ engagement with
wearables and provide guidance for planning and designing research in the field. Mapping
the breadth of this field will benefit clinicians, industry, and policy makers as they are
involved in developing best practices for use of wearables and facilitating understanding
how this technology can be of benefit to people with knee OA.
Therefore, the objective of this scoping review is to identify and map existing evidence
describing the current utilization of wearable technology in a real-world setting in people
with knee OA.
2. Materials and Methods
We employed the scoping review methodology developed by Arksey and O’Malley [16],
which includes five stages: (1) identification of a research question(s), (2) identification of
relevant studies, (3) study selection, (4) charting the data, and (5) data synthesis. Reporting adheres to the Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) Extension for Scoping Reviews [17] (Table S1). The protocol, with its predefined
search strategy and criteria for eligibility, study selection, data extraction, and analysis
was registered within the Open Science Framework prior to the commencement of the
study (https://osf.io/3fh7m accessed on 25 November 2021). A deviation from the protocol was that we did not consult relevant stakeholders, which is also recommended in the
scoping review methodology developed by Arksey and O’Malley [16]. The number of
studies involved, the broad topic range, and the lack of a qualitative analysis of identified
papers defined our approach as a scoping review and differentiated it from a systematic
review [16]. This review provides valuable answers on the feasibility (i.e., does any evidence in the literature exists), relevance (i.e., has a systematic review already been done),
and time needed (i.e., the volume of the evidence) to conduct a systematic review.
2.1. Research Questions
The objective of this work was achieved via addressing the following research questions:(1) what type of wearable technology is used in a real-world setting in people with
knee OA, (2) what are the applications of wearable technology in people with knee OA,
and (3) what are the facilitators and barriers to feasibility of using wearable technology in
a real-world setting in people with knee OA.
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2.2. Eligibility Criteria
We included full-length journal articles with any type of study design theoretically
possible, i.e., randomized controlled trials, non-randomized trials, cohort studies, casecontrol studies, case series. We also included qualitative studies that served as the basis
for the evaluation of wearable technology, provided the study participants used wearable
technology in a real-world scenario. We excluded secondary types of evidence such as
reviews, comments, editorials, dissertations, conference proceedings, etc. Included studies
needed to be conducted in a real-world setting (e.g., residence or community setting)
where participants used a form of wearable technology. Studies conducted explicitly in
a university laboratory setting, such as validation studies of wearable technology, were
excluded. We defined wearable technology as an electronic device that is worn close to
and/or on the surface of the skin, where it collects information concerning any health
indicators or which allows information sharing/treatment to/from/for the wearer. Participants were adults (older than 18 years of age) with knee OA. We excluded studies with
participants scheduled for/or after any form of joint surgical procedure, with other forms
of arthritis (e.g., rheumatoid arthritis), and, in case of mixed populations, studies that do
not differentiate/stratify data results between the knee OA population and those having
other condition.
2.3. Information Sources and Search
A systematic search for published evidence was conducted in MEDLINE (PubMed)
and then customized for the CINAHL, Scopus, Web of Science, EMBASE, IEEE Digital
Library, and Cochrane Library. Additionally, secondary searches included: ACM Digital
Library, Google Scholar, and reference lists of included studies. All databases were searched
from inception until 3 June 2021. The search strategy identified records that contained at
least one search term in each of the following themes: joint area, disease, and wearable
technology. Included studies could be published in English, Polish, Arabic, or Spanish.
Search strategy and results for each database are presented in Table S2.
2.4. Study Selection
Screening of manuscript titles and abstracts was conducted by two independent,
blinded reviewers (T.C. and J.W.). The search results from all databases were combined
and duplicate studies were removed. Prior to screening, reviewers worked through a
pilot exercise of example titles and abstracts. Discrepancies between the reviewers were
resolved by a discussion. The third reviewer (M.A.A.) was consulted if no consensus could
be reached. The full text was obtained for all studies that passed screening by title and
abstract. The first author (T.C.) assessed all full-text articles, while the second and the last
author (K.B., M.A.A.) assessed half of the full-text articles for eligibility, and nominations
for exclusion were discussed and agreed on by the authors. To ensure an independent
review process, screening of manuscript titles and abstracts as well full texts was conducted
through the use of the Rayyan systematic review web app [18]. In case of full text missing,
we contacted the first author by e-mail to obtain the full text. Authors were given one week
to respond and sent a reminder if needed.
2.5. Data Extraction
Following the screening process, data from all included full-text manuscripts were
collected within a data extraction spreadsheet (Excel, Microsoft Corporation, Redmond,
WA, USA) by the first author (T.C.) and then verified by the last author (M.A.A.). Any
discrepancies were resolved by consensus, and, if needed, a third reviewer was consulted
(K.B.). Data extracted from the manuscripts included general publications details (authors,
year of publication, language, etc.), information about the study (design, sample size,
etc.), and information about the studied population (gender, body mass index (BMI), age,
disease, etc.). In addition, specific information addressing each research question was
extracted. A detailed data extraction template is presented in Table S3.
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2.6. Data Synthesis
We recorded the data extracted from each study in tables and summarized it by using
visualizations such as bar graphs, histograms, and pie charts, using Tableau Public 21.2
(TABLEAU SOFTWARE, LLC). Specifically, we first synthesized general study and population details by visualizing the number of studies by year of publication, design, sample size,
country, mean age, mean Body Mass Index (BMI) group, and ethnicity of participants. To
answer what type of wearable technology is used in people with knee OA in a real-world
setting, we visualized the following metrics: type of wearable technology, body location
of use/attachment, and duration of use. To depict applications of wearable technology in
knee OA, we visualized the aims of wearable technology and specific metrics collected with
or transferred to wearable technology from the wearer. Finally, to demonstrate facilitators
and barriers to the feasibility of using wearable technology in a real-world setting in people
with knee OA, we collected and synthesized data on the following metrics: facilitators
and barriers, user experience, adherence to and adverse events related to using wearable
technology, instructions provide to participants how to use wearable technology, how
data obtained from wearable technology was analyzed, and reliability and validity of
wearable technology.
3. Results
The database searches resulted in 3656 records. Following duplicate removal, 2487 titles and abstracts were assessed for eligibility. Of these, 2219 records did not meet the
inclusion criteria. Subsequently, 266 full-text articles were assessed for eligibility, and
68 studies [19–86] were ultimately included in the review (Figure 1).
3.1. General Study and Population Details
In total, 35.3% of the studies were published in the last two full years included in
the review (Figure 2A). Retrospective cohort (19.1%), RCT (14.7%) and cross-sectional
(11.8%) were the most reported study designs (Figure 2B). The USA was the country where
the majority of the studies were conducted (51.5%), followed by Canada (11.8%) and
the UK (10.3%) (Figure 2C). 35.3% of studies recruited ≤50 participants with knee OA
(Figure 2D). Female participants constituted the majority of study subjects in most of the
studies (Figure 2F). Most of the studies recruited people with knee OA aged in the range
of 60 to 70 years old (Figure 2E), and in the BMI range of 28 to 32 kg/m2 (Figure 2G). 58.8%
of the studies did not report the ethnic background of participants (Figure 2H).
3.2. Wearable Technology
Accelerometers were the most used type of wearable technology, accounting for
63% of wearables reported in the studies (Figure 3A). The reported wearable technology
was mostly attached in the regions of the pelvis (19.8%), hip (16.1%), and mid-thigh
(13.6%), while hand-held types of wearable technology accounted for 13.6% of all reported
technology types (Figure 3B). In 69.1% of studies, participants were instructed to use
wearable technology for less than one week (Figure 3C).
3.3. Applications of Wearable Technology
We identified three main aims of wearable technology use, with outcome assessment
being the most common application (72%) (Figure 3D). Specific data metrics
recorded/transferred from/to the wearer are organized according to the type of wearable
technology and presented in Figure 4. Time spent in moderate to vigorous or sedentary physical activity and the number of steps per day were the metrics collected most
often (Figure 4).
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technology should be analyzed. We determined that 42% of the studies collecting sensor
data with wearable technology did not report how they analyzed raw data, and out of
those who reported, half used a commercially available producer software, whereas the
other half own processing algorithms (Figure 5F). In addition, we observed that the validity
and reliability of the wearable technology were not reported in 61.4 and 66.6% of studies,
respectively (Figure 5G,H). Likewise, 80.7% of studies did not include raw sensor data
collected with wearable technology, and none of the studies accompany their publication
with publicly available software/algorithms for data analysis (Supplementary Excel file).
Finally, low cost and longer duration of battery time of wearable technology were also
commonly reported by facilitators. However, we identified that 97 and 95.6% of studies
did not report the price and battery time of wearable technology used in their studies
(Supplementary File S1).
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in the last two full years included in the review. Variability in the study designs reported
represents the variety of the context that wearable technology was used in. Most studies recruited relatively young participants (62–66 years of age) and in the overweight/obese BMI
category (28–32 kg/m2 ), which is in line with a review by Kobsar et al. [8], but questions the
generalizability of the results to older populations with a more severe OA stage. We did not
collect data on radiological severity of knee OA, which could have provided more insights
regarding the generalizability of the results to people with a more severe knee OA diseases
stage and thus can be a topic for future research. Although the majority of the studies
were limited to less than 50 participants, cohort studies such as the Osteoarthritis Initiative
(n > 1000) [70] or the Multicentre Osteoarthritis Study (n > 400) [61] provide convincing
evidence that wearable technology can be used in a large scale in a real-world setting
in people with knee OA. Few studies collected information on race/ethnicity, despite its
considerable significance for outcomes and disparities [87]. Wearable technology presents
an opportunity to reduce workforce, financial, and geographic barriers [88]. The relative
scarcity of studies in vulnerable populations suggests the need for improved representation
to ensure that wearable technology is designed for use in all populations and that it does
not exacerbate disparities.
4.1. Applications of Wearable Technology in Knee OA
Currently, wearable technology is used for outcome assessment, information sharing,
and treatment.
An accelerometer was the most common wearable technology used for outcome
assessment. Although the use of an accelerometer allows researchers and clinicians the
ability to track a broad scope of outcomes, its current use in a real-world setting is limited to assessing physical activity metrics. Nevertheless, accelerometers provide greater
objectivity in assessing physical activity than patient-reported outcomes which are subject to the ceiling effect and recall bias [89]. Moreover, accelerometers can measure the
four dimensions of physical activity: frequency, intensity, time, and type, but an inability
to measure all activities with equal accuracy has been suggested as their current limitation [15]. In addition, data processing methods for accelerometers are not generalizable
to all populations because they are based on specific thresholds subject to differences in
movement patterns and walking speed between populations [59]. An overwhelming number of studies placed an accelerometer near the center of mass. However, the accelerometer
anatomical placement should be chosen appropriately based on the research question as
it influences their characteristics, user acceptance, engineering requirements, and data
processing choices [90].
In health care, sensor data such as accelerometry of gyroscope data would be even
more relevant if combined with simultaneously collected patient-reported outcomes. This
would enable adding context to the sensor metrics, monitoring of symptoms, and can
aid clinical decision making and empower patients. This review demonstrates the ability to collect patient-reported outcomes such as pain intensity, KOOS and WOMAC by
using tablets, smartwatches, and smartphones. Most studies were observational in nature and represented outcome assessment in non-experimental conditions with the aim
to establish associations between wearable technology-derived health metrics and other
health outcomes. Nevertheless, the overall variability of the metrics reported, and in
some cases inconsistencies in methods and data processing choices, calls into question the
current ability of wearable technology-derived outcomes to inform health prevention and
management efforts.
Current research in user-related information delivery via wearable technology is
primarily concerned with the provision of feedback, real-time user insight, and recommendations. Tablets, smartwatches, or smartphones were utilized in 15 studies for information
sharing, such as reminding participants about using another wearable technology, providing information/advice about the importance of participation in physical activity/exercise,
or connecting with a health professional or with other study participants. Examples from

J. Clin. Med. 2021, 10, 5645

11 of 19

other areas demonstrate that wearable technologies incorporating an information-sharing
function within the device can enhance communication between patients, professionals,
and caregivers, provide more opportunities to express feelings, increase connectedness
and caregiver support and improve advanced care planning [91]. Smartphones, tablets
and/or smartwatches are accessible and can be delivered conveniently and easily to the
target audience. However, these devices may not be suitable for all people with knee OA,
potentially because of age, preference, comorbidities, and/or severity of illness. Manini
et al. observed that App interface customization was a recurring theme throughout the
focus group discussions, pointing to the need to accommodate potential hearing and visual
impairments and to users’ individual needs [92]. Therefore, using wearable technologies for
information sharing must be tailored to the needs, preferences, and conditions of patients
and be supported by face-to-face modes in the intervention package.
We found 11 studies that used wearable technologies, such as ultrasound, PES, PEMF,
and or TENS for the treatment of people with knee OA in a real-world setting. Many
people with knee OA may live at a distance from health services and continue to be
in the workforce with limited time to attend treatment sessions. Thus, such wearable
devices have the potential to be an important component in models of care by offering
a sustainable opportunity to improve patient outcomes via the enhanced delivery of
self-management tools and increased access to best practices and continuity of care [93].
Although some reviews suggested ultrasound and PEMF to be effective in reducing pain
and improving physical function in people with knee OA [94,95], it should be noted that
current international clinical guidelines for the management of knee OA do not recommend
such devices to be considered a core treatment for knee OA [96,97].
4.2. Facilitators and Barriers to Feasibility of Using Wearable Technology in a Real-World Setting
The possibility of enriching people with knee OA with wearable technology to manage
their own health and facilitating clinicians with superior methods of monitoring highlights
the potential of such devices [98]. With technology improving drastically, we can expect
such devices to be widely adopted in patient care in the future. A prerequisite for this is
a better understanding of the facilitators and barriers to the feasibility of using wearable
technology in a real-world setting. Our review demonstrates, however, that these aspects
have not been addressed in most of the studies.
The user feedback reviews report that initial user enthusiasm on wearable devices
is often lost because of technical complexities, price, data quality concerns, and unclear
end-user needs [99]. Indeed, we observed low technical complexity was the most reported
facilitator. Data on user experience and engagement is crucial for the widespread adoption
of such devices for patient self-management. Very few studies, however, evaluated user
experience, adverse events related to the use of wearable technology, nor did they report
whether they provided instructions to participants on how to use the wearable technology. Simple interface, technical support, and clear instructions are needed to tackle the
technological barriers, which is consistent with other studies [100,101].
Low cost of wearable technology or subsidization of costs by health insurance was
another facilitator. Only two studies reported the price of wearable technology used in their
studies with a reported price of $4400 to $6800 for ultrasound devices [26,33]. Sliepen et al.
reported that the financial burden varies widely between activity monitors for knee and
hip OA patients, ranging from €25 to €4500 [15], demonstrating a difference in the price of
wearables depending on their applications (data collection vs. treatment). Authors also
reported that the need for and cost of required software varies greatly between the devices,
which makes it difficult to understand the overall cost of the wearable technologies.
Establishment and disclosure of specific threshold for estimation of physical -activity
metrics derived from accelerometers and consensus on how this data should be analyzed
was another facilitator. Collins et al. observed that specific thresholds to measure PAs
derived from hip-worn accelerometers should not be used to measure PA by wrist-worn
accelerometers in adults with knee OA [59]. Our review demonstrated variability and

J. Clin. Med. 2021, 10, 5645

12 of 19

lack of consensus regarding processing choices for sensor data from wearable devices.
We additionally show that 50% of included studies used wearable technology, which
was validated/tested for reliability on the non-knee OA population. This is consistent
with a recent meta-analysis demonstrating that IMU devices are generally validated with
highly heterogeneous protocols, in different populations, and against varying criteria
methods [102]. The validation of wearable technologies explicitly in healthy individuals
could lead to an erroneous reflection of the device’s true validity, as knee OA leads to
abnormalities in gait dynamics and increased energy expenditure during gait compared to
healthy participants [103]. Moreover, validation studies are often conducted in a laboratory
setting, which represents an artificially constrained environment deviating from a realworld setting, thereby confounding locomotor parameters compared to habitual gait
performance [104].
Another facilitator was the ability of technology to connect/provide feedback to a
health professional or the ability to receive feedback in the form of visualizations of patient’s
data metrics or information about the disease. Participants emphasized the importance
of using easily understandable and interpretable health metrics on which counseling can
be based. If wearable technology provides feedback, it is important that it has respectful
automation (appropriate frequency of questionnaires) and tone of feedback. Beukenhorst
et al. reported that too frequent reminders about the importance of participation in physical
activity sent via a smartphone app made participants feel guilty, especially in a situation
when exercise was not possible [55].
The long duration of battery time is another important facilitator; along with being
comfortable, light, and user-friendly, wearable technology needs to be power efficient.
We observed that majority of the accelerometers studies monitored physical activity for
seven days which has been shown to enhance the robustness of the physical activity
measurements and is a manageable length of time for most patients to wear the sensor,
resulting in sufficient compliance [105]. Although sensor miniaturization has made it
possible to measure for days or weeks without the need for large and bulky batteries or
base stations, identified research trends reveal that research on battery technology lags
compared with research on other wearable system components, implying that energy
efficacy and efficiency remain an important design concern [106].
4.3. Recommendations for Future Research
The translation to a long-term commitment to wearable technology for health monitoring and management in a real-world setting requires clear use scenarios, valuable feedback,
and constructive recommendations. The findings of this review provide guidance for
planning and designing research that aims to utilize wearable technology in people with
knee OA for these purposes.
First, we identified gaps in the literature in terms of reporting. We recommend that
authors collect and report data on multiple aspects of user experience, such as adherence
to using wearable technology, adverse events, and acceptability. In addition, reporting
of technical specifications of wearable technology such as weight, size, price, sampling
frequency, and battery time was missing in most studies but is critical for further development of such technologies. Moreover, due to inconsistencies in how physical activity data
is processed, publishing raw data sets as supplementary files should be standard practice.
In accelerometers, for instance, an important feature might be the possibility to extract raw
data that can be analyzed independent of the manufacturers’ algorithms or re-analyzed
retrospectively if new algorithms are developed. Likewise, we found that no studies provided any open software to accompany their articles. Open-source software repositories
(i.e., GitHub) can support cost-effective replication, advancement, and growth of software
for clinical research [107]. Although limited, such examples are already present in the
field of wearable technology [108,109]. Finally, a set of standard outcome measures and
a testing methodology should be established in wearable technology for health outcome
assessment in people with knee OA. We extracted close to 90 different data metrics, and
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most studies did not report the methodology of using wearable technology in participants’
real-world settings. Within optical gait analysis, the standard testing methodology is well
established in knee arthroplasty research [110]. Similar progress is required in research on
the utilization of wearable technology in a real-world setting in knee OA.
Second, we observe significant gaps in the capability of wearable technology to
collect other health outcomes than physical activity-based metrics. Although knee OA
is considered to be partially driven by abnormal biomechanics [111], there is limited
research in terms of using wearable technology for gait analysis in a real-world setting.
A combination of accelerometers, gyroscopes, and magnetometers (IMU devices) may
provide added benefits to measuring more complex metrics related to the biomechanics
of gait, such as kinematics or kinetics, and thus provide insights into the quality of gait
in various situations that would not be detected within constrains of in-lab setting [112].
IMUs have however significant power and data storage requirements [113], which requires
a level of active interaction by the user for battery charging and initiation of data collection
and transfer. In addition, measuring more complex metrics would require the integration
of valid activity classification and event detection algorithms, which are usually studied
in isolation but rarely incorporated together in a single system [108]. Hence, due to these
technical and logistical difficulties, longitudinal assessment via IMUs is currently lacking.
Nevertheless, such examples are already present in other fields [114,115] and can serve
as a basis for further development of such devices for the assessment of biomechanics in
people with knee OA in a real-world setting.
Finally, studies using machine learning and AI for delivering personalized support
based on the data from wearable technology were not present among included studies,
despite progress in AI-enable healthcare delivery [116]. The large volume of heterogeneous
data types collected using wearable technology is beyond the abilities of commonly used
data processing techniques. High-performance computing such as AI, machine learning,
or deep neural networks permits the efficient processing of large volumes of data, but
future studies need to consider how such an approach would transform collected data into
manageable and useful information for people with knee OA. Current commercial wearable
technologies lack relevance for many potential users, presenting an additional burden [117].
To gain wider consumer preference, the data collected with wearable technology has to be
fitted into specific contexts, offering the needed insights and advice.
4.4. Limitations
First, we did not conduct the assessment of the risk of bias and evidence strength.
This is, however, not mandatory in scoping reviews [17] and, given the variety of designs
of the included studies, would be out of the scope of this review. Second, it is questionable
whether the results of this study can be extrapolated to people with a severe stage of knee
OA as the included studies recruited relatively young people with knee OA (62–66 years of
age). Finally, we did not include studies that investigated wearable technology in people
with knee OA scheduled for or after knee joint replacement surgery.
5. Conclusions
The research utilization of wearable technology in a real-world setting in people with
knee OA is increasing, with the use of accelerometers for physical activity assessment
being the most prevalent mode of use. There is a gap in research regarding the use
of wearable technology for patient self-treatment and for information-sharing. To fully
realize the clinical potential of wearable technology for people with knee OA, this review
highlights the need for more research employing wearable technology for information
sharing and treatment, increased inter-study consistency through standardization and
improved reporting, and increased representation of vulnerable populations.
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Ometov, A.; Shubina, V.; Klus, L.; Skibińska, J.; Saafi, S.; Pascacio, P.; Flueratoru, L.; Gaibor, D.Q.; Chukhno, N.; Chukhno, O.; et al.
A Survey on Wearable Technology: History, State-of-the-Art and Current Challenges. Comput. Netw. 2021, 193, 108074. [CrossRef]

J. Clin. Med. 2021, 10, 5645

89.

90.
91.
92.

93.
94.

95.
96.

97.

98.
99.
100.
101.
102.

103.

104.
105.

106.

107.
108.
109.
110.
111.
112.
113.

18 of 19

Lundgren-Nilsson, Å.; Dencker, A.; Palstam, A.; Person, G.; Horton, M.C.; Escorpizo, R.; Küçükdeveci, A.A.; Kutlay, S.;
Elhan, A.H.; Stucki, G.; et al. Patient-reported outcome measures in osteoarthritis: A systematic search and review of their use
and psychometric properties. RMD Open 2018, 4, e000715. [CrossRef] [PubMed]
Godfrey, A.; Conway, R.; Meagher, D.; Ólaighin, G. Direct measurement of human movement by accelerometry. Med. Eng. Phys.
2008, 30, 1364–1386. [CrossRef] [PubMed]
Finucane, A.M.; O’Donnell, H.; Lugton, J.; Gibson-Watt, T.; Swenson, C.; Pagliari, C. Digital health interventions in palliative care:
A systematic meta-review. NPJ Digit. Med. 2021, 4, 64. [CrossRef]
Manini, T.M.; Mendoza, T.; Battula, M.; Davoudi, A.; Kheirkhahan, M.; Young, M.E.; Weber, E.; Fillingim, R.B.; Rashidi, P.
Perception of Older Adults Toward Smartwatch Technology for Assessing Pain and Related Patient-Reported Outcomes: Pilot
Study. JMIR mHealth uHealth 2019, 7, e10044. [CrossRef] [PubMed]
Slater, H.; Dear, B.F.; Merolli, M.; Li, L.C.; Briggs, A.M. Use of eHealth technologies to enable the implementation of musculoskeletal Models of Care: Evidence and practice. Best Pract. Res. Clin. Rheumatol. 2016, 30, 483–502. [CrossRef] [PubMed]
Zeng, C.; Li, H.; Yang, T.; Deng, Z.-H.; Yang, Y.; Zhang, Y.; Ding, X.; Lei, G.-H. Effectiveness of continuous and pulsed ultrasound
for the management of knee osteoarthritis: A systematic review and network meta-analysis. Osteoarthr. Cartil. 2014, 22,
1090–1099. [CrossRef]
Wu, Z.; Ding, X.; Lei, G.; Zeng, C.; Wei, J.; Li, J.; Li, H.; Yang, T.; Cui, Y.; Xiong, Y.; et al. Efficacy and safety of the pulsed
electromagnetic field in osteoarthritis: A meta-analysis. BMJ Open 2018, 8, e022879. [CrossRef] [PubMed]
Fernandes, L.; Hagen, K.B.; Bijlsma, J.W.J.; Andreassen, O.; Christensen, P.; Conaghan, P.; Doherty, M.; Geenen, R.; Hammond, A.;
Kjeken, I.; et al. EULAR recommendations for the non-pharmacological core management of hip and knee osteoarthritis.
Ann. Rheum. Dis. 2013, 72, 1125–1135. [CrossRef]
Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.;
Abbott, J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis.
Osteoarthr. Cartil. 2019, 27, 1578–1589. [CrossRef]
Pagliari, C.; Sloan, D.; Gregor, P.; Sullivan, F.; Detmer, D.; Kahan, J.P.; Oortwijn, W.; MacGillivray, S. What Is eHealth (4): A
Scoping Exercise to Map the Field. J. Med. Internet Res. 2005, 7, e9. [CrossRef]
Bothun, D. The Wearable Life 2.0: Connected Living in a Wearable World. 2016. Available online: https://www.pwc.se/sv/pdfreports/the-wearable-life-2-0.pdf (accessed on 25 November 2021).
Lee, C.; Coughlin, J.F. PERSPECTIVE: Older Adults’ Adoption of Technology: An Integrated Approach to Identifying Determinants and Barriers. J. Prod. Innov. Manag. 2014, 32, 747–759. [CrossRef]
Piwek, L.; Ellis, D.A.; Andrews, S.; Joinson, A. The Rise of Consumer Health Wearables: Promises and Barriers. PLoS Med. 2016,
13, e1001953. [CrossRef]
Kobsar, D.; Charlton, J.M.; Tse, C.T.; Esculier, J.-F.; Graffos, A.; Krowchuk, N.M.; Thatcher, D.; Hunt, M.A. Validity and reliability
of wearable inertial sensors in healthy adult walking: A systematic review and meta-analysis. J. Neuroeng. Rehabil. 2020, 17,
1–21. [CrossRef]
Jones, A.; Silva, P.G.; Silva, A.C.; Colucci, M.; Tuffanin, A.; Jardim, J.R.; Natour, J. Impact of cane use on pain, function, general
health and energy expenditure during gait in patients with knee osteoarthritis: A randomised controlled trial. Ann. Rheum. Dis.
2011, 71, 172–179. [CrossRef]
Del Din, S.; Godfrey, A.; Galna, B.; Lord, S.; Rochester, L. Free-living gait characteristics in ageing and Parkinson’s disease: Impact
of environment and ambulatory bout length. J. Neuroeng. Rehabil. 2016, 13, 1–12. [CrossRef]
Demeyer, H.; Burtin, C.; Van Remoortel, H.; Hornikx, M.; Langer, D.; Decramer, M.; Gosselink, R.; Janssens, W.; Troosters, T.
Standardizing the Analysis of Physical Activity in Patients With COPD Following a Pulmonary Rehabilitation Program. Chest
2014, 146, 318–327. [CrossRef]
Curcin, V.; Silva, P.A.; Guisado-Fernandez, E.; Loncar-Turukalo, T.; Zdravevski, E.; Da Silva, J.M.; Chouvarda, I.; Trajkovik, V.
Literature on Wearable Technology for Connected Health: Scoping Review of Research Trends, Advances, and Barriers. J. Med.
Internet Res. 2019, 21, e14017. [CrossRef]
Shen, Z.; Spruit, M. A Systematic Review of Open Source Clinical Software on GitHub for Improving Software Reuse in Smart
Healthcare. Appl. Sci. 2019, 9, 150. [CrossRef]
Gurchiek, R.D.; Choquette, R.H.; Beynnon, B.D.; Slauterbeck, J.R.; Tourville, T.W.; Toth, M.J.; McGinnis, R.S. Open-Source Remote
Gait Analysis: A Post-Surgery Patient Monitoring Application. Sci. Rep. 2019, 9, 17966. [CrossRef] [PubMed]
Benson, L.C.; Ahamed, N.U.; Kobsar, D.; Ferber, R. New considerations for collecting biomechanical data using wearable sensors:
Number of level runs to define a stable running pattern with a single IMU. J. Biomech. 2019, 85, 187–192. [CrossRef] [PubMed]
Papagiannis, G.I.; Triantafyllou, A.I.; Roumpelakis, I.M.; Papagelopoulos, P.J.; Babis, G.C. Gait analysis methodology for the
measurement of biomechanical parameters in total knee arthroplasties. A literature review. J. Orthop. 2018, 15, 181–185. [CrossRef]
Guilak, F. Biomechanical factors in osteoarthritis. Best Pract. Res. Clin. Rheumatol. 2011, 25, 815–823. [CrossRef]
Al-Amri, M.; Nicholas, K.; Button, K.; Sparkes, V.; Sheeran, L.; Davies, J.L. Inertial Measurement Units for Clinical Movement
Analysis: Reliability and Concurrent Validity. Sensors 2018, 18, 719. [CrossRef]
Wang, C.; Lu, W.; Narayanan, M.R.; Redmond, S.J.; Lovell, N.H. Low-power technologies for wearable telecare and telehealth
systems: A review. Biomed. Eng. Lett. 2015, 5, 1–9. [CrossRef]

J. Clin. Med. 2021, 10, 5645

19 of 19

114. Ramkumar, P.N.; Haeberle, H.; Ramanathan, D.; Cantrell, W.A.; Navarro, S.; Mont, M.A.; Bloomfield, M.; Patterson, B.M. Remote
Patient Monitoring Using Mobile Health for Total Knee Arthroplasty: Validation of a Wearable and Machine Learning–Based
Surveillance Platform. J. Arthroplast. 2019, 34, 2253–2259. [CrossRef] [PubMed]
115. Benson, L.C.; Clermont, C.A.; Bošnjak, E.; Ferber, R. The use of wearable devices for walking and running gait analysis outside of
the lab: A systematic review. Gait Posture 2018, 63, 124–138. [CrossRef]
116. Reddy, S.; Fox, J.; Purohit, M.P. Artificial intelligence-enabled healthcare delivery. J. R. Soc. Med. 2018, 112, 22–28. [CrossRef]
117. Sun, H.; Zhang, Z.; Hu, R.Q.; Qian, Y. Wearable Communications in 5G: Challenges and Enabling Technologies. IEEE Veh. Technol.
Mag. 2018, 13, 100–109. [CrossRef]

