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Abstract

The advent of commercially available wearable activity monitors and smartphone apps allows objective
digital monitoring of daily activities of patients before and after THR surgery. A wide variety of
wearable activity monitors and smartphone apps are being marketed to assist with enhancing physical
activity following surgery. A systematic review of commercial wearable technology and smartphone
apps was undertaken to assess the evidence supporting their efficacy in assisting rehabilitation and
patient monitoring following THR. A search was conducted using the electronic databases including
Medline, CINAHL, Cochrane, PsycARTICLES and PubMed of studies from January 2000 to January
2019. Five studies met the eligibility criteria. A review of the studies found very little evidence to
support long term efficacy of the technology in enhancing rehabilitation and patient monitoring post
THR. Future work is required to establish which commercially available monitoring technology is most
valuable to patients, which ones improve clinical outcomes post THR, and what are the best economical

models for their deployment.
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Introduction

Total hip arthroplasty (THR) is among the most successful operations and is performed in an increasing
number of individuals around the world with the primary aim of reducing pain and improving function
[1]. However, an objective evaluation of physical function and performance status post-surgery is
difficult because patients spend the majority of their postoperative rehabilitation outside the clinic and

self-report to providers using subjective methods such as patient reported outcomes measures (PROMs)

2.

Despite concerns over standardization [2], PROMs offer insight into an individual’s daily, and results
are generally positive. However, discrepancies are seen when PROMs are compared to performance
based function [3] and a number of studies have suggested caution with only using subjective data as
the measure of recovery [3, 4, 5]. In addition, compared with pre-operative function, post-operative

activity levels are low and many individuals become socially isolated following surgery [6, 7].

The launch of commercially available wearable devices such as activity monitors and smartphone apps
allows objective monitoring of daily activities. In addition to their growing popularity [8], these devices
are equipped with a wide variety of different sensors and algorithms to collect and display physical
activity data. Different devices have advantages and disadvantages, including cost, comfort, ease of use,
and immediacy of feedback provided. Some are likely to be more suited for research and others for

clinical purposes working as a ‘virtual trainer’ to motivate people to complete an exercise programme

[9].

Several studies have compared activity tracking wearables and smartphone apps. Their aim is to analyse
their reliability and assess their effectiveness on increasing rehabilitation adherence. A number of
limitations in their performance have been identified. Fokkema, Kooiman [10] identified the need for
further validation of activity monitors in slower walking populations. Bahadori, Wainwright [11] also
found that despite a wide range of apps currently available to individual following THR and total knee
replacement (TKR), there was significant variability in their quality. Sanders, Loveday [12] reviewed

the characteristics and measurement properties of currently available, self-monitoring wearables for



health self-monitoring, sedentary behaviour and personal activity detection. They reviewed various
aspects of these devices, and found that there is still a need for further development to self-monitor

sedentary behaviour.

Although overall, advances in wearable technology has enabled several studies to use more valid and
reliable objective measures of physical activity, the picture related directly to THR remains unclear [13,
14, 15] and to date, there has been no systematic review of studies objectively measuring personal
activity after THR. Therefore, the aim of this review is to systematically identify all studies which
utilised commercially available activity monitors or smartphone apps to measure physical activity in

individuals both before and after THR.



Method

This review is reported according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (www.prismastatement.org/PRISMAStatement). A computer-based
search was completed in January 2019 using the mySearch Database (Bournemouth University). This
included Cochrane Database of Systematic Reviews library, CINAHL Complete®, Science Citation
Index and Medline®. Articles published in the English language from January 2000 to January 2019
were reviewed. Search strategy terms are outlined in Table 1 and Table 2. Studies included were
commercially available activity trackers and smartphone apps capable of providing feedback to the end

user following THR surgery.

The most popular wearable devices on the market [16] were chosen for this systematic review and
included: Fitbit, Garmin, Apple, Misfit, Polar, Samsung Gear, TomTom, and Lumo. A second
systematic search strategy was also employed to capture the smartphone apps across the five most
popular smartphone app stores: iTunes; Google Play; Windows Mobile; Blackberry App World; and
Nokia Ovi for analysis. Once the initial searches were completed, the results were manually filtered to
remove duplicates. Two independent reviewers (SB and SC) then screened journal titles and abstracts
for relevance until only 74 papers remained (see Figure 1 for flowchart). Any disagreements between
reviewers were discussed with IS and resolved by consensus. Studies included were commercially
available activity trackers and smartphone apps capable of providing feedback to the end user following

THR surgery.

As this study utilised information that was available in the public domain and there was no interaction
with patients or retrieval of personal data, the Health Research Authority (HRA) ethics database [17]

confirmed ethics approval was not required and therefore not sought.

[Table 1 near here]

[Table 2 near here]

[Figure 1 near here]


http://www.prismastatement.org/PRISMAStatement

Data extraction process

SB extracted data to a standardised table, details found in Table 3 and Table 4.

[Table 3 near here]

[Table 4 near here]

Data quality

The Risk Of Bias In Non-randomized Studies of Interventions (ROBINS-I) [18] and Risk of Bias in
Randomized trials (RoB 2.0) [19] tool was used to assess the risk of bias. ROBINS-I includes seven
domains including confounding, selection of participants into the study, classification of interventions,
deviations from the intended interventions, missing data, measurement of outcomes, and selection of
the reported result. The categories for risk of bias judgements for ROBINS-I are 'low risk’, 'moderate
risk’, 'serious risk', and ‘critical risk' of bias [18]. RoB 2.0 includes six domains including randomization
process, timing of identification, recruitment of participants, deviations from intended intervention,
missing outcome data and measurement of outcomes. The categories for risk of bias judgements for

RoB 2.0 are ‘low risk’, ‘high risk’ and ‘some concerns’.



Results

Classification of technologies and application in patient monitoring

Five studies were identified which utilised currently available commercial wearable activity monitors

and smartphone apps to measure physical activity before to after THR.

Wearable Activity Monitor Devices

Toogood, Abdel [20] used an activity monitor (Fitbit) in a cohort of 33 patients undergoing elective
primary THR, and aged above 60 years who were mobile pre-operatively. Age, gender, BMI, surgical
approach, length of stay, and discharge disposition were extracted from the medical records. All patients
wore a Fitbit wireless accelerometer on their operated side ankle for 30 days after discharge. A mean
step count was obtained for all patients on each post-operative day. The patient computer or mobile
device transmitted data to a web service that was accessible by investigators who reviewed the data
each day. The mean compliance over 30 days was 26.7 days of use. There was a clear trend towards
increased activity with passage of time. Additionally, Fitbit data showed correlation between age, BMI,
surgical approach and destination of patient at the time of discharge from hospital. Toogood, Abdel
[20] concluded that at-home remote monitoring using Fitbit monitor is viable and can be a great help to

those patient who recover slowly.

A randomized control study by Van der Walt, Salmon [21] used Garmin Vivofit® 2 to assess the activity
levels of 163 patient following THR and TKR surgery. Eligible patients were all adults undergoing
primary elective hip or knee replacement surgery. Invited two week prior to their surgery, patients
received a Garmin Vivofit® 2 upon acceptance to take part. On day 1 after arthroplasty, randomisation
was performed, creating two equal numbered groups of ‘Feedback Group’ or ‘No Feedback Group’. In
the ‘The Feedback Group’, patients were able to see their step counts and were given a daily step goal.
The goal of 7000 steps by week 6 was selected as this is the recommended daily step count for healthy
older adults (>65). Participants in the “Non- Feedback Group” continued to wear the device with the
display obscured for 2 weeks after surgery and were not given a daily step goal. In addition, all patients

completed patient reported outcome questionnaires (PROMS) preoperatively and at 6 months after



surgery. Van der Walt, Salmon [21] found that patients who received feedback from the Garmin
Vivofit® 2 with a daily step goal were significantly more active than those in the ‘No Feedback Group’.

However there was no significant difference between the groups in PROMS at 6 months.

Smartphone Activity Monitor Apps

Wang, Tong [22] aimed to evaluate the effect of an Internet-based home orthopaedic care platform on
patients’ functional joint recovery, quality of life and activities of daily living after hip replacement. In
this randomized clinical study, 400 THR patients were monitored by 18 local departments of
Orthopaedic surgery using a free smartphone messaging app called WeChat. Patients were either given
routine care or introduced to an intervention care using the WeChat platform. Using the platform,
specially trained nurses interacted with patients on: Clinical Broadcast, Question and Answer
Application, Appointment Application and Rehabilitation Exercise. Patients were able to upload
pictures or videos from their rehabilitation exercises. The patients in the two groups were compared in
terms of functional recovery (Harris hip score), quality-of-life score (MOS SF-36) and activities of daily
living (Barthel index) at 3 and 6 months after discharge. This study found that after 6 months of
continuous intervention, the scores for the intervention group were significantly higher than those in
the control group. Overall, the smartphone app provided a platform for extended care management

outside of the hospital, which can be extremely helpful for patients following THR surgery.

A study by Krumsvik and Babic [23] utilised a user-centred approach to report on the user experience
of smartphone apps to reduce post-THR adverse event. The authors believed that the outcome of an
adverse event has a huge impact on patient well-being, societal costs, as well as the reputation of
healthcare. Therefore, an app which is capable of empowering patients, not only through providing
general information, but also through capturing patient specific data such as pain level, anxiety,
mobility, progress, and quality of recovery is also needed. A smartphone application designer, a female
nurse who had recently undergone THR and a physiotherapist were invited to take part in the study.
They were assessed with respect to the interaction flow, information content and self-reporting

functionalities. SafeTHA app was designed to allow the patient to report any complication following a



THR surgery using a diary platform which the physiotherapist is able to check and reply to with any
advice. The study concluded that the SafeTHA app is a practical, sufficient and intuitive way of

monitoring patient post-THR, however one cannot solely rely on the application.

Crizer, Kazarian [24] used a mobile step-tracking application to record daily steps of 589 patients post
THR (n=301) and TKR (n=288). The goal of this prospective, single-centre study was to evaluate and
compare an objective measure of postoperative recovery, daily step-count with PROMS. Following
consent from patients, the step-tracking app was downloaded to their smartphone. Steps were recorded
and monitored by prospective surgeons for 4 weeks before surgery and 12 weeks thereafter. Patient-
reported lower extremity functional scale (LEFS) scores were recorded at 1, 6, and 12 weeks,
postoperatively. LEFS scores were correlated to weekly median daily steps for a 4 week period just
before surgery, as well as for each of the first 12 consecutive weeks after THR/TKR. Crizer, Kazarian
[24] found that for THR patients, recovery of physical activity was rapid, as the median patient
surpassed their baseline step counts after only 5 weeks, after which further functional improvement was
slow and steady. Overall, in both THR and TKR patients, physical function improved over the first 12
weeks as measured by both steps and LEFS. There is a weak correlation between step counts and LEFS
scores suggesting that subjective measures may provide only part of the story. Crizer, Kazarian [24]
suggested that objective measures such as a step count using a simple smartphone app could be a helpful

and practical addition to the surgeon’s armamentarium for monitoring the recovery of their patients.

Risk of Bias in individual studies

The risk of bias for the five studies included for review is outlined in Table 5. Given the lack of studies
available following screening process, quality assessment was not a factor for inclusion or exclusion
within the systematic review, but was utilised to facilitate interpretation of findings. Two reviewers (SB

and SC) completed the quality assessment, with any discrepancies resolved through discussion.

[Table 5 near here]



Discussion

Clinical assessments and the evidence of use

The main goal of activity monitor wearable and smartphone apps is to monitor and encourage patient
activities during rehabilitation. Clinical trials are crucial to assess the success of the new technologies,
in particular when additional clinical results show improvement in patient condition. However, many
studies have relied primarily on subjectively reported personal activity levels, a method hampered by
reporting biases and inadequate reliability and validity compared to objective methods, such as body-
worn accelerometers [25]. Advances in technology have signalled the release of several studies in
patients undergoing TKR surgery [26], spinal surgery [27], stroke [28], and arm rehabilitation [29, 30]
using more valid and reliable objective measures of physical activity, but the picture related to THR

remains unclear.

The systematic search found five papers, of which two were adopting randomised trials to assess the
commercially available technology for monitoring patients post THR. The papers generally had various
levels of bias (Table 5); however, blinding of participants and personnel and blinding of outcome

assessment were consistently reported to have a high risk of bias.

In general, all of the studies agreed that subjective measures (PROMS) alone may provide only part of
the story and therefore, objective measures for tracking postoperative recovery should be utilised in the
patients’ surgical pathways. Patients who received feedback from a commercial activity tracker or
smartphone app had significantly higher activity levels after THR compared to patients who did not
receive feedback [21, 22, 24]. It is also important to acknowledge that currently an optimal rehabilitation
pathway post THR has not been defined [31], therefore the question of what rehabilitation programmes
wearables should help to facilitate and deliver remains unanswered. Therefore, in the meantime, simple,
objective measures such as step count could be useful tool in managing patient expectation regarding

their personal activity level post THR.

Evidence demonstrating changes at 1 year was not reported in any of the studies; therefore, it remains

unclear what long-term changes may occur after THR. Of the studies reporting improvement in activity



level after THR, the clinical significance was unclear and impacted by a risk of methodological bias.
The accuracy of activity monitors at low speed has been previously questioned specially in the first
days after surgery when activity level is expected to be at a slower rate [32, 33]. There is also no
evidence to support the reliability of the step-tracking application used in Crizer, Kazarian [24] and
when mobile apps are used as the point of contact between patients and healthcare providers, reliability
is dependent on the level of academic education and self-efficacy [34] which were not considered in the

interpretation of the study outcome.

Wang, Tong [22] reported a large effect in functional recovery, quality-of-life score and activities of
daily living at 3 and 6 months after discharge. However, this study was vulnerable to bias regarding
reporting of recruitment handling of potential factors confounding the measurement of personal activity.
Furthermore, there are two major concerns, one related to the interpretation of data and the other on the
impact of the innovation. Evidence shows that patient reported physical function after THR/TKR does
not correlate with objectively assessed function [3, 35, 36]. More importantly, use of applications such
as WeChat which have been designed primarily for messaging and social media to discuss patient data
is forbidden in most European countries with implementation of GDPR [37]. Therefore, despite
agreeing with the effectiveness of an internet-based home orthopaedic platform, this innovation would

be challenging to implement outside China.

It is worth noting that none of the studies examined or reported on the health economics aspects of
introducing the technology. Even if evidence is collected that supports the clinical benefit of wearable

devices, without such data, they are unlikely to be widely adopted in health care systems [38].

Interestingly, wearable activity monitors are among the fastest growing area in consumer technology
[16] and in some cases by the time a study has gained approval, participants have been tested, data
analysed, and reports have been written and gone through the peer review process, wearable technology
or smartphone app has been updated to the next model or has become obsolete [16]. Thus, the wearable
activity monitors used in the studies reviewed here have also been marketed to have the potential to

measure other activities in different clinical trials [8]. Therefore, we have summarised the (Table 6)



characteristics of different types including the sensor use, price, battery life and tracking features of the
two products (Fitbit™, Garmin®) examined. This could be beneficial to readers whom are interested of

using these trackers in future studies.

[Table 6 near here]

Availability of brands is another interesting topic. Since 2011, 432 unique devices from 132 different
brands were introduced to the market [8]. Out of the brands currently available, the five most often used
in research projects are Fithit™, Garmin®, Misfit, Apple, and Polar [8, 16]. In addition, these brands
have all existed for several years and are likely to stay on the market for the immediate future.
Nevertheless, it is worth considering that a high article count, clinical trials or reliability study of a
particular device does not automatically imply suitability of that device for every study. Fitbit™ and
Garmin® which were utilised in the studies reviewed here, both allow third party programs to access,
run and communicate on their devices [39, 40]. Nevertheless, Apple, Misfit, Polar and Samsung also
offer similar capabilities [8]. For projects that require remote access to patient’s data such as THR trials,

these features are essential.

Smartphone apps however are slightly more challenging to generalise. In the UK there is no official
requirement to register smartphone or tablet apps either as software or devices with the Medicines and
Healthcare products Regulatory Agency (MHRA) [41]. Whereas in the USA, Food and Drug
Administration (FDA) [42] have recently announced a regulatory program, aiming to ensure that the
quality of the apps is sufficient before it is available to the public. The guidelines [42] that are available
are just that, so it depends on what the app does and the level of patient risk associated with it as to
whether it should be classified as a medical device or not. Furthermore, at the time of writing, none of
the apps included in our review have been included in the ‘“NHS approved” list [43] nor had any shown
evidence that they had volunteered to take part in the FDA software and app precertification program.
Nonetheless, new possibilities are becoming available with the use of smartphones and apps to estimate
as well as physical activity [44] but studies are required to assess their reliability for the measurement

of activity and angles in different walking speeds.



The studies included in this review demonstrate that the technology (activity monitors, and smartphone
apps) are safe and feasible, and that they show promise in measuring physical activity before and after
THR. In contrast, there is lack of evidence supporting sustained use or effects on health outcomes, as
studies have primarily focused on establishing the feasibility of monitoring activity and the association

of measured activity with short-term benefits.

Recommendation for future research

As the wearable activity monitors and smartphone apps in THR research evolves, the challenges in
clinical measurements, development, adherence, privacy, and clinical integration need to be addressed
before these devices are broadly adapted as a clinical and self-assessment tools. Several of our key
recommendations and clinical directions are as follow. First, we believe that involving patients in goal
setting is essential and will define the use of the appropriate activity monitor. A good compliance is an
important part of a well delivered clinical trial and greatly influenced by patients characteristics [34].
Second, the biggest deficit following THR surgery is the walking speed and step length among THR
patients [45]. Activity monitors allow an objective measure of those parameters, and by only
considering step count we are not addressing gait adaptations which persist after surgery. Third, a
limitation from all of the studies reviewed here is the uncertainty around the accuracy of the activity
trackers. The Consumer Technology Association (CTA) have developed protocols to evaluate devices
for step count [46], sleep validity [47] and a standard for heart rate is expected to be released in 2020.
More standards and protocols should be developed for other parameters such as heart rate, intensity and
activity profiles. A guideline recommendation has been published recently [16] and should be utilised
to help evaluate devices in a standardize format. In addition to these guidelines, it is recommended to
use a single activity monitor in a particular study. Fourth, wearables should be regarded as facilitators
rather than drivers of change in health behaviour [48]. Future research protocols should be designed
with an aim to develop a behaviour change program that utilise wearable activity monitors or

smartphone apps to offer a more organized and engaging experience than use of the device alone.



Limitations

There is limited data specifically investigating the use of commercial wearable technology and
smartphone apps with THR pathways. Although of good methodological quality, the studies employed
different protocols making generalisability difficult. In addition, the Krumsvik and Babic [23] study
was a user design report which suffered from serious risk of bias. Furthermore, we only summarised
characteristics of the two brands (Fitbit™, Garmin®) and their current iteration of activity trackers which
is most used across all clinical research [8]. We did not collect information about all devices that have
existed at some point. This was done with the aim to reduce the burden on researchers with difficulties

of selecting a suitable activity monitor for research.

Conclusion

Commercially available activity monitoring wearables and smartphone apps have the potential to
engage patients as advocates in their personalized care, as well as offer health care providers objective
assessments of their patients’ daily activity patterns. However, this review finds very little evidence to
support their long term efficacy in enhancing rehabilitation pathways post THR. Future work is required
to establish which monitoring technology is most valuable to patients, which improve clinical outcomes

post THR, and what are the best economical models for their deployment.

Funding: The authors received no funding for this study.

Declaration of conflicting interests: The Authors declare that there are no conflicts of interest relevant
to this work



Refrences

10.

11.

12.

13.

14.

15.

16.

17.

18.

Culliford D, Maskell J, Judge A, et al. Future projections of total hip and knee arthroplasty in the UK:
results from the UK Clinical Practice Research Datalink. Osteoarthritis and Cartilage. 2015
2015/04/01/;23(4):594-600. doi: https://doi.org/10.1016/j.joca.2014.12.022.

Siljander MP, McQuivey KS, Fahs AM, et al. Current Trends in Patient-Reported Outcome Measures in
Total Joint Arthroplasty: A Study of 4 Major Orthopaedic Journals. The Journal of arthroplasty.
2018;33(11):3416-3421. doi: 10.1016/j.arth.2018.06.034.

Luna IE, Kehlet H, Peterson B, et al. Early patient-reported outcomes versus objective function after total
hip and knee arthroplasty: a prospective cohort study. The bone & joint journal. 2017 Sep;99-b(9):1167-
1175. doi: 10.1302/0301-620x.99b9.bjj-2016-1343.r1. PubMed PMID: 28860396; eng.

Holl S, Blum A, Gosheger G, et al. Clinical outcome and physical activity measured with StepWatch 3
Activity Monitor after minimally invasive total hip arthroplasty. Journal of orthopaedic surgery and
research. 2018 Jun 15;13(1):148. doi: 10.1186/s13018-018-0775-4. PubMed PMID: 29907134; PubMed
Central PMCID: PMCPMC6003151. eng.

Bandholm T, Wainwright TW, Kehlet H. Rehabilitation strategies for optimisation of functional recovery
after major joint replacement [journal article]. Journal of Experimental Orthopaedics. 2018 October
11;5(1):44. doi: 10.1186/s40634-018-0156-2.

Harding P, Holland AE, Delany C, et al. Do activity levels increase after total hip and knee arthroplasty?
Clinical orthopaedics and related research. 2014;472(5):1502-1511. doi: 10.1007/s11999-013-3427-3.
PubMed PMID: 24353051.

Smith T. “On their own”: social isolation, loneliness and chronic musculoskeletal pain in older adults.
Quality in Ageing and Older Adults. 2017;18(2):87-92. doi: doi:10.1108/QA0A-03-2017-0010.
Henriksen A, Haugen Mikalsen M, Woldaregay AZ, et al. Using Fitness Trackers and Smartwatches to
Measure Physical Activity in Research: Analysis of Consumer Wrist-Worn Wearables. J Med Internet
Res. 2018 Mar 22;20(3):e110. doi: 10.2196/jmir.9157. PubMed PMID: 29567635; PubMed Central
PMCID: PMCPMC5887043. eng.

Gonzalez-Franco M, Gilroy S, Moore JO. Empowering patients to perform physical therapy at home.
Conference proceedings : Annual International Conference of the IEEE Engineering in Medicine and
Biology Society IEEE Engineering in Medicine and Biology Society Annual Conference.
2014;2014:6308-11. doi: 10.1109/embc.2014.6945071. PubMed PMID: 25571439; eng.

Fokkema T, Kooiman TJM, Krijnen WP, et al. Reliability and Validity of Ten Consumer Activity
Trackers Depend on Walking Speed [Article]. Medicine & Science in Sports & Exercise. 2017
04//;49(4):793-800. doi: 10.1249/MSS.0000000000001146. PubMed PMID: 122025813.

Bahadori S, Wainwright TW, Ahmed OH. Smartphone apps for total hip replacement and total knee
replacement surgery patients: a systematic review. Disability and Rehabilitation. 2018:1-6. doi:
10.1080/09638288.2018.1514661.

Sanders JP, Loveday A, Pearson N, et al. Devices for Self-Monitoring Sedentary Time or Physical
Activity: A Scoping Review. J Med Internet Res. 2016 2016/05/04;18(5):€90. doi: 10.2196/jmir.5373.
Lutzner C, Kirschner S, Lutzner J. Patient activity after TKA depends on patient-specific parameters.
Clin Orthop Relat Res. 2014 Dec;472(12):3933-40. doi: 10.1007/s11999-014-3813-5. PubMed PMID:
25053290; PubMed Central PMCID: PMCPMC4397766. eng.

Schoenfelder E, Moreno M, Wilner M, et al. Piloting a mobile health intervention to increase physical
activity for adolescents with ADHD. Preventive medicine reports. 2017 Jun;6:210-213. doi:
10.1016/j.pmedr.2017.03.003.  PubMed PMID: 28373931; PubMed Central PMCID:
PMCPMC5374871. eng.

Alharbi M, Bauman A, Neubeck L, et al. Validation of Fitbit-Flex as a measure of free-living physical
activity in a community-based phase 11 cardiac rehabilitation population. European journal of preventive
cardiology. 2016 Sep;23(14):1476-85. doi: 10.1177/2047487316634883. PubMed PMID: 2690779%4;
eng.

Bunn JA, Navalta JW, Fountaine CJ, et al. Current State of Commercial Wearable Technology in
Physical Activity Monitoring 2015-2017. International journal of exercise science. 2018;11(7):503-515.
PubMed PMID: 29541338; PubMed Central PMCID: PMCPMC5841672. eng.

Authority NHR. Do | need NHS REC approval? Medical Research Council: HRA; 2019 [cited 2019
15/01/2019]. Available from: http://www.hra-decisiontools.org.uk/ethics/

Sterne JA, Hernan MA, Reeves BC, et al. ROBINS-I: a tool for assessing risk of bias in non-randomised
studies of interventions. BMJ. 2016;355:i14919. doi: 10.1136/bm;.i4919.



https://doi.org/10.1016/j.joca.2014.12.022
http://www.hra-decisiontools.org.uk/ethics/

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Eldridge S, Campbell M, Campbell M, et al. Revised Cochrane risk of bias tool for randomized trials
(RoB 2.0): additional considerations for cluster-randomized trials. 2016.

Toogood P, Abdel M, Spear J, et al. The monitoring of activity at home after total hip arthroplasty. The
bone & joint journal. 2016;98-B(11):1450-1454. doi: 10.1302/0301-620x.98b11.bjj-2016-0194.r1.

Van der Walt N, Salmon LJ, Gooden B, et al. Feedback From Activity Trackers Improves Daily Step
Count After Knee and Hip Arthroplasty: A Randomized Controlled Trial. The Journal of arthroplasty.
2018 Nov;33(11):3422-3428. doi: 10.1016/j.arth.2018.06.024. PubMed PMID: 30017217; eng.

Wang J, Tong Y, Jiang Y, et al. The effectiveness of extended care based on Internet and home care
platform for orthopaedics after hip replacement surgery in China. Journal of clinical nursing. 2018
Nov;27(21-22):4077-4088. doi: 10.1111/jocn.14545. PubMed PMID: 29851157; eng.

Krumsvik OA, Babic A. Designing a Safety Reporting Smartphone Application to Improve Patient
Safety After Total Hip Arthroplasty. Studies in health technology and informatics. 2017;238:84-87.
PubMed PMID: 28679893; eng.

Crizer MP, Kazarian GS, Fleischman AN, et al. Stepping Toward Objective Outcomes: A Prospective
Analysis of Step Count After Total Joint Arthroplasty. The Journal of arthroplasty. 2017
Sep;32(9s):S162-s165. doi: 10.1016/j.arth.2017.02.058. PubMed PMID: 28343831; eng.

Prince SA, Adamo KB, Hamel ME, et al. A comparison of direct versus self-report measures for
assessing physical activity in adults: a systematic review. The international journal of behavioral nutrition
and physical activity. 2008 Nov 6;5:56. doi: 10.1186/1479-5868-5-56. PubMed PMID: 18990237;
PubMed Central PMCID: PMCPMC2588639. eng.

Luna IE, Peterson B, Kehlet H, et al. Individualized assessment of post-arthroplasty recovery by
actigraphy: a methodology study. Journal of clinical monitoring and computing. 2017 Dec;31(6):1283-
1287. doi: 10.1007/s10877-016-9952-3. PubMed PMID: 27796525; eng.

Debono B, Bousquet P, Sabatier P, et al. Postoperative monitoring with a mobile application after
ambulatory lumbar discectomy: an effective tool for spine surgeons. European spine journal : official
publication of the European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society. 2016 Nov;25(11):3536-3542. doi: 10.1007/s00586-016-
4680-4. PubMed PMID: 27349754; eng.

Timmermans AAA, Seelen HAM, Geers RPJ, et al. Sensor-Based Arm Skill Training in Chronic Stroke
Patients: Results on Treatment Outcome, Patient Motivation, and System Usability [Periodical]. IEEE
Transactions on Neural Systems and Rehabilitation Engineering, Neural Systems and Rehabilitation
Engineering, IEEE Transactions on, IEEE Trans Neural Syst Rehabil Eng. 2010 (3):284. doi:
10.1109/TNSRE.2010.2047608. PubMed PMID: edseee.5446388.

Tsekleves E, Paraskevopoulos IT, Warland A, et al. Development and preliminary evaluation of a novel
low cost VR-based upper limb stroke rehabilitation platform using Wii technology. Disability And
Rehabilitation Assistive Technology. 2016;11(5):413-422. doi: 10.3109/17483107.2014.981874.
PubMed PMID: 25391221.

Nguyen KD, Chen I-M, Luo Z, et al. A Wearable Sensing System for Tracking and Monitoring of
Functional Arm Movement [Periodical]. IEEE/ASME Transactions on Mechatronics, Mechatronics,
IEEE/ASME  Transactions on, IEEE/ASME Trans Mechatron. 2011 (2):213. doi:
10.1109/TMECH.2009.2039222. PubMed PMID: edseee.5409556.

Bandholm T, Kehlet H. Physiotherapy exercise after fast-track total hip and knee arthroplasty: time for
reconsideration? Archives of physical medicine and rehabilitation. 2012 Jul;93(7):1292-4. doi:
10.1016/j.apmr.2012.02.014. PubMed PMID: 22494947; eng.

Alinia P, Cain C, Fallahzadeh R, et al. How Accurate Is Your Activity Tracker? A Comparative Study
of Step Counts in Low-Intensity Physical Activities. JMIR mHealth and uHealth. 2017 Aug
11;5(8):e106. doi: 10.2196/mhealth.6321. PubMed PMID: 28801304; PubMed Central PMCID:
PMCPMC5572056. eng.

Le Masurier GC, Lee SM, Tudor-Locke C. Motion sensor accuracy under controlled and free-living
conditions. Medicine and science in sports and exercise. 2004 May;36(5):905-10. PubMed PMID:
15126728; eng.

Reychav I, Beeri R, Balapour A, et al. How reliable are self-assessments using mobile technology in
healthcare? The effects of technology identity and self-efficacy. Computers in Human Behavior. 2019
2019/02/01/;91:52-61. doi: https://doi.org/10.1016/j.chb.2018.09.024.

Aasvang EK, Luna IE, Kehlet H. Challenges in postdischarge function and recovery: the case of fast-
track hip and knee arthroplasty. BJA: British Journal of Anaesthesia. 2015;115(6):861-866. doi:
10.1093/bja/aev257.

Luna IE, Kehlet H, Wede HR, et al. Objectively measured early physical activity after total hip or knee
arthroplasty. Journal of clinical monitoring and computing. 2018 Jul 23. doi: 10.1007/s10877-018-0185-
5. PubMed PMID: 30039461; eng.



https://doi.org/10.1016/j.chb.2018.09.024

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Kolah A. The GDPR Handbook: A Guide to the EU General Data Protection Regulation. Kogan Page,
Limited; 2018.

Bahadori S, Immins T, Wainwright TW. A review of wearable motion tracking systems used in
rehabilitation following hip and knee replacement. Journal of Rehabilitation and Assistive Technologies
Engineering. 2018 2018/01/01;5:2055668318771816. doi: 10.1177/2055668318771816.

Ltd G. Build Something with Us: Garmin; 2019 [cited 2019 21/02/2019]. Awvailable from:
https://developer.garmin.com/

Ltd F. Your Fitbit Developer: Fitbit; 2019 [cited 2019 21/02/2019]. Awvailable from:
https://dev.fitbit.com/

Agency MaHpR. Medical device stand-alone software including apps (including IVDMDs). In: MHRA,
editor. UK Goverment Policy2019.

Food and Drug Administration H. Fostering Medical Innovation: A Plan for Digital Health Devices;
Software Precertification Pilot Program 2019 [cited 2019 21/02/2019]. Available from:
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-
plan-for-digital-health-devices-software-precertification-
pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-

Rock Weekly 7 31&utm_medium=email&utm_term=0 e44ef774d4-e82ea016f6-
90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9

UK N. NHS Apps Library 2019 [cited 2019 21/02/2019]. Available from: https://www.nhs.uk/apps-
library/

Ferriero G, Vercelli S, Sartorio F, et al. Reliability of a smartphone-based goniometer for knee joint
goniometry. International Journal Of Rehabilitation Research Internationale Zeitschrift Fur
Rehabilitationsforschung Revue Internationale De Recherches De Readaptation. 2013;36(2):146-151.
doi: 10.1097/MRR.0b013e32835h8269. PubMed PMID: 23196790.

Ewen AM, Stewart S, St Clair Gibson A, et al. Post-operative gait analysis in total hip replacement
patients-a review of current literature and meta-analysis. Gait Posture. 2012 May;36(1):1-6. doi:
10.1016/j.gaitpost.2011.12.024. PubMed PMID: 22410129; eng.

ANSI. Consumer Technology Association. Physical activity monitoring for fitness wearables: Step
counting. CTA2016.

ANSI. Consumer Technology Association. Methodology of measurements for features in sleep tracking
consumer technology devices and applications. CTA; 2017.

Patel MS, Asch DA, Volpp KG. Wearable devices as facilitators, not drivers, of health behavior change.
Jama. 2015;313(5):459-460.



https://developer.garmin.com/
https://dev.fitbit.com/
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-plan-for-digital-health-devices-software-precertification-pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-Rock_Weekly_7_31&utm_medium=email&utm_term=0_e44ef774d4-e82ea016f6-90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-plan-for-digital-health-devices-software-precertification-pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-Rock_Weekly_7_31&utm_medium=email&utm_term=0_e44ef774d4-e82ea016f6-90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-plan-for-digital-health-devices-software-precertification-pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-Rock_Weekly_7_31&utm_medium=email&utm_term=0_e44ef774d4-e82ea016f6-90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-plan-for-digital-health-devices-software-precertification-pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-Rock_Weekly_7_31&utm_medium=email&utm_term=0_e44ef774d4-e82ea016f6-90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9
https://www.federalregister.gov/documents/2017/07/28/2017-15891/fostering-medical-innovation-a-plan-for-digital-health-devices-software-precertification-pilot?utm_source=Rock+Weekly&utm_campaign=e82ea016f6-Rock_Weekly_7_31&utm_medium=email&utm_term=0_e44ef774d4-e82ea016f6-90860993&mc_cid=e82ea016f6&mc_eid=62edc21bd9
https://www.nhs.uk/apps-library/
https://www.nhs.uk/apps-library/

