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Abstract 

Background  Surgical procedures involving the hip, knee, or spine represent a majority of orthopaedic procedures 
performed electively in the health care system. Postoperative care is a key aspect of surgery and mobilisation with-
out injury is the primary objective. Recent advances in wearable technologies allow objective evaluation of walking 
metrics to inform and guide postoperative care following orthopaedic surgery.

Purpose  The aim of this scoping review is to explore current applications of wearable devices, objective data capture 
and gait analysis in monitoring postoperative recovery following commonly performed elective orthopaedic proce-
dures of the hip, knee and spine.

Methods  A search against pre-defined criteria was performed on the following scientific databases from date 
of inception to February 28th, 2021: Medline (via OvidSP), Embase (via OvidSP) and Cochrane Library (via CENTRAL). 
Data were collected according to a predetermined checklist including study participants, surgery, wearable device 
(model), sensor location, and monitoring parameters such as mobility metrics, monitoring timepoints and monitoring 
duration for each study included in our review. Quality was assessed independently using the Newcastle Ottawa Scale 
(NOS).

Conclusions  To our knowledge, this is the first review of wearable monitoring (of postoperative recovery) follow-
ing hip, knee and spine surgery. Patients undergoing elective orthopaedic procedures may benefit from wearable 
monitoring of their walking health and mobility metrics.

Keywords  Wearable monitoring, Post-operative recovery, Orthopaedic surgery, Hip, Knee, Spine

Background
Musculoskeletal conditions account for more disability 
and more costs to the United States health care system 
than any other condition [1]. When conservative treat-
ment options fail, these diseases may be managed sur-
gically. Over 200 000 total hip arthroplasty and 600 000 
total knee arthroplasty procedures are performed per 

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Orthopaedic
Surgery and Research

*Correspondence:
Lianne Koinis
lianne@koinis.com.au
1 Faculty of Medicine, University of New South Wales, Sydney, Australia
2 NeuroSpine Surgery Research Group (NSURG), Sydney, Australia
3 Wearables and Gait Analysis Research Group (WAGAR), Sydney, Australia
4 Department of Neurosurgery, Prince of Wales Hospital, Sydney, Australia

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-023-04303-5&domain=pdf


Page 2 of 14Natarajan et al. Journal of Orthopaedic Surgery and Research          (2023) 18:812 

year in the USA [2, 3]. Similar high volumes of 3.1 million 
total hip arthroplasties and 2.5 million total knee arthro-
plasties are performed every year in Europe, as well as 
over 95,000 joint replacements performed every year in 
Australia [4–6]. Total Medicare reimbursements for lum-
bar surgery alone in the USA exceeds $1 billion per year 
[7]. Together, surgical procedures involving the hip, knee, 
or spine represent a majority of orthopaedic procedures 
performed electively in the health care system and form 
a significant proportion of all surgical procedures per-
formed by a typical hospital by both sheer case numbers 
and expenses.

Postoperative care is a key aspect of surgery and 
involves facilitating safe recovery. In the context of ortho-
paedic procedures especially, mobilisation without injury 
is the primary objective during postoperative rehabilita-
tion [8]. Other objectives may include the early detection 
of any postoperative complications. Typically, patients 
receive immediate postoperative care as an inpatient until 
discharge followed by outpatient clinic visits of diminish-
ing frequency [8]. Further, assessment of postoperative 
outcomes may be obtained at arbitrarily fixed timepoints, 
via patient reported outcome measures (PROM) such 
as the Owestry Disability Index, Oxford Knee Score 
and the Hip disability and Osteoarthritis Outcome 
Score. Although these questionnaire-based clinical tools 
offer meaningful insight into a patient’s functional out-
comes such as extent of disability and impact on activi-
ties of daily living, they are limited by subjectivity due to 
patients’ reporting bias and mode of administration. [9, 
10]

Walking is an essential activity of daily living, and is 
directly related to the function and health of mechani-
cal, musculoskeletal and neurological systems [11]. Com-
monly dubbed as “ the sixth vital sign”, walking metrics 
such as gait velocity and step count are important indi-
cators of not only general health status but also decline 
and recovery [12]. Moreover, these walking metrics pro-
vide an objective alternate measure of functional out-
comes and disability to the inherently subjective patient 
reported outcome measures.

Recent advances in wearable technologies allow objec-
tive evaluation of these walking metrics to inform and 
guide postoperative care following elective orthopaedic 
surgery. ‘Wearable devices’ (wearables) containing vari-
ous microelectromechanical sensors (MEMS) such as 
accelerometers and/or gyroscopes have recently emerged 
as a method of objectively measuring walking metrics. 
These devices can accurately capture a range of metrics 
including simple mobility metrics such as step count 
and physical activity levels to complex walking param-
eters, such as gait velocity, cadence, and stride length 
[13]. Advantageously, they are small, cheap, and marry 

the convenience of at-home postoperative monitoring 
with accuracy and objectivity. They can be worn at a sin-
gle point on the body or multiple points, can function on 
their own, or be incorporated into various devices, such 
as watches, phones, jewellery, pendants, or insoles [14]. 
Most notably, wearable monitoring offers objective and 
continuous data capture of these ‘walking metrics’ to 
monitor patient recovery. Unlike PROMS, which offer a 
“snapshot” into a patient’s functional status at a particular 
point in their ongoing recovery, wearable devices enable 
continuous data capture of their mobility data to more 
holistically detail patients’ recovery.

The objective of this scoping review is to explore cur-
rent applications of wearable devices, objective data 
capture and gait analysis in monitoring postoperative 
recovery following elective orthopaedic procedures. Pro-
cedures of the hip, knee and spine are amongst the most 
common. Therefore, eight commonly undertaken elective 
orthopaedic procedures were considered for inclusion: 
total hip replacement, total knee replacement, arthro-
scopic anterior cruciate ligament reconstruction, arthro-
scopic meniscal repair of the knee, arthroscopic partial 
meniscectomy of the knee, lumbar spine decompression 
and lumbar spine fusion.

Methods
Eligibility criteria
The focus of this scoping review was on published origi-
nal articles written in English and published between 
1980 and August 2021, including all study designs such 
as case reports, short series, cohort studies, randomised 
trials, or other study designs. The PRISMA statement 
guidelines were followed in identifying, screening, and 
selecting studies for inclusion, and extracting data.

Inclusion criteria

1.	 Articles involving wearable devices for the purpose of 
continuous and objective monitoring of postopera-
tive recovery.

2.	 The wearable device is capable of measuring gait or 
mobility metrics.

3.	 Postoperative monitoring after the following ortho-
paedic procedures:

a.	 total hip replacement,
b.	 total knee replacement,
c.	 arthroscopic anterior cruciate ligament recon-

struction,
d.	 arthroscopic meniscal repair of the knee,
e.	 arthroscopic partial meniscectomy of the knee,
f.	 lumbar spine decompression
g.	 lumbar spine fusion
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4.	 Articles written in English.
5.	 Articles published between 1980 – August 2021.

Exclusion criteria

1.	 Wearable technology studies involving non-mobility 
or gait data capture.

2.	 Studies assessing patient function during a single 
walking bout (non-continuous)

3.	 Studies involving robotic ‘feedback’ wearables, exo-
skeletons or smartphones.

4.	 Studies of artificial intelligence algorithms or predic-
tive modelling of patient outcomes

5.	 Systematic Reviews
6.	 Conference Abstracts

Search strategy
Relevant studies were identified through a system-
atic search for published papers in the following scien-
tific databases from date of inception to February 28th, 
2021: Medline (via OvidSP), Embase (via OvidSP) and 
Cochrane Library (via CENTRAL). The search ‘concepts’ 
were wearable (gait-tracking) devices and elective ortho-
paedic procedures (see Table 1).

Study selection
The literature search was completed by two authors 
(PN and RDF). Titles and abstracts of all studies identi-
fied were screened for relevance. Studies which were 
not relevant based on the title and abstract screen were 
excluded from the review. The full text of the record was 
reviewed if relevance was uncertain, and third reviewer 
consulted (RJM) if necessary until consensus agreement 
was reached regarding inclusion/exclusion. The full text 
of all selected relevant records was reviewed, and eligi-
bility was determined using the eligibility criteria defined 
above. The quality of each included record was assessed 
by two authors (PN and RDF), and relevant information 
extracted.

Data collection
Following the selection of articles, data was collated 
by two reviewers (PN and RDF). Data were collected 
according to a predetermined checklist including: study 
participants, surgery, wearable device (model), sensor 
location, and monitoring parameters such as mobility 
metrics, monitoring timepoints and monitoring duration 
for each study included in our review. Each study was 
also appraised independently for bias using the Newcas-
tle Ottawa Scale by two reviewers (PN and RDF) and a 
third senior reviewer consulted for discrepancies (MM) 

[15]. Quality assessments from the Newcastle–Ottawa 
scale was converted to summary categories of good, fair, 
and poor quality according to the Agency for Healthcare 
Research and Quality (AHRQ) standards.

Results
Following database searches for each orthopaedic pro-
cedure we identified a total of 640 relevant records 
(see Table  2). After removal of duplicates, 527 stud-
ies remained. Four hundred forty-nine references were 
excluded on title and abstract screen. A further 53 arti-
cles were excluded upon full-text review, leaving a final 
26 studies to be included in qualitative synthesis. A flow-
chart of this process is shown in Fig. 1.

The 26 included studies comprised the procedures 
of ACL reconstruction (1 study) [16], Lumbar Decom-
pression (2 studies) [17, 17], Lumbar Fusion (5 studies) 
[18–22], TKR (9 studies) [23–31] and THR procedures 
(9 studies) [23–31] as seen in Table 3. No studies related 
to arthroscopic partial meniscectomy and meniscal 
repairs of the knee were retrieved from the literature 
search. Sample sizes ranged from 12 participants [32] to 
as high as 242 participants [33]. A detailed summary of 
these studies is included in Table  4. Due differences in 
study design, wearable monitoring protocols and surgi-
cal cohorts between studies it was not possible to meta-
analyse findings from included studies.

Commonly employed devices for continuous wear-
able monitoring were ActivPAL (PAL Technologies Ltd., 
Glasgow, United Kingdom) [18, 26, 31, 34], ActiGraph 
GT1M (ActiGraph LLC, Fort Walton Beach, FL, USA) 
[17, 19, 36, 37], Lifecorder EX (Suzuken Co. Ltd, Nagoya, 
Japan) [28, 35] and MiBand2 (Xiaomi, China) [17, 22]. 
Some studies also employed consumer fitness wearable 
devices such as Fitbit (Fitbit Inc., San Francisco, Califor-
nia, United States) [20, 21, 27] and Withings (Withings 
Inc, France) [33]. Other studies permitted use of patients’ 
own device and/or involved the use of their smartphone’s 
step counter functionality. [17, 29]

Most common sensor placement locations employed 
included wrist [17, 20–22, 27, 33, 34, 36, 37], waist [19, 
23–25, 28, 32, 35–37] and thigh [18, 23, 26, 31, 34]. 
Although majority involved single-point wearables, a 
select few studies employed more than one wearable 
device [23, 38]. Captured data typically comprised of 
physical activity intensities (for example light, mod-
erate or vigorous) and physical activity durations (for 
example sitting, standing, with few studies also collect-
ing basic spatial and temporal gait metrics such as step 
count [16–18, 20–22, 25–30, 33–37], gait cycles [23] and 
stride frequency [38]. Some studies additionally collected 
caloric/energy expenditures [20, 24, 32]. Studies typi-
cally monitored patient mobility at specific timepoints of 
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recovery such as several weeks, 3 months, and 6 months 
postoperatively (as seen in Table  4). However few stud-
ies monitored the entire recovery period from operative 
timepoints to 6 months postoperatively [16, 17, 20, 21, 
30, 33], with majority monitoring “recovery windows” at 
perioperative and/or post-recovery timepoints.

In terms of quality of included studies, most were of 
good quality according to the AHRQ standards. Of the 
26 included studies, 22 studies [16, 17, 17–20, 22–31, 33, 
34, 36, 36–38] were of good quality, with 3 studies [21, 
32, 35] of fair quality and 1 study of poor quality, as seen 
in Table 5. However, 7 had short follow-up durations (< 3 
months) [17, 20, 29, 33, 34, 36, 37] with 12 studies report-
ing follow-up data on less than 80% of recruited partici-
pants. [16–19, 21, 23, 25, 26, 32, 36, 37, 37]

Discussion
The findings of the present review demonstrate thus far 
supportive data for clinical applications of wearable mon-
itoring of patient recovery following common elective 
orthopaedic surgeries. However, higher quality evidence 
with large-volume studies is needed, with applications 
following some surgeries such as arthroscopic meniscal 
repair of the knee, and arthroscopic partial meniscec-
tomy of the knee, yet to be validated. Moreover, current 
studies are limited to basic mobility metrics such as step 
count and activity profiles. Future studies may incorpo-
rate other quantitative gait metrics (beyond step count) 
such as gait velocity, step or stride length, gait asymmetry 
and gait variability. Most studies are single-centre clinical 
series with small to moderate sample sizes. Notably prev-
alent are patient compliance issues, with included studies 

typically reporting follow-up data on less than 80% of 
recruited participants, as seen in Table 5.

Included studies demonstrated a wide variety of uses 
and benefits for wearable monitoring. Benefits of wear-
able devices in facilitating remote patient monitoring 
has been reported by numerous authors with Ramkumar 
et al. [29] suggesting the possibility of real-time collection 
of other data such as range of motion, patient reported 
outcome measures, opioid consumption, and home 
exercise compliance. Gamification and remote monitor-
ing was reported as a means of improving recovery out-
comes following knee and hip arthroplasty in Mehta et al. 
(2020)’s randomised clinical trial [33]. Although wearable 
monitoring was found to offer no direct effect as an inter-
vention (in improving mobility levels), the rate of rehos-
pitalisation was found to be significantly reduced (3.4% 
versus 12.2%, p = 0.01) suggesting overall benefits to 
recovery outcomes. By contrast, a multi-model wearable 
monitoring program coupled with physical therapy coun-
selling by Li et al. [27] resulted in mean improvements in 
(moderate-vigorous) physical activity levels of 13.1 min 
per day (95% CI 1.6 to 24.5). Despite these discrepan-
cies in which outcomes are improved, it is likely wearable 
monitoring offers some sort of benefit to postoperative 
care and recovery.

Other uses of wearable monitoring that are yet to be 
explored in larger orthopaedic surgery cohorts includes 
the screening and early detection of complications in the 
peri- and postoperative period. The detection of recur-
rent disc herniation following microdiscectomy has pre-
viously been detailed by Mobbs et al.’s case report in 2018 
[39], suggesting such wearable monitoring for postopera-
tive complications may be clinically feasible.

Table 2  Search Results

Total knee 
replacement

Total hip 
replacement

Arthroscopic 
anterior cruciate 
ligament 
reconstruction

Arthroscopic 
meniscal repair of 
the knee

Arthroscopic 
partial 
meniscectomy of 
the knee

Lumbar spine 
decompression

Lumbar 
spine 
fusion

Total

Medline 92 30 75 0 7 35 5 244

Embase 109 22 23 6 27 157 4 348

Cochrane 
Library (CEN-
TRAL)

9 27 2 0 0 5 3 46

Bibliographies 2

Total Records Identified 640

Duplicates excluded 113

Records screened title and abstracts 527

Records excluded 449

Full texts assessed for eligibility 78
Records excluded 52
Studies included in qualitative synthesis 26
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Another application of wearable monitoring may be 
the tracking of postoperative recovery against “nor-
malised” trajectories to guide mobility interventions. 
For example, Carmichael et al. (2019) proposes clearly 
defined normal recovery trajectories (differing with 
both admission and operation type) in 210 patients fol-
lowing both minimally invasive and open abdominal 
and thoracic surgery [40]. Through wearable moni-
toring postoperative recovery “trajectories” can be 
quantified and continuously tracked to inform timely 
intervention and counselling to improve postoperative 
mobility.

Records identified from: 
Database Searches (n = 638) 
Manual Bibliographic 
Screening (n = 2) 

Records removed before 
screening: 

Duplicate records removed 
(n = 113) 

Records screened by title and 
abstract (n = 527) 

Records excluded: 
(n = 113) 

Reports sought for retrieval
(n = 78)

Reports not retrieved
(n = 0) 

Full texts assessed for eligibility
(n = 78)

Reports excluded:
No continuous monitoring (n = 28) 
No gait/mobility monitoring (n = 4) 
No monitoring of recovery (n = 7) 
Validation of accuracy studies (n = 3) 
Non-English studies (n = 2)
Study protocol (n = 1)
Conference abstracts (n = 7)

Studies included in review
(n = 26) 

Identification of studies via databases and registers
Id

en
tif

ic
at

io
n

Sc
re

en
in

g
In

cl
ud

ed

Fig. 1  Flow diagram for study selection and searches of databases and registers

Table 3  Wearable monitoring of postoperative recovery 
following orthopaedic surgery

Procedure Studies

Arthroscopic anterior cruciate ligament reconstruction 1

Arthroscopic meniscal repair of the knee 0

Arthroscopic partial meniscectomy of the knee 0

Lumbar spine decompression 2

Lumbar spine fusion 5

Total hip replacement 9

Total knee replacement 8
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However, most studies tended to employ a “snapshot” 
capture of activity levels over a set time (for instance 24 
h or 7 days) preoperatively which was compared to simi-
lar postoperative data capture after a set recovery dura-
tion (for instance 6 months) [32, 37]. A limitation of this 
“snapshot” approach is the lack of continuous data cap-
ture over the duration of postoperative recovery which 
may not reflect how recovery outcomes may improve 
and decrease over a unique recovery trajectory [40]. Such 
snapshots, for example Thewlis et  al.’s (2019) report of 
no significant difference between preoperative and post-
operative activity profiles in terms of sedentary dura-
tion (620 ± 143 min/day preoperatively versus 641 ± 133 
min/day, respectively) may not reflect fluctuations over 
the course of recovery [37]. Additionally, arbitrary study 
period of 3 months or 6 months may not necessar-
ily be sufficient duration for these recovery trajectories 
that differ with operation type, admission and patient 

characteristics [40]. As such, Matsunaga-Myoji et  al. 
(2020) reports improving (moderate-vigorous) physi-
cal activity levels (58.3 versus 72.3 min/week, p = 0.008) 
between 1 and 3 years postoperatively, following total 
knee replacement. [35]

Findings from the few studies which have undertaken 
continuous and objective activity tracking, for example 
by Steinen et al. (2020) and Scheer et al. (2017), suggest 
patient recovery following spinal surgeries may also fol-
low these defined trajectories [21, 22]. A challenge fac-
ing continuous recovery trajectory monitoring remains 
patient compliance, with only 68% of Carmichael et  al.’s 
participants completing follow-up at four weeks postop-
eratively [40]. These issues are not consistent, with some 
included studies also reporting follow-up data for > 90% 
of recruited participants [20, 29, 30]. Future studies may 
explore methods of participant retainment and compli-
ance, such as incentives, gamification and/or counselling.

Table 5  Quality assessment of included studies using Newcastle Ottawa Scale for cohort studies

Study Selection Comparability Outcome Quality

Representativeness 
of exposed

Selection 
of non-
exposed

Ascertainment 
of exposure

Assessment 
of outcomes 
at study 
commencement

Comparability 
of cohorts

Assessment 
of outcome

Follow-up 
duration 
long 
enough 
(> 3 m)

Follow 
up of 
cohort is 
adequate 
(> 80%)

[32] * 0 * * ** * * * Good

[24] * 0 * * ** * * 0 Good

[25] * 0 * * ** * * * Good

[35] * * * 0 ** * 0 * Good

[26] * 0 * * ** * * 0 Good

[27] * 0 * * * * * 0 Good

[19] * 0 * * ** * * 0 Good

[36] * 0 * * ** * * 0 Good

[20] * 0 * * ** * * 0 Good

[37] * * * 0 ** * * 0 Good

[39] * 0 * * ** * 0 * Good

[27] * * * * ** * * * Good

[33] 0 0 * * ** * * 0 Fair

[29] * * * * ** * * * Good

[30] * 0 * 0 ** * * * Fair

[34] * * * 0 ** * 0 * Good

[21] * 0 * * ** * 0 * Good

[17] * 0 * * ** * 0 * Good

[30] * 0 * * ** * 0 * Good

[22] 0 0 * * ** * * 0 Fair

[16] * * * * * * * 0 Good

[18] * 0 * * ** * * 0 Good

[23] * 0 * * ** * * * Good

[31] * 0 * * ** * * * Good

[40] * 0 * * ** * 0 0 Poor

[41] * * * * * * * * Good
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The continuous stream of objective data regarding 
patient performance provided by wearable monitoring 
may also be used to predict recovery outcomes. Regres-
sion analysis by Taniguchi et  al. (2016) demonstrated 
postoperative physical activity in the first month pre-
dicted activity levels up to 6 months postoperatively 
(following total knee arthroplasty) to be predicted [30]. 
Pre-operative mobility characteristics were used for simi-
lar predictive modelling of recovery outcomes following 
total hip and knee arthroplasty by Lebleu et  al. (2021) 
[36]. Existing risk-prediction models based on patient-
reported and/or functional outcome measures [41], may 
benefit from such objective data capture from wearable 
monitoring.

Strengths and limitations
To our knowledge, this is the first review of wearable 
monitoring (of postoperative recovery) following hip, 
knee, and spine surgery. Other strengths include sys-
tematic search of literature from date of inception to 
February 28th, 2021, across 3 unique databases as well 
as standardised quality assessments of included studies 
via the Newcastle Ottawa Scale. However, limitations 
include restriction of search to only hip, knee, and spine 
surgeries – despite these encompassing the majority. 
Future studies may explore surgery for other gait altering 
pathologies – such as deep-brain stimulation for Parkin-
son’s, vascular claudication as well as ankle surgery.

Conclusion
Elective orthopaedic procedures are likely a very suit-
able patient population to benefit from wearable moni-
toring with their recovery and rehabilitation directly 
related to their walking health and mobility. Wearable 
monitoring may also enable timely postoperative care 
and intervention during recovery providing benefits to 
patients, healthcare providers and insurance provid-
ers alike since orthopaedic surgeries comprise a signifi-
cant proportion of health care. Predictive modelling of 
post-recovery outcomes, and development of recovery 
trajectories from common orthopaedic procedures may 
enable timely mobility interventions to assist postopera-
tive rehabilitation.
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