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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.
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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
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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,

arthroscopic anterior cruciate ligament recon-
struction,

arthroscopic meniscal repair of the knee,
arthroscopic partial meniscectomy of the knee,
lumbar spine decompression

lumbar spine fusion

o

@ me o



Page 3 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

7 ANV 9€ '€

GE YO LE YO L2 HO
¢Cd0 91 ¥O 0L O £ 9¢
/AONV ¥E=C€'S¢E
dur,sip aAeIauSbHap 10
/uonelauaba sig
[eAga1IaAIRIU| AXD €
duwriequiny Jo /aeiq
-9MaA Jequuin dxe €€
/uolsnd jeulds dxo ‘z¢

/40 0€-8L L€
dwruolssaiduwodap
Jeurds sequin| "0
duwruols

-saJdwodap |eulds ‘67
dwruoissaiduwodap Jeq
-win| Jo /|es1bins ‘uols
-saudwodaq dxa ‘gz

€CANV 9T LT

SCHO ¥ 9
dwr,osiusw ‘gz
/AWO}

-292SIUBN dX® 7
dwraidodsolyue Jo
/kdodsoiyny dxa €7

/L ANV L CC
/40 0¢-81'1¢
dw

‘K196INs [eIS|UBW 07
dwruredal eosiusw ‘6 |
duwriiedal snosiuswl ‘g |

dwroidodsoiyue Jo

/Akdodsoiyny dxa /|

LL ANV SL 9L
/dovl-¢l Gl
dwyov vl
dwruon

-DNJISUOdAI PV ‘€1
/UOIIDNIISUOIAY
1usweb aredpnD)
Jouajuy dxa 7|
dwraidodsoiyie Jo
/Adodsoiypy dxa | |

6 ANV 8 0L
/S111Y11e03150 dX3 ‘6
/dIH 1uswade|day
‘Aisejdoiyuy dxo g

9ANVY S/
/S111411e03150 dX3 9
/29Uy ‘luswade|day

‘Aisejdolyuy dxe °g

/d0 €=l v

dwr(ayoen

ANAIDR YO J0SUSs YO
NWIHO Hun usw
-2INseaw [ellaul YO
J1319Wo1aubew YO
9d0250IAD YO 412WOID
-|9228 YO £2IA3P 3|gr
-1BaM YO «3|qeleam) ‘¢
/519yDeI] Ssaul dxa 7
/S921A9( Dluoi]

-29|3 9|qeieap) dXo |

uoisny auids Jequin

uoissaadwodsp
auids Jequin’

Q9uy
ay3 jo Awoydadsiusaw
|enued >idodsoayriy

EEITVETIH
Jo ajedau [edsjuaw

uolldniisuodal
juaweDni| ajedn.d

s1dodsosyy  Jousiue didodsoiyuy

judwde|das
diy je1oy

judwde|da
23wy |e10]

uone|ndod juaned

EMTEYGEISLENTY

ABa1ens yoiess | ajqel



Natarajan et al. Journal of Orthopaedic Surgery and Research

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)
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[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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Table 2 Search Results
Total knee Total hip Arthroscopic Arthroscopic Arthroscopic Lumbar spine  Lumbar Total
replacement replacement anterior cruciate  meniscal repair of partial decompression spine
ligament the knee meniscectomy of fusion
reconstruction the knee
Medline 92 30 75 7 35 5 244
Embase 109 22 23 27 157 4 348
Cochrane 9 27 2 0 5 3 46
Library (CEN-
TRAL)
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

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.



Natarajan et al. Journal of Orthopaedic Surgery and Research

(2023) 18:812 Page 6 of 14

Identification of studies via databases and registers
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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

Arthroscopic meniscal repair of the knee

Arthroscopic partial meniscectomy of the knee

Lumbar spine decompression

Lumbar spine fusion
Total hip replacement

Total knee replacement

0 O U1 N O O —

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.



Page 7 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

EI
-eladoisod syuouw 9
‘KloAnesadoisod

unod daig
‘Swipy buiddarg

(wopbury paun

SEEIYYe} ‘swn buipueis (A3 ‘mobseln “p1] salbojou /=N
(Rep /Y ) skep / ‘KjoAiresadoaly Swiy bumis -elado) ybiyi Jounuy -423L Vd) TVdAdY Aisejdoiynie aauy [e10] SI14Y1IROISO U Va4
1unod da1g
‘dwin Al
-AIDE A}ISUS1UI SNOIOBIA
‘swin Al
K[9AIL  -AlIDR A1ISUSIUI 91RIDPOIN
-ejadoisod syuow 9 swin 68=N
‘Ajanizesadorsod syaam 9 Auanoe Alsuaiul 1ybi siuye
(Repy/sinoy+01) skep / ‘Kenneladoald ‘awiy A1eIuspas (9A11R12dO) 1SIBAN +X€19 ydeionoy Aisejdolynie 92Uy [e10]  -03150 23Uy abeis-pug [97]
Aep/s1uana
1ybudn jo JsquinN
‘sda1s Jo JaquinN (wopbury pauun
‘Su Bupepm (9nneiado  ‘mobsen) “py] salbojou 09=N
(Kep/y #77) skep /-9 3oam aAnlesadolsod 1sil4 'Yz 42d awnn 3ybudn -uou) ybiy1 Jounuy -Y23] TVd) TVdARdY Aiseidosyue diy exop SI1IY1eoa150 diH [s¢€]
uno> daig
‘2um
-Ipuadxa ABiaus Ajleq
‘aun Auanoe jesisAyd
SNOJIODIA-21RISPOIN
Kjoanesadoisod 2un
(Aep / syuow 9 Annnoe [eaisAyd 1ybr (VSN "0 ‘puag ‘sdl Aiseid 9¢=N
sinoy+01) sAep g 1sea) 1e ‘KloAieIadoald ‘DUl 9Yeme AIeluspas 1SIepn -uodidsay sdijiyd) [eDIDY  -OJyle 9auy P10} Alewlld  SIsoiynieuob abeis-pu3 |
AjoAn
-esadoisod syyuow 7|
‘Alenneladolsod
syuow 9
‘AloAiesadoisod awi bunsay (av) (SHU2GOYIN)
syuow ¢ awin bupiiepy  Ybiyl Jousue 1aq ISIep sjoluow 1gy ¢ pue £6=N
skep / ‘AloAnesadoaud 'S92A2 1eD (do1s) oapjueybly  Joyuow Auanoe dais | Kisejdoiyie aauy [e10] SIIYe031SO izd!
AEI 1unod daig
-eladoysod syyuowl 7 | ‘swn buiddarg
‘Alaniesadolsod ‘swin ybudn (wopbury pauun
Syuow 9 ‘awn bulpueis ‘mobse| “pi7 saibojou ceE=ushuyl
sKep g/ ‘KloAireIadoald ‘Swn A1eIuspas ybiyriaddn -4o3 Vd) TVdAdY Aisejdoiynie 9auy| [e10]  -1PO31SO 99Uy 9beIS-pUT 4]
uoneing syujodawi} souv AMjiqow uonedo ERNEYg| £13bing (N) sauedpnaed
Bunoyuop a|qelseap uonejndod sioyiny

SalpN1s papn|oul Jo Alewwng ¢ ajqer



Page 8 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

NEN
-eladoisod syuouw xi§ (VD ‘eln 7L=N
NEI! -0JUO “DU| ‘AY1eaHAeIS) SUYY
skep |7 -ejadoaid yiuow auQ aIn1puadxa AbIsug 151BM J912Wols|ade €1y Aiseidoiyue diy jexol  -1eoa1so diy pasueApy €]
EN
-eladoisod syaam g€ awi A1eIuspas
EIN unod daig
-eladoysod syaam 97 ‘AuAnoe
B [nyasodind ur swil|
Kep/y ¢ -esadoisod syoam ¢ ‘AiAnoe [ediskyd sno 1G=N
‘sKep / ‘AloAneiadoald  -10BIA-91eI9pOW Ul SWIl | ISUA PUBGISUM Z-X3|4 Il Judwade|dal 9auy [B10] SINIYHEOIISO 93U Vad|
(duelq 9rL=N
paydads 10u Kjannesadoisod XNBAUIINON-S3JASS|  A1sejdoiyiie aauy |10} JO SUYY
|II3P J2ymny 'shep /-G syauow ¢ ‘AjpAneladoald 1unod dais 1SUA - ‘2doing epoN) 0D eIjON Aiseidosyue diy exop -1e09150 23Uy Jo dIH l6€]
Auanoe [edisAyd snosobia
-31eJ9POW Ul dW} [B10]
‘unod daig
(syauow g'| | =sujod 's;noq (VSN ‘714 'yoeag uoy
-9WI US9MISq Ui} Alejuspas Jo yibua -lepm 104 D717 'ydeionoy y7=N
ueawl) A|aAnesadolsod 's;noq '76°LA) J919WoIajed0e  A1sejdolyiie ssuy |10} JO SUYY
Kep1ad y9l ‘skep / - G Ajoniesadoalyd AJeluspas ul awn [e1o] (1URUIWOP) 1S 19-X€19M ydeioinoy Aiseidosyue diy exop -1e02150 92Uy J0 dIH €]
AjaAn
-esadoisod syyuow 7|
AjoAn
-esadoisod syiuow 9 (S=N) SISO1j02S
USET (VSN AN “A3|spay Jequun| aAleISUSHIP
-esadoisod syiuow € U] SI0}UOWN AJO) (FE=u) (€1 =N) SIsoysijojAp
‘AjoAireladoisod yiuow | -e|nquiy) Jobboj uonopy  uoIsnyequin| Jo (9z =u) -uods Jequin| ‘(z =N)
(INd9 01 INV8) SKep / ‘KloAnesadoald SIUNOD ANANDY (JUBUILIOP-UOU) ISLIA -ODIW gydebioy  uoissaidwodsp Jequun - sisousis [eulds lequint 07
(Ausuaiur A1Anoe) AAioe
(Kep Aj2A1 AJeruspas ul pabebua (VSN “14 ‘'yoeag (/S=N)
/sinoy+0Q1) sAep / ay1 Jo -eJadoisod syiuow 9 w1 Jo uoniodoid uo3ep Ho4 ‘D77 ydesn  Aiseidoiyiie aauy (€103 JO SUYY
 JO WnNWIiuIp ‘KloAlreIadoald ‘S;UN0D ANADY 1SIBAA -110Y) W15 ydeionoy Aiseidosyue diy exop -1e03150 33Uy 4O diH [og]
Buoy
Ui Q| pue’‘s’| <s9pos
-1da Bupjjem Jo 1aquinN
Kep e ‘awn A1eluspas
U ¢ (Kep yaybis uo wieg - ‘awi buipuels (wopbury pauun
pujuiow ‘swy buiddaig ‘Mobse|D “p17 sa1bojou uoIsny 10/puUe AW01DadSIp 91Z=N
K1961ns uo weg) skep g 32am aalreladorsod 1sil4 unod daig ybiya Jounuy -U23] TVd) €TVdADY  ‘UoISSUdUodap JequinT aulds JequinT 1]
uoleing syujodawi] SO AMjiqon uoned’o 2IneQq £13bing (N) syuedpnieq
bunioyuopy a|qeiea\ uonejndod sioyiny

(panunuod) ¢ ajqey



Page 9 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

SYEETN UOIIDNIISUODIRI
aAeIadoIsod XIS 15414 (VSN ‘>g uoibulysepn 1uawebl| 91e1oN10 ol 09=N
Jo uopeing WENGLEIES 'Y)|eaH SNPOJ) JOMUO  -21Ue 1O UoNez||igels Ale} 1ea} Jusweb|
noybnoly]  -doysod syoam XIs 1Sii4 1unod dais paypadsun AUAIDY UYD1epndals  -uswiebijeliul dIWBUAQ  93R[DNJD JOLSIUER 91Ny 91]
2AI1De AIoA Juads oWl |
(SYIUOW Q) YIUOW dAIRID ‘anlde Alie) uads swil|
-doisod 151y Y1 40y 1dadXd ‘aA2e Ajybi| 1usds sl Z€=N
‘pouad Apnis ayr Jo  AjpAnessdolsod syiuow ‘K1eauapas uads aull| (s91R1S PanuN 35e3SIP
uoneINp 3yl 1o XIS 15e9| 18 01 A]pAielD  ‘sdals ANoy winwixepy ‘ejuloyieD ‘0dsiduURI4 UES [eulds aAneIsuSHIp 1O
-ybnoly3 Lo -doaid yiuow auQ unod dais 1SUM U] 11g14) X34 1gM4 AK19bins Jequin Alwiogap [eulds ynpy [07]
(supuou €)
‘pouad Apnis ayi Jo NEI!
uonelnp ayrino  -esadoisod syiuow ¢ o) Kiseld SZ=N
-ybnoly3 Lo Kjonnesadoald 1unod daig 193204 2UOYd! -OJy1ie 92Uy [e101 Alewilld SIIYLe031SO [og]
WNEINLEIES
-doysod syyuow a1y (9=u) Awo1233sIp IO
‘KoAId ‘(z=u) uoisn} ApogJazul
-eladoisod syiuouw om| Jequin| Jouisod 0£=N
(syuow ¢) ‘KoAId 2In1puadxa a1ojed) (521835 panuN ‘eluIo)EeD ‘(g1 =u) Awordauiwe| uoledipned
pouad Apnis jo uoly  -esadoisod yiuow auQ ‘P3| |oAeI} 3dURISIg ‘0dSIDURI4 UBS DU IGMH)  (Z=U) uoisny Apogisiul  diusboinau Jo Ayiedol
-elnp 1noybnoly | ‘KloAlre1adoald ‘Junod daig 1SUM J919Wos9de diz 1giid Jequin|Jouaiuy  -ndipel ‘uled yoeq Mo [zl
(skep z6=siuiod 9ouaJ9ya1d [euOS
(syuow €) -9WI} U99M19] S} -1ad 01 Bulpiodde ‘DdINSP
pouad Apnis jo uon ueawl) AjaAne1adolsod umo sauaiied ay1 Jo €1=N
-elnp 1noybnoly| KjoAnesadoald 1unod dais SUA - (BUIYD ‘lWioRlY) ZPURgIN  UOISsaIdwodap Jequing  SISOUR3S [eulds Jequun /1]
Aj2A1 (BuoyUOW 0WS)
-eladoisod syoam Xis (92uel PaAI9331 96) ZHZ =N
Aj2A1 ‘sburyupn) Jonuow A1 A1sejdolyiie aauy |10} JO SUYL
(soam @) uoneinp Apnis  -esadolsod Syam om| 1unod dais UM -AlDe [eaIsAyd sBulyu Aiseidosyuie diy [exol -1e09150 dy Jo 93Uy y€]
Aj2A1
-esadoisod sieak aaiy |
EI awii} AlAnoe [eaisAyd
-eladoisod 1eak auQ SNOJIOBIA-21RISPOIN (ueder ‘eAobep ‘P11 0D €S1=N
skep / ‘KloAie1adoald unod dais 1SIBAA UayNZNg) X3 JopI0daj] Aiseidosyue diy exop SIMIYeoa1s0 diH 67]
unod da1g
‘swil
AuAnoe [esisAyd jexo]
EI ‘auwn Ayanoe [eisAyd
-eladoisod syiuow xI§ SNOJODIA-21RISPOIN
EI Wi (ueder ‘eAobep ‘P11 0D Aised 99=N
skep / -eJadoaid yuow auQ Auanoe [esisAyd ybn 1SIBA\ UJNZNG) XT J9PI0d3)I]  -OJyiie 99Uy [e103 Alewllld SI1Y1Ie031S0 99U l67]
uoleing syujodawi] oUW AMjiqon uoned’oq 2IAeQ £13bing (N) syauedpnieq
bunioyuopy a|qeiea\ uonejndod sioyiny

(panunuod) ¢ ajqey



Page 10 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

KjoAnesadoisod
SYIUOW g PUB € ‘SY9aMm 9

Auainoe |esishyd
SNOJOBIA Ul USdS swil |
‘Aiainoe [edisAyd
S1eJapowl Ul Juads sl
‘AlIADe |ed

-1sAyd 1yb1j ur uads swi|
'Kep ay1 1no

-ybnoiya sinoq Aey
-Uapas Jo uolsiadsig
‘y1bua|

1N0Q AIBIUSPIS UBS\
‘Kep 1ad sinog

(wopbury pauun

Kiseid

LS=N
diyauypjo

SIMIYyLIe AJOjewUelul IO
‘peay |eiowaj sy Jo
SISOID9U Je|ndSeAe 1o

Kep J1ad Y ¢ ‘shep / ‘KloAlreIadoald A1eIU3P3S JO JaqUINN (QUBUIWOP-UOU) ISUAN  ‘9PplguIeD) AldyauaD  -osyuie diy [eiol Alewlld 'S31dY1Ie09150 diH [o¥]
(syauow 9) INEINIIES
‘pouad sawn siyyjouon  -doisod sypuow 9 jaun (ueder 'YSYIAVA) 6=N
-einp ay1 1noybnouy | Ajoniesadoalyd 1unod da1g paypadsun 1919WOpPad 005-S3 Aisejdoiyuie aauy [e10] SIIIY1RO31SO 99U el
uolsny pue
U0I5591dWod3p [BDIAIDD
Jousisod ‘pue ‘uoisny pue
INEINIIES AW01235IP [EDIAIDD
-doisod s)aam 7g pue (vsn) JOLJ31UR ‘UOISNy JequUn| 0£=N
97718yl VD ‘M3lAURY  ‘UoISSudWOd3p Jequun| auds Jequin| 1o
skep / ‘AloAnesadoaud 1unod dais SUA -UNOW ‘lwoery) pueg 1N ‘AW0109DSIP JequinT  |BDIAJI9D 33 JO SI9PIOSI] [e7]
A1IAIDR 9buel SNOIODIA
‘A1IA110e 9bURI 91RI9POIN
EI ‘AlAoe abuel 1yb
-eladoisod syiuow x1S  ‘AlAnde abuel A1eluapas (14 ‘yoeag uoijepn 4
EN ‘saanuiw Ay 77 'ydeininoy) 1919wo - sisouals [eulds sequin| Jo 8¢ =N
skep / -e19doaid ¥9am auQ  -Ande SN0JODIA-21RI9PON diH  -I19]922e €15 ydeinnoy Juawiealy [ea1bINg  sIsoud)s [eulds Jequun [81]
uoleing syujodawi] SO AMjiqon uoned’o 2IneQq £13bing (N) syuedpnieq
Bunioyiuopy a|qeiea\ uonejndod sioyiny

(panunuod) ¢ ajqey



Page 11 of 14

(2023) 18:812

Natarajan et al. Journal of Orthopaedic Surgery and Research

JUSWISAOW
Buisil Jleyd jo uoneing
‘sbulsu a1eyd Jo Jagquinn|
‘spolad

Bumis jo uoneing
‘Bunis wuads swl]l
‘Aouanbaly apiis

‘Bupyjjem bul (SpuepiayIaN ayL
-Inp Aljnow Apog 'Spe.ISY ‘SIUSWINASU
‘spolad Jawa] Aq paidepe
Bupjiem Jo uoneing ‘SpuelIay1aN 9y ‘epaig
WEL! ‘spouad (sapis  ‘sadinag bojeuy) sadinap 09=N
-esadolsod syiuow 9 Bup|em JO JSqUINN 410Q) WlIe JaMo| pue Z021XAy 4noy Jo bul Sy
paypadsun Kjoanesadoaud ‘Bupyjiem uads Wi Hunil(SaPIS Yioq) ybiyl  -1SISUOD J0NUOIN AUANDY Aseidoiyue diy jeyop  -1eoanso diy abeis-pug (L]
uoneing sjujodawiy SOLI9 N AMjIqoN uonedo EMIETq| K196ing (N) sauedpinieq
bunioyuopy S|qeieam uonejndod sioyiny

(Panuiuod) ¥ 3|qel



Natarajan et al. Journal of Orthopaedic Surgery and Research (2023) 18:812 Page 12 of 14
Table 5 Quality assessment of included studies using Newcastle Ottawa Scale for cohort studies
Study Selection Comparability Outcome Quality
Representativeness Selection Ascertainment Assessment Comparability Assessment Follow-up Follow
of exposed of non- of exposure of outcomes of cohorts of outcome duration up of
exposed at study long cohort is
commencement enough adequate
(>3m) (>80%)
32 * 0 * * ** * * * Good
[24] * 0 * * *x * * 0 Good
[25] * 0 * * ** * * * Good
[35] * * * 0 ** * 0 * Good
[26)  * 0 * * ** * * 0 Good
[27] * 0 * * * * * 0 Good
fro]  * 0 * * ** * * 0 Good
[Be]  * 0 * * ** * * 0 Good
[20] * 0 * * ** * * 0 Good
B71 = * * 0 *x * * 0 Good
[39] * 0 * * ** * 0 * Good
[27} * * * * *% * * * Good
B3] O 0 * * * * * 0 Fair
[29] * * * * *% * * * Good
3] * 0 * 0 ** * * * Fair
[34] * * * 0 ** * 0 * Good
211 0 * * ** * 0 * Good
a7 0 * * ** * 0 * Good
[30] * 0 * * ** * 0 * Good
[221 0 0 * * x* * * 0 Fair
ne  * * % * * * * 0 Good
[ep 0 * * ** * * 0 Good
23 * 0 * * ** * * * Good
[3 1] * 0 * * *% * * * Good
400 0 * * x* * 0 0 Poor

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.
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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 28t 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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