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Abstract 

Background:  Globally the population of older adults is increasing. It is estimated that by 2050 the number of adults 
over the age of 60 will represent over 21% of the world’s population. Frailty is a clinical condition associated with age-
ing resulting in an increase in adverse outcomes. It is considered the greatest challenge facing an ageing population 
affecting an estimated 16% of community-dwelling populations worldwide.

Aim:  The aim of this systematic review is to explore how wearable sensors have been used to assess frailty in older 
adults.

Method:  Electronic databases Medline, Science Direct, Scopus, and CINAHL were systematically searched March 
2020 and November 2020. A search constraint of articles published in English, between January 2010 and Novem-
ber 2020 was applied. Papers included were primary observational studies involving; older adults aged > 60 years, 
used a wearable sensor to provide quantitative measurements of physical activity (PA) or mobility and a measure of 
frailty. Studies were excluded if they used non-wearable sensors for outcome measurement or outlined an algorithm 
or application development exclusively. The methodological quality of the selected studies was assessed using the 
Appraisal Tool for Cross-sectional Studies (AXIS).

Results:  Twenty-nine studies examining the use of wearable sensors to assess and discriminate between stages of 
frailty in older adults were included. Thirteen different body-worn sensors were used in eight different body-locations. 
Participants were community-dwelling older adults. Studies were performed in home, laboratory or hospital settings. 
Postural transitions, number of steps, percentage of time in PA and intensity of PA together were the most frequently 
measured parameters followed closely by gait speed. All but one study demonstrated an association between PA and 
level of frailty. All reports of gait speed indicate correlation with frailty.

Conclusions:  Wearable sensors have been successfully used to evaluate frailty in older adults. Further research is 
needed to identify a feasible, user-friendly device and body-location that can be used to identify signs of pre-frailty 
in community-dwelling older adults. This would facilitate early identification and targeted intervention to reduce the 
burden of frailty in an ageing population.
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Introduction
Globally the population of older adults is increasing. It 
is estimated that by 2050 the number of adults over the 
age of 60 will have almost doubled, representing over 21% 
of the world’s population [1]. This has huge implications 
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for society not least because of the increase in physical 
decline and chronic illness associated with ageing.

Frailty is a clinical condition associated with ageing, 
characterised by multi-system decline resulting in an 
increase in adverse outcomes such as falls, hospitalisa-
tion, institutionalisation and mortality [2]. Fried’s Frailty 
Phenotype (FFP) [2], the most commonly used frailty 
assessment tool [3] defines frailty as the presence of three 
or more of the five identified phenotypes; sarcopaenia, 
weakness as demonstrated by reduced grip-strength 
and slow gait-speed, fatigue and reduced level of activ-
ity [2]. It is considered the greatest challenge facing an 
ageing population [4, 5] affecting an estimated 16% of 
community-dwelling populations worldwide [6] and 
21.5% of over 65’s in Ireland [5]. Frailty is associated with, 
but is not an inevitable part of ageing and it is thought 
to be transitional. Research suggests that with interven-
tion people can transition between stages of frailty, from 
pre-frail (PF) to robust or non-frail (NF) and albeit to a 
lesser extent, from frail (F) to robust [7, 8]. Robust or NF 
is defined as the absence of phenotypes while PF, consid-
ered the prodromal stage of frailty is defined as the pres-
ence of one or two phenotypes [2].

The association between physical inactivity and frailty 
is well documented [9–13]. Physical activity (PA) and 
physical fitness are inversely related to chronic disease 
and all-cause mortality, including frailty [14]. As a result, 
the World Health Organisation has developed guide-
lines and an action plan to promote PA, healthy ageing 
and reduce functional decline, with the view to reducing 
the burden of sequelae of inactivity on both the individ-
ual and the health system [15]. More recent guidelines 
include advice on reducing sedentary time [16]. It is 
thought however, that only one in four adults over the 
age of 18 meet guidelines for minimum activity levels 
[15]. Results for older adults (> 65 years of age) meeting 
the recommendations varies from zero [11] to between 
15% [17] and 87% [18].

Traditionally, measurement of mobility and PA has 
relied on the use of self-reported questionnaires, surveys 
or diaries, or direct observation of physical performance 
tests, each with inherent difficulties and limitations. 
While these methods can be cost-effective and simple 
to administer they carry a risk of bias from recall, desire 
to perform better and participant reactivity, a well-rec-
ognised phenomenon of behaviour change due to the 
awareness of being observed [19].

Recent advances in technology provide the oppor-
tunity for objective measurement of mobility and PA 
through the use of wearable sensors. This allows for unbi-
ased examination of PA patterns and behaviours which 
can inform guidelines and promote more widespread 
participation [11, 20, 21]. Wearable sensors are devices 

that incorporate various technologies capable of physi-
ological, biomechanical and motion sensing. They can 
be incorporated into shoes and clothing, worn as pen-
dants, attached to the wrist, ankle or trunk, or carried in 
a pocket. Wireless inertial units are the most commonly 
used sensors in wearable systems [22]. In the form of 
accelerometers, gyroscopes, pedometers or heart-rate 
monitors, wearable sensors have the capacity to meas-
ure activity frequency, duration and intensity. Acceler-
ometers measure linear acceleration in real time and can 
detect movement in up to 3 planes, i.e. vertical, antero-
posterior and medio-lateral. Pedometers measure the 
number of steps taken and correlate well with uni-axial 
accelerometers [23]. Gyroscopes measure changes in ori-
entation such as rotational or angular velocity, accelera-
tion or displacement. Heart rate monitors are one type of 
sensor among others capable of capturing indications of 
physical activities that do not require trunk displacement 
and can be used to indicate energy expenditure and PA 
behaviours e.g. sedentary time [24].

Considering the increasing population of older adults, 
ninety-five percent of who are community-dwelling [25], 
identifying a way for individuals to independently and 
objectively monitor their risk of developing frailty is vital. 
Earlier reviews have reported on the use of wearable sen-
sors in relation to gait analysis [26], falls risk [27], reha-
bilitation [28] and levels of PA in hospitalised frail elderly 
[29] and community-dwelling older adults [21]. The aim 
of this systematic review is to examine the literature to 
explore how wearable sensors have been used to identify 
frailty and pre-frailty in older adults and compare with a 
traditional frailty classification tool. Specifically it aims to 
discern which parameters of mobility and PA obtained 
from wearable sensors have been best used to quantify 
frailty in older adults, the type of body-worn sensors 
used to provide these parameters, the sensor-placement 
used and how the parameters of mobility and PA are 
associated with the discrimination of frailty stages.

Methods
Search strategy
This systematic review was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) [30] and is registered with the 
International prospective register of systematic reviews 
(PROSPERO) (registration number CRD42020163082). 
Using the PICO framework (Population, Intervention, 
Comparator and Outcome) to develop search terms, one 
investigator searched the electronic databases MED-
LINE, Science Direct, Scopus, and CINAHL as per pre-
vious reviews [7, 21, 31]. The search was carried out in 
March 2020 and updated November 24th, 2020 to ensure 
all recently published articles meeting the criteria were 
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included. The search strategy was developed in consulta-
tion with a librarian. The complete search strategy used 
in MEDLINE and adapted to the other electronic sources 
is shown in Appendix 1. Reference lists of eligible papers 
were manually searched for additional studies.

Study selection
Papers were selected if they were available in English 
and met the following criteria: Primary observational 
studies, performed in a laboratory, clinical or free-liv-
ing (home/community) environment; Recruited older 
adults > 60 years of age; Involved the use of any consumer, 
research or medical-grade wearable sensor to provide 
quantitative measurements of mobility and/or PA, and 
included a standardised frailty classification tool.

Studies were excluded if they used non-wearable sen-
sors (e.g. ambient sensor) for outcome measurement, or 
outlined mobility/PA algorithm or application develop-
ment exclusively.

Titles and abstracts were screened by one investiga-
tor. Full texts of studies identified by this review were 
screened for eligibility by three investigators indepen-
dently. Consensus was reached through discussion.

Data extraction
Data extracted from each study included first author, year 
of publication, number of participants and age profile, 
study setting, wearable sensor used; make, model and 
manufacturer, study objectives and methods, param-
eters of PA/ Mobility measured, frailty measure, reported 
findings and their statistical analysis. The methodologi-
cal quality of the selected studies was assessed using the 
Appraisal Tool for Cross-sectional Studies (AXIS) [32].

Analysis
Due to the heterogeneity of the study methodology, 
methods of analysis and outcomes reported, a meta-anal-
yses was not possible for this review.

Results
Literature search
The initial search identified 376 papers published since 
2010. Following screening of titles and abstracts and 
removal of duplicates, 35 articles were deemed appropri-
ate for full text screening. Five further articles were iden-
tified from manual search of references of eligible studies. 
One paper [33] was published after the updated search 
but was included when discovered incidentally. Of the 
40 articles reviewed, 11 were excluded (See Appendix 2). 
The remaining 29 were included in the review (Table 1). 
Figure 1 outlines the selection process.

Study characteristics
All studies included in the review were either valida-
tion (< 25%) or observational cross-section design. 
One study [17] was a mixed methods design but only 
the objective quantitative results were included in the 
report. The studies were carried out in varying settings; 
home: n = 14 [11, 17, 24, 34–44], laboratory: n = 8 
[42, 45–51], hospital: in-patient n = 2 [52, 53], out-
patient n = 2 [34, 54], community centre n = 1 [55] and 
not specified: n = 4 [33, 56–58]. Participant numbers 
ranged from n = 30 to n = 718. Criteria of frailty clas-
sification included Fried’s Frailty Phenotype (n = 19) 
[17, 33, 34, 38–41, 43–47, 49–51, 54, 56–58], modi-
fied Frailty Phenotype (n = 3) [35, 36, 55], Rockwood’s 
Frailty Index (n = 2) [24, 48] Trauma-Specific FI (n = 2) 
[52, 53], Identification Seniors At Risk-Hospitalized 
Patients’ questionnaire (ISAR-HP) (n = 1) [11] and Til-
burg Frailty Indicator (n = 1) [42].

Of the studies included, 13 different body-worn sen-
sors were used in eight different body-locations. Details 
of sensors are provided in Table 2. One study used an 
iPhone as a body-worn sensor by affixing to the chest 
and was thus included in the study, data from which 
is presented in two separate articles [47, 51]. Sensor 
placement included the lumbar spine (LSp) (n = 8), 
chest (n = 7), shin/ankle (n = 7), wrist and upper-limb 
combination (n = 3), wrist (n = 2), waist (n = 3), hip 
(n = 3), thigh (n = 3), foot (n = 1) and not specified 
(n = 3). Nineteen studies used just one body location 
[11, 17, 34–37, 40–42, 45–48, 50, 51, 54–56, 58], three 
studies, measuring elbow kinetics specifically, used a 
combination of above elbow and wrist [39, 52, 53] while 
six others used multiple body-locations of LSp and shin 
[57], and chest, LSp, thigh, shin and foot [24, 33, 38, 43, 
49].

Seven different measures of mobility and PA were 
reported. Mobility measures included temporal-spatial 
gait parameters of speed, total steps, double support, 
stride length, time and variability [24, 33, 38, 47, 49, 50, 
54, 56], postural transitions: acceleration counts of sit 
to stand (STS), stand to walk, stand to sit [24, 40, 41, 46, 
48, 49, 58], trunk angular velocity [47, 50], upper limb 
kinematics [39, 52, 53], intensity of PA and percentage 
of time in walking, standing, sitting and lying [11, 17, 
24, 35–38, 40–43, 55]. Two studies examined PA inten-
sity with the aim to objectively define and compare with 
the low PA criterion of a frailty classification tool [34, 
44]. Balance parameters included sway of ankle, hip and 
centre of mass [30, 36, 41, 24] and chair-stand kinemat-
ics including number of STS cycles, acceleration and 
trunk displacement [46, 48, 49, 58].
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Table 1  Data extraction
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Table 1  (continued)
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Table 1  (continued)
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Table 1  (continued)
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Table 1  (continued)
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Table 1  (continued)
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Table 1  (continued)
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Participant characteristics
Participants ranging in age 63–90 years were recruited 
from community, assisted-living or hospital environ-
ments. Four studies [45, 46, 48, 54] included a healthy 
young cohort (age range 18–54 years) for comparison. 
For those studies that reported sex there was an overall 
predominance of females.

Quality assessment
With the exception of one study that scored 12, the meth-
odological quality of studies demonstrated a minimum 
result of 70% (14 out of a possible 20, range 14–20) using 
the AXIS tool (Appendix  3). Quality appraisal of all 29 
studies is presented in Table  3. The tool used does not 
apply a numerical score or rating because of the author’s 
assertion of the non-linear weighting of each aspect 
of the assessment and each Sect.  [59]. No study was 
excluded based on methodological score.

Discussion
This systematic review was undertaken to examine which 
parameters of mobility and PA obtained from a wear-
able sensor have been used to assess and quantify frailty, 
which type of body-worn sensors and specific body-loca-
tions have been used and how different parameters are 
associated with discrimination of stages of frailty. Of the 
29 studies included in the review, seven different aspects 
of mobility and PA with a multiplicity of subdivisions 
were examined, using 13 different sensor brands on eight 
different body-locations. Some studies use a combination 
of body-locations. This heterogeneity makes comparison 
and analysis difficult and thus precludes recommenda-
tions on devices. It is worth noting however that while 
brands of sensors reported differ, the properties are com-
parable. Studies will be discussed under headings refer-
ring to the various mobility and PA parameters, sensors 
used and body-location of sensors.

Parameters of mobility and physical activity
Physical activity parameters
Time spent in non-sedentary activity is the most com-
monly examined parameter of mobility and PA in the 

literature reviewed. Subdivisions of PA patterns and PA 
behaviour examined include time spent in non-sedentary 
activity; time spent in various intensities of activity; num-
ber of postural transitions, number of bouts, length of 
unbroken bouts and variability in bouts of the different 
measurements of PA.

There was some commonality of metrics among the 12 
studies in this group [11, 17, 24, 35–38, 40–43, 55] and 
some consensus. Razjouyan et  al., [41] agree with ear-
lier findings of Theou et  al., [24] that total time spent 
in non-sedentary activity correlates well with a frailty 
index, demonstrating significant differences between 
levels of frailty. This is supported by Jansen et  al., [43] 
in a study which examines the effect of frailty levels on 
motor capacity and mobility performance. The authors 
suggest that capacity does not necessarily determine per-
formance or function but there is a strong association 
between the two and frailty. These findings are contra-
dicted by Schwenk et al., [38] who suggest that percent-
age of time spent walking is a poor discriminator of 
frailty levels. These authors [38] suggest variability in 
walking bouts described as more static and less complex 
PA combined with shorter walking bouts as a more sensi-
tive measure of frailty. Similarly, it is suggested that sed-
entary time is associated with frailty [36, 41] but this is 
refuted in another study [17].

Some studies measured intensity of PA, but as is com-
mon with many of the parameters in the studies included 
in this review, there is little consistency in how the met-
rics are defined or measured. Categories of PA intensity 
are consistent insofar as they are referred to as varia-
tions of low, medium or high [11, 17, 34, 36, 37, 41, 42, 
44, 55] but how each category is defined differs, from 
measurement of acceleration counts per minute [11, 17] 
to metabolic equivalents (MET) [11, 36, 37, 41, 55] and 
magnitude of mobility e.g. lying, sitting, walking pace 
[42]. Counts per minute as a metric of PA intensity are 
not universal and there is marked disparity between the 
scales used [11, 17, 34, 35].

There is some agreement that moderate to vigor-
ous activity is inversely related to frailty. Those studies 
that differentiate between levels of frailty agree that PA 

N/n Number, FFP Fried’s Frailty Phenotype, F Frail, PF Pre-Frail, NF Non-Frail, s seconds, FTO Feet Together Eyes Open, FTC Feet Together Eyes Closed, FSO Feet Semi-
tandem Eyes Open, FSC Feet Together Eyes Closed, L3 Lumbar Vertebrae n 3, PA Physical Activity, GPS Global Positioning System, EMG Electromyography, m/s metre 
per second, VL Vastus Lateralis, BB Biceps Brachii, FI Frailty Index, r Correlation coefficient, CST Chair Stand, cpm counts per minute, m/s2 metre per second squared, STS 
Sit To Stand, St-Si Stand to Sit, 3D 3-Dimensional, ETGUG​ Extended Timed Get Up and Go, TUG​ Timed Up and Go, MGS Maximum Grip Strength, FTSS Five Times Sit to 
Stand, CI Confidence Interval, CHS Cardiovascular Health Study, kcal/kg calorie per kilogram, CV / CoV Coefficient of Variation, COM Centre of Mass, AP Antero-Posterior, 
ML Medial–lateral; h hour, AUC​ Area Under Curve, RMS Root Mean Square, OLCL Open Loop Closed Loop; ∆t Change in time, MVPA Moderate to Vigorous PA; MET 
Metabolic Equivalent, ISAR-HP Identification of Seniors At Risk-Hospitalised Patients Questionnaire; TFI Tilburg Frailty Index, TSFI trauma-Specific Frailty Index, UEF 
Upper-Extremity Frailty Assessment; GV Gait Velocity, CK Chair Kinematics; SD Standard Deviation, ST Sedentary Time, LLPA Low-Light PA, HLPA High-Light PA, NWS 
Normal Walking Speed, FWS Fast Walking Speed, iTMT instrumented Trail-Making-Task, mVG Mean value of the norm of the torso COM velocity; mOmega, mean value 
of the norm of the trunk angular velocity, TD Task Duration, mAcc mean Acceleration, mAz Acceleration in vertical axis; mAxy mean acceleration in horizontal plane, 
mEK mean kinetic energy, Frail-J J-CHS Frailty Indices adapted for Japanese older adults, DGI Dynamic Gait Index, DS Double Support

Table 1  (continued)
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intensity discriminates NF from PF and to a lesser extent 
PF from F [17, 36, 37, 41, 55]. This is refuted by Jansen 
et  al. [11] who found no significant between-group dif-
ferences. The much lower counts per minute used in this 
study may account for this finding. Acceleration counts 
as measured in one study [24] are referred to as postural 
transitions or counts per minute (CPM) in others [34, 35, 
37]. One study [40] in which postural transitions are fur-
ther defined as sit to stand, stand to sit, stand to walk etc. 
purports the ability of the number of postural transitions 
to discriminate between levels of frailty while the others 
suggest discrimination between F and NF only [34, 35].

Within the literature included in the review, the most 
common correlation between frailty levels and PA 

demonstrated are moderate – vigorous PA (MVPA) [17, 
36, 37, 41, 55], bouts of PA [38, 41, 43, 55] and total num-
ber of steps [24, 37, 41, 43, 55].

Temporal‑spatial parameters of gait including trunk 
kinematics
Seven studies [24, 25, 29, 30, 40, 41, 43,] examined gait 
speed, velocity or time to complete a walk test as part of 
their research. Five included gait speed with temporal-
spatial parameters including step time, regularity; stride 
time, length regularity; percentage of time in double sup-
port and trunk kinematics of angular velocity and trunk 
displacement [33, 38, 49, 50, 56]. One study examined 
trunk kinematics only, during the STS, Stand to Sit (St-Si) 

Fig. 1  PRISMA 2009 flow diagram
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and turn transitions of 10-m Timed Up and Go (TUG) 
test [47, 51]. While there is consensus regarding the 
association between gait speed/velocity and the identifi-
cation of frailty [24, 33, 38, 47, 54] there is disparity in 
the significance of the results. All agree on the ability of 
gait speed/velocity to discriminate between NF and F 
however the effect size varies considerably, even between 
studies using the same body-location [38, 54]. Variation 
in the methodology of gait speed measurement may be 
a contributory factor in the disparity, with distance over 
which speed was measured varying from 3 to 20 m. One 
study suggests that the ability to distinguish between PF 
and F, arguably a more important distinction, lies within 
the development of models including capacity and per-
formance [43]. This study included measures of normal 
and fast walking speed as measures of capacity.

Balance
Balance is measured in different ways throughout the 
literature varying in the nature of the assessment, the 
conditions under which the assessment took place and 
duration of each task. Those that assessed balance during 
a period of quiet standing did so over different time peri-
ods ranging from 10 – 40-s [38, 45, 49, 57]. Conditions 
varied between participants standing with feet together, 
feet semi-tandem, eyes open and/or eyes closed while 
another measured balance during a 30-s chair-stand 
exercise [46]. Balance was evaluated by examining dis-
placement of trunk [38, 45, 46, 49], hip and ankle [38, 57] 
in anteroposterior and medial–lateral directions and dur-
ing different phases of the task [46].

Studies that investigated the effect of balance param-
eters on the identification of frailty agree on a greater 
anteroposterior sway in frail groups under conditions 
of feet together, eyes closed but no between-group sig-
nificance [38, 45, 57]. Millor et al., [46] concur to some 
extent in their assessment of lateral sway. However 
synthesis of data is difficult because of the study char-
acteristics. These studies varied greatly in their meth-
odology and analysis. One study [45] proposes analysis 
of the orientation and acceleration signal-intensity as a 
novel and perhaps more appropriate approach to dis-
criminating between frailty levels than sway or power 
variables of balance tests. Results of this study indicate 
that the higher frequencies of orientation and acceler-
ation signals obtained through wavelet decomposition 
analysis in healthy populations are distinguished from 
the lower frequencies typical of a frail population.

One study that examined a broad range of variables 
suggests that the predictive validity of balance parame-
ters is inferior to those of gait and PA parameters [38]. 
Subsequently it has been suggested that kinematics of 
STS have greater sensitivity, specificity, accuracy and 
precision values than those of gait parameters, spe-
cifically velocity [58]. This is supported by one study 
which, using a model combining data from balance, PA 
and chair kinematics, yields a higher accuracy percent-
age in identifying frailty than each of the individual 
tests [49].

Upper limb kinematics
Three studies [39, 52, 53] examined kinematics of the 
upper limb, specifically the elbow, in the development 
of a frailty assessment tool that does not rely on gait. 
All agree on the ability of the variables derived from an 
elbow flexion/extension task to distinguish between lev-
els of frailty.

Sensors and body‑location
With the exception of two studies [24, 37] in which a uni-
axial accelerometer was used, all studies report the use of 
either a tri-axial accelerometer, gyroscope or a combina-
tion of both, with the inclusion of a tri-axial magnetom-
eter reported in eight studies [33, 45–48, 54, 56, 58]. The 
uni-axial accelerometer was positioned at the waist and 
used to record steps in conjunction with acceleration 
counts [24] and total number of steps with PA intensity 
[37]. The most common body-location for the tri-axial 
sensors was the lumbar spine [38, 43, 45, 46, 49, 56–58], 
but in other studies these sensors were positioned at the 
chest [24, 40, 41, 47–49, 51], shins [33, 38, 43, 50, 54, 57, 
60], wrist [35, 39, 42, 52, 53], waist [11, 55], hip [17, 36] 
thigh [33, 38] and foot [33].

There was some commonality with the body-locations 
used and metrics obtained, for example all balance param-
eters were obtained using a tri-axial gyroscope positioned 
at the LSp [38, 45, 46, 57, 60]. However in some studies a 
sensor positioned at the LSp was used to examine tempo-
ral-spatial parameters of gait [56, 58]. One study used a 
combination of LSp and shin to measure balance param-
eters, presumably because the study examined open-loop 
and closed-loop postural control strategy [57].

Body-location of sensors measuring PA included 
chest [38, 40, 41, 43, 51, 60], wrist [35, 42], hip [17, 36] 
and waist [24, 55]. One study in this group [38] used a 



Page 14 of 20Vavasour et al. J NeuroEngineering Rehabil          (2021) 18:112 

Ta
bl

e 
2 

Se
ns

or
 d

et
ai

ls

A
ut

ho
r (

Re
fe

re
nc

e 
n.

)
Se

ns
or

 ty
pe

,L
oc

at
io

n 
an

d 
pr

op
er

tie
s 

w
he

re
 p

ro
vi

de
d

A
cq

ui
si

tio
n,

 p
ro

ce
ss

in
g 

an
d 

an
al

ys
is

M
ar

tin
ez

-R
am

ire
z 

[4
5]

M
Tx

 X
SE

N
S,

Xs
en

s T
ec

hn
ol

og
ie

s 
B.

V.
 E

ns
ch

ed
e,

 N
et

he
rla

nd
s

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

 &
 m

ag
ne

to
m

et
er

 w
or

n 
at

 L
 3

 c
om

bi
ne

s 
ni

ne
 

in
di

vi
du

al
 M

EM
S 

se
ns

or
s 

to
 p

ro
vi

de
 d

rif
t-

fre
e 

3D
 o

rie
nt

at
io

n 
as

 w
el

l a
s 

ki
ne

m
at

ic
 

da
ta

: 3
D

 a
cc

el
er

at
io

n,
 3

D
 (r

at
e 

gy
ro

) a
nd

 3
D

 m
ag

ne
to

m
et

er
s

A
 w

av
el

et
-b

as
ed

 a
lg

or
ith

m
 u

si
ng

 F
ou

rie
r T

ec
hn

iq
ue

, W
av

el
et

 D
ec

om
po

si
tio

n,
 P

rin
ci

pa
l 

Co
m

po
ne

nt
 A

na
ly

si
s

Th
eo

u 
[2

4]
A

ct
iT

ra
in

er
 U

ni
-a

xi
al

 a
cc

el
er

om
et

er
 w

or
n 

on
 w

ai
st

 R
ec

or
ds

 d
at

a 
in

 1
-m

in
 e

po
ch

s
Po

la
r W

ea
rL

in
k 

H
R 

m
on

ito
r w

or
n 

on
 c

he
st

,
G

ar
m

in
 fo

re
ru

nn
er

40
5 

G
PS

 w
or

n 
on

 w
ris

t
Bi

om
et

ric
s 

D
at

aL
O

G
 P

3X
8 

EM
G

 w
or

n 
on

 V
as

tu
s 

La
te

ra
lis

 a
nd

 B
ic

ep
s 

Br
ac

hi
i

D
at

a 
do

w
nl

oa
de

d 
or

 w
ire

le
ss

ly
 tr

an
sm

itt
ed

 to
 C

us
to

m
 S

of
tw

ar
e

EM
G

 s
am

pl
in

g 
fre

qu
en

cy
 1

00
0 

H
z

M
ill

or
 [4

6]
M

Tx
 X

SE
N

SX
se

ns
 T

ec
hn

ol
og

ie
s 

B.
V.

 E
ns

ch
ed

e,
 N

et
he

rla
nd

s
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

, g
yr

os
co

pe
 &

 m
ag

ne
to

m
et

er
 w

or
n 

at
 L

3
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z,

 A
ut

om
at

ed
 ra

w
 d

at
a 

an
al

ys
is

 u
si

ng
 M

at
la

b 
(M

at
hw

or
ks

 
In

c.
, N

at
ic

k,
 M

A
., 

U
SA

)

G
al

an
-M

er
ca

nt
 [4

7,
 5

1]
iP

ho
ne

4 
se

cu
re

d 
to

 c
he

st
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

, g
yr

os
co

pe
 &

 m
ag

ne
to

m
et

er
A

pp
le

 u
se

s 
a 

LI
S3

02
D

L 
ac

ce
le

ro
m

et
er

 in
 iP

ho
ne

4

Sa
m

pl
in

g 
fre

qu
en

cy
 3

2 
H

z.
 D

at
a 

ob
ta

in
ed

 th
ro

ug
h 

th
e 

us
e 

of
 a

n 
A

pp
lic

at
io

n 
xS

en
so

r 
Pr

o,
 C

ro
ss

bo
w

 T
ec

hn
ol

og
y 

In
c.

, a
va

ila
bl

e 
fro

m
 A

pp
le

 A
pp

St
or
e

G
re

en
e 

[5
0]

SH
IM

M
ER

, D
ub

lin
, I

re
la

nd
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

 &
 g

yr
os

co
pe

 w
or

n 
on

 e
ac

h 
sh

in
Se

ns
or

 a
xe

s 
al

ig
ne

d 
w

ith
 th

e 
ve

rt
ic

al
, m

ed
io

-la
te

ra
l a

nd
 a

nt
er

io
r–

po
st

er
io

r a
xe

s 
of

 
th

e 
bo

dy
,

Sa
m

pl
in

g 
fre

qu
en

cy
 1

02
.4

 H
z,

 L
ow

-p
as

s 
fil

te
re

d 
w

ith
 z

er
o-

ph
as

e 
2n

d 
or

de
r B

ut
te

r-
w

or
th

 fi
lte

r, 
20

 H
z 

co
rn

er
 fr

eq
ue

nc
y.

 R
aw

 d
at

a 
an

al
ys

is
 u

si
ng

 M
at

la
b 

(M
at

hw
or

ks
 In

c.
, 

N
at

ic
k,

 M
A

., 
U

SA
)

G
re

en
e 

[4
9]

SH
IM

M
ER

, D
ub

lin
, I

re
la

nd
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

 &
 g

yr
os

co
pe

 w
or

n 
on

 e
ac

h 
sh

in
, l

at
er

al
 a

sp
ec

t o
f r

ig
ht

 th
ig

h,
 

St
er

nu
m

 a
bo

ve
 L

5

In
er

tia
l s

en
so

r S
am

pl
in

g 
fre

qu
en

cy
 1

02
.4

 H
z,

 2
nd

 o
rd

er
 B

ut
te

rw
or

th
 fi

lte
r. 

Pr
es

su
re

 s
en

-
so

r 4
0 

H
z.

 R
aw

 d
at

a 
an

al
ys

is
 u

si
ng

 M
at

la
b 

(M
at

hw
or

ks
 In

c.
, N

at
ic

k,
 M

A
., 

U
SA

)

C
he

n 
[4

4]
A

ct
iv

e 
St

yl
e 

Pr
o,

 H
JA

35
0-

IT
, O

m
ro

n 
H

ea
lth

ca
re

, C
o.

 L
td

, K
yo

to
, J

ap
an

)
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

. L
oc

at
io

n 
no

t s
pe

ci
fie

d
D

et
ai

ls
 n

ot
 p

ro
vi

de
d

Sc
hw

en
k 

[3
8]

LE
G

Sy
s™

, B
al

an
Se

ns
™

, P
A

M
Sy

s™
 L

oc
om

ot
io

n 
Ev

al
ua

tio
n 

an
d 

G
ai

t S
ys

te
m

, (
Bi

oS
en

-
si

cs
, C

am
br

id
ge

, M
A

)
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

, g
yr

os
co

pe
, m

ag
ne

to
m

et
er

 s
en

so
rs

 w
or

n 
on

 s
ha

nk
s, 

th
ig

hs
, 

an
d 

L

Sa
m

pl
in

g 
fre

qu
en

cy
 1

00
 H

z 
Cu

st
om

 s
of

tw
ar

e 
LE

G
Sy

s™
, B

al
an

Se
ns

™
,

M
ar

tin
ez

-R
am

ire
z 

[5
6]

M
Tx

 X
SE

N
S,

Xs
en

s T
ec

hn
ol

og
ie

s 
B.

V.
 E

ns
ch

ed
e,

 N
et

he
rla

nd
s

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

 &
 m

ag
ne

to
m

et
er

 w
or

n 
at

 L
3

G
ai

t f
ea

tu
re

s 
w

er
e 

de
te

ct
ed

 u
si

ng
 a

ut
om

at
ic

 p
ea

k 
de

te
ct

io
n 

an
d 

id
en

tifi
ed

 u
si

ng
 

w
av

el
et

 d
ec

om
po

si
tio

n 
(C

oi
f5

 le
ve

l 3
)

To
os

iz
ad

eh
 [5

7]
Ba

la
nS

en
s 
™

 B
io

Se
ns

ic
s 

(L
LC

, B
ro

ok
lin

e,
 M

as
s.,

 U
SA

)
Tr

ia
xi

al
 a

cc
el

er
om

et
er

, g
yr

os
co

pe
, m

ag
ne

to
m

et
er

 w
or

n 
at

 s
ha

nk
 a

nd
 tr

un
k

Sa
m

pl
in

g 
fre

qu
en

cy
 1

00
 H

z 
Re

al
 ti

m
e 

qu
at

er
ni

on
s 

w
er

e 
co

nv
er

te
d 

to
 E

ul
ar

 a
ng

le
s

To
os

iz
ad

eh
 [3

9]
Bi

oS
en

si
cs

 L
LC

Tr
i-a

xi
al

 g
yr

os
co

pe
 w

or
n 

on
 U

pp
er

 A
rm

 n
ea

r B
ic

ep
s 

m
us

cl
e 

an
d 

w
ris

t
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z 

Fu
rt

he
r d

et
ai

ls
 o

f s
en

so
r-

da
ta

 e
xt

ra
ct

io
n 

no
t p

ro
vi

de
d

Ja
ns

en
 [1

1]
A

ct
iG

ra
ph

 G
T3

X 
+

 (A
ct

iG
ra

ph
, P

en
sa

co
la

, F
lo

rid
a)

 a
nd

 B
T-

Q
10

00
XT

 (Q
St

ar
z 

In
te

rn
a-

tio
na

l C
o)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
 a

nd
 G

PS
 re

ce
iv

er
 w

or
n 

on
 w

ai
st

A
ct

iL
ife

 v
5.

8.
3 

Fi
rm

w
ar

e 
v2

.2
.0

, w
as

 u
se

d 
to

 p
ro

ce
ss

 a
cc

el
er

om
et

er
 d

at
a

To
os

iz
ad

eh
 [5

3]
Bi

oS
en

si
cs

 L
LC

Tr
i-a

xi
al

 g
yr

os
co

pe
 w

or
n 

on
 U

pp
er

 A
rm

 n
ea

r B
ic

ep
s 

m
us

cl
e 

an
d 

w
ris

t
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z 

Fu
rt

he
r d

et
ai

ls
 o

f s
en

so
r-

da
ta

 e
xt

ra
ct

io
n 

no
t p

ro
vi

de
d

M
ill

or
 [5

8]
M

Tx
 O

rie
nt

at
io

n 
Tr

ac
ke

r (
W

SE
N

S,
 X

se
ns

 T
ec

hn
ol

og
ie

s 
B.

V.
, E

ns
ch

ed
e,

 N
et

he
rla

nd
s)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

 &
 m

ag
ne

to
m

et
er

 w
or

n 
at

 L
Sp

3
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z.

 N
in

e 
in

di
vi

du
al

 M
EM

S 
se

ns
or

s 
pr

ov
id

ed
 k

in
em

at
ic

 d
at

a.
 

D
rif

t-
fre

e 
or

ie
nt

at
io

n 
da

ta
 w

as
 a

ls
o 

pr
ov

id
ed

 u
si

ng
 K

al
m

an
 fi

lte
rs

. A
ut

om
at

ed
 d

at
a 

an
al

ys
is

 u
si

ng
 M

at
la

b 
(M

at
hw

or
ks

 In
c.

, N
at

ic
k,

 M
A

., 
U

SA
)

Pa
rv

an
ne

h 
[4

0]
PA

M
Sy

s T
M

 (B
io

Se
ns

ic
s 

LL
C

, W
at

er
to

w
n,

 M
A

, U
SA

),
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

 w
or

n 
at

 S
te

rn
um

Sa
m

pl
in

g 
fre

qu
en

cy
 5

0 
H

z.
 C

us
to

m
 s

of
tw

ar
e 

/ 
al

go
rit

hm
 (P

A
M

W
ar

e,
 B

io
Se

ns
ic

s 
Ca

m
-

br
id

ge
, M

A
, U

SA
)



Page 15 of 20Vavasour et al. J NeuroEngineering Rehabil          (2021) 18:112 	

Ta
bl

e 
2 

(c
on

tin
ue

d)

A
ut

ho
r (

Re
fe

re
nc

e 
n.

)
Se

ns
or

 ty
pe

,L
oc

at
io

n 
an

d 
pr

op
er

tie
s 

w
he

re
 p

ro
vi

de
d

A
cq

ui
si

tio
n,

 p
ro

ce
ss

in
g 

an
d 

an
al

ys
is

H
ui

si
ng

h-
Sc

he
et

z 
[3

5]
A

ct
iW

at
ch

 S
pe

ct
ru

m
Tr

i-a
xi

al
 p

ie
zo

-e
le

ct
ric

 a
cc

el
er

om
et

er
 w

or
n 

on
 w

ris
t

Sa
m

pl
in

g 
fre

qu
en

cy
 3

2 
H

z.
 D

at
a 

pr
oc

es
se

d 
us

in
g 

A
ct

iw
ar

e®
 s

of
tw

ar
e

Le
e 

[5
2]

LE
G

Sy
s™

(B
io

se
ns

ic
s 

LL
C

, W
at

er
to

w
n,

 M
A

)
Tr

i-a
xi

al
 g

yr
os

co
pe

 w
or

n 
on

 w
ris

t a
nd

 U
pp

er
 a

rm
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z,

 A
ut

om
at

ed
 ra

w
 d

at
a 

an
al

ys
is

 u
si

ng
 M

at
la

b 
(M

at
hw

or
ks

 
In

c.
, N

at
ic

k,
 M

A
., 

U
SA

). 
A

n 
al

go
rit

hm
 w

as
 d

ev
el

op
ed

 u
si

ng
 z

er
o 

cr
os

si
ng

 te
ch

ni
qu

e,
 

w
ith

 n
o 

fil
te

rin
g,

 to
 a

ut
om

at
e 

ph
en

ot
yp

e 
ex

tr
ac

tio
n

Ra
zj

ou
ya

n 
[4

1]
PA

M
Sy

s™
 (B

io
Se

ns
ic

s 
LL

C
, W

at
er

to
w

n,
 M

A
, U

SA
)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
 w

or
n 

at
 s

te
rn

um
Sa

m
pl

in
g 

fre
qu

en
cy

 5
0 

H
z.

 T
he

 ra
w

 d
at

a 
w

er
e 

pr
oc

es
se

d 
w

ith
 a

 b
an

d-
pa

ss
 fi

lte
r a

t c
ut

-
off

 fr
eq

ue
nc

ie
s 

of
 0

.1
95

3 
H

z 
an

d 
12

.5
 H

z

Ca
st

an
ed

a-
G

am
er

os
 [1

7]
A

ct
ig

ra
ph

 G
T3

X 
ac

ce
le

ro
m

et
er

 (A
ct

ig
ra

ph
, P

en
sa

co
la

, F
L)

 w
or

n 
on

 H
ip

. P
ro

gr
am

m
ed

 
to

 re
co

rd
 a

ct
iv

ity
 in

 6
0-

s 
ep

oc
hs

D
at

a 
w

er
e 

cl
ea

ne
d 

an
d 

sc
or

ed
 u

si
ng

 A
ct

iL
ife

 s
of

tw
ar

e 
V6

.2

Ja
ns

en
 [4

3]
LE

G
Sy

s™
 (B

io
Se

ns
ic

s, 
Ca

m
br

id
ge

, M
as

s.,
 U

SA
)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

, m
ag

ne
to

m
et

er
 w

or
n 

on
 s

ha
nk

s, 
th

ig
hs

, a
nd

 L
A

lg
or

ith
m

 b
as

ed
 o

n 
ac

ce
le

ro
m

et
er

 d
at

a 
w

ith
 lo

w
-p

as
s 

fil
te

rin
g 

(a
s 

de
sc

rib
ed

 in
 

au
th

or
’s 

ea
rli

er
 p

ub
lic

at
io

n)

Zh
ou

 [5
4]

LE
G

Sy
sT

M
 (B

io
Se

ns
ic

s, 
M

A
, U

SA
)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

, m
ag

ne
to

m
et

er
 w

or
n 

on
 b

ot
h 

sh
in

s
Q

ua
te

rn
io

n 
co

m
po

ne
nt

s 
of

 a
nk

le
 ro

ta
tio

n 
w

er
e 

co
nv

er
te

d 
to

 E
ul

ar
 a

ng
le

s. 
Sa

m
pl

in
g 

fre
qu

en
cy

 1
00

 H
z

M
ul

as
so

 [4
2]

A
D

A
M

O
 S

ys
te

m
 (C

ar
et

ek
 S

.r.
l., 

Tu
rin

, I
ta

ly
)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
 w

or
n 

on
 w

ris
t

Em
be

dd
ed

 s
te

p-
co

un
t a

lg
or

ith
m

. S
am

pl
in

g 
fre

qu
en

cy
 5

0 
H

z

Le
pe

tit
 [4

8]
A

PD
M

 (O
pa

l, 
Po

rt
la

nd
, U

SA
)

Tr
i-a

xi
al

 a
cc

el
er

om
et

er
, g

yr
os

co
pe

, m
ag

ne
to

m
et

er
 w

or
n 

on
 c

he
st

Fu
si

on
 a

lg
or

ith
m

. S
am

pl
in

g 
fre

qu
en

cy
 1

28
 H

z

Yu
ki

 [3
7]

Li
fe

co
rd

er
 (S

uz
uk

en
, A

ic
hi

, J
ap

an
)

U
ni

ax
ia

l a
cc

el
er

om
et

er
. B

od
y-

lo
ca

tio
n 

no
t s

pe
ci

fie
d

D
at

a 
re

co
rd

ed
 in

 4
-s

 e
po

ch
s. 

N
o 

fu
rt

he
r i

nf
or

m
at

io
n 

av
ai

la
bl

e

Zi
lle

r [
34

]
A

ct
iG

ra
ph

 w
G

T3
x-

BT
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

 w
or

n 
at

 h
ip

Sa
m

pl
in

g 
fre

qu
en

cy
 1

00
 H

z,
 1

0-
s 

ep
oc

hs
. D

at
a 

pr
oc

es
si

ng
 u

si
ng

 A
ct

iL
ife

 S
of

tw
ar

e 
6,

 
A

ct
iG

ra
ph

, L
LC

C
he

n 
[5

5]
A

ct
iv

e 
st

yl
e 

Pr
o 

H
JA

- 3
50

IT
, O

m
ro

n 
H

ea
lth

ca
re

, K
yo

to
, J

ap
an

Tr
ia

xi
al

 a
cc

el
er

om
et

er
 w

or
n 

at
 th

e 
w

ai
st

D
at

a 
re

co
rd

ed
 in

 6
0-

s 
ep

oc
hs

. N
o 

fu
rt

he
r d

et
ai

l a
va

ila
bl

e

Ki
ku

ch
i [

36
]

A
ct

iv
e 

st
yl

e 
Pr

o 
H

JA
-7

50
C

; O
m

ro
n 

H
ea

lth
ca

re
, K

yo
to

, J
ap

an
Tr

ia
xi

al
 a

cc
el

er
om

et
er

 w
or

n 
at

 th
e 

hi
p

D
at

a 
re

co
rd

ed
 in

 6
0-

s 
ep

oc
hs

. A
na

ly
si

s 
us

in
g 

ap
pl

ic
at

io
n 

de
ve

lo
pe

d 
by

 O
m

ro
n 

H
ea

lth
-

ca
re

 C
o.

, L
td

 to
 re

ad
 M

ET
s 

da
ta

 fr
om

 a
cc

el
er

om
et

er

A
ps

eg
a 

[3
3]

SH
IM

M
ER

, D
ub

lin
, I

re
la

nd
Tr

i-a
xi

al
 a

cc
el

er
om

et
er

 &
 g

yr
os

co
pe

 w
or

n 
on

 e
ac

h 
th

ig
h,

 s
hi

n 
an

d 
do

rs
um

 o
f f

oo
t

Sa
m

pl
in

g 
fre

qu
en

cy
 2

56
 H

z.
 B

ut
te

rw
or

th
 s

ec
on

d 
or

de
r l

ow
 p

as
s 

fil
te

r w
ith

 a
n 

8 
H

z 
cu

t-
off

 a
nd

 a
n 

ad
di

tio
na

l l
ea

st
 s

qu
ar

e 
m

et
ho

d 
25

th
 o

rd
er

 fi
lte

r w
ith

 a
 1

0 
H

z 
cu

t-
off

 fo
r 

co
m

po
si

te
 fo

ot
 a

cc
el

er
at

io
n 

da
ta

. A
 g

ai
t e

ve
nt

 d
et

ec
tio

n 
al

go
rit

hm
 w

as
 d

ev
el

op
ed



Page 16 of 20Vavasour et al. J NeuroEngineering Rehabil          (2021) 18:112 

combination of body-locations but reports that data for 
PA was retrieved from only the sensor located at the 
chest.

Correlation between accelerometer counts and step 
counts in one study [24] was less in the higher FI cohort, 
which is surprising considering both were obtained from 
the same device. This perhaps suggests less sensitivity in 
accelerometers in detecting lower intensity of movement. 
This supports the idea mooted that activity below a cut-
off point considered in some research as non-wear time 
may in fact reflect low intensity activity [61]. The same 
study [24] found that minute-by-minute accelerometer-
derived step-count and acceleration-counts correlated 
positively with HR values. This is interesting consider-
ing as referred to previously, heart rate monitors cap-
ture indications of physical activities that do not require 
trunk displacement and can be used to indicate energy 

expenditure and physical activity behaviours e.g. seden-
tary time.

Limitations
While every effort has been made to ensure a thorough 
search of the relevant databases it is possible that some lit-
erature was missed. An updated search performed prior to 
journal submission reduces the risk of any over-sight. The 
inclusion of English-only publications may have resulted 
in omission of some relevant studies. Applying the age 
profile criteria of > 60  years in the inclusion may be per-
ceived as a limitation but this was done to optimise the 
literature included and is in accordance with the World 
Health Organization and the United Nations who have 
adopted > 60 years in reference to older adults as opposed to 
the arbitrary 65 years commonly adopted [62]. Due to the 
heterogeneity of metrics, the variation in body-location of 

Table 3  AXIS methodological quality assessment

AXIS Methodological Quality Assessment (Yes = 1, No = 0, Not known = 0)

*Q 13 “Does the response rate raises concerns about non-response bias?” *Q19 “Were there any funding sources or conflicts of interest that may affect the authors’ 
interpretation of the results? ‘No’ is a positive response, therefore ‘No’ counts as ‘1’

Study Q1 2 3 4 5 6 7 8 9 10 11 12 13* 14 15 16 17 18 19* 20 Total

Martinez-Ramirez [45] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 15

Theou [24] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16

Millor [46] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 0 1 1 14

Galan-Mercant [51] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 0 1 1 14

Galan-Mercant [47] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 14

Greene [50] 1 1 1 1 1 0 0 1 1 1 1 0 0 0 1 1 1 1 0 1 14

Greene [49] 1 1 0 1 1 0 0 1 1 1 1 0 0 0 0 1 1 1 0 1 12

Chen [44] 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 18

Toosizadeh [57] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16

Toosizadeh [39] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16

Schwenk [38] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 15

Martinez-Ramirez [56] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 15

Jansen [11] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20

Toosizadeh [45] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 15

Parvanneh [40] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 15

Millor [58] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 14

Huisingh-Scheetz, [35] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20

Lee [52] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 14

Castaneda-Gameros [17] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16

Razjouyan [41] 1` 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 14

Mulasso [42] 1 1 0 1 0 0 0 1 1 1 1 1 0* 1 1 1 1 1 0 1 14

Zhou [54] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 0 1 14

Lepetit [48] 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 15

Jansen [43] 1 1 0 1 0 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 14

Yuki [37] 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16

Ziller [34] 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 19

Chen [55] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 20

Kikuchi, [36] 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 18

Apsega (33) 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 1 16
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sensor placement and the difference in methods of analy-
sis among the studies included in the review, meta-analysis 
was not possible. This however does not invalidate the find-
ings. Many studies involved small numbers of participants 
and some combined frail and pre-frail cohorts for statistical 
analysis. This reduces the potential to discriminate between 
levels of frailty which is considered an important objective.

Conclusions
Despite its limitations, this review, the first to compre-
hensively synthesise data from the last decade of research 
in this field, makes a valuable contribution to identifying 
how wearable sensors have been utilised to assess frailty in 
older adults, the body-locations of sensor-placement used 
and the parameters of PA and mobility that best assist in 
the discrimination of frailty levels. The review highlights 
the heterogeneity of parameters examined in relation to 
frailty identification and the body-locations used. Meas-
urements of PA have proved to be the most frequently 
used parameter when all variations of number of postural 
transitions, number of steps, percentage of time in PA 
and intensity of PA are considered. Only one study failed 
to demonstrate an association between PA and levels of 
frailty. Gait-speed was found to be the next most preva-
lent parameter examined, with all studies included in 
the review demonstrating a correlation between walking 
speed and levels of frailty. A higher sensitivity compared 
with other mobility parameters is noted.

Considering the facts that up to ninety-five percent of 
older adults are community-dwelling, that not all older 
adults develop frailty and that research suggests older adults 
can transition between levels of frailty, this review high-
lights the need for further research to identify a feasible, 
user-friendly device and body-location that can be used to 
independently identify and objectively measure signs of pre-
frailty in community-dwelling older adults. This could facili-
tate early identification and targeted intervention to reduce 
the burden of frailty in an ageing population. Future reviews 
could focus on important open research questions related to 
wearable technology and older adults including acceptance, 
feasibility and facilitation of ageing in place.

Appendix 1. Medline (Ebsco) Search strategy / 
terms
Search Alert: "AB ( elderly OR aged OR older OR elder 
OR geriatric OR elderly people OR old people OR senior) 
AND AB ( frailty OR frail OR “frailty syndrome”) AND 
AB ( wearable technology OR wearable devices OR body-
worn sensor OR inertial sensor OR inertial measurement 
unit OR IMU OR accelerometer OR accelerometry OR 
actigraphy OR pedometer OR activity monitor OR daily 

steps OR GPS OR global positioning system OR activity 
tracker OR fitness trackers OR physical activity tracking 
OR physical fitness tracker OR biosensing OR biosen-
sor) AND AB ( physical activity OR physical function OR 
mobility OR gait OR walking OR ambulation OR function 
OR locomotion OR mobility OR speed OR postural tran-
sition OR sit to stand OR chair stand) AND AB ( validity 
OR validation OR validation study OR reliability OR relia-
bility study OR accuracy OR comparison OR comparison 
study) Date of Publication: 20,100,101–20,201,231 AND 
Apply equivalent subjects on 2020–03-31 06:13 AM".

Appendix 2. Excluded studies

Author and year Reason for exclusion

Mueller [67] Proof of concept study. Doesn’t use parameters 
to identify frailty

Keppler [68] Not frailty

Chigateri [69] Comparing algorithm with video

Soaz [70] Validation of step-detection algorithm

Fontecha [71] Development of app

Da Silva [72] Used non-wearable sensors

Chkeir [73] Used non-wearable sensors

Thiede [66] Population studied aged < 60 year

Zhong [74] Population studied aged < 60 year

Rahemi [75] Population studied aged < 60 year

Martinez-Ramirez [76] Population studied included people with cogni-
tive impairment

Appendix 3. AXIS TOOL

AXIS Critical Appraisal Tool  Yes [1] / No [0] / Don’t Know [0]
Introduction
1Were the aims/objectives of the study clear?

Methods
2 Was the study design appropriate for the stated 
aim(s)?

3 Was the sample size justified?
4 Was the target/reference population clearly 

defined? (Is it clear who the research was about?).
5 Was the sample frame taken from an appropriate 

population base so that it closely represented the tar-
get/reference population under investigation?

6 Was the selection process likely to select subjects/
participants that were representative of the target/ref-
erence population under investigation?

7 Were measures undertaken to address and catego-
rise non-responders?

8 Were the frailty assessment tool and outcome vari-
ables measured appropriate to the aims of the study?
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9 Were the frailty assessment tool and outcome vari-
ables measured correctly using instruments/ meas-
urements that had been trialled, piloted or published 
previously?

10 Is it clear what was used to determined statistical 
significance and/or precision estimates? (e.g., p values, 
CIs).

11 Were the methods (including statistical methods) 
sufficiently described to enable them to be repeated?

Results
12 Were the basic data adequately described?

13 *Does the response rate raise concerns about non-
response bias?

14 If appropriate, was information about non-respond-
ers described?

15 Were the results internally consistent?
16 Were the results for the analyses described in the 

methods, presented?

Discussion
17 Were the authors’ discussions and conclusions justi-
fied by the results?

18 Were the limitations of the study discussed? Other.
19 *Were there any funding sources or conflicts of 

interest that may affect the authors’ interpretation of the 
results?

20 Was ethical approval or consent of participants 
attained?

*Negative answer results in ‘Y’ Yes = 0; No = 1.
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