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Technology-based
measurements for screening,
monitoring and preventing frailty

Introduction

Current demographic changes in indus-
trialized societies will lead to a signif-
icant increase of older people over 80
years old. Frailty is more prevalent in
advanced age [1] and the demand for
care increases with worsening states of
frailty [2]. This trend prompts a need to
find alternative ways of care and support.
Current assessments of functionality of
older people in hospitals and in private
practices are limited in their ability to re-
flect everyday performance and to eval-
uate patients’ true capabilities in a natu-
ral scenario. Numerous researchers have
suggested that information technology
(IT) and sensor technology, in particular
wearable inertial sensors, are important
tools for overcoming these problems. In-
formation technology is defined as “the
use of computers and telecommunica-
tions equipment (with their associated
microelectronics) to send, receive, store
and manipulate data” [3]. Sensor tech-
nology means the use of sensors to mea-
sure or control changes of biological or
technical systems [4]. Inertial sensors in
this field are used to measure transla-
tional and rotational acceleration of the
body of a human being. Specific sensor-
based parameters, such as velocity peaks,
stride time or stride length derived from
performance-based tests, including gait
or sit-to-stand transition, seem to pro-
vide relevant information on clinical pa-
rameters that may allow screening for

or even diagnosing frailty [5, 6]. Vari-
ous information about individual behav-
ior and performance including mobility
radius, transition speed, gait variability
and muscle strength of upper and lower
extremities can be measured by sensor
technology [7–9]. Life rhythms and spe-
cific activities ofdaily living (ADL) canbe
detected by functional and activity pat-
terns, for example with the help of room
sensors [10, 11]. Sensor technology can
alsobea resource-savingway torecordan
individual’s movement in everyday life,
particularly during specific risk periods,
such as following hospital discharge. As
the diagnostic information on the entire
daily routine of a person cannot be docu-
mented in a laboratory environment, an
objective long-term monitoring, allow-
ing the detection even of subtle changes,
can only be provided by sensor technol-
ogy. This information can complement
cross-sectionalassessmentsbyhealthcare
professionals. Furthermore, sensor tech-
nology may provide more specific and
more accuratemeasurements than tradi-
tional assessments. For example, sensor-
derived spatiotemporal parameters will
allow the evaluation of single phases of
the timedup andgo (TUG) test orof a sit-
to-stand test. This may allow early detec-
tion of frailty development and in turn
tailor personalized interventions based
on a sensor-derived risk profile.

In recent years, several studies have
been published about the application of
IT/sensor technology in frail olderadults.

In the following review, we provide an
overview about the current evidence for
assessing frailty features bymeans of sen-
sor technology. The aim of this review
is to describe the potential of IT and
sensor technology to objectively assess
the functionality and especially the mo-
bility of pre-frail and frail older adults
in clinical settings and in everyday life.
More specifically, we would like to ad-
dress the following questions: towhat ex-
tent is it possible to use portable or room
sensors for detecting pre-frailty? Which
sensor-based assessment approaches are
currently available? To what extent are
these approaches suitable foruse in a rou-
tine clinical setting or at home?

Methods

In this study two physiotherapists, one
geriatrician, one sports scientist and two
computer scientists cooperated to cre-
ate the following combination of search
terms for the search in PubMed:

Frail elderly, frail, pre-frail, pre-frailty,
sensor, ehealth, techn, coach, assessment,
mhealth, mobile health, accelerometer,
tele, virtu, smart health and health infor-
matics

The search strategy for the Cochrane
Database was the following:
frail elderly or frail or pre-frail or pre-
frailty or prefrail and sensor or ehealth
or techn or mhealth or mobile health or
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Table 1 Categories and subcategorieswith numbers of includedpublications

Category Frailty assessment (n = 28)

Subcategory Gait parameters and frailty (n = 7)

Performance basedmeasures of frailty (n = 8)

Static balance parameters related to frailty (n = 4)

Objective physical activity assessment (n = 9)

Hybrid frailty assessments combining technology and conventional measures
(n = 4)

Measurement of activities of daily living and daily habits in the context of frailty
(n = 2)

tele or virtu or smart health or health
informatics or accelerometer.

Two reviewers (A.H. and L.D.) inde-
pendently selected relevant documents
using the following criteria for inclusion:
1. A study population of frail and/or

pre-frail older adults,
2. the use of wearable and non-wearable

sensor technology to measure or
enhance human movements or
activities of daily living,

3. a focus on frailty assessment.

If there were divergent results the doc-
ument was discussed until a consensus
was reached. Study protocols, confer-
ence summaries and abstracts of posters
or lectures were excluded from the anal-
ysis. Furthermore, we eliminated articles
in languages other than English or Ger-
man. As the focus of this review is on
current and upcoming aspects of frailty
and technology, we decided to include
only publications since the year 2000. A
total of 28 records in the categorie “frailty
assessment”.

The category “frailty assessment” was
thendivided into the subcategories “mea-
surement of specific parameters to detect
frailty” with the subgroups: gait parame-
ters and frailty, performance-based mea-
sures of frailty (with TUG, sit-to-stand
and stand-to-sit), static balance param-
eters related to frailty, objective physical
activity assessment (with general physi-
cal activity and sedentary behavior, step
counts, different types of activities), hy-
brid frailty assessments combining tech-
nology and conventional measures and
measurement of activities of daily living
and daily habits in the context of frailty
(see . Table 1).

The overall process of literature
searching, extraction and categoriza-
tion is shown in the modified preferred
reporting items for systematic reviews
and meta-analyses (PRISMA) flow dia-
gram (. Fig. 1).

Technology in care and
healthcare of frail older adults

Frailty assessment

Frailty has been defined as “a clinical
state in which there is an increase in an
individual’s vulnerability for developing
increased dependency and/or mortality
when exposed to a stressor” [13]. Frailty
can occur as the result of diseases and
medical conditions and it is an important
prognostic factor for older persons to de-
velop disabilities, being institutionalized
or hospitalized and having a higher rate
of mortality [14, 15]. There are two ma-
jor approaches to defining frailty: one
is the deficit accumulation approach of
Rockwood [16] that relies on multimor-
bidity as the major predictor of frailty
[17]. The other is the Fried physical
phenotype of frailty, which focuses on
specific, potentially treatable causes of
frailty [18]. In addition to these two ma-
jor approaches, other frailty definitions,
such as the Groningen frailty indicator
(GFI)and theEdmonton frail scale (EFS),
include psychosocial as well as physical
components [19].

To date, themost commonly used and
robust frailty definition is based on the
physical phenotype criteria provided by
Fried et al. (2001) [19–21]. According
to Fried et al. frailty is present when
at least three of the following five cri-
teria are met: weight loss, exhaustion,
weak grip strength, slow walking speed

and low physical activity [21]. A pre-
frailty state is diagnosed when one or
two of these criteria are present. As
a mechanical model, the physical phe-
notype criteria of frailty show overlap
with other physical assessments and also
with modern definitions of sarcopenia.
In addition to the Fried criteria, physi-
cal assessments have also been used to
diagnose frailty. Measurements of upper
extremity strength (e. g. grip strength)
and those of lower extremity strength
(e. g sit-to-stand time) have both been
proven to be sensitive when a diagno-
sis of frailty is intended. Among mobil-
ity tests, gait assessments have emerged
as being the most sensitive [22]. Sev-
eral studies have reported that technol-
ogy-based spatiotemporal gait parame-
ters candistinguishdifferent frailty states,
although direct comparison of study re-
sults is limited due to differences in the
gait assessment protocols applied [23,
24]. Recentadvances inambulatory tech-
nology-based measurements allow the
recording of habitual daily physical ac-
tivity over the course of several days,
weeks or even months. Particularly for
the monitoring of changes of frailty sta-
tus over time, these measurements are
considered to be highly valuable as the
basis for specific and targeted interven-
tions to reverse frailty as well as to un-
derstand the dynamic nature of frailty
itself [25]. We found 28 articles docu-
mentingtechnology-basedscreeningand
diagnosis of frailty. The respective in-
struments ranged from electronic walk-
way systems and IT-connected furniture,
such as easy chairs with pressure sensors
to body-worn sensors including triaxial
accelerometers and smartphones. These
tools have been used to measure spe-
cific frailty-related parameters, to com-
plement existing screening tools and to
build and modify screening tools that
detect and monitor frailty.

Measurement of specific
parameters to detect frailty

In six articleswe found technology-based
measurements of gait parameters, phys-
ical activity, strength and balance that
were expected to detect frailty. Walkway
systems, cameras, force platforms and,

582 Zeitschrift für Gerontologie und Geriatrie 7 · 2016



Abstract · Zusammenfassung

Z Gerontol Geriat 2016 · 49:581–595 DOI 10.1007/s00391-016-1129-7
© Springer-Verlag Berlin Heidelberg 2016

L. Dasenbrock · A. Heinks · M. Schwenk · J. M. Bauer

Technology-based measurements for screening, monitoring and preventing frailty

Abstract
Background and objective. Sensor technolo-
gy, in particular wearable inertial sensors, has
the potential to help researchers objectively
assess the functionality of older adults. The
following review provides an overview about
the possible use of sensor technology to
detect and prevent pre-frailty and frailty.
Method. A systematic literature search in
PubMed and the Cochrane Library was
conducted. Articles were selected according
to the following criteria: frail and/or pre-
frail population, use of wearable and non-
wearable sensor technology to measure or
enhance human movements or activities of
daily living and a focus on frailty assessment.

Results. A total of 28 publicationswere found.
Sensor-derived parameters obtained during
assessment of gait, functional performances
and physical activity were reported to be
relevant for screening and monitoring pre-
frailty and frailty; however, current findings
are limited to cross-sectional studies, which
do not allow establishment of a causal
relationship between motor performance,
physical activity and specific frailty states. No
study monitored specific activities of daily
living.
Discussion. Outcome variables from
technology-based assessment seem to
provide valuable information for frailty
assessment. Strenuous testing conditions as

well as increased variability in gait, functional
performance and physical activity may be
useful in identifying frailty. Outcome variables
derived from gait, motor assessment and
physical activitymust still be validated in large
cohorts and under daily living conditions in
order to develop robust screening tools for
pre-frailty and frailty. Further research should
focus on specific activities of daily living in pre-
frail or frail older adults and technology-based
approaches for intervention and prevention.

Keywords
Frail older adults · Gerontechnology ·Wearable
sensors · Assessment · Monitoring

Screening, Monitoring und Prävention von (Pre-)Frailty mit technologiebasierten Assessments

Zusammenfassung
Hintergrund und Zielsetzung. Sensortech-
nologie und speziell tragbare Inertialsensorik
kann die Funktionalität älterer Menschen
messen und bewerten. Im folgenden Review
wird ein Überblick gegeben, inwieweit
Sensortechnologie (Pre-)Frailty erkennen und
der Prävention dienen kann.
Methoden. Eine systematische Literaturre-
cherche in PubMed und Cochrane Library
wurde mit folgenden Einschlusskriterien
durchgeführt: (pre-)fraile Studienpopulation,
Einsatz tragbarer und/oder nicht tragbarer
Sensortechnologie zumMessen oder Fördern
von Bewegung und Aktivitäten des täglichen
Lebens und Fokus auf Frailty-Assessment.

Ergebnisse. Insgesamt 28 Artikel wurden
identifiziert. Sensorparameter für den
Gang, das motorische Assessment und
die körperliche Aktivität eignen sich
zum Screening und Monitoring von (Pre-
)Frailty. Kausalbeziehungen zwischen
Sensorparametern und Frailty-Status können
aufgrund mangelnder Längsschnittstudien
jedoch bislang nicht abgeleitet werden.
Ein sensorbasiertes Monitoring spezieller
Aktivitäten des täglichen Lebens erfolgte
nicht.
Diskussion. Technologiegestützte As-
sessmentparameter können wertvolle
Informationen zum Frailty-Assessment
beitragen. Sensorparameter von Gang,

motorischem Assessment und körperlicher
Aktivität sollten in großen Stichproben und
unter Alltagsbedingungen validiert werden,
um robuste Screening-Instrumente für (Pre-)
Frailty zu entwickeln. Zukünftige Projekte
sollten sich darüber hinaus auf spezifische
sensorbasiert gemessene Aktivitäten des all-
täglichen Lebens und technologie-gestützte
Ansätze zur Prävention und Intervention bei
(Pre-)Frailty fokussieren.

Schlüsselwörter
Gebrechliche ältere Menschen · Gerontotech-
nologie · Tragbare Sensoren · Assessment ·
Monitoring

in the most recent studies, wearable sen-
sors were commonly used for technol-
ogy-based frailty analysis. Participants
were defined as frail, pre-frail or robust
according to different frailty definitions.
Of the studies four used the definition
according to Fried et al. (2001) [6, 8,
21, 23, 26, 27]. In one study, partici-
pants were defined as frail without an
underlying definition [28].

Gait parameters and frailty
Recently, Schwenk et al. [23] provided
an overview on studies which used gait
analyses to identify frailty. Most stud-

ies used electronic walkway systems.
Only one out of eleven studies used
wearable sensor technology for assessing
gait in this respect. The other stud-
ies used cameras, force platforms and
foot switches. Among the spatiotem-
poral gait parameters evaluated in this
review, gait speed during habitual walk-
ing best distinguished among the three
Fried frailty subgroups of frail, pre-frail
and robust. According to Mohler et al.
(2014), gait speed is a reliable mea-
sure to identify frailty, although results
can be influenced by walking distance
[25]. During fast walking, gait variabil-

ity, reduced cadence and increased step
width variability showed high effect sizes
to separate pre-frail from robust older
adults. On the other hand, stride length
and double support distinguished best
between frail and pre-frail individuals in
a pooled analysis [23]. In line with the
findings from this review Schwenk et al.
(2015) recently demonstrated that gait
speed was a relevant parameter for the
identification of pre-frailty in a cohort of
125 older adults in a community living
center [6]. Stride length and double
support were the most relevant gait pa-
rameters for distinguishing between the
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Fig. 19 Modified PRISMA
flowdiagram according to
Moher et al. 2009 [12]

three frailty states. All parameters in this
study were measured by wearable sensor
technology. Stride time was relevant for
distinguishing frail and pre-frail study
participants from robust older adults
[6]. While a reduced cadence may be
a sensitive parameter for an early diag-
nosis of frailty, the progression of frailty
(from pre-frail to frail) may be strongly
associated with reduced step length.

Dual-taskwalking speedhas alsobeen
suggested as an early predictor of frailty
[23]. Moreover, Thiede et al. (2016)
found the highest effect sizes for be-
tween-group discrimination for double
support during habitual normal walking
speed, for speed variability during dual
task walking and for trunk sway during
fast walking [8]. Previous studies have
reported that dual task conditions give
further information on the risk of falls
and cognitive reserves [29] and especially

the latter factor may also play a role in
the development of frailty. Physiological
reserves including cognitive reserves de-
crease when frailty worsens. In addition,
when frail individuals are exposed to an
external stressor, serious health events,
such as falls, are more likely to occur
[30].

In a smaller group of 65 seniors, Moe-
Nilssen andHelbostad (2005) found step
width normalized to a walking speed of
0.9 m/s not to be different between frail
and non-frail subjects. In contrast, other
specific parameters, including interstride
trunk acceleration and trunk variabil-
ity, were relevant for identifying frailty.
Trunk variability classified 80% of the
subjects correctly into their respective
group and was assessed by a triaxial ac-
celerometer [28]. In another study by
Martinez-Ramirez et al. (2015), the root
meansquareof trunkaccelerationand to-

talharmonicdistortionwere significantly
different among frailty states [26]. These
results suggest that specific gait param-
eters beyond walking speed are affected
by frailty.

Performance-based measures of
frailty
Sensor-based measurements of the TUG
test, an extended version of the test and
sit-to-stand and stand-to-sit transitions
have been tested in eight papers and are
described in the following chapter. Mea-
surement instruments were wearable in-
ertial sensors with accelerometers and
gyroscopes as well as pressure sensors.
Study results were intended to show that
wearable sensors can either complement
and improve traditional testing methods
in testing accuracy with additional pa-
rametersduringtestsubphases[31]oren-
able automated non-expert assessments
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[5]. In all articles, participants were de-
fined as frail according to the definition
by Fried et al. (2001) [21].

Timed up and go test (TUG)
Galan-Mercant and Cuesta-Vargas [31]
measured acceleration and balance pa-
rameters in the 10 m extended TUG test
(10 m gait, armless chair) using a smart-
phone in different subphases of the test.
In the sit-to-stand and stand-to-sit sub-
phases and in the gait go and gait come
subphases, the accelerometer showedsig-
nificantly less acceleration in frail older
adults. In the turnaround subphase, the
gyroscope data for velocity were signif-
icantly lower. Frail persons seemed to
perform the test more cautiously. The
conventionalTUGtestwasagainassessed
with accelerometer and gyroscope sen-
sors by Greene et al. (2014) [5]. With the
sensor data, participants were classified
as frail or robust with mean accuracy of
75.20% stratified by gender, compared to
71.82% using TUG test time alone. The
authors concluded that a simple assess-
ment of frailty involving a well-known
mobility test, such as the TUG test and
inertial sensors can be fast and effective
and can be conducted by non-experts
[5]. These results suggest that specific
gait parameters beyond walking speed
are affected by frailty.

Sit-to-stand and stand-to-sit
Sit-to-stand and stand-to-sit transitions
have also been measured with inertial
sensors attached to the chest, the lower
backorthehips. In2014Milloretal. pub-
lished a review to assess the role of body
motion sensors in sit-to-stand and stand-
to-sit transitions. They identified sixteen
different parameters related to transition
performance as potentially meaningful
for disabilities and impairments. Tran-
sition duration is the most used param-
eter and frail older adults seem to have
longer andmore variable transitiondura-
tion [32]. Significant longer sit-to-stand
and stand-to-sit transition duration in
frail older adults with a single inertial
sensor attached to the chest was assessed
in a study by Ganea et al. (2011) [33].
Lower maximum and minimum accel-
eration values in the vertical axis in frail
elderly compared to robust older adults

were described by Galan-Mercant and
Cuesta-Vargas (2013), and can be ex-
plained by less strength in concentric and
eccentric contraction of the quadriceps
femoris muscle. For the assessment re-
searchers affixeda smartphone to thepar-
ticipants’ chest [34]. Decreased smooth-
ness of the transitionpattern anddynam-
ics of trunk movement occurred in frail
older adults. An assessment after three
weeksofa rehabilitationprogramshowed
that smoothness of transitionpatternhad
the highest improvement effect size and
discriminative performance in frail older
adults [33]. Furthermore, velocity and
trunk displacement allowed differentia-
tion between different frailty states and
frequency domain measurements seem
to be higher for elderly fallers [32]. In
addition, velocitypeaksandmodifiedim-
pulse parameters in the stand-up and sit-
down phases of the 30 s chair stand test
could significantly differentiate subjects
along different frailty states according to
Millor et al. (2013). The trunk orien-
tation range during the impulse phase
also had this potential [35]. Ganea et al.
(2012) confirmed a classification algo-
rithmoftrunkaccelerationpatternsofsit-
to-stand and stand-to-sit phases within
a real world environment with an accu-
racy rate of up to 89% [36]. Performance
in afive times sit-to-stand test, aTUGtest
and quiet standing balance was assessed
by Greene et al. (2014) using a plat-
form that combines inertial and pressure
sensors. Participants wore five inertial
sensors with a triaxial accelerometer and
a triaxial gyroscope. The Nintendo Wii
balance board was used tomeasured bal-
ance. The combination of the three tests
assessed frailty better than any single test
or sensor measurement alone, with 94%
accuracy for men and 84% for women
[37].

Static balance parameters related
to frailty
Studies on the use of instrumented static
balance assessment for frailty assessment
are controversial and four studies were
found on this aspect. The participants
in all studies were defined as pre-frail
or frail according to Fried et al. (2001)
[21]: two studies did not identify any dif-
ferences in balance parameters between

frail and robust older adults [6, 8] while
two others found differences [38, 39].
Schwenk et al. (2015) found hip sway
and mean center of mass sway to be rel-
evant for the identification of pre-frailty.
No balance parameter could distinguish
between the three frailty levels: robust,
pre-frail and frail [6]. Also Thiede et al.
(2016) did not identify any significant
difference in balance parameters [8]. In
contrast, Martinez-Ramirez et al. (2011)
found higher values in the sway of the
centerofmass inposturalbalance ina feet
together with eyes closed standing bal-
ance position in a frail group compared
to the robust group [38]. Galan-Mercant
and Cuesta-Vargas (2014) found the ac-
celerometer in a smartphone was able to
analyze the kinematics of the Romberg
test between frail and non-frail elderly
people in 18 subjects. The highest sig-
nificant difference between groups was
found in the accelerometer values in peak
acceleration [39].

Objective physical activity
assessment
Aside fromdaily physical activity, such as
steps per day, walking bout duration or
time spent in specific body positions, the
individual degree of sedentary behavior
is an important risk factor for frailty and
eight studies met the abovementioned
inclusion criteria. Physical activity and
sedentary behavior were measured us-
ing wearable inertial sensors with ac-
celerometers and gyroscopes in all stud-
ies. Results were interpreted to be used
to improve accuracy of traditional assess-
ments [40] or to aid in the development
of instrumented screening assessments
for home usage to detect or predict (pre-)
frailty [6, 27]. Frailtydefinitions included
the frailty criteria of Fried [6, 21, 27], the
GFI [41] and low walking speed [42, 43].

General physical activity and
sedentary behavior
Several methods to estimate general
physical activity have been described.
Song et al. (2015) [42] assessed physical
activity using an accelerometer, describ-
ing sedentary time (<100 counts per
minute) and moderate intensity activity
(>2020 counts per minute) with the help
of intensity thresholds used by the Na-
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tional Cancer Institute on a minute by
minute basis [44]. They found a signifi-
cant relationshipbetweendaily sedentary
time and incidence of physical frailty
after 2 years [42]. In a similar approach
Chen et al. (2015) [40] measured physi-
cal activity objectively via accelerometers
as one of the Fried criteria. Physical ac-
tivity was defined as energy expenditure
in kilocalories per kilogram of body
weight per day (kcal/kg/day) and a score
in the lowest 20% of energy expenditure
was defined as low physical activity. This
resulted in a cut-off of 6.20 kcal/kg/day
for men and of 7.13 kcal/kg/day for
women [40].

With increasing frailty a reduction
in walking bout duration has also been
shown. Walking bout duration variabil-
itywas themost relevant physical activity
parameter for distinguishing among the
three frailty levels in a study by Schwenk
et al. (2015) [6]. Upper body move-
ments were underestimated in sensor-
derived data provided by waist-mounted
accelerometers in a study byTheou et al.
(2012). This problem could be solved by
acombinedapproachincludingheart rate
monitoring and portable electromyogra-
phy (EMG) [7].

Step counts
Theou et al. (2012) found a correla-
tion between accelerometer-derived step
counts and frailty [7] and Schwenk et al.
(2015) found steps per day to be a rele-
vant parameter for the identification of
pre-frailty [6]. Soaz and Diepold (2015)
validated a step detection algorithm for
asinglewaist-worntriaxialaccelerometer
and found amean sensitivity (99.1 %) for
gait speed between 0.2 m/s and 1.5 m/s.
False positives were reduced by 73% and
two different characteristic step patterns,
one for normal and one for frail walking
were recognized [43]. McCullagh et al.
(2015) did a review to examine the value
and reliability of current motion sensors
to measure step count in frail older hos-
pitalized patients in 24 validation studies.
A total of fifteen motion sensors (eight
pedometers, six accelerometers and one
sensorsystem)were tested inolderadults.
According to the authors “further vali-
dation studies are required to determine

which, if any, motion sensor can accu-
rately measure step-count” [45].

Different types of activities
In the literature, sitting, standing, lying
and walking have been measured as dif-
ferent types of activity. Different defini-
tions of frailty were used in the respective
studies, such as the GFI [41] and Fried’s
frailtycriteria [6, 21, 27, 41, 46]. Schwenk
et al. (2015) found lower amounts of
walking activity as well as an increased
percentage of sitting in pre-frail older
adults compared to robust older adults
[6]. Longer typical walking episodes as-
sessed with one inertial sensor appeared
to be a sensitive predictor of prospec-
tive falls in frail older adults in a study
by Mohler et al. (2016) [27]. Hollewand
et al. (2016) carried out an observational
study with eighteen frail elderly subjects
to validate the accelerometer-based Dy-
naPort system (McRoberts, The Hague,
The Netherlands) of detecting physical
activity. Sensitivity and specificity for
locomotion were 83.3 % and 100.0 %, re-
spectively. Sensitivity was sufficient for
sitting with 94.4 % and specificity was
sufficient for lying at 100% and standing
at 93.3 % [46]. According to a review by
McCullagh et al. (2015), motion sensors
accurately measured time in an upright
position in frail older hospitalized pa-
tients in 24 validation studies [45].

Hybrid frailty assessments
combining technology and
conventional measures

Some groups combined technology with
conventional methods for frailty assess-
ment and developed new (multicompo-
nent) systems with room sensors and
wearable sensors to detect frailty and
four studies were categorized in this
section. The aims of these studies were
to conduct automated frailty assessment
and monitoring [47, 48] and to improve
traditional frailty assessments [7]. Dif-
ferent frailty definitions ranged from
expert assessment to modified frailty
criteria based on those of Fried [21,
47, 49]. Chang et al. (2013) developed
an eFurniture system to measure frailty
indicators in older adults’ homes. Re-
action time was measured via a scale

with a laser light, which the person has
to catch and with an automated TUG
test with pressure sensors under a chair.
Weakness, slowness and weight were
measured via pressure sensors under
the chair in the TUG test and a 30 s
sit-to-stand test. Balance in gait and
standing was measured with a balance
pad and functional reach with an au-
tomated functional reach test. Physical
activity was assessed by an electronic
questionnaire. Compared with expert
assessment, sensitivity was 79.71% and
specificity 86.25% [47]. Another home-
based assessmentwasdevelopedbyHew-
son et al. (2013). This system is based
on a series of remote tests with objects
in peoples’ homes. Grip strength and
exhaustion was measured by a modified
grip ball. A triaxial accelerometer in
a smartphone was used to estimate gait
velocity and physical activity level and
a bathroom scale to assess weight loss.
Single case graphs were shown but this
article did not describe any statistical
analyses [49]. A system by Theou et al.
(2012) collected accelerometer-based
physical activity measurements over ten
days as well as EMG readings, global
positioning system (GPS) activity data
and information from the Minnesota
Leisure Time Activity Questionnaire
(MLTAQ) to screen for frailty. Physical
activity data derived from the overall
system explained 54% of the variance
in the frailty index. Any single tool
alone only accounted for a maximum
of 16% of the variance [7]. Fontecha
et al. (2013) described the development
of a system for collecting and combining
accelerometer-measured gait analyses
and risk factors for frailty from patient
records. The system was pilot-tested in
ten patients [48].

Measurement of activities of daily
living and daily habits related to
frailty

In addition to measurements of specific
assessments and general physical activ-
ity, activity patterns and daily routines
in long-term monitoring can also be as-
sessed by sensors. In two studies gen-
eral daily habits were assessedwith room
sensors combined in home monitoring
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systems [10, 50]. Motion sensors, vision
sensors and audio technology were used
to detect usual and unusual behavioral
patterns. In one study the EFS was used
to classify patients as frail [50]. In the
other study, the authors assumed most
residents of the independent living facil-
ity to be frail without applying a precise
definition [10]. Alexander et al. (2011)
developed an early warning system for
functionaldeclineusinganetworkofmo-
tion sensors, bed sensors and stove sen-
sors. The sensors provided information
about patterns of daily habits as amotion
density, showing usual sleeping hours,
time out of the apartment and certain
activities in the apartment [10]. Changes
in daily habits were also evaluated by de
Folter et al. (2014) where each home was
equippedwith either twomotion sensors,
or one motion and one bed usage sen-
sor. The authors defined requirements,
drew up designs and evaluated the re-
sults. Data were depicted according to
the individual case [50]. The study qual-
ity differed widely among the 28 studies
which have been included in the present
review. In eight studies a potential risk
of incomplete reporting of outcome data
had tobe recorded [10, 26, 35, 43, 47–50].
A low risk for selective reporting could
only be observed in three of the 28 stud-
ies. In those three studies information
was provided on the registration of the
studies in a study register and on the re-
spective study trial number [6, 27, 46]. In
nine studies the recruitment process was
not described in sufficient detail to es-
timate if a consecutively recruited study
sample was included [8, 31, 33, 34, 36,
38, 47–49], a further nine studies did
not clearly state the inclusion criteria [7,
10, 35, 38, 43, 47–50] and in thirteen
articles the process of patient selection
could be criticized as possibly biased [7,
31, 33–36, 38, 42, 43, 47–50]. The ap-
plied diagnostic criteria for frailty could
have introduced bias in five studies [26,
28, 42, 43, 49]. An overview of the in-
cluded studies is presented in . Table 2.
Reviews have not been included.

Discussion

Overall, the results presented in this
review suggest that technology-based

measurements have a high potential for
screening, monitoring and preventing
frailty. Numerous studies have shown
that specific parameters derived from
motor assessments and physical ac-
tivity monitoring are helpful for the
identification of frailty and for the dif-
ferentiation of frailty levels, such as non-
frail, pre-frail and frail. Studies aimed
to improve the accuracy of traditional
assessments for better and earlier de-
tection of (pre-)frailty using objective
parameters. Another goal, especially
for home assessment and in everyday
life, has been to develop an automated
assessment system. Currently, no proven
automated assessment system for (pre-)
frailty seems to exist.

Gait parameters and frailty

Several sensor-derived spatiotemporal
gait parameters seem to provide valu-
able information for the diagnosis of
frailty and the discrimination of frailty
levels. In particular, stride length and
double support time emerged as sen-
sitive discriminating variables besides
gait speed [6, 8, 23, 25]. Schwenk et al.
(2015) assumed that a lower extremity
strength and/or a more cautious gait
are responsible for reduced spatial gait
parameters which seems to be linked
with the progression of frailty [8, 23].
Temporal parameters, such as reduced
cadence based on stride time, could
distinguish pre-frailty [23]. Further-
more, increased variability in several
gait variables, including step width and
trunk sway, seem to provide valuable
information for the early diagnosis of
frailty [6, 8, 23, 25]. Explanatory power
can be improved when older adults
with lower physiological reserves are put
under stress by walking at maximum
speed or by adding a cognitive task in
a dual task test set-up [23]. Decline
in the sensorimotor system and/or in
cognitive function can both contribute
to this effect [23]. It is important to
take psychometric aspects as well as the
underlying frailty model into account
when new assessment strategies such as
dual tasking or the addition of an item
to an existing assessment tool should
be tested in the future. At the moment,

these findings are limited to cross-sec-
tional study designs, which do not allow
us to establish a causal relationship be-
tween changes in gait characteristics and
the development of frailty. Longitudinal
studies are needed to provide evidence
for a causal relationship between sensor-
derived gait parameters and frailty.

Performance-based measures of
frailty

In performance-based measures of
frailty, the TUG test subphases and
sit-to-stand transition showed differ-
ences in frail and robust older study
participants. Transition duration was
longer and more variable in frail older
adults [5, 31, 55]. Similar to increased
gait variability, more variable results in
performance-based measurements, such
as sit-to-stand, indicate more unstable
performances. Future studies should test
the hypothesis that increased variability
in motor measures is a specific symptom
of frailty. Furthermore, power measures
should be included in future studies, as
Regterschot et al. (2015) showed as-
sociations between chest power during
sit-to-stand transition and objective as
well as self-reported functional status
[56]. Interestingly, a battery of three
performance measurements improved
the accuracy of frailty assessment [37].
This indicates that different sensor-based
mobility assessments, focusing on basic
mobility activities such as gait, rising
from a chair and turning, may provide
the most valuable information for a di-
agnosis of frailty. It has to be noted that
most of the current findings are lim-
ited to small study samples. Variables
derived from performance-based tests,
such as acceleration, velocity, power and
trunk displacement should therefore
be confirmed in larger cohorts thereby
allowing the development of robust diag-
nostic tools. In this context Regterschot
et al. (2016) found a lower accuracy
of sensor-based measures, e. g. in sit-
to-stand transitions, compared to labo-
ratory methods, e. g. with force plates.
They concluded that a wearable sensor-
based method cannot yet replace labo-
ratory testing but could be a practical
method which would be appropriate for
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Table 2 Overview of the included studies

Gait parameters and frailty

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

Schwenk et al.
2015 [6]

Wearable sensor-based
in-home assessment
of gait, balance, and
physical activity for
discrimination of frailty
status: baseline results
of the Arizona frailty
cohort study

Inertial sensor (tri-
axial accelerome-
ter, magnetometer,
and gyroscope,
LEGSys TM)

Pre-frailty: gait speed
3 frailty states: stride
length, double support,
stride time

Fried et al.
(2001) [21]

Observational
cross-sectional
study

125 (non-frail: n =
44, mean age: 74.6
years, pre-frail n =
60, mean age: 80.2
years, frail: n = 21,
mean age: 83.4
years)

Thiede et al.
2016 [8]

Gait and balance as-
sessments as early
indicators of frailty in
patients with known
peripheral artery dis-
ease

Triaxial accelerom-
eter and a triaxial
gyroscope (LEGSys
TM and BalanSens)

Frailty: double support
during habitual normal
walking, speed variability
during dual-task, trunk
sway during fast walking

Fried et al.
(2001) [21]

Observational
cross-sectional
study

17 (non-frail: n =
8, mean age: 73.4
years, pre-frail: n =
9, mean age: 74.4
years)

Moe-Nilssen
and Helbostad
2005 [28]

Interstride trunk accel-
eration variability but
not step width vari-
ability can differentiate
between fit and frail
older adults

Triaxial accelerom-
eter

Frailty: interstride trunk
acceleration and trunk
variability

Participants
defined as frail,
no specific
definition

Observational
cross-sectional
study

65 (non-frail: n =
33, mean age: 73,
Frail: n = 32, mean
age: 80)

Martinez-
Ramirez et al.
2015 [26]

Frailty assessment
based on trunk kine-
matic parameters dur-
ing walking

Triaxial inertial sen-
sor (MTx XSENS)

3 frailty states: signal
root mean square and
total harmonic distortion
parameters extracted
from the trunk accelera-
tion signals

Fried et al.
(2001) [21]
modified: in gait
speed slowest
quintile was
considered
positive

Observational
cross-sectional
study

718 (non-frail:
n = 326, mean
age: 73.4 years,
pre-frail: n = 327,
mean age: 76.5
years, frail: n = 65,
mean age: 80.2
years)

Performance based measures of frailty

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

Timed up and go

Galan-Mercant
and Cuesta-
Vargas 2014
[31]

Differences in trunk
accelerometry between
frail and non-frail el-
derly persons in func-
tional tasks

Accelerometer
and gyroscope
in the iPhone4
smartphone

Frail: acceleration and
balance parameters in
the 10 m extended timed
get up and go test

Fried et al.
(2001) [21]

Observational
cross-sectional
study

30 (non-frail: n =
16, mean age:
70.25 years, frail:
n = 14, mean age:
83.71 years)

Greene et al.
2014 [5]

Frailty status can be
accurately assessed
using inertial sensors
and the timed up and
go test

Accelerometer
and gyroscope
(Shimmer)

Frailty: sensor-derived
temporal gait parame-
ters, spatial gait param-
eters, tri-axial angular
velocity parameters and
turn parameters

Fried et al.
(2001) [21]

Observational
cross-sectional
study

399 (non-frail:
n = 184, mean
age: 71.38 years,
pre-frail: n = 185,
mean age: 74.95
years, frail: n = 30,
mean age: 78.17
years)

Sit-to-stand and stand-
to-sit

Ganea et al.
2011 [33]

Multi-parametric eval-
uation of sit-to-stand
and stand-to-sit transi-
tions in elderly people

Inertial sen-
sor (gyroscope
(ADXRS30), three
accelerometers
(ADXL202) and
a light portable
data-logger
(Physilog)

Frail: longer transition
duration, decreased
smoothness of transition
pattern and dynamic of
trunk movement

Fried et al.
(2001) [21]

Observational
longitudinal
study, mea-
surement at
baseline and
after three
weeks

106 (non-frail: n =
27, mean age: 73.0
years, frail: n = 79,
mean age: 80.0
years)
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Galan-Mercant
and Cuesta-
Vargas, 2013
[34]

Differences in trunk
accelerometry between
frail and nonfrail elderly
persons in sit-to-stand
and stand-to-sit transi-
tions based on a mobile
inertial sensor

Accelerometer
and gyroscope
in the iPhone4
smartphone

Frail: acceleration in sit-
to-stand and stand-to-sit
transfers

Fried et al.
(2001) [21]

Observational
cross-sectional
study

30 (non-frail: n =
16, mean age:
70.25 years, frail:
n = 14, mean age:
83.71 years)

Millor et al.
2013 [35]

An evaluation of the
30 s chair stand test
in older adults: frailty
detection based on
kinematic parameters
from a single inertial
unit

Inertial MTx orien-
tation tracker (3D
accelerometer and
rate gyro, WSENS)

3 frailty states: velocity
peaks and “modified im-
pulse” parameters, trunk
orientation range during
the impulse phase of the
30 s chair stand test

Fried et al.
(2001) [21]

Observational
cross-sectional
study

47 (non-frail: n =
18, mean age: 54
years, pre-frail:
n = 16, mean age:
78 years, frail: n =
13, mean age: 85
years)

Ganea et al.
2012 [36]

Detection and clas-
sification of postural
transitions in real-world
conditions

System of three
miniaturized in-
ertial units (2-D
accelerometer and
1-D gyroscope)

Frail: trunk acceleration
patterns in real-world
environment

Fried et al.
(2001) [21]

Observational
cross-sectional
study

40 (non-frail: n =
10, mean age: 44.4
years, frail: n = 30,
mean age: 54.8
years)

Greene et al.
2014 [37]

Classificationof frailty
and falls history us-
ing a combination of
sensor-basedmobility
assessments

Five inertial sen-
sors with a triaxial
accelerometer and
a triaxial gyroscope
(Shimmer), bal-
ance board with
pressure sensors
(Nintendo Wii)

3 frailty states: balance
and mobility parameters
in 5 times sit-to-stand
test, timed up and go
test and quiet standing
balance

Fried et al.
(2001) [21]

Observational
cross-sectional
study

124 (non-frail:
n = 58, mean age:
73.72 years, frail:
n = 66, mean age:
77.77 years)

Static balance parameters related to frailty

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

Schwenk et al.
2015 [6]

Wearable sensor-based
in-home assessment
of gait, balance, and
physical activity for
discrimination of frailty
status: baseline results
of the Arizona frailty
cohort study

Inertial sensor (tri-
axial accelerome-
ter, magnetometer
and gyroscope,
LEGSys TM)

Pre-frail: hip sway and
mean center of mass
sway for pre-frailty iden-
tification, no static bal-
ance parameters for
frailty

Fried et al.
(2001) [21]

Observational
cross-sectional
study

125 (non-frail:
n = 44; mean
age: 74.6 years,
pre-frail n = 60,
mean age: 80.2
years, frail: n = 21,
mean age: 83.4
years)

Thiede et al.
2016 [8]

Gait and balance as-
sessments as early
indicators of frailty in
patients with known
peripheral artery dis-
ease

Triaxial accelerom-
eter and a triaxial
gyroscope (LEGSys
TM and BalanSens)

Frailty: double support
during habitual normal
walking, speed variability
during dual task, trunk
sway during fast walking

Fried et al.
(2001) [21]

Observational
cross-sectional
study

17 (non-frail: n =
8, mean age: 73.4
years, pre-frail: n =
9,
mean age: 74.4
years)

Martinez-
Ramirez et al.
2011 [38]

Frailty assessment
based on wavelet
analysis during quiet
standing balance test

Triaxial inertial sen-
sor (MTx XSENS)

Frail: orientation and
acceleration signals
during quite standing
balance tests

Fried et al.
(2001) [21]

Observational
cross-sectional
study

56 (non-frail: n =
24, mean age: 40
years, pre-frail:
n = 18, mean age:
80 years, frail: n =
14, mean age: 79
years)

Galan-Mercant
and Cuesta-
Vargas 2014
[39]

Mobile Romberg
test assessment
(mRomberg)

Accelerometer
and gyroscope
in the iPhone4
smartphone

Frail: peak acceleration
in the lateral axis from
the resultant vector in
Romberg test stand eyes
open and eyes closed
and feet parallel and
eyes closed and feet in
tandem

Fried et al.
(2001) [21]

Observational
cross-sectional
study

18 (non-frail n = 9,
mean age: 77.11
years, frail: n = 9,
mean age: 82.78
years)
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Table 2 Overview of the included studies (Continued)

Objective physical activity assessment

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

General physical ac-
tivity and sedentary
behaviour

Song et al.
2015 [42]

Sedentary behavior as
a risk factor for physi-
cal frailty independent
of moderate activity:
results from the os-
teoarthritis initiative

Uniaxial ac-
celerometer (Acti-
Graph GT1M)

Frailty: physical activ-
ity intensity thresholds
in counts per minute:
sedentary time (<100
counts per minute)
and moderate inten-
sity (>2020 counts per
minute)

Low gait speed
(<0.6 m per
second) or
inability to rise
from a chair
without using
one’s arms

Observational
longitudinal
study

1333 (at risk for
physical frailty,
mean age: 66.7
years)

Chen et al.
2015 [40]

Screening for frailty
phenotype with ob-
jectively-measured
physical activity in
a west Japanese sub-
urban community:
evidence from the
Sasaguri Genkimon
study

Triaxial accelerom-
eter, (Active Style
Pro)

Frailty: accelerome-
ter-based assessed
physical activity (en-
ergy expenditure in
kilocalories per kilo-
gram of body weight
per day). Cut-off points:
6.20 kcal/kg/day for men
and 7.13 kcal/kg/day for
women

Rockwood et al.
(2007) [51],
modified

Cross-sectional
study

1527mean
age: 73.3 years,
(non-frail: n = 714,
pre-frail: n = 671,
frail: n = 142)

Schwenk et al.
2015 [6]

Wearable sensor-based
in-home assessment
of gait, balance, and
physical activity for
discrimination of frailty
status: baseline results
of the Arizona frailty
cohort study

Inertial sensor (tri-
axial accelerome-
ter, magnetometer,
and gyroscope,
LEGSys TM)

3 frailty states: walking
bout duration variability

Fried et al.
(2001) [21]

Observational
cross-sectional
study

125 (non-frail: n =
44; mean age: 74.6
years, pre-frail: n =
60, mean age: 80.2
years, frail: n = 21,
mean age: 83.4
years)

Step counts

Theou et al.
2012 [7]

A comparison of physi-
cal activity (PA) assess-
ment tools across levels
of frailty

Uniaxial ac-
celerometer (GT1M
ActiGraph), global
positioning system
(GPS; Garmin Fore-
runner 405 GPS
watch)

Frailty: step counts Mitnitski et al.
(2001) [52]
Frailty index:
handgrip mus-
cle strength,
upper and lower
body muscu-
lar endurance,
walking speed,
agility and dy-
namic balance

Observational
cross-sectional
study

50 (non-frail: n =
16, mean age: 71
years, pre-frail: n =
17, mean age: 75.0
years, frail: n =
17, mean age: 81
years)

Schwenk et al.
2015 [6]

Wearable sensor-based
in-home assessment
of gait, balance, and
physical activity for
discrimination of frailty
status: baseline results
of the Arizona frailty
cohort study

Inertial sensor (tri-
axial accelerome-
ter, magnetometer,
and gyroscope,
LEGSys TM)

Pre-frailty: steps per day Fried et al.
(2001) [21]

Observational
cross-sectional
study

125 (non-frail:
n = 44; mean
age: 74.6 years,
pre-frail
n = 60, mean age:
80.2 years, frail:
n = 21, mean age:
83.4 years)

Soaz and
Diephold 2015
[43]

Step detection and
parameterization for di-
agnosis and monitoring
of functional decline
using a single waist-
worn accelerometer

Single waist-worn
accelerometer
(actibelt)

Validation of a step de-
tection algorithm for
a single waist-worn triax-
ial accelerometer

Walking speed
over 10 m
<0.75 m/s

Observational
cross-sectional
study

31, 21–90 years
old (non-frail: n =
10, frail: n = 21)
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Different types of activi-
ties

Schwenk et al.
2015 [6]

Wearable sensor-based
in-home assessment
of gait, balance and
physical activity for
discrimination of frailty
status: baseline results
of the Arizona frailty
cohort study

Inertial sensor (tri-
axial accelerome-
ter, magnetometer,
and gyroscope,
LEGSys TM)

Pre-frailty: lower
amounts of walking,
higher percentage of
sitting

Fried et al.
(2001) [21]

Observational
cross-sectional
study

125 (non-frail:
n = 44; mean
age: 74.6 years,
pre-frail
n = 60, mean age:
80.2 years, frail:
n = 21, mean age:
83.4 years)

Mohler et al.
2016 [27]

Motor performance
and physical activity as
predictors of prospec-
tive falls in community-
dwelling older adults
by frailty level: appli-
cation of wearable
technology

Five inertial sen-
sors (triaxial ac-
celerometer and
gyroscope; LEGSys
TM)

Frail: mean standing
bout duration and mean
walking bout duration as
independent factor for
prospective fall

Fried et al.
(2001) [21]

Observational
longitudinal
study

119 (non-frail: n =
43, mean age: 74.6
years, pre-frail: n =
57, mean age: 79.6
years, frail: n = 19,
mean age: 83.8
years)

Hollewand
et al. 2016 [46]

Validity of an ac-
celerometer-based
activitymonitor system
for measuring physical
activity in frail elderly

DynaPort system
(accelerometer)

Validation study param-
eters of physical activity:
sensitivity and speci-
ficity locomotion (83.3 %,
100.0%), sitting (94.4 %,
80.7 %) lying (59.2 %,
100%) and standing
(69.6 %, 93.3 %)

Peters et al.
(2012) [41]
Groningen
frailty indicator
(GFI)

Observational
cross-sectional
study

18 (frail: n = 18,
age: ≥75 years)

Hybrid frailty assessments combining technology and conventionalmeasures

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

Chang et al.
2013 [47]

eFurniture for home-
based frailty detection
using artificial neural
networks and wireless
sensors

Multicomponent
systemof eScale
with a laser light,
pressure sensors
under a chair,
balance pad, auto-
mated functional
reach scale with
laser light for
automated test,
electronic ques-
tionnaire

Reaction time; weakness,
slowness and weight,
balance in standing and
gait, physical activity

Expert’s assess-
ment

Development
of an assess-
ment-system

309, ≥65 years

Hewson et al.
2013 [49]

Development of a mon-
itoring system for phys-
ical frailty in indepen-
dent elderly

System combines
digital bathroom
scale, modified
grip-ball and triax-
ial accelerometer
(mobile phone
Nokia N8)

Weight loss and exhaus-
tion, gait velocity and
physical activity

Fried et al.
(2001) [21]
modified (ex-
haustion via
muscular fa-
tigue and phys-
ical activity
accelerome-
ter-derived)

Development
of an assess-
ment-system

Not defined

Theou et al.
2012 [7]

A comparison of physi-
cal activity (PA) assess-
ment tools across levels
of frailty

Uniaxial ac-
celerometer (GT1M
ActiGraph), global
positioning system
(GPS; Garmin Fore-
runner 405 GPS
watch), EMG

Physical activity and
strength from the biceps
brachii

Mitnitski et al.
(2001) [52]
Frailty index:
handgrip mus-
cle strength,
upper and lower
body muscu-
lar endurance,
walking speed,
agility and dy-
namic balance

Observational
cross-sectional
study

50 (non-frail: n =
16, mean age: 71
years, pre-frail: n =
17, mean age: 75.0
years, frail: n =
17, mean age: 81
years)
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Fontecha et al.
2013 [48]

A mobile and ubiq-
uitous approach for
supporting frailty as-
sessment in elderly
people

Accelerometer in
mobile devices

Gait parameters (not
specified); frailty risk
factors from electronic
patient records

Frailty risk fac-
tors according
to Espinoza and
Fried (2007) [53]

Development
of an assess-
ment-system

20, mean age:
83.58 years

Measurement of activities of daily living and daily habits in the context of frailty

Author, year Article Measuring device Sensor-based parameters Frailty definition Study design Sample size, mean
age

Alexander
et al. 2011 [10]

Evolution of an early
illness warning system
tomonitor frail elders in
independent living

Network of motion
sensors, bed and
stove sensors

Early illness warning
system: motion density
with usual sleeping
hours, time out of the
apartment and certain
activities

No definition,
most residents
in the inde-
pendent living
facility are frail

Development
of a monitor
system

27, mean age: 86.0
years

Folter et al.
2014 [50]

Designing effective
visualization of habits
data to aid clinical
decisionmaking

Motion sensor
passive infrared
(PIR) technology,
pressure sensor be-
neath the mattress

Requirements, designed
visualization and evalu-
ated results from usage
and motion sensor data
to detect changes in
daily habits

Rolfson et al.
(2006) [54]
Edmonton frail
scale

Development
of an assess-
ment-system

36 (12% non-frail,
61 % pre-frail,
27 % frail)

clinical practice [9]. Reliable cut-off val-
ues and quality standards still have to be
defined. Large cohorts would facilitate
the development of evaluation models
based on sensor-derived performance
measures which could automatically dis-
tinguish the different frailty states. In
the daily routine decision rules (e. g.
decision trees and fuzzy logic) could im-
prove the evaluation of sensor-derived
performance measures in daily activities
[36].

Static balance parameters related
to frailty

Of the studies two did not show frailty-
related differences in sensor-derived bal-
ance parameters, while two other stud-
ies did [38, 39]. In one study, the small
sample size could explain the inability to
make definitive conclusions [8]. In an-
other study that distinguished between
frail and non-frail older adults, the re-
searchers conducted a discrete wavelet
transformation of the acceleration and
orientation signals from the inertial sen-
sors. Theauthorsassumedthatthisevalu-
ationmethodwassuperior tootherevalu-
ation methods, such as sway area or non-
localized Fourier transformed technique
calculations [38]; however, the wavelet
analysis was unable to differentiate be-
tween frailty states. The limited number
of studies and the inconclusive results

therefore donot allow a conclusion about
the added value of static balance assess-
ment and the most appropriate method
for frailty screening at the moment.

Objective physical activity
assessment

Daily sedentary time and walking bout
duration allowed a diagnosis of frailty
and step counts identified pre-frail and
frail older adults [6, 7, 42]. In general,
physical activity is reduced with worsen-
ing frailty level [6, 7]. Step counts per
day were relevant to identify pre-frailty
and correlated with frailty [6, 7]. In step
detection, one major problem with most
stepdetectionalgorithmsforsinglewaist-
worn accelerometers is the loss of accu-
racy at low speeds (<0.8 m/s) [57]. Fur-
ther validation studies are required [45,
57] and their use in frail elderly pop-
ulations is therefore currently limited.
The instruments under study should be
validated according to recommendations
for standardizing validation procedures
assessing physical activity of older per-
sons by monitoring body postures and
movements, as Lindemann et al. (2013)
pointed out. They noted that video anal-
ysis or direct observation by at least two
persons is a valid reference criterion for
validation studies [58]. Differences be-
tween older adults living in rural areas
and urban environments as well as popu-

lation-based specifics should also be con-
sidered while defining cut-off values [7].

Different types of activity were mea-
sured with inertial sensors [6, 21, 27,
46]. Hollewand et al. (2016) found an
accelerometer-based system to have in-
sufficient specificity for sitting and insuf-
ficient sensitivity for lying and standing
and they therefore found it to be not
suitable for measuring different types of
activity in frail older adults [46]. This
indicates the importance of using in-
struments that have been validated for
this specific target group. Another im-
portant activity is stair climbing. Coley
et al. (2004) documented a 97% sensi-
tivity and 94% specificity for stair climb-
ing in three older adults with mobility
impairment [59]. As cycling is a com-
mon activity in heathy older adults [2],
it should also be tested in future studies
[60]. In everyday physical activity, walk-
ing bout duration was the most relevant
physical activity parameter for differenti-
ating the three frailty levels. With respect
to the measurement of physical activity
in daily routine, it may be assumed that
sensor-based documentation can quan-
tify the frailty-associated decline of rou-
tine physical activity and thereby help
researchers to more accurately evaluate
the individual frailty level. Schwenk et al.
(2015) found a continuous reduction in
the variability of walking episodes with
increasing frailty level and assumed that
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this more static and less complex phys-
ical activity behavior in frail individuals
can also be measured in routine physical
activity behavior [6]. The application of
different definitions of frailty has limited
the comparability of studies. Participants
were classified using gait speed [42, 43]
or by applying the deficit accumulation
model [40] or Fried’s frailty criteria. In
one study the GFI (which also includes
psychosocial factors) [46] was used.

Hybrid frailty assessments
combining technology and
conventional measures

With regard to hybrid frailty assessments
general conclusions cannot be drawn as
different systems and a different focus
were applied in the respective studies.
Again, differentdefinitionsof frailty limit
comparability. Chang et al. (2013) uti-
lized an expert assessment as the refer-
ence to test the accuracy of their home
monitoring system [47]. The latter as-
sessment was based on clinical routine
instead of precise test results; therefore, it
can be argued that it would have been ap-
propriate to target identical test param-
eters. With regard to the other home-
based assessment method by Hewson
et al. (2013) it has to be noted that its val-
idation was based on each single item of
the criteria of Fried; however, outcomes
were not compared to the original frailty
criteria. The authors plan a longitudinal
study to test technological performance,
diagnostic capability based on two frailty
definitions, usage and user friendliness.
The user and authorized personnel gain
access to thedata via a remote server [49].
This is an important feature for thepracti-
cal use of home monitoring systems. In
this context questions concerning data
protection and ethical aspects have to
be addressed. Physical activity measure-
ment with different methods appeared to
be the most relevant component in the
system byTheou et al. (2012) [7]. To im-
prove the accuracy of this specific assess-
ment methodology, a combination with
other frailty-related parameters, such as
strength, should be considered.

Measurement of activities of daily
living and daily habits in the
context of frailty

The literature also revealed two different
sensor systems to detect daily activity
patterns [10, 50]. One system was not
intended to detect frailty but deteriora-
tion of functionality and overall health
status [10]. Inanotherproject, changes in
daily habits were evaluated. During the
user-centered design process differences
in opinion between researchers and clin-
icians emerged. While the researchers
preferred having as many features and
information as possible, clinicians pre-
ferred transparency and simplicity by fo-
cusing only on one single feature [50].
Various set-ups for the monitoring of
health aspects and daily habits were de-
veloped but no cut-off values were cal-
culated. Basic and routine ADL, such as
handwashing or transfers, could be de-
tected in older adults [11, 61, 62]. Fur-
ther challenges in creating home moni-
toring systems for activity monitoring in
pre-frail and frail older adults include
cost-effectiveness and minimally inva-
sive as well as unobtrusive solutions [50].
Robben et al. (2016) recently defined
a model to assess functional health in
a standardized way by using room sen-
sors. Functional decline was detected in
three case studies [63]. Further studies
in pre-frail and frail older adults should
follow. In the studies described, frailty
definitions widely varied. The physical
phenotype model (which is a mechani-
cal model and therefore shows relevant
overlap with other physical assessments
and also with modern diagnostic criteria
of sarcopenia) was predominantly used.
The reported resultsmust therefore be in-
terpreted with caution against this back-
ground. A comprehensive evaluation of
frailty definitions, including psychoso-
cial factors, was not given in this review
focusing on sensor-based assessments.
Nevertheless, it became clear that an in-
ternational consensus on the diagnosis
of frailty is urgently needed. In addi-
tion, an international consensus on the
standards of functional testing in frail in-
dividuals would also improve the overall
comparability of results and would al-

low performance of meta-analysis in the
future.

Limitations

One limitation of this review is that the
literature search was only done in two
major databases, PubMed andCochrane.
Potentially relevant results from other
databases have not been included in
this review. Another limitation is that
only specific categories related to frailty
were included in this review. Other
categories, including “care”, “gerontech-
nology in general”, “ethical aspects”,
“method assessment” and “user require-
ments and experiences” were excluded.
Furthermore, cost-effectiveness was not
addressed as up to now only one article
has focused on this aspect [10]. In this
overview, we did not specifically evaluate
the quality of each single study. With the
intention to provide a comprehensive
overview on past and ongoing activities
in this field, we included all studies not
only those that in our perception had
adequate quality and sample size. There
is an ultimate need for future studies to
be performed with high methodological
quality, whichmust be based on adequate
sample sizes and clearly stated a priori
hypotheses. Up to now only very few
studies fulfilled these criteria. Due to the
widely varying test protocols and frailty
definitions, we did not perform a meta-
analysis.

Conclusion

Technology-based measurements seem
to have high potential for diagnosing,
monitoring and preventing (pre-)frailty.
Specific sensor-derived parameters pro-
vided by wearable inertial sensors dur-
ing gait, motor assessments and physi-
cal activity show high potential for the
diagnosis, the monitoring and the pre-
vention of (pre-)frailty. Several gait vari-
ables, including step width and trunk
sway provide valuable information for
an early diagnosis of (pre-)frailty. More
variable outcomes in motor assessments
may indicatemore unstable performance
in general. Further studies should test
this hypothesis. Future studies with high
methodological quality should be per-
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formed to validate these parameters in
this population. In this context the im-
portance of consistency in frailty diag-
nosis and of testing procedures has to be
stressed. Furthermore, current findings
are limited due to cross-sectional studies,
which do not allow a causal relationship
to be established. The relevance of out-
come variables derived from gait, motor
assessment and physical activity should
be confirmed in larger cohorts and in
daily routine. The definition used most
frequently in aforementioned studieswas
the one provided by Fried et al. (2001)
[21].

Sensor-derived parameters of specific
ADL in (pre-)frail older adults have not
been reported. As a loss of ability to
participate in ADL could be a sign of be-
coming frail or a worsening frailty level,
further studies should particularly focus
on the ADL. Room sensors alone or in
combination with wearable sensors seem
appropriate for this approach. The at-
titude of older users towards wearable
sensors has to be adequately appreciated
in this context.
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