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Abstract: The Sit-to-Stand (STS) is a widely used test of physical function to screen older people at
risk of falls and frailty and is also one of the most important components of standard screening for
sarcopenia. There have been many recent studies in which instrumented versions of the STS (iSTS)
have been developed to provide additional parameters that could improve the accuracy of the STS
test. This systematic review aimed to identify whether an iSTS is a viable alternative to a standard
STS to identify older people at risk of falling, frailty, and sarcopenia. A total of 856 articles were found
using the search strategy developed, with 12 articles retained in the review after screening based
on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
Six studies evaluated the iSTS in fallers, five studies in frailty and only one study in both fallers
and frailty. The results showed that power and velocity parameters extracted from an iSTS have
the potential to improve the accuracy of screening when compared to a standard STS. Future work
should focus on standardizing the segmentation of the STS into phases to enable comparison between
studies and to develop devices integrated into the chair used for the test to improve usability.

Keywords: biomedical monitoring; functional screening; Kinect; RGB camera; IMU; sit-to-stand

1. Introduction

The age of the world’s population is increasing in all countries due to advances in medical care,
with developed countries such as Japan already having 26% of its population aged over 65 years,
while the United Kingdom currently has 18% of its population aged over 65 years [1]. The problem
of an ageing population is not restricted to developed countries, but also of developing countries;
for example, 13% of India’s population is predicted to consist of older people by 2050 [1]. Given the
size of the Indian population, this equates to over 220 million older people. Although medical progress
has increased the expected lifespan, many older people, although living longer, are still suffering
from many age-related conditions that decrease their healthy lifespan. Functional decline has been
reported as the most common phenotypical expression of diseases that are present in older people [2].
The incidence of the two most common conditions related to functional decline, frailty and sarcopenia,
are becoming increasingly prevalent, with 18% of the Indian population reported to have sarcopenia [3].
The prevalence of sarcopenia has been reported to be roughly twice that of frailty [4], with prevalence
increasing with age, with over 50% of octogenarians reported to have sarcopenia [5].
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A side effect of frailty and sarcopenia conditions is an increased risk of falls, with around one third
of adults aged over 65 years falling each year [6]. This figure rises to over 50% in the very old, for those
aged over 80 years [7]. It seems likely, therefore, that the general trend towards an ageing population
will result in an increase in the number of fallers. In one recent study, people with sarcopenia had a
50% increase in all-cause mortality over a 15-year period [8].

Although falls are a problem for older people, studies have shown that, provided people at risk
of falling can be detected, a falls prevention program can successfully decrease the rate of falling [9].
Likewise, if older people in the early stages of the frailty phenotype or with pre-sarcopenia can
be identified, a physical activity-based intervention could stop or even reverse the onset of these
conditions [10].

One way of screening for such conditions is to use functional geriatric screening tests, such as
the Timed-Up-and-Go (TUG) or the Sit-to-Stand Test (STS). The STS movement is a commonly used
screening test due to its ability to assess the strength and power of the lower limbs, and can therefore
be used to predict falls [11,12], while it is also one of the preferred tests of physical function in
sarcopenia [13]. The STS is becoming widely used due to the simplicity of use, because it requires
only a chair and a stopwatch, with results of the test recorded as either the time taken to perform five
consecutive chair stands (5STS) or the number of chair stands able to be performed in 30 s (30STS).

Rather than limit the information collected from functional screening tests to a simple measure of
the time taken to perform the task, a number of investigators have begun to add technological devices to
tests in order to provide more precise information about the physical capacity of the person being tested.
For instance, an instrumented version of the TUG is now widely used, with the qTUG recommended
for use by the National Institute for Health and Care Excellence in the U.K. [14]. Several studies
have been published in which the standard STS has been augmented with the use of technology such
as cameras or body-worn sensors [15]. There has been one previous review of instrumented STS,
however this was performed in 2014, with many newer studies having been published [16]. In addition,
this review focused only on motion sensor devices, with no studies of video technology included
in the review, while the effectiveness of the iSTS were not evaluated with respect to any diagnostic
accuracy. Therefore, the aim of this systematic review, was to identify whether an instrumented version
of the STS offers a better alternative to a standard test to identify older people at risk of falling, frailty,
and sarcopenia.

2. Materials and Methods

The search for articles was carried out based on the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [17]. The electronic databases searched were MEDLINE,
CINAHL, Web of Science, and IEEE Xplore. Hand searches of reference lists of the selected articles were
used to identify other relevant studies. Publication date was limited to dates between 1994, when the
STS was first published by Guralnik and colleagues [18] as part of the Short Physical Performance
Battery (SPPB), to August 2020.

Searches were limited to the title and abstract of articles, with the following key words used:

1. Older people: Old* OR elder* OR geriatric* OR senior* adj5 (people OR adult* OR person®)

2. Sit-to-Stand: Sit-to-stand OR stand-to-sit OR chair stand OR STS OR 5STS OR 30STS OR CST

3.  Technology: sensor* OR instrument* OR accelerometer* OR gyroscope* OR magnetom* OR ICT
OR device OR smartphone OR motion capture OR video OR Kinect OR camera

2.1. Types of Studies

All types of quantitative study designs were included in the review.
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2.2. Types of Participants

Studies were limited to community-dwelling people aged 60 years and older. Any studies in
which participants with a specific disease or condition, other than frailty, sarcopenia, or being fallers,
such as Parkinson’s Disease or dementia, were excluded. Articles in which instrumented STS were
developed, but not evaluated on older people were not included.

2.3. Primary Outcomes

The primary outcome of the studies selected needed to include an evaluation of iSTS performance
to discriminate between older people with and without one of the three chosen health factors or
conditions; fall risk, frailty, or sarcopenia.

2.4. Inclusion and Exclusion Criteria

Studies with subjects aged under 60 years or with a specific medical condition were excluded.
The STS test performed needed to be a recognized variation of the STS, such as the 55TS or 30STS,
with studies in which only the sit-stand transition was reported being excluded.

2.5. Data Extraction

Articles were identified by the combined keyword searches for each database separately,
with duplicates removed. Two reviewers (BS and DH) screened the titles and abstracts of these articles
to identify relevant studies to retain for full-text screening. Any articles for which a full-text version
could not be obtained was excluded from the review. Data were extracted from the full-text versions
of the studies separately by both reviewers, with information subsequently pooled. Data extracted
included study design and characteristics, the variant of the STS, the technology used, and the ability
of the instrumented device to discriminate between participants with frailty, sarcopenia, or fallers
from non-fallers.

Cohen’s d was used as a measure of magnitude for the differences between groups [19].
This comparison was used for groups such as fallers and non-fallers, or different frailty levels,

and is calculated as:
H2 — 1

Cohen’'sd = —————
ohens pooled (o)

)

where 111 and pp are means of fallers and non-fallers, respectively. The estimate of pooled (standard

deviation) is given by:
n1 —1)o? + (ny — 1)0?
pooled(a):\/(1 )01 T (n2 =)oy (2)
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where 01 and o are standard deviations of fallers and non-fallers, respectively, and n;, n, denote
the respective sample sizes. The p-value was obtained from the t-distribution table as the Cohen’s
d-statistic followed a t-distribution. When Cohen’s d is used with small sample sizes there is an
upwards bias that can be corrected using the Hedges’ g estimation, which produces an unbiased
estimate of the population effect size [20], as given by:

3
=d1- ] 3

Correlations were used to indicate the strength of association between tests of physical function
and parameters extracted from the iSTS. Owing to the skewed distribution of correlation coefficients,
Fisher’s Z transformation was used [21] before combining correlations, as given by:

Z=05 ln[ll_;:] (4)
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The inverse Z transformation was then used to convert Fisher’s Z back into a correlation coefficient,
as given by:

(=-1)
(eZZ + 1)

©)

One of the assumptions for a classification algorithm is the uniform distribution of classes,
whereby both the classes should have the same number of instances. A problem often occurs when
there are imbalances between classes, such as having more non-fallers than fallers. The general measure
of accuracy typically used can misrepresent the results due to the influence of the majority class. A better
variable to use is the Area Under the Curve (AUC) of the receiver operating characteristic (ROC) curve,
which plots True Positive Rate (TPR) against False Positive Rate (FPR). The AUC provides an aggregate
measure of performances across all possible classification thresholds and can also be interpreted as
the probability that the model ranks a random positive example more highly than a random negative
example. The standard error of AUC values can be calculated using the Hanley—McNeil approach [22].

The inverse variance weighting method was used to produce pooled estimates of effects [23].
Summary of finding tables were used to report the magnitude of effects for each outcome measure,
while the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system
was used to rate the quality of evidence from the included studies [24].

2.6. Quality Appraisal

The criteria adopted to appraise articles for this review was the method of Loney and colleagues [25]
and Sanderson and colleagues [26], and modified by Payette and colleagues [27], which is suitable for
observational studies. This method uses ten criteria, with each one scored as zero or one, and the total
score taken as an index of methodological quality. The questions used for this appraisal were: (1) Are
the recruitment sources described? (2) Are the criteria for exclusion or inclusion well defined? (3) Are
required sample size calculations presented? (4) Is the method of calculating the iSTS parameters
clearly described? (5) Is the evaluation procedure clearly described? (6) Has the outcome measure for
the health condition been adequately described? (7) Does the results section present a minimum of
descriptive information about the participants, such as age (mean, range, or standard deviation) and
gender? (8) Are the statistical analyses for evaluation of the association between iSTS parameters and
the healthcare condition described? (9) Are effect sizes reported with measures of precision? (10) Are
the study’s limitations adequately presented? Studies that scored at least 5 out of 10 were considered
to be satisfactory and were included in the review [25].

3. Results

3.1. Article Selection

A PRISMA flowchart of the search is shown in Figure 1. A total of 856 articles were retrieved
from the databases searched, with a further six articles identified from other sources. After duplicates
were removed, 750 articles remained for title and abstract screening, resulting in 673 articles being
removed for not meeting the inclusion criteria. The remaining 77 articles underwent full-text
appraisal, with 65 articles rejected. The remaining 12 articles were retained for the systematic review,
with characteristics of the articles presented in Table 1.

3.2. Study Characteristics

The 12 studies selected used seven different approaches to obtain an instrumented STS. Nine studies
used sensors that were attached to the body. Four studies from two research groups used Inertial
Measurement Units (IMUs), with three of the studies from the same research group using a single
IMU placed on the third lumbar vertebra [28-30]. The remaining study used five IMUs, three of
which were placed on the lower limbs, with the remaining two placed on the fifth lumbar vertebra
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and the sternum [31]. Two studies from the same research group used two triaxial accelerometers
placed on the thigh and sternum [32,33], while one group used a hybrid device consisting of a triaxial
accelerometer and a pressure sensor worn in a pendant around the neck [34]. The remaining study
used accelerometery, utilising a smartphone worn on a waist belt [35]. The study in which a sensor
was attached to the body used a linear position transducer that was attached to the belt by a cable [36].
The remaining three studies used a Microsoft Kinect sensor placed perpendicular to the chair [37],
four force plates integrated into the chair [38], and a chair equipped with load cells and a light detection
and ranging (LiDAR) sensor [39].

In total, 1701 participants were included in the 12 studies, none of which evaluated people with
sarcopenia. Seven studies compared fallers and non-fallers, one of which used fallers with hip fractures,
while one study used both fall and frailty classification in the same participant group [31]. All studies
in which falls were used to classify participants used retrospective falls history. Both the duration and
the number of falls used in the definitions of falls varied between studies, with the definitions used for
fallers shown in Table 2. Six studies studied frailty with three different screening tools used. In four
studies, a modified version of the Fried frailty phenotype [40] was used to compare frail, pre-frail
and robust participants. The remaining two studies used the Groningen Frailty Indicator [41] and the
FRAIL scale (Fatigue, Resistance, Ambulation, Illnesses, & Loss of Weight) [42], with the definitions
used for frailty shown in Table 2.

T
c
% Records identified through Additional records identified
kY, database searching through other sources
e
k= (n=856) (n=6)
b
— 4
Records after duplicates removed
(n=750)
B0
£
g
E y
b Records screened | Records excluded
(n=750) (n=673)
\_J
A
Full-text articles Full-text articles excluded, with
g assessed for eligibility reasons (n =65)
:go (n=77) - Detected STS movement but
& did not use STS test (n=24)
1 - Focus on validating method
Studies inchuded in without health outcomes for
qualitative synthesis older people (n=18)
) (n=12) Institutionalised participants
(n=6)
- Participants with specific
-5 health condition (n=6)
= . ) - No STS data provided (n=4)
= Stud'les .mcluded A - Subjects aged < 60 years (n=3)
quantitative synthesis - No health outcomes (n=2)
(n=12) - No statistical analysis (n=2)

Figure 1. Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) flow chart of
study selection [17].
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Table 1. Characteristics of the articles accepted after full-text screening.
Authors Technology Version Subjects ! Age (Years) Condition Quality
Coni et al. (2019) Triaxial 5STS 304 (53.6%) 80.9 + 6.4 Fallers 6
accelerometers
Doheny et al. (2011) Triaxial 55TS 40 (60%) 714+7.3 Fallers 6
accelerometers
- Fallers: 74.9 + 7.0
Doheny et al. (2013) Triaxial 5STS 39 (59%) Fallers 7
accelerometers Non-fallers: 68.4 + 6.2
Ejupi et al. (2016) Kinect sensor 55TS 94 (70.2%) 79.7 + 6.4 Fallers 9
Non-frail: 73.7 + 6.0
Frail: 77.8 + 6.4 Frailty
G tal. (2014 124 (73.4% /
reenc et al. (2014) MU 55TS (73.4%) Fallers: 76.0 + 6.2 Fallers 8
Non-fallers: 75.8 + 6.8
Control: 69.4 + 10.9
Houck et al. (2011) Force plates in a chair 3STS 28 (71.4%) Fallers 9
Hip fracture: 76.4 +7.1
Load cells in a chair o .
Jung et al. (2019) and laser 5STS 40 (62.5%) 743 +54 Frailty 9
Frail: 85 +5
Millor et al. (2013) IMU 30STS 47 (44.7%) Prefrail: 78 + 3 Frailty 6
Robust: 54 + 6
Frail: 79 £ 6
Millor et al. (2014) MU 30STS 431 (N/S) Pre-frail: 73 + 5 Frailty 5
Robust: 74 £ 5
Frail: 79 £ 6
Millor et al. (2017) MU 30STS 431 (N/S) Pre-frail: 73 + 5 Frailty 6
Robust: 74 £ 5
Vincenzo et al. (2018) Linear position 55TS 98 (62.2%) 775+7.3 Fallers 9
transducer
Zhang etal. (2017)  niaxial accelerometer, g 25 (80.0%) 79.7 £5.7 Frailty 7

pressure sensor

1 Percentage of female subjects; N/S: Not Stated.

Table 2. Definitions used for fallers and frailty.

Authors

Definition Used for Falling and Frailty

Coni et al. (2019)

Faller: >2 falls in previous 12 months

Doheny et al. (2011)

Faller: >2 falls in previous 5 years, or previous fall requiring medical attention,
or fear of falling, or cardiovascular risk factor for falls

Doheny et al. (2013)

Faller: >2 falls in previous 12 months or fall requiring medical attention

Ejupi et al. (2016)

Faller: fall in previous 12 months

Greene et al. (2014)

Faller: >2 falls in previous 12 months or fall requiring medical attention Frailty:
Fried phenotype used to classify participant as robust, pre-frail, or frail

Houck et al. (2011)

Faller: hip fracture from fall within previous 12 months, no longer receiving
physical therapy

Jung et al. (2019)

Frailty: score on the Korean version of the FRAIL scale

Millor et al. (2013)

Frailty: Fried phenotype used to classify participant as robust, pre-frail, or frail

Millor et al. (2014)

Frailty: Fried phenotype used to classify participant as robust, pre-frail, or frail

Millor et al. (2017)

Frailty: Fried phenotype used to classify participant as robust, pre-frail, or frail

Vincenzo et al. (2018)

Faller: fall in previous 12 months

Zhang et al. (2017)

Frailty: Groningen Frailty Indicator
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With respect to the STS test, three different versions were used in the 12 selected studies.
Eight studies focused on the 5STS test, three studies used the 30STS, while one study used a
less-common version of the STS in which only three repetitions were performed [38]. All studies in
which the 30STS was used contained participants with frailty, rather than falls as the health condition
of interest.

3.3. Evaluation of Fallers and Non-Fallers

The results for fallers and non-fallers for the seven studies in which fallers and non-fallers
were compared are summarized in Table 3. The typical difference between fallers and non-fallers
corresponded to a small effect using Cohen’s d [19]. The time to complete different phases of the STS
was compared by three studies, with no differences observed for stand-to-sit, while a small effect was
observed for sit-to-stand time [32].

Table 3. Summary of findings for fallers vs. non-fallers.

Population: Anyone Classified as A Faller

Settings: Clinical or Laboratory

Evaluation: Instrumented Sit-to-Stand Test

Comparison: Non-Fallers

Out Ilustrative Example Effect Size Number of Evidence Quality
utcomes Fallers Non-Fallers (95% CI) Participants (Studies) (GRADE)
iSTS total time 168 s 14.3s[37] 0.421(0.10, 0.74) 172 (3 studies) Low
iSTS stand-to-sit time 045s 0.45 s [32] 0.03 1 (-0.33,0.39) 172 (3 studies) Low
iSTS sit-to-stand time 0.49s 0.41s[32] 0.381 (0.10, 0.66) 172 (3 studies) Low
iSTS force/power 6.2 W/Kg 7.3 W/kg [36] 0.56 1 (0.36, 0.76) 126 (2 studies) Low
iSTS frequency 13.1Hz 11.3 Hz [32] 0.451(0.16,0.73) 39 (1 study) Low
iSTS velocity 0.41 m/s 0.50 m/s [36] 0.56 1 (0.35, 0.77) 192 (2 studies) Low
Physical function vs. r=0.499 [38] 5
iSTS force/power peak GRF 3 vs. gait speed 0467 (035,0.51) 27 (1 study) Low
Physical function vs. r=0.533 [37] 5
iSTS velocity STS velocity vs. knee extension 0437 (0.33,0.53) 94 (1 study) Low
Physical function vs. r=0.316 [37] 5
iSTS time STS time vs. knee extension 0.317(0.21,0.42) 94 (1 study) Low
Classification using 72.6% accuracy in classifying . .
{STS parameters fallers [31] Not estimable 261 (3 studies) Low

1 Pooled estimate using Cohen’s d; 2 Pooled estimate using Fisher’s Z-transformed correlation coefficients; 3 Ground
Reaction Force.

A range of different parameters were calculated for the iSTS, with these parameters classified
as force/power, frequency, and velocity. The parameters for force/power and velocity during the STS
showed moderate differences between groups, while those for frequency showed small differences.

Several studies reported correlations as a measure of the association between STS parameters and
functional capacity tests for strength, balance, and mobility. Similarly, with the differences between
groups, the largest correlations were found for force/power and velocity variables, with moderate
effects typically reported. Finally, three studies reported models with respect to discriminating or
classifying between fallers and non-fallers [31,33,36]. Two machine learning algorithms, a support
vector machine (SVM) and logistic regression (LR), were used for classification with a range of different
parameters used in the models reported, meaning pooled estimates could not be produced. With respect
to classification accuracy, the results were modest.

3.4. Evaluation of Frailty Sub-Groups

In one study, the robust participants were not aged 60 years and above, therefore the results for
this study have not been included for the frailty comparisons [29]. Two of the studies used participants
from the same study with different parameters for the iSTS, but the same results for the number of
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cycles performed in the STS [28,30]. Accordingly, the results of only one of these studies for this
parameter were included. There was a significant difference between frail and pre-frail, with frail
participants performing fewer STS cycles (Frail 6.24 + 2.53, Pre-frail 8.16 + 2.42, d = 0.79; p < 0.05) [28].
There was also a significantly greater number of STS actions performed by robust compared to pre-frail
participants (Pre-frail 8.16 + 2.42, Robust 9.86 + 3.00, d = 0.63; p < 0.05) [28]. Both of these effects can
be considered as moderate.

Comparisons between frail, pre-frail, and robust participants are summarized in Table 4.
With respect to frail vs. pre-frail groups, large effects were observed for velocity and phase time,
with moderate effects for force/power and acceleration. Comparing pre-frail and robust groups,
moderate effects were found for force/power and phase time, with small effects for acceleration and
velocity. Two studies examined the association between frailty scores and the iSTS, with one reporting
a non-significant correlation of —0.16 for the association between chair rise peak power and the
Groningen Frailty Index [34]. In the other study, the STS score from the SPPB was used, where higher
scores indicated better performance [18]. This study reported a significant negative correlation of —0.41
with the frailty score, where higher scores indicated higher levels of frailty [39]. Finally, two studies
classified participants into frailty categories using STS parameters [28,31], with classification accuracy
varying from 52.9% to 89.9%.

Table 4. Summary of findings for comparisons by frailty level.

Population: Anyone Classified as Frail

Settings: Clinical or Laboratory

Evaluation: Instrumented Sit-to-Stand Test

Comparison: Frail vs. Pre-Frail and Pre-Frail vs. Robust

Illustrative Example Effect Size Number of Evidence Quality
Frail Pre-Frail Robust (95% CI) Participants (Studies) (GRADE)

Outcomes

0.79 2 (0.40, 1.17)
STS cycles 6.24 8.16 9.86 [28] —_— 431 (2 studies) Low
0.63 3 (0.43, 0.83)

0.812(0.61, 1.00)
iSTS phase time 1 1.67s 1.30s 1.10 s [30] P S —— 237 (2 studies) Low
0.53 3 (0.43, 0.63)

) 0.732(0.51, 0.95)
iSTS force/power 381 W 65.4 W 887WI[28 —— 237 (2 studies) Low
0.723 (0.56, 0.88)

0.722 (0.56, 0.88) )
iSTS acceleration 1.01 m/s? 1.28 m/s? 1.36 m/s? [28] EPUTreTe— 237 (2 studies) Low
0.44 3 (0.28, 0.59)

. . 0.832 (0.64, 1.02)
iSTS Veloc1ty 0.48 m/s 0.61 m/s 0.68 m/s [30] m 237 (2 studies) Low

Classification of groups AUC = 0.934 for classification of frail

4 .
using iSTS parameters  participants using decision tree model [28] 0837 (082,0.85) 361 (2 studies) Low

! Example shown for stand-to-sit time; 2 Pooled estimate using Cohen'’s d for comparison between frail and pre-frail
groups; 3 Pooled estimate using Cohen’s d for comparison between pre-frail and robust groups; * Pooled estimate of
classification accuracy using AUC.

4. Discussion

4.1. Overview

The aim of this systematic review was to determine whether an instrumented version of the STS
offers a better alternative than a standard STS with respect to the identification of older people at risk
of falling, frailty and sarcopenia. A total of 12 articles were identified, all of adequate quality, with six
evaluations of fallers and seven evaluations of frailty. The methods used to classify participants in the
studies as fallers and non-fallers varied widely, making it difficult to aggregate the findings. There were
also differences between the studies in which frailty was used as the health outcome measure, although
most studies did use a variant of the Fried frailty phenotype.
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None of the articles selected used an iSTS to compare differences between older people with
and without sarcopenia. In one respect, this could be expected given that the STS is one component
of the SPPB, which is one of the tests of physical function used in sarcopenia screening such as the
updated version of the European working group on sarcopenia in older people (EWGSOP) sarcopenia
algorithm [43]. On the other hand, given that the STS is already used for sarcopenia screening, the use
of iSTS parameters related to power and velocity might offer an alternative to some of the other tests
already used, thus decreasing the time needed for screening.

The quality of evidence for all the studies included in this review can be considered low using the
GRADE system recommended by the Cochrane Library [24]. It should be noted that the GRADE system
classifies all observational studies as low evidence, which suggests that further studies are needed.

4.2. iSTS and Fallers

The iSTS evaluations produced parameters of different types, of which the most common were
temporal, power and force, velocity, and acceleration. With respect to fallers, the results of temporal
parameters tended to be similar to those of the time taken for the entire STS. This could indicate that,
rather than there being a particular phase of the STS such as the sit-to-stand transition that is difficult
for fallers to perform, it might be equally difficult to perform all phases. However, another reason for
the lack of differences observed could be that many different methods of dividing the STS into phases
were used, while some studies did not segment the STS at all [34,36]. The most phases identified in
the STS was four [37], which included the sit-to-stand transition, stand-to-sit transition, and standing
and sitting phases. The smallest number of phases used was two, although one of these methods
only used the sit-to-stand and stand-to-sit transitions, discarding the time spent in between [31-33],
while the other method contained only the preparation for the sit-to-stand transition and the actual
transition, without analysing the stand-to sit [38]. It seems clear that, in order to compare studies more
readily, it would be worthwhile standardizing the phases used to make it easier to compare results
between studies.

One potential benefit of using an iSTS is the possibility of identifying differences related to force,
power, velocity, and acceleration, which cannot be obtained from the STS. This was shown by the results
of this review in which consistently useful results were obtained for power and velocity parameters,
with several moderate differences observed. This was particularly the case for the sit-to-stand transition,
when power needs to be generated to ensure the person can stand up. Indeed, previous work has
already shown that the lower-limb power produced can be predicted using a logistic regression equation
that contained STS performance body mass [44]. Other work has shown that an equation using STS
time, leg length and body mass can predict knee extensor strength and even the cross-sectional area
of the quadriceps [45]. Given that these models predict muscle power based only on the time taken
to perform an STS test or the time taken to complete a number of cycles, it would be interesting to
investigate whether the power directly calculated from an iSTS would give better results than the
predictive equations of these studies.

With respect to the technologies used to instrument the STS in fallers, the majority of studies used
body-worn sensors that were either IMUs or triaxial accelerometers. Other methods used included
force plates, a linear transducer, and several studies by the same research group using a Kinect sensor.
When the different techniques were compared, the best results in terms of differences between fallers
and non-fallers were found for the chair equipped with force plates [38], although it should be noted
that these results were for fallers with hip fractures, so further work is needed for this technology with
different subject groups. Classification of fallers and non-fallers was only reported by two studies,
one of which did not include accuracy, making it difficult to compare. Although the accuracy from an
IMU-based system was only moderate [31], an excellent odds ratio (OR) was obtained with the linear
transducer [36] to distinguish fallers from non-fallers.
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4.3. iSTS and Frailty

The majority of the frailty results were from the same research group, with the other two studies
only providing comparisons between frailty categories and a single correlation between the iSTS and
the overall frailty score. This means that the results for frailty were almost exclusively from the one
group using the Kinect sensor and the 30STS [28-30], rather than the 5STS, which was used by the
studies on fallers. In the case of the 30STS, rather than the time taken to perform a test, the number of
STS cycles performed in 30 s is used to define STS. Frailty comparisons were then made between the
three categories of frail, pre-frail and robust, with moderate effect sizes observed for the number of
STS cycles between frail and pre-frail and between pre-frail and robust groups. However, when the
time spent in the three phases of the STS used in this analysis were considered, larger differences
were observed between frail and pre-frail categories than between pre-frail and robust. The other
iSTS parameters had similar results, with a greater number of large effects observed between frail and
pre-frail than between pre-frail and robust.

When the iSTS was used in two studies to classify people into frailty categories, the best
classification was obtained in a study using the Kinect sensor, which had 90% accuracy when using
a decision tree model with iSTS parameters, which was much better than the 53% classification for
the number of STS cycles alone. A model in which multiple parameters are used is more likely to
perform well than a single-factor model, but nevertheless, the result demonstrated the utility of the
iSTS approach. However, the results of the classifications used should be interpreted with caution,
due to issues such as imbalance within the groups used in the studies. For instance, in one of the two
studies in which frailty was classified, only 31 of the 718 participants (4%) were frail [28]. Imbalanced
datasets can be dealt with using appropriate methods such as the Synthetic Minority Oversampling
TEchnique (SMOTE) [46]. However, the frailty classification study included in this review did not
report the use of any model validation techniques, unlike the study in which fallers were classified
using a 10-fold cross-validation technique [47]. Previous studies on other devices used for older people,
such as sensor-based fall risk testing, have also reported that the accuracy of models has been inflated
due to methodological issues in feature selection and validation [48].

In terms of sensor locations, there are some advantages on sensors that are not body-worn in terms
of acceptability and convenience. For instance, the requirement to place the sensors on the body means
that issues of acceptability and ease of placement need to be considered, as well as the type of clothes
worn by the person being evaluated. There has been little research into user preferences in this area,
although in one report, the preferred location for wearable sensors was reported to be the wrist [49],
which could be less effective at detecting whole body movement during the STS cycles [50]. It is also
possible that results would differ if sensors were incorrectly placed on the body, which would be
particularly relevant for the comparison of results between individuals and across sessions. In contrast,
sensors that do not need to be worn, such as the Kinect, might be quicker and easier for testing,
including standardization.

In addition to the articles chosen for this systematic review, there were many articles rejected at
full-text screening as they did not include a specific version of the STS, and instead used a standalone
STS movement, meaning that the iSTS and STS could not be compared. Despite this, it would be worth
examining the parameters developed in such studies to see whether some of the methods used could
be incorporated into 5STS or 30STS tests for clinical use.

There were also many articles that were not selected because they were focused on validating
new methodologies. Although some of these articles were earlier work by authors whose articles
were included in this review, many were from other research teams that could potentially provide
valuable information on the STS when tested in populations of older people with falls history, frailty,
and sarcopenia. Finally, one area that was not evaluated in any of the studies was change between
the different STS cycles within an STS test. For instance, in the 30STS, it might be worth comparing
parameters from the first STS cycles with those from later cycles to determine whether any fatigue
effect is present.
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5. Conclusions

The results of this systematic review have identified the emergence of the instrumented STS as
an area with great potential to improve the detection of strength-related conditions such as physical
frailty, and to assess the risk of falling in older people. A range of parameters extracted from an iSTS,
including velocity and power, are better at differentiating between groups than the time taken for the
STS alone. However, there is a need for more standardization in terms of the parameters extracted from
the iSTS, as well as the way in which segmentation of the STS into phases is performed. This would
ensure that results of studies can be directly compared to produce variables that could be used for
geriatric screening. In terms of sensor location, issues of sensor acceptability should be investigated,
while the development of more devices that are non-invasive, such as those integrated into the chair or
the environment, could be beneficial to decrease any problems of standardization of protocols and
sensor placement for body-worn devices.

Author Contributions: B.S., V.V, S.Y. and D.H. conceived and designed the study; B.S. and D.H. performed the
literature search, B.S., ].B., V.V,, S.Y. and D.H. analysed the data; B.S., ].B., V.V,, S.Y. and D.H. wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations Department of Economic and Social Affairs Population Division. World Population Prospects:
The 2017 Revision; United Nations: New York, NY, USA, 2017.

2. Angulo, J.; El Assar, M.; Rodriguez-Manas, L. Frailty and sarcopenia as the basis for the phenotypic
manifestation of chronic diseases in older adults. Mol. Asp. Med. 2016, 50, 1-32. [CrossRef]

3.  Tyrovolas, S.; Koyanagi, A.; Olaya, B.; Ayuso-Mateos, J.L.; Miret, M.; Chatterji, S.; Tobiasz-Adamczyk, B.;
Koskinen, S.; Leonardi, M.; Haro, ]. M. Factors associated with skeletal muscle mass, sarcopenia, and sarcopenic
obesity in older adults: A multi-continent study. J. Cachexia Sarcopenia Muscle 2016, 7, 312-321. [CrossRef]

4. Morley, J.E. Sarcopenia: Diagnosis and treatment. J. Nutr. Health Aging 2008, 12, 452. [CrossRef] [PubMed]

5. Morley, J.E.; Anker, S.D.; Haehling, S. Prevalence, incidence and clinical impact of sarcopenia: Facts, numbers
and epidemiology—Update 2014. J. Cachexia Sarcopenia Muscle 2014, 5, 253-259. [CrossRef]

6.  Shumway-Cook, A.; Ciol, M.A; Hoffman, J.; Dudgeon, B.J.; Yorkston, K.; Chan, L. Falls in the medicare
population: Incidence, associated factors, and impact on health care. Phys. Ther. 2009, 89, 324-332. [CrossRef]

7. Grundstrom, A.C.; Guse, C.E.; Layde, PM. Risk factors for falls and fall-related injuries in adults 85 years of
age and older. Arch. Gerontol. Geriatr. 2012, 54, 421-428. [CrossRef]

8. De Buyser, S.L.; Petrovic, M.; Taes, Y.E.; Toye, K.R.C.; Kaufman, ].M.; Lapauw, B.; Goemaere, S. Validation of
the FNIH sarcopenia criteria and SOF frailty index as predictors of long-term mortality in ambulatory older
men. Age Ageing 2016, 45, 603—609. [CrossRef] [PubMed]

9. Gillespie, L.D.; Robertson, M.C.; Gillespie, W.J.; Sherrington, C.; Gates, S.; Clemson, L.M.; Lamb, S.E.
Interventions for preventing falls in older people living in the community. Cochrane Database Syst. Rev. 2012,
4. [CrossRef]

10. Clegg, A.; Young, | ; lliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in elderly people. Lancet 2013, 381, 752-762.
[CrossRef]

11. Makizako, H.; Shimada, H.; Doi, T.; Tsutsumimoto, K.; Nakakubo, S.; Hotta, R.; Suzuki, T. Predictive cutoff
values of the five-times sit-to-stand test and the timed “Up & Go” test for disability incidence in older people
dwelling in the community. Phys. Ther. 2017, 97, 417-424. [CrossRef] [PubMed]

12.  Applebaum, E.V; Breton, D.; Feng, Z.W.; Ta, A.T.; Walsh, K.; Chasse, K.; Robbins, S.M. Modified 30-second Sit
to Stand test predicts falls in a cohort of institutionalized older veterans. PLoS ONE 2017, 12, 13. [CrossRef]
[PubMed]

13. Cruz-Jentoft, A.J.; Baeyens, ].P,; Bauer, ].M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, E.C.; Michel, J.-P.;
Rolland, Y.; Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report of
the European working group on sarcopenia in older people. Age Ageing 2010, 39, 412-423. [CrossRef]



Bioengineering 2020, 7, 139 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Smith, E.; Walsh, L.; Doyle, J.; Greene, B.; Blake, C. The reliability of the quantitative timed up and go test
(QTUG) measured over five consecutive days under single and dual-task conditions in community dwelling
older adults. Gait Posture 2016, 43, 239-244. [CrossRef] [PubMed]

Van Lummel, R.C.; Ainsworth, E.; Lindemann, U.; Zijlstra, W.; Chiari, L.; Van Campen, P.; Hausdorff, ] M.
Automated approach for quantifying the repeated sit-to-stand using one body fixed sensor in young and
older adults. Gait Posture 2013, 38, 153-156. [CrossRef]

Millor, N.; Lecumberri, P.; Gomez, M.; Martinez-Ramirez, A.; Izquierdo, M. Kinematic parameters to evaluate
functional performance of sit-to-stand and stand-to-sit transitions using motion sensor devices: A systematic
review. IEEE Trans. Neural Syst. Rehabil. Eng. 2014, 22, 926-936. [CrossRef]

Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; The, P.G. Preferred Reporting Items for Systematic Reviews
and Meta-Analyses: The PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

Guralnik, J.M.; Simonsick, E.M.; Ferrucci, L.; Glynn, R.J.; Berkman, L.E; Blazer, D.G.; Scherr, P.A.; Wallace, R.B.
A short physical performance battery assessing lower extremity function: Association with self-reported
disability and prediction of mortality and nursing home admission. ]. Gerontol. 1994, 49, M85-M94.
[CrossRef]

Cohen, ]. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum: Hillsdale,
NJ, USA, 1988.

Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests
and ANOVAs. Front. Psychol. 2013, 4, 863. [CrossRef]

Silver, N.C.; Dunlap, W.P. Averaging correlation coefficients: Should Fisher’s z transformation be used?
J. Appl. Psychol. 1987, 72, 146. [CrossRef]

Hanley, J.A.; McNeil, B.J. The meaning and use of the area under a receiver operating characteristic (ROC)
curve. Radiology 1982, 143, 29-36. [CrossRef] [PubMed]

Lipsey, M.W.; Wilson, D.B. Practical Meta-Analysis; SAGE Publications, Inc.: Thousand Oaks, CA, USA, 2001.
Guyatt, G.; Oxman, A.D.; Akl, E.A.; Kunz, R.; Vist, G.; Brozek, J.; Norris, S.; Falck-Ytter, Y.; Glasziou, P.;
deBeer, H.; et al. GRADE guidelines: 1. Introduction—GRADE evidence profiles and summary of findings
tables. |. Clin. Epidemiol. 2011, 64, 383-394. [CrossRef]

Loney, PL.; Chambers, L.W.; Bennett, K.J.; Roberts, J.G.; Stratford, PW. Critical appraisal of the health
research literature prevalence or incidence of a health problem. Chronic Dis. Can. 1998, 19, 170.

Sanderson, S.; Tatt, I.D.; Higgins, J. Tools for assessing quality and susceptibility to bias in observational
studies in epidemiology: A systematic review and annotated bibliography. Int. J. Epidemiol. 2007, 36, 666-676.
[CrossRef]

Payette, M.-C.; Bélanger, C.; Léveillé, V.; Grenier, S. Fall-Related Psychological Concerns and Anxiety among
Community-Dwelling Older Adults: Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0152848.
[CrossRef]

Millor, N.; Lecumberri, P.; Gomez, M.; Martinez, A.; Martinikorena, J.; Rodriguez-Manas, L.; Garcia-Garcia, EJ.;
Izquierdo, M. Gait Velocity and Chair Sit-Stand-Sit Performance Improves Current Frailty-Status Identification.
IEEE Trans. Neural Syst. Rehabil. Eng. 2017, 25, 2018-2025. [CrossRef] [PubMed]

Millor, N.; Lecumberri, P.; Gomez, M.; Martinez-Ramirez, A.; Izquierdo, M. An evaluation of the 30-s
chair stand test in older adults: Frailty detection based on kinematic parameters from a single inertial unit.
J. Neuroeng. Rehabil. 2013, 10. [CrossRef]

Millor, N.; Lecumberri, P.; Gomez, M.; Martinez-Ramirez, A.; Izquierdo, M. Frailty detection using the
instrumented version of the 30-s chair stand test. In Replace, Repair, Restore, Relieve—Bridging Clinical
and Engineering Solutions in Neurorehabilition; Springer: Cham, Switzerland, 2014; Volume 7, pp. 553-561.
[CrossRef]

Greene, B.R.; Doheny, E.P; Kenny, R.A.; Caulfield, B. Classification of frailty and falls history using a
combination of sensor-based mobility assessments. Physiol. Meas. 2014, 35, 2053-2066. [CrossRef]

Doheny, E.P; Fan, C.W.; Foran, T.; Greene, B.R.; Cunningham, C.; Kenny, R.A. An instrumented sit-to-stand
test used to examine differences between older fallers and non-fallers. In Proceedings of the 2011 Annual
International Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA, USA,
30 August-3 September 2011; pp. 3063-3066.

Doheny, E.P,; Walsh, C.; Foran, T.; Greene, B.R.; Fan, C.W.; Cunningham, C.; Kenny, R.A. Falls classification
using tri-axial accelerometers during the five-times-sit-to-stand test. Gait Posture 2013, 38, 1021-1025. [CrossRef]



Bioengineering 2020, 7, 139 13 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhang, W.; Regterschot, G.R.H.; Geraedts, H.; Baldus, H.; Zijlstra, W. Chair rise peak power in daily life
measured with a pendant sensor associates with mobility, limitation in activities and frailty in old people.
IEEE ]. Biomed. Health Inf. 2017, 21, 211-217. [CrossRef]

Coni, A.; Mellone, S.; Colpo, M.; Guralnik, ].M.; Patel, K.V.; Bandinelli, S.; Chiari, L. An exploratory factor
analysis of sensor-based physical capability assessment. Sensors 2019, 19, 2227. [CrossRef] [PubMed]
Vincenzo, J.L.; Gray, M.; Glenn, ].M. Validity of a novel, clinically relevant measure to differentiate functional
power and movement velocity and discriminate fall history among older adults: A pilot investigation.
Innov. Aging 2018, 2, igy028. [CrossRef]

Ejupi, A.; Brodie, M.; Gschwind, Y.J.; Lord, S.R.; Zagler, W.L.; Delbaere, K. Kinect-based five-times-sit-to-stand
test for clinical and in-home assessment of fall risk in older people. Gerontology 2016, 61, 118-124. [CrossRef]
Houck, J.; Kneiss, J.; Bukata, S.V.; Puzas, J.E. Analysis of vertical ground reaction force variables during a Sit
to Stand task in participants recovering from a hip fracture. Clin. Biomech. 2011, 26, 470-476. [CrossRef]
Fried, L.P; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.].;
Burke, G.; et al. Frailty in older adults: Evidence for a phenotype. . Gerontol. A Biol. Sci. Med. Sci. 2001,
56, M146-M157. [CrossRef]

Peters, L.L.; Boter, H.; Buskens, E.; Slaets, ].PJ. Measurement Properties of the Groningen Frailty Indicator in
Home-Dwelling; Institutionalized Elderly People. J. Am. Med. Dir. Assoc. 2012, 13, 546-551. [CrossRef]
Morley, J.E.; Malmstrom, T.K.; Miller, D.K. A simple frailty questionnaire (FRAIL) predicts outcomes in
middle aged African Americans. J. Nutr. Health Aging 2012, 16, 601-608. [CrossRef]

Jung, HW.; Roh, H.; Cho, Y.; Jeong, J.; Shin, Y.S.; Lim, J.Y.; Guralnik, J.M.; Park, J. Validation of a
multi-sensor-based kiosk for short physical performance battery. | Am. Geriatr. Soc. 2019, 67, 2605-2609.
[CrossRef] [PubMed]

Cruz-Jentoft, A.].; Bahat, G.; Bauer, ].; Boirie, Y.; Bruyére, O.; Cederholm, T.; Cooper, C.; Landi, F; Rolland, Y.;
Sayer, A.A.; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019,
48, 16-31. [CrossRef]

Smith, W.N.; Del Rossi, G.; Adams, ].B.; Abderlarahman, K.Z.; Asfour, S.A.; Roos, B.A.; Signorile, J.F.
Simple equations to predict concentric lower-body muscle power in older adults using the 30-second
chair-rise test: A pilot study. Clin. Interv. Aging 2010, 5, 173-180. [CrossRef] [PubMed]

Takai, Y.; Ohta, M.; Akagi, R.; Kanehisa, H.; Kawakami, Y.; Fukunaga, T. Sit-to-stand test to evaluate knee
extensor muscle size and strength in the elderly: A novel approach. ]. Physiol. Anthr. 2009, 28, 123-128.
[CrossRef]

Nnamoko, N.; Korkontzelos, I. Efficient treatment of outliers and class imbalance for diabetes prediction.
Artif. Intell. Med. 2020, 104, 101815. [CrossRef]

Fushiki, T. Estimation of prediction error by using K-fold cross-validation. Stat. Comput. 2011, 21, 137-146.
[CrossRef]

Shany, T.; Wang, K.; Liu, Y.; Lovell, N.H.; Redmond, S.J. Review: Are we stumbling in our quest to find the best
predictor? Over-optimism in sensor-based models for predicting falls in older adults. Healthc. Technol. Lett.
2015, 2, 79-88. [CrossRef]

Cho, J. Current status and prospects of health-related sensing technology in wearable devices. |. Healthc. Eng.
2019, 2019, 8. [CrossRef]

Matsuyama, H.; Hiroi, K.; Kaji, K.; Yonezawa, T.; Kawaguchi, N. Hybrid activity recognition for ballroom
dance exercise using video and wearable sensor. In Proceedings of the 2019 Joint 8th International Conference
on Informatics, Electronics & Vision (ICIEV) and 2019 3rd International Conference on Imaging, Vision &
Pattern Recognition (icIVPR), Spokane, WA, USA, 30 May-2 June 2019; pp. 112-117.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	Introduction 
	Materials and Methods 
	Types of Studies 
	Types of Participants 
	Primary Outcomes 
	Inclusion and Exclusion Criteria 
	Data Extraction 
	Quality Appraisal 

	Results 
	Article Selection 
	Study Characteristics 
	Evaluation of Fallers and Non-Fallers 
	Evaluation of Frailty Sub-Groups 

	Discussion 
	Overview 
	iSTS and Fallers 
	iSTS and Frailty 

	Conclusions 
	References

