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ABSTRACT

Background: Movement velocity and power in a single STS are related to functional
performance in older adults. Identifying accessible tools that provide valid measures of STS
velocity/power would allow practitioners to evaluate physical function in clinical settings

where time, space and finances are limited.

Research question: Does a linear position transducer (LPT), iPhone application (App), and
inertial measurement unit (IMU) obtain valid measurements of velocity and power during a

single STS compared with 3D motion capture?

Methods: Twenty-seven community-dwelling older adults aged >60 years completed a single
STS test with mean velocity and power simultaneously measured with 3D motion capture, an
LPT, IMU and App. Acceptable validity was established if the Pearson correlation coefficient
(r) was very high (>0.7) and bias as a standardised effect size (ES) was small (<0.6). The

relationship between STS velocity/power and 30-s chair STS performance was also evaluated.

Results: Measures of STS velocity obtained by the LPT (r = 0.94, ES = -0.21) and App (r =
0.89, ES =-0.19) were very highly valid when compared to 3D motion capture, and were very
strongly related to 30-s STS performance (r >0.74). The LPT (r = 0.87, ES = 0.13) and App (r
=0.74, ES =-0.12) also showed very high correlations and negligible bias for measuring STS
power. Data collected by the IMU failed to meet our pre-determined threshold of acceptable

validity for STS velocity (r = 0.72, ES = 1.00) or power (r = 0.61, ES = 0.34).

Significance: The LPT and iPhone App, but not the IMU, are valid tools for measuring STS
velocity and power in community-dwelling older adults. Clinicians can use STS velocity
obtained by either the LPT or App as a simple and valid proxy for functional status, which

could help identify patients at high-risk of incident disability.
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1. INTRODUCTION

Aging is associated with reduced physical functioning [1], which has negative implications for
independence and quality of life. Poor physical function is associated with depressive
symptoms, incident disability and all-cause mortality in older adults [2-4]. It is therefore crucial
that clinicians have access to tools that can accurately assess physical function so that

appropriate interventions can commence as early as possible.

Lower-limb movement velocity and power reduce precipitously throughout aging [5, 6] and
are important factors underpinning age-related impairments in function [7, 8]. Recently,
velocity and power recorded during a single sit-to-stand (STS) have shown high correlations
with several measures of physical function in older adults [9]. A single STS is quick and simple
to perform, is not a fatiguing task, and the power generated during the movement is relevant to
functional daily activities. Thus, it has been proposed that a single assessment of STS power
could be used as a functional screening tool in clinical settings where limited time and space
preclude clinicians from administering a battery of tests [9, 10]. However, evaluating velocity
and power typically involves sophisticated measurement tools, with three-dimensional (3D)
motion capture widely considered the gold standard [11]. Three-dimensional motion capture
has restricted use within clinical settings due to transportation issues, time-consuming analyses

and high costs.

Advancements in smartphone software have given rise to the development of iPhone
applications (Apps) that measure velocity and power from a video recording. Indeed, an iPhone
App has been purpose-built to measure time, velocity and power during a single STS. One
internal validation study reported high correlations between STS measurements obtained by
the App and those collected by a force plate (Pearson correlations: 0.85-0.91) [12]. However,

the large inter-individual variation that inevitably exists in a sample of adults aged 21 to 87



years can inflate correlations because the correlation coefficient is sensitive to the spread of
values between participants [13]. It is necessary to independently evaluate the App in a more
homogenous sample of older adults before it can be used by clinicians who are working with

this population.

There are portable devices commercially-available that provide kinetic and kinematic
information during the STS, such as linear position transducers (LPTs) and inertial
measurement units (IMUs). Despite their use in the research literature [9, 10, 14], STS data
obtained by LPTs and IMUs have not yet been compared to data collected by 3D motion
capture, meaning that their validity currently is unknown. Determining the validity of these
portable devices together in the same sample will inform practitioners about which method(s)
can be used as a functional screening tool. Therefore, the purpose of this study was to evaluate
the validity of an LPT, iPhone App, and wearable IMU for measuring STS velocity and power
in community-dwelling older adults. We also examined whether velocity and power recorded
in a single STS were related to performance in a well-established measure of functional

mobility (30-s chair STS test).
2. METHODS
2.1. Participants

Community-dwelling older adults were recruited from North Yorkshire, UK, between March
and May 2019. Inclusion criteria were: aged >60 years, body mass index of 18.5-34.9 kg/m?,
and ability to stand up from a chair without assistance. Exclusion criteria were: unstable chronic
disease state, resting hypertension (>200/>100 mmHg), tachycardia (>100 bpm), and any
contraindication to exercise testing [15]. Participants were informed of the study procedures

before providing written informed consent and the Cross-School Ethics Committee at York St



John University provided ethical approval the study. This study was pre-registered on

AsPredicted (#21725/21727 [16]).

2.2. Study design and procedures

This study used a cross-sectional design. Participants were initially screened for eligibility
using a medical questionnaire and evaluations of blood pressure, heart rate, and
anthropometrics. Self-reported physical activity was assessed with the International Physical
Activity Questionnaire — Short Form [17]. Participants then performed the single STS test with
3D motion capture (Oqus 300, Qualisys, Gothenberg, Sweden), an LPT (GymAware
PowerTool, Kinetic Performance Technologies, Canberra, Australia), IMU (PUSH, PUSH
Inc., Toronto, Canada) and iPhone App (Sit To Stand App, v1.1) simultaneously measuring

mean velocity and power (Figure 1).

2.3. Single sit-to-stand test

Femur length was measured as the distance between the superior aspect of the greater
trochanter and femoral lateral condyle on the participant’s right side. A spherical reflective
marker was placed on the greater trochanter for reference. Participants sat in a firm, armless
chair, without wearing footwear and crossed their arms against their chest. The chair was
countersunk into a custom-made, weighted platform that was individually adjusted in height
so that all participants began with their hip, knee and ankle joints at approximately 90°.
Participants were positioned on the edge of the seat to minimise trunk flexion/horizontal
displacement. We instructed participants to stand upright as quickly as possible (hips and knees
fully extended), to stay stood upright for two seconds, and then to sit back down at a
comfortable pace. Participants performed two practise repetitions to practise correct technique.

Subsequently, three repetitions were completed, separated by 60-seconds rest. The repetition



with the maximum mean velocity (determined by 3D motion capture) was used for analysis.

Additional trials were performed if their arms moved away from their chest.

2.4. Data analysis

2.4.1. Three-dimensional motion capture

To maximise coverage of a calibration volume (average residual <1mm), eleven high-speed
(240 Hz) infra-red cameras were used to track 3D displacement coordinates of the greater
trochanter marker. The vertical displacement of the greater trochanter from a seated position
(where the knee joint is 90° and femur is parallel to the floor) to standing height was a proxy
for femur length, and therefore vertical displacement during the STS. This landmark is also
consistent with the landmark used by other measures (iPhone App). Marker trajectory was
smoothed by taking a moving average of 11 frames. The cameras were synchronised with a
force plate (Kistler Instruments, Sindelfingen, Germany) to determine the rising phase of the
STS, where the movement starts with peak vertical ground reaction force (‘seat-off’) and ends
when vertical force reaches body weight prior to the overshoot [12, 18]. Seat-off represents the
beginning of the extension phase and the transition from horizontal to vertical force [18].
Instantaneous velocity was estimated by differentiating displacement time data between each
frame. Mean velocity was calculated by averaging all the instantaneous velocities measured
from the start to the end positions of the STS. Mean power was estimated as the product of
mean vertical velocity and ground reaction force of body weight [18]. Data processing and
acquisition were performed using Visual3D software (Visual3D v6.01.36, C-Motion,

Germantown, USA).

2.4.2. Linear position transducer

The LPT was positioned on the floor directly underneath the participant’s right greater

trochanter. The retractable cable was vertically attached to a belt that was secured around the



participant’s waist using a Velcro strap. Displacement data during the rising phase of the STS
were time-stamped every 20 milliseconds then down-sampled to 50 Hz for analysis. Sampled
data were not filtered. Instantaneous velocity was estimated as change in displacement over
time, and acceleration was calculated as the change in velocity over the change in time [19].
Force was estimated by the product of body mass and acceleration, and power was calculated
as the product of force and velocity. Mean velocity and power were determined as the average

of all instantaneous data. Data were transmitted to an iPad App (v2.6) via Bluetooth.

2.4.3. Inertial measurement unit

The IMU was placed on the participant’s right forearm, 1-2 cm distal to the elbow, as per
manufacturer’s instructions [20]. The device consists of a 3-axis accelerometer and gyroscope
that provides six degrees of freedom. Acceleration data were recorded at 200 Hz and smoothed
with a Butterworth filter. Instantaneous vertical velocity was calculated by integrating
acceleration with respect to time. Force was then calculated as the product of acceleration and
body mass, and power was estimated by multiplying force with velocity. Mean velocity and
power were calculated as the average of all instantaneous data. Data were transmitted via

Bluetooth to a tablet using the PUSH App (v4.4.8).

2.4.4. iPhone App

An iPhone 6 was attached to a tripod (height: 0.7 m) and positioned 3-metres from the force
plate on the right side of the participant. Participant femur length was entered into the App
before executing the STS test, and each STS was recorded by the App at 240 frames per
second/720 pixels. After recording the STS, the researcher identified the start and end positions
of the movement by pressing a start and stop button in the App, respectively. A visual grid of
3.8 x 3.8 pixels is built into the App as an overlay, and the first frame was selected when the

reflective marker on the greater trochanter crossed the first horizontal grid line [12]. The final



frame was chosen when the greater trochanter was at its highest point i.e. the participant was
stood upright with full hip and knee extension. The App calculates time between the first and
final frames selected by the user and estimates mean vertical velocity as femur length (m)
divided by time (s) [12]. Mean vertical power was calculated based on a regression equation

created from 17 healthy participants aged 26-81 years:
Mean power (W-kg™?) = 2.773 - 6.228-time + 18.224-femur length

The App presents values of power relative to body mass (W-kg™). For validity analyses, we

multiplied the value by the participant’s body mass to attain the absolute value (W).
2.5. Thirty-second chair sit-to-stand test

The 30-s chair STS is a well-established measure of functional mobility [21, 22]. The same
chair as the single STS test was used and participants began seated with hip, knee and ankle
joints at 90°, without wearing footwear and with their arms crossed against their chest. The

total number of stands participants performed in 30-s was recorded.
2.6. Statistical analysis

Data were analysed using R (R Foundation for Statistical Computing, Vienna, Austria).
Normality of data was inspected via Q-Q plots/histograms and homoscedasticity was assessed
with Bland-Altman plots. Power data were log transformed due to evidence of non-normality.
The strength of relationships was assessed with the Pearson correlation coefficient (r). The size
of r was interpreted as: negligible (<0.1), small (0.1-0.29), moderate (0.3-0.49), high (0.5-
0.69), very high (0.7-0.89) or almost perfect (>0.9) [23]. Systematic bias was evaluated with
the standardised effect size (ES) using the formula: mean bias / SD of criterion. The magnitude
of the ES was rated as (z): trivial (<0.2), small (0.2-0.59), moderate (0.60-1.19), large (1.2-2.0)
and very large (>2.0) [23]. Negative ESs represent underestimations compared to 3D motion

capture, whereas positive ESs represent overestimations. The devices were considered valid if



the following criteria were met: very high correlation (r=0.7) and small bias (ES<0.6). We

reported the standard error of estimate (SEE) using the formula: , Where the numerator

2(Y-7)2
N

is the residual sum of squares from the prediction model. SEE was also presented as a
percentage of predicted values. Sample estimates were reported with 95% confidence intervals

(Cls). Raw data and statistical code are available online [16].
3. RESULTS

We initially intended to recruit 30 participants [16]. However, 28 were recruited due to
unforeseen logistical constraints. One participant did not complete the STS test because of
concerns the devices would interfere with their implantable cardioverter defibrillator. Thus, 27

participants completed the study and were included in the analyses (Table 1).
3.1. Validity of portable devices

Data collected by each device are presented in Figure 2 (see supplementary material for
descriptive statistics). Measures of STS velocity obtained by the LPT (r=0.94, ES=-0.21) and
iPhone App (r=0.89, ES =-0.19) showed almost perfect and very high associations with 3D
motion capture, respectively (Figure 3). The LPT (r=0.87, ES=0.13) and App (r=0.74, ES =-
0.12) also showed very high correlations and negligible bias for measuring STS power (Table
2). Data collected by the IMU failed to meet our pre-determined threshold of acceptable
validity for STS velocity (r=0.72, ES=1.00) or power (r=0.61, ES=0.34). There was no

evidence of heteroscedasticity (see supplementary material).
3.2. Relationship with 30-s chair STS performance

Measures of STS velocity obtained by 3D motion capture, the LPT and App were very strongly
related to 30-s chair STS performance (r=0.74). There were moderate to high correlations

between 30-s chair STS performance and STS power obtained by all devices (Table 3).



4. DISCUSSION

The main finding of this study was that the LPT and iPhone App were highly valid for
measuring STS velocity and power. Estimates of STS velocity obtained by the LPT and App
were very strongly related to performance in the 30-s chair STS test. Conversely, data collected
by the IMU failed to meet our pre-determined criteria for acceptable validity. These findings
suggest that the LPT and App are useful tools for evaluating physical function in community-
dwelling older adults, which has important implications for clinicians working in settings

where time, space, and finances are limited.

STS velocity recorded by the LPT was almost perfectly related to data obtained by 3D motion
capture (r=0.94, 95% CI: 0.87 to 0.97). The 95% CI of the estimate is encouraging because it
suggests that the lowest correlation compatible with the data is still very high. A very high
correlation was also found for measures of STS power (r=0.87). In line with these findings,
previous research has shown a strong association between an LPT and cinematography for
measuring STS power (r = 0.76) [14]. Our findings also showed negligible to small biases
between the LPT and 3D motion capture, indicating a high level of agreement. Therefore,
clinicians can use the LPT as a valid alternative to 3D motion capture for measuring STS

velocity and power in community-dwelling older adults.

This is the first independent validation study of the Sit To Stand App. Our findings showed
very high correlations, negligible bias and small errors between the App and 3D motion capture
for both STS velocity and power (Table 2). These data agree with a previous internal validation
study, which reported high Pearson correlations and no evidence of bias between the App and
a force plate for all STS variables in adults aged 21 to 87 years (r=0.85-0.91) [12]. Given that
our study recruited adults aged >60 years, we have extended their findings by showing that the

App is highly valid in a homogenous sample of older adults.



Despite showing very high validity, the App calculated that one participant produced zero
power (Figure 2). This is because the linear regression model it uses to determine STS power
produces a straight line that extends beyond Y=0 given certain parameters. For instance, given
a femur length of 0.388-metres and STS time of 1.59-seconds, the model predicts a negative
power value (2.773 - 6.228-1.59 + 18.224-0.388 = -0.06 W-kg™). Although it is rare the model
predicts values of <0 W-kg?, future work refining the App’s regression equation to eliminate
implausible values is warranted, perhaps by using a larger sample and fitting a quadratic model

so its nadir is greater than ¥=0.

The 30-s chair STS test is routinely used as a surrogate for functional mobility in older adults
[21]. Velocity data recorded by the LPT and App during a single STS were very highly
correlated with 30-s STS performance (r>0.74). In agreement with this finding, STS velocity
measured with an LPT has previously been shown to significantly correlate with 10-m gait
speed, 6BMWT distance, TUG, and 30-s STS performance [9, 10]. Our results suggest that STS
velocity recorded by either the LPT or App can be used as a quick and valid proxy for functional
status in older adults. The low-cost of the App (£5) compared to the LPT (~£1800) makes the

App a viable measurement tool when finances are also restricted.

Data obtained by the IMU failed to meet our threshold for acceptable validity. The IMU
overestimated mean velocity by an average of 0.13 m-s* (ES=1.0) and did not show a very
high relationship with 3D motion capture for measuring mean power (r = 0.61). The IMU
prediction models also showed relatively high levels of error (SEE=17-19%), which may be
due to differences in calculation techniques. The wearable IMU directly measures acceleration
and estimates velocity as the integral of acceleration [20]. Conversely, 3D motion capture, the
LPT and App calculate velocity as change in displacement over time. All techniques
subsequently estimate power via inverse dynamics. The disparity in the initial method used to

calculate velocity may have underpinned the lower validity of the IMU compared with 3D



motion capture. Furthermore, unlike the LPT and App, STS velocity obtained by the IMU was

not highly related to 30-s chair STS performance (r = 0.58).

Several studies have assessed STS power in older adults using different techniques, including
force platforms [18, 24], LPTs [9, 25, 26] accelerometers [27], or a combination of mass,
height, and manually-recorded time [28, 29]. Studies have also employed contrasting STS
protocols, such as by allowing the use of armrests [26] and estimating single STS power based
on a 5-repetition STS test [28]. The has led to a wide range of STS mean power values reported
in the literature, from 184 to 784 W [26, 28, 29]. Future work should move towards developing
a standardised method for evaluating STS velocity and power so that normative reference data

are available to assist clinicians with data interpretation.

A limitation of this study is that participants were community-dwelling and most reported being
physically active, which may limit the applicability of the findings to more sedentary
populations or older adults in residential care. However, there was no evidence of
heteroscedasticity for any device, suggesting that device error is consistent across a range of

STS abilities.

5. CONCLUSION

The LPT and iPhone App, but not the IMU, were highly valid for measuring STS velocity and
power in community-dwelling older adults. Velocity data obtained by the LPT and App were
also very strongly related to performance in a well-established measure of functional mobility.
Taken together, our findings suggest that practitioners can use STS velocity recorded by either
the LPT or App to evaluate physical function in clinical settings where time and space are

limited, which could help identify patients at high-risk of incident disability.
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Figure captions

Figure 1. Placement of measurement devices during the single sit-to-stand test. The chair was
placed in the middle of the laboratory and countersunk into a custom-made, weighted platform
that was individually adjusted in height so that all participants began with their hip, knee and
ankle joints at approximately 90°. A = three-dimensional motion capture; B = inertial

measurement unit; C = linear position transducer; D = iPhone application.

Figure 2. Mean velocity (panel A) and mean power (panel B) obtained by three-dimensional
motion capture (3D MoCap), linear position transducer (LPT), iPhone application (App), and
inertial measurement unit (IMU) during a single sit-to-stand. Dashed horizontal line represents

mean values obtained by 3D MoCap.

Figure 3. Relationship between three-dimensional motion capture (3D MoCap) and the linear
position transducer (LPT), iPhone application (App), and inertial measurement unit (IMU) for
measures of mean velocity (panels A-C) and mean power (panels D-F) during a single sit-to-
stand. Wiog = log transformed Watts. Area shaded in grey represents 95% confidence interval

for predicted values.



Table 1. Participant characteristics (n = 27)

Mean + SD, number Min Max
(%), or median [IQR]
Age (years) 723+7.4 60 91
Male 17 (63)
Body mass (kg) 73.8+13.9 55.4 104
Height (cm) 167 + 8.8 151 182
BMI (kg/m?) 26.3+3.8 21.4 34.9
Waist circumference (cm) 90.8+11.9 71.0 116
Hip circumference (cm) 103 + 8.6 92.2 128
Waist to hip ratio 0.89 £ 0.09 0.75 1.08
Femur length (cm) 38.8+3.4 33.0 48.0
STS mean velocity (m-s?)? 0.50 +0.13 0.23 0.77
STS mean power (W)?2 321 +£113 156 650
STS mean power (W-kg™)? 4.32+1.16 2.27 6.95
30-s chair STS test (reps) 11.7+34 3 18
Physical activity (MET-min-wk)
Walking 1782 [941, 2772] 297 4158
Moderate-intensity 720 [460, 1200] 0 5040
Vigorous-intensity 0 [0, 960] 0 5760

BMI = body mass index; IQR = interquartile range; MET = metabolic equivalent; STS = sit-

to-stand.

a\/alues obtained by three-dimensional motion capture.



Table 2. Pearson correlation coefficient (r), mean bias, and standard error of estimate (SEE) with 95% confidence intervals

between the portable devices and three-dimensional motion capture.

r

Standardised bias

SEE

SEE (%)

Mean velocity (m-s™)
LPT

iPhone App

IMU

Mean power (W)?2
LPT

iPhone App

IMU

0.94 (0.87, 0.97)
0.89 (0.77, 0.95)

0.72 (0.47, 0.86)

0.87 (0.73, 0.94)
0.74 (0.50, 0.87)

0.61 (0.30, 0.80)

-0.21 (-0.76, 0.34)
-0.19 (-0.73, 0.36)

1.00 (0.42, 1.57)

0.13 (-0.41, 0.68)
-0.12 (-0.67, 0.42)

0.34 (-0.21, 0.89)

0.04 (0.03, 0.06)
0.06 (0.04, 0.08)

0.09 (0.05, 0.12)

31.5 (22.4, 40.5)
50.7 (31.3, 70.2)

59.8 (4.8, 74.7)

8.5 (5.2, 11.8)
11.4 (7.0, 15.7)

17.4 (24.1, 10.7)

9.9 (7.1,12.8)
16.2 (10.0, 22.4)

19.2 (14.4, 24.1)

App = application; IMU = inertial measurement unit; LPT = linear position transducer.

4Data were log transformed prior to analysis due to evidence of non-normality.



Table 3. Relationship between velocity and power during a single STS and 30-s chair STS performance. Data are

presented as Pearson correlation coefficient (r) with 95% confidence intervals.

3D MoCap (n =28) LPT (n=28) iPhone App (n = 28) IMU (n = 27)
Mean velocity 0.75 (0.51, 0.88) 0.78 (0.57, 0.90) 0.74 (0.50, 0.87) 0.58 (0.26, 0.79)
Mean power? 0.40 (0.02, 0.67) 0.49 (0.14, 0.73) 0.57 (0.24, 0.78) 0.39 (0.01, 0.67)

App = application; IMU = inertial measurement unit; LPT = linear position transducer; 3D MoCap = three-
dimensional motion capture.

4Data were log transformed prior to analysis due to evidence of non-normality.
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