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A B S T R A C T   

Objectives: Lower body power declines with age and is associated with decreased physical function in older 
adults. However, the majority of the tools available to measure power are expensive and require considerable 
space and expertise to operate. The purpose of this study was to assess the validity, reliability, and measurement 
error of a sit-to-stand power test (STSp) to assess lower body power. 
Methods: 51 community-dwelling adults, 65 years or older, completed a power test using a pneumatic leg press 
(LP), the Short Physical Performance Battery (SPPB) that includes a test of balance, usual walking speed, and 
chair stand tests; Timed Up and Go (TUG) test at both usual and fast paces, and Patient-Reported Outcome 
Measures (PROMs). A two-week test-retest assessed the reliability in 36 participants. The study hypotheses and 
analysis were pre-registered prior to data collection and statistical analyses were blinded. 
Results: The mean age was 71.3 years, with 63% females, and an average SPPB score of 10.6 (median = 12). STSp 
peak power was strongly correlated with LP (r = 0.90, 95% CI (0.82, 0.94). As hypothesized, the STSp peak 
power showed similar or higher correlations with physical function tests relative to LP peak power: SPPB (0.41 
vs. 0.29), chair stand test (− 0.44 vs. -0.35), TUG test at usual pace (− 0.37 vs. − 0.29) and fast pace (− 0.41 vs. 
− 0.34) and balance (0.33 vs. 0.22), but not for mobility (0.34 vs. 0.38) and function (0.41 vs. 0.48) question
naire. For discriminant validity, as hypothesized, males showed higher STSp peak power compared to females (Δ 
= 492 W, p < .001, Cohen’s d = 2.0). Test-retest assessment yielded an intraclass correlation coefficient of 0.96 
and a standard error of measurement of 70.4 W. No adverse events were reported or observed for both tests. 
Conclusion: The STSp showed adequate validity and reliability in measuring lower body power in community- 
dwelling older adults. The test is quick, relatively inexpensive, safe, and portable and thus should be consid
ered for use in aging research.   

Aging, even in the absence of overt disease, leads to a gradual decline 
in muscle mass and strength(Frontera et al., 2008). This gradual decline 
can result in the loss of physical independence, increased risk of falls, 
decreased quality of life, increased health care costs, and lowered life 
expectancy(Fried and Guralnik, 1997; Bergen et al., 2016; Janssen et al., 
2002; Lord et al., 1994). Considering the expected rise in the size of the 
elderly population(Werner, 2010), preserving physical function is a 
significant public health concern. 

Over the past two decades, mechanical power—the rate of me
chanical work, or the dot product of force and velocity—has gained 
prominence as an important determinant of physical function in the 
aging population. During the aging process, power declines at a faster 
rate than strength(Reid et al., 2014; Metter et al., 1997)—the ability to 
exert force—and shows a stronger association with physical function 
(Bean et al., 2002; Skelton et al., 1994; Foldvari et al., 2000; Sayers 
et al., 2005) and falls(Whipple et al., 1987; Skelton et al., 2002) than 
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does strength. This observational work is corroborated by interventional 
studies. Multiple systematic reviews(Byrne et al., 2016; Reid and 
Fielding, 2012) and meta-analyses(da Rosa et al., 2019; Tschopp et al., 
2011) have now shown that power training is more beneficial for 
improving physical function than conventional resistance training in 
older adults. Despite the compelling evidence, unlike grip strength, 
power assessments are often excluded from multi-center intervention 
trials to improve function or prevent mobility loss(Stathi et al., 2018; 
Pahor et al., 2018; Landi et al., 2017). 

For a measurement tool to be widely adopted in the aging popula
tion, it must not only be valid and reliable, but also safe, inexpensive, 
portable for home use, easy to use, and time-efficient, such as grip 
strength assessments. With a few excpetions(Alcazar et al., 2018a; Gray 
and Paulson, 2014), the majority of the tools available to measure lower 
body power are expensive and require considerable space and expertise 
to operate. For example, the Nottingham Power Rig(Bassey and Short, 
1990), force plate(Lindemann et al., 2003), 3D motion capture(Ford 
et al., 2007), and isokinetic dynamometry(Suzuki et al., 2001) mea
surements are only available in research laboratories due to their high 
cost and complexity. The pneumatic leg press is most commonly used in 
trials to measure power(Alcazar et al., 2018b), but it is large, expensive, 
and immobile. Moreover, most of the aforementioned tools measure 
power in a seated, artificial manner, which could affect their capacity to 
predict disability or discriminating elderly with functional limitations 
(Augustsson et al., 1998a). 

The sit-to-stand power test (STSp), using a portable linear trans
ducer, is a promising method to assess lower body power that is rela
tively inexpensive, safe, and portable. It measures power in a functional 
manner(Liu et al., 2014), which is specific to upright, weight-bearing, 
everyday functions such as walking or stair climbing. The few studies 
that have assessed the construct validity of the STSp had several limi
tations. First, no study has compared the STSp with a standard method to 
measure power by juxtaposing their associations with physical func
tional outcomes(Gray and Paulson, 2014; Glenn et al., 2017b; Sherwood 
et al., 2019; Glenn et al., 2017a). Considering that power is a surrogate 
outcome and there is no “gold-standard” test for measuring power, it is 
prudent to compare the associations of current power measures with 
standard functional outcomes to establish validity, as opposed to using 
arbitrary effect size thresholds or significance tests. We chose the 
pneumatic leg press for comparison since it is valid, reliable(Foldvari 
et al., 2000; Thomas et al., 1996), and is the most commonly used 
method (63% of power studies) to measure lower body power(Alcazar 
et al., 2018b). Second, no study has quantified the test-retest reliability 
and measurement error of the STSp to measure power, which are 
necessary for evaluating change in response to behavioral/pharmaceu
tical intervention(De Vet et al., 2011). Third, previous studies did no 
pre-register their outcomes or hypotheses. Pre-registration separates 
hypothesis testing (confirmatory) from hypothesis-generating research 
(exploratory), thus improving research credibility and reproducibility 
(Scheel et al., 2020; Kaplan and Irvin, 2015). We have registered both 
the direction and magnitude of our hypotheses. 

The purpose of the study is to investigate the construct validity, 
reliability, and measurement error of the STSp. As stated in the pre- 
registration plan prior to data collection (https://osf.io/cd4xq), our 
hypotheses were:  

a. STSp peak power will show a positive, moderate correlation (0.5 to 
0.8) with peak power measured using the pneumatic leg press. 

b. STSp peak power will exhibit a similar or stronger positive correla
tion (at least 0.05 higher) with physical function measures (perfor
mance and patient-reported) in comparison to the pneumatic leg 
press. For performance measures, we will correlate power measures 
with Short Physical Performance Battery (SPPB), chair stand (nega
tive correlation), balance, and the Times up and Go test (negative 
correlation).  

c. To assess discriminant validity, STSp peak power will be lower in 
females than males  

d. STSp peak power will have test-retest reliability greater than 0.90. 

1. Materials and methods 

1.1. Participants 

Participants were recruited from the local New York community 
using flyers, posters, and advertisements in newsletters. The criteria for 
inclusion were that volunteers should be older than 65 years of age, live 
independently in the community, and be able to communicate in En
glish. Exclusion criteria were severe knee arthritis (either osteoarthritis 
or rheumatoid arthritis) that could be exacerbated by exercise, and 
serious neurological disorders such as Parkinson’s disease. Temporary 
exclusion criteria were major surgery or fracture of the hip or knee, hip/ 
knee replacement or hospitalization in the last 6 months, heart attack or 
heart disease, major heart surgery, valvular disease, or stroke in the past 
6 months. The protocol was approved by the University’s Institutional 
Review Board, and all participants signed informed consent before 
participation. 

Test instructions and procedures were standardized, and the research 
staff was trained and certified. During the first visit, participants 
completed the informed consent, reported baseline characteristics, 
weight and height were measured, and were tested on the following 
measures in the given sequence: 

1.2. Power measurements 

1.2.1. Pneumatic leg press 
Pneumatic leg press is valid, reliable (Foldvari et al., 2000; Thomas 

et al., 1996), and is the most commonly used method (63% of power 
studies) to measure lower body power(Alcazar et al., 2018b). The 
pneumatic equipment utilizes cylinders pressurized with air to provide 
resistance rather than weight plates as used in traditional machines. 
After the tester demonstrated the proper technique, the participant 
performed 3–5 warm-up repetitions with 50% of their body weight and 
1–2 repetitions with their full body weight using a pneumatic leg press 
(Keiser A300, Keiser Sports Health Equipment, Fresno, CA). The ma
chine was adjusted such that the sitting knee angle was in 90◦ flexion. If 
the participant reported pain or was unable to maintain the position due 
to anatomical restrictions, we moved the seat to the next closest setting. 
Following the warm-up, resistance was set to their body weight, and 
participants were instructed, “When you are ready, push as fast as 
possible,” and to perform the lowering phase in a slow, controlled 
fashion. The software calculates work and power during the concentric 
phase of each repetition by sampling the system pressure (from which 
force is calculated) and position at 400 Hz. The highest peak power 
across three repetitions with 1 min of rest between stands was used for 
the final analysis. 

Peak power was used as the primary outcome since a majority of the 
studies using the pneumatic leg press have used peak power as the power 
outcome(Bean et al., 2002; Reid et al., 2008; Marsh et al., 2009). In 
addition, studies using the sit to-stand test to measure power showed 
similar correlations for peak power and mean power when compared to 
functional outcomes. For example, mean power vs peak power using the 
STSp: TUG test (− 0.46 vs − 0.46), chair stand (0.63 vs. − 0.60), 6 min 
walk (− 0.39 vs. − 0.39) (Glenn et al., 2017a). Finally, although the 
linear transducer provides both peak power and mean power, the 
pneumatic leg press version (A300) only provides peak power values. 

1.2.2. Sit-to-stand power test 
A chair and a linear transducer (Tendo Weightlifting Analyzer, 

Trencin, Slovak Republic) were used to assess peak power during a sit- 
to-stand test (Gray and Paulson, 2014; Glenn et al., 2017b). The sit to 
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stand test involves standing up from the chair one time. After the tester 
demonstrated the proper technique, participants performed 3–5 warm- 
up sit to stands at normal speed before performing the power tests. 
Subsequently, a belt was secured around the participant’s waist (above 
the Iliac crest). The Kevlar string from the unit was attached to the belt 
such that the string was perpendicular to the floor when the participant 
stood up. The participants were instructed to sit in the middle or the 
edge of the chair to minimize forward trunk lean, and the distance from 
their feet to the chair was recorded to reduce deviations during subse
quent re-testing. The participant began seated with their arms folded 
across their chest and stood up as quickly and safely as they could before 
returning to the seated position. The standard instruction before each sit 
to stand to the participants was, “When you are ready, get up as fast as 
you can.” Power was calculated by the software and displayed from the 
vertical velocity (m/s) and the mass moved (kg) for the standing portion 
of the test. The highest peak power across three sit to stand with 1 min of 
rest between stands was used for analysis (Glenn et al., 2017b; Bala
chandran et al., 2017). The chair height was 45 cm. 

1.3. Physical function measures 

1.3.1. SPPB 
The Short Physical Performance Battery (SPPB) is widely used in 

multi-center clinical trials to measure physical function in older adults 
(Pahor et al., 2018; Pahor et al., 2014). SPPB is reliable and valid for 
predicting institutionalization, mortality, and disability (Guralnik et al., 
1994; Guralnik et al., 2000). The battery involves three tests:  

a. Walk speed: A 4-meter walk performed at the usual pace. The faster 
time out of two trials was recorded.  

b. Balance: Three standing balance tests (narrow stance, semi-tandem, 
and tandem) for 10 s each. The total time per test was recorded.  

c. Chair stands: One trial consisting of five chair stand tests performed 
as quickly as possible. The total time was recorded. 

Based on the completion time, each of the three tests is scored be
tween 0 and 4 and subsequently summed to a maximum score of 12 for 
the total SPPB score, with higher scores indicating better physical per
formance. The walk speed and chair stand outcomes used for analysis 
were derived from the SPPB. 

1.3.2. Timed up and go 
The timed up and go (TUG) measures dynamic balance and agility in 

older adults (Rikli and Jones, 1999; Podsiadlo and Richardson, 1991). 
The test involves standing from a chair, walking around a cone 3 m 
away, and sitting back down. We performed the test at both usual pace 
and fast pace. There were two trials per pace with 1 min rest, and the 
faster time was recorded. 

1.3.3. Patient-reported outcome measures 
For Patient-Reported Outcome Measures (PROMs), we used the Pa

tient Reported Outcomes Measurement Information System (PROMIS) 
physical function and mobility questionnaire developed by the National 
Institutes of Health (NIH) (Fries et al., 2014; Fries et al., 2011). PROMIS 
uses item response theory and computerized adaptive testing to maxi
mize efficiency, and has been shown to be reliable and valid in a large 
sample of the general population. Participants used the PROMIS iPad 
App to complete the questionnaires without any help from the study 
staff. 

1.4. Test-retest reliability 

To assess test-retest reliability, we assessed 36 out of the 51 partic
ipants, who were willing to return to the lab for a second visit. Specif
ically, participants repeated the pneumatic leg press and chair stand 
power test on a different occasion within 2 weeks by three assessors. The 

test instructions, administration, and environment were the same for 
both tests. 

1.5. Sample size 

The sample size was pre-registered at 50 participants. Currently, 
there is a lack of consensus regarding the optimal sample size for studies 
on the measurement properties for performance measures. According to 
the Consensus-based Standards for the Selection of Health Measurement 
Instruments (COSMIN) guidelines, a minimum of 50 participants is 
recommended for studies on reliability and hypotheses testing for 
construct validity (Mokkink et al., 2010). However, COSMIN was 
developed for assessing the measurement properties of patient-reported 
outcome measures (PROMs). For reliability, a sample size of 17 was 
calculated for test-retest reliability based on ρ0, the minimally accept
able value (0.7); ρ1, the hypothesized value of the intraclass correlation 
coefficient (ICC) (0.9); n the number of observations (2); α =0.05; and β 
= 0.20 (Donner and Eliasziw, 1987; Walter et al., 1998). 

1.6. Statistical analysis 

Continuous variables were expressed as mean (SD) and categorical 
variables were presented as frequencies and percentages. Data were 
imported into R (version 4.0.0) for analysis (Team RC, 2013). In 
accordance with the pre-registration, we assessed the construct validity 
of the STSp: We calculated Pearson’s correlation coefficients, along with 
their 95% confidence intervals (CI) using the bias-corrected and accel
erated bootstrap with 500 replicates. Visual inspection of the data, along 
with residual and model checking were used to ensure our data were not 
curvilinear, as has been previously reported for power and physical 
performance relationships (Bean et al., 2002; Alcazar et al., 2017). 

Test-retest reliability was assessed using ICC, calculated using a two- 
way random-effects model of absolute agreement for single measure 
(ICC(2,1)). Bland-Altman plots were generated to compare the limits of 
agreement (LoA) and bias. Smallest Detectable Change (SDC) was 
calculated as SDC95 = SEM × 1.96

̅̅̅
2

√
, where the standard error of 

measurement (SEM) is 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

t + σ2
res

√
, σt

2 is the variance due to systematic 
differences between time points (test and re-test), and σres

2 is the residual 
variance in the random-effects model (de Vet et al., 2006). 

Finally, we assessed sex differences within each of the methods using 
permutation tests. Here, permutation testing was used as a nonpara
metric alternative to independent samples t-tests. This involves creating 
a null distribution by randomly shuffling group labels and calculating a 
test statistic (mean difference between groups) with each shuffle. After 
100,000 permutations, we compared our observed mean difference to 
the permutation (null) distribution, from which we could calculate a z- 
score and p-value. Again, 95% CIs of these differences were calculated 
via the bootstrap. Exploratory analyses were conducted using Spear
man’s correlations and using relative peak power (W/kg). Statistical 
analyses were blinded by removing data labels (cell scrambling method) 
for LP and STSp (MacCoun and Perlmutter, 2015). 

2. Results 

From July 2019 to December 2019, we screened 70 participants and 
recruited and tested 51 participants. The demographics and character
istics of the participants who completed the validity and reliability 
section of the study are shown in Table 1. The mean age of the partici
pants was 71.3 years (5.7), 63% females, mean Body Mass Index (BMI) 
26.6 (5.4), and the majority (69.9%) were college graduates. The par
ticipants were highly physically functioning as shown by mean score of 
10.6 (2.6) on the SPPB. 
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2.1. Construct validity 

To determine construct validity, we specified hypotheses which 
included the direction (negative or positive) and (relative) magnitude of 
correlations. Table 2 and (Fig. S1 in Supplmementary File) reports 
Pearson’s correlations for the STSp and LP test compared to physical 
function measures. 

Physical function was assessed via:  

1. Physical performance measures (SPPB, 4 m walk, Balance, TUG) 
2. Patient-Reported Outcome Measures (PROMs), via two question

naires (mobility and physical function questionnaire). 

As shown in Fig. 1 and Table 2, STSp peak power showed a high 
correlation of 0.90 with LP power. For physical performance outcomes, 
STSp showed similar or higher correlations compared to the LP test as 
hypothesized: SPPB (r = 0.41 (STSp) vs. 0.29 (LP)), Chair stands (− 0.44 
vs. -0.35), TUG normal (− 0.37 vs. -0.29), TUG Fast (− 0.41 vs. -0.34), 

and balance (0.33 vs. 0.22). However, for PROMs, in contrast to our 
hypothesis, LP showed a greater correlation with mobility questionnaire 
(0.34 vs. 0.38) and physical function questionnaire (0.41 vs. 0.48). 
Exploratory analyses showed Spearman’s correlations and peak power 
relative to body weight (W/kg) to be consistent with our primary 
analysis as shown in Table S1 and Table S2 in Supplmementary File. For 
discriminant validity, as expected, males showed higher STSp peak 
power compared to females (Δ = 492 W, p < .001, Cohen’s d = 2.0) 
(Table S3 in Supplementary file). 

2.2. Test-rest reliability and measurement error 

Test–retest reliability was examined by calculating ICC, SEM, and 
SDC. As shown in Table 3, the test-retest reliability of the STSp peak 
power measured on two occasions, within 2 weeks (minimum of 1 week 
and maximum of 2 weeks), showed an ICC of 0.96 (CI95% = 0.93–0.97). 
Standard error of measurement (SEM) was 70.4 W and SDC was 192.8 W 
for STSp. The Bland-Altman plot (Fig. 2) for STSp showed a mean dif
ference (i.e., a systematic change between the occasions) of 6.57 W with 
LoA of − 187.9 to 201.0 W. 

2.3. Floor and ceiling effects 

Two participants could not perform STSp without the aid of their 
arms (4%), while two other participants could not perform the LP test 
(4%), suggesting a floor effect. There were no ceiling effects for either 
the STSp or the LP as none of the participants reached the maximum or 
close to the maximum peak power for either the LP or STSp. 

Table 1 
Participant characteristics.   

Validity 
n = 51 

Reliability 
n = 36 

Age, mean, y 71.3 (5.7) 70.4 (5.4) 
Gender 

Male 19 (37.3%) 17 (52.8%) 
Female 32 (62.7%) 19 (47.2%)  

Peak power 
Leg Press (W) 790 (317) 840 (331) 
Sit to Stand power test (W) 795 (348) 854 (308) 

Leg press (W/kg) 11.3 (4.2) 11.8 (4.5) 
Sit to Stand power test (W/kg) 11.6 (4.1) 12.1 (4.5) 

BMI, mean (SD) 26.6 (5.4) 27.4 (5.4)  

Physical function 
SPPB score, s 10.6 (2.1) 10.6 (2.1) 
Chair Stand, s 10.4 (2.8) 10.3 (2.5) 
TUG fast, s 6.6 (2.5) 6.4 (1.6) 
TUG slow, s 8.5 (2.3) 8.3 (2.2) 
PROMIS Mobility t-score 51.6 (7.5) 52.3 (1.6) 
PROMIS Function t-score 52.8 (7.1) 53.8 (7.4)  

Race/Ethnicitya 

White 35 (68.6%) 27 (75.0%) 
African American/Black 0 (0.0%) 0 (0.0%) 
Asian 12 (23.5%) 6 (16.7%) 
Other 4 (8%) 3 (8.4%) 

Income (<$75,000/year)a 10/31 (32.2%) 6/22(27.0%) 
College educationa 42/49 (69.9%) 32/36 (88.0%)  

Conditions, No./total (%) 
Hypertensiona 20/48 (39.2%) 13/36 (36.0%) 
Heart Conditiona 22/48 (43.1%) 18/36 (50.0%) 
Diabetesa 4/48 (7.8) 4/36 (11.0%) 

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided 
by height in meters squared); SPPB, Short Performance Physical Battery. TUG; 
Timed Up and Go; PROMIS. 

a Self-reported. 

Table 2 
Pearson’s correlation coefficients (and 95% confidence intervals) of the LP and STSp with physical performance and Patient-Reported Outcome Measures.    

Physical performance Patient-reported outcome measures (PROMIS) 

STSpPower SPPB Chair stands TUGnormal, TUGfast, Balance Mobility Function 

LP Power 0.90 
(0.82, 0.94) 

0.29 
(0.07, 0.51) 

− 0.35 
(− 0.59, − 0.10) 

− 0.29 
(− 0.53, 0) 

− 0.34 
(− 0.57, − 0.07) 

0.22 
(0, 0.47) 

0.38 
(0.14, 0.57) 

0.48 
(0.21, 0.68) 

STSp Power – 0.41 
(0.17, 0.59) 

¡0.44 
(− 0.62, − 0.12) 

¡0.37 
(− 0.57, − 0.05) 

¡0.41 
(− 0.56, − 0.14) 

0.33 
(0.09, 0.55) 

0.34 
(0.06, 0.55) 

0.41 
(0.18, 0.60) 

Abbreviations: STSp, Sit to stand power test; LP, Leg press; SPPB, Short Performance Physical Battery. TUG; Timed Up and Go; PROMIS; Patient Reported Outcomes 
Measurement Information System. Hypothesis accepted in bold. 
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Fig. 1. Scatter plot of STSp and LP peak power.  
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2.4. Missing data 

We omitted two participants from reliability testing since they did 
not wear footwear for the re-test session. The missing data are reported 
in Table S4 in Supplmementary File. 

2.5. Adverse events/time taken 

There were no adverse effects reported for either the LP or the STSp. 
The time taken was 10–15 min for each test, including warm-up and 3 
repetitions. 

3. Discussion 

Power has gained prominence as an important determinant of 
physical function in the aging population. Our current study expanded 
the evidence on a promising test to measure lower body power. In this 
study, we determined construct validity, test-retest reliability, and 
measurement error of the STSp. As hypothesized, the study showed 
adequate validity and reliability in assessing lower body power in 
community-living older adults. 

The lower body peak power produced by the LP and STSp had a 
correlation that was greater than hypothesized (0.90). Despite the strong 
correlation of 0.90 (Table 2) the STSp showed slightly higher correla
tions (ranging from 0.07 to 0.12) with performance tests compared to 
the LP test. We believe that the higher correlations could partly be 
explained by the ground-based or functional nature of the STSp (Liu 
et al., 2014; Augustsson et al., 1998b; Balachandran et al., 2016). Since 
the participant must stand up quickly without support, the STSp in
volves a dynamic balance and sensorimotor component (Lord et al., 
2002). Thus, unlike the LP test, the STSp is not a measure of power in 
isolation. However, greater correlations were not observed in PROMs, as 
the LP showed negligibly to slightly greater correlations for both 

measures of PROMs (mobility and physical function questionnaire). 
Exploratory analyses using peak power relative to body weight (W/kg) 
showed slightly higher correlations compared to unnormalized power 
and were consistent with our primary results. As hypothesized, and 
similar to the LP, the STSp discriminated between genders (Cohen’s d =
2.0, Δ = 455 W), supporting the discriminant validity of the test. 

Previous studies that compared STSp to reference tools showed 
similar correlations. For example, STSp and relative power (W/kg) 
measured using 2D motion capture during the chair stand test showed a 
correlation of 0.76; however, the study used the average of the last three 
trials out of ten trials (Gray and Paulson, 2014). Similarly, STSp had a 
correlation of 0.65 with the Nottingham Power Rig in older women 
(Lindemann et al., 2015). However, unlike in our study, the participants 
used their hands to stand up and used a different linear encoder 
(MuscleLab Powermodel MLPRO, Ergotest Technology, Langesund, 
Norway). Another study showed a moderate correlation of 0.70 between 
STS power and leg press power (Alcazar et al., 2018a). However, unlike 
our study, the study estimated power using the time taken for five chair 
stands and the leg press using a linear transducer (T-Force System, 
Ergotech, Spain) for validity comparison. 

For physical performance tests, we observed correlations of 0.44 and 
0.41 for chair stands and TUG, respectively, with STSp, while a higher 
correlation for chair stands (0.58) and TUG (0.48) were observed in a 
similar study using the same linear encoder (Glenn et al., 2017a). 
However, the population in that study was slightly older (78 years) and 
had lower mean peak power (585 W) than our sample. In another study, 
a correlation of 0.5 with TUG test was observed, but the population was 
middle-aged, severely obese older adults (>45 BMI) and used a wearable 
inertial sensor (PUSHTM) which uses an accelerometer (Orange et al., 
2019). LP power in low functioning older adults showed a correlation of 
0.31 and 0.42 compared to five chair stands and SPPB60. Another study 
showed greater LP mean power correlation with SPPB score (r = 0.58 vs. 
0.39) than LP peak power (Alcazar et al., 2017). Unfortunately, unlike 

Table 3 
Test re-test reliability and measurement errors.   

ICCagreement 

(95% CI) 
SEMagreement 

W 

SDC 
W 

LoA Day 1 
W 

Day 2 
W 

Day1 – Day 2 
W 

LP Power 0.99 (0.98, 0.99) 35.7  87.9 W  (− 97.5, 100.3) 841 ± 314 840 ± 331 1 ± 51 

STSp Power 0.96 (0.93, 0.97) 70.4  192.8 W  (− 187.9, 201.1) 854 ± 327 848 ± 306 7 ± 101 

Abbreviations: STSp, Sit to stand power test; LP, Leg press; ICC, Intraclass correlation coefficient; SEM, Standard Error of Measurement; SDC, Smallest Detectable 
Change; LOA, Limits of Agreement. The LoA was calculated as the mean difference between the test and retest power mean ± 1.96*SD. SDC based on 95% CI. Day 1, 
Day 2, and their difference are reported as mean ± SD. 

Bias = 1.36

+1.96 SD = 101.67

−1.96 SD = −98.95

Bias = 6.57

+1.96 SD = 203.84

−1.96 SD = −190.7
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Fig. 2. Bland Altman plot.  
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the upgraded version (A420), we were limited to peak power values 
with our pneumatic leg press (A300) version. Another study also showed 
a correlation of 0.45 between equation-based STS power and 3 m walk 
speed, which is similar to the correlation obtained for STSp power and 4 
m walk in the current study as reported in Fig. S1 in Supplementary File 
(Alcazar et al., 2018a). A recent study showed excellent agreement be
tween STSp using a linear transducer (GymAware™) and Dartfish 2D 
videography analysis (ICC = 0.98), but they did not report any func
tional outcomes to compare against (Sherwood et al., 2019). Thus, small 
differences in correlations between studies could be primarily explained 
by a combination of factors, including functional status, age, and the 
methods used in each study. The sample sizes of the above studies 
ranged from 20 to 138 so differences could be partly due to sample sizes 
too. In general, our study results are consistent with other studies that 
used STSp or LP to measure power (Gray and Paulson, 2014; Glenn et al., 
2017b; Glenn et al., 2017a; Bean et al., 2007). 

Reliability and measurement error are important measurement 
properties (Streiner et al., 2015), especially when the test involves set-up 
and proper body positioning. One of the STSp studies reported Cronbach 
alpha (Vincenzo et al., 2018), but none of the STSp studies assessed test- 
retest reliability or measurement error. For test-retest reliability, often 
0.70 is recommended as a minimum standard for group comparisons 
and research purposes (Streiner et al., 2015) and greater than 0.90 for 
individual and clinical decision making. The test-retest reliability of the 
STSp was excellent (ICC >0.90). SEM and SDC for STSp were 70 W and 
193 W, respectively. However, SEM and SDC for LP were half the value 
of the STSp test. The SEM for 10 step stair climb power is 8.6% in 
community-dwelling older adults (Ni et al., 2017) and 12.3–12.8% for 
LP (70% 1RM) (Reid et al., 2015; Chal et al., 2013) in low functioning 
older adults which is greater than the 8.8% for the STSp reported here. 
SPPB reported an SEM of 16.4–17% (Mangione et al., 2010; Perera et al., 
2006) and 11% for TUG (Mangione et al., 2010; Perera et al., 2006) in 
low functioning older adults. We would like to note that the percentage 
values for measurement error reported could change with the sample 
mean and therefore should be interpreted cautiously. Based on the SDC, 
any intervention showing an improvement in peak power greater than 
193 W in community-living older adults could be considered as ‘real’ 
change with a type I error rate of 5% (i.e., assuming any change can be 
attributed to measurement error and the biological variability occurring 
over 2 weeks’ time). The minimal important change (MIC) for lower 
body power for the STSp test in community-dwelling older adults is 
currently unknown and should be established using clinically relevant 
endpoints. 

For a measurement tool to be widely accepted, factors such as 
feasibility, safety, and cost are just as, if not more, important than the 
measurement properties. Several tools have been used to assess lower 
body power in older adults (Table 4): Pneumatic leg press is the most 
widely used in trials to measure lower body power (Foldvari et al., 2000; 
Thomas et al., 1996). However, they are expensive, require a 
compressor, and are not portable. Likewise, isokinetic dynamometry 
(Suzuki et al., 2001; Leyva et al., 2016) is also widely used, but it is 
costly, not portable and measures power in a seated, non-functional 

position. The Nottingham power rig (Bassey and Short, 1990; Bassey 
et al., 1992) has been used in a few trials, but like other machines, it is 
expensive, not portable, and measures power in a non-functional 
manner. Alternatively, jumping tests that use force plates have shown 
to have sufficient validity and reliability, but there remain safety and 
feasibility concerns, especially in low functioning older adults (Siglinsky 
et al., 2015; Buehring et al., 2015). 2D motion analysis (Ford et al., 
2007) and ground reaction forces from force plates (Lindemann et al., 
2003) have also been used to measure power, but these take consider
able time and expertise for analysis. Loaded and unloaded stair climbing 
has been used to measure power but is limited by accessibility issues 
(Bean et al., 2007; Ni et al., 2017; Gagliano-Jucá et al., 2020). Chair 
stand power estimated using time taken is a promising power test that 
does not require equipment, but the test-retest reliability is still un
known (Alcazar et al., 2018a; Alcazar et al., 2020). Alternatively, STSp is 
quick, inexpensive, portable, requires no expertise in testing and data 
acquisition, and importantly, is feasible in a home or clinical 
environment. 

3.1. Limitations and strength 

Our study had several limitations: First, the majority of the partici
pants were high functioning and these results cannot be extrapolated to 
low-functioning older adults; the validity of an instrument is highly 
dependent on the population and contextual factors (Streiner et al., 
2015). Second, although we used correlations to assess validity between 
instruments, we are unsure how these quantitative differences would 
impact the interpretation of the test. Third, testers were not blinded to 
the general hypothesis or the scores. Unlike in a randomized controlled 
trial, where the fastest time or the heaviest weight is typically better, it 
can be quite complex to influence a correlation comparison. Having a 
tester each for each measure—LP, STSp, and functional out
comes—would have been ideal, but unfortunately was not feasible. 
Finally, we used a sample size of 50, which is considered adequate based 
on COSMIN (Mokkink et al., 2010), but a larger sample size could have 
improved the precision as evident by the wide CI’s. Some of the 
delimitations of the current study are: The study was not designed to 
evaluate responsiveness or the ability to evaluate longitudinal change. If 
the tool is used for evaluative purposes, the ability to detect change is 
crucial. Finally, minimal clinically important difference (MCID) or 
meaningful change of power for STSp is not known (Jaeschke et al., 
1989). Without the knowledge of MIC/MCID, the interpretability or the 
clinical utility of the scores is uncertain. 

Limitations of the STSp: First, the knee angles for the STSp could not 
be controlled since the chair height (45 cm) was fixed. This is a limita
tion compared to leg press where knee angles can be adjusted. Second, 
the string from the Tendo unit tethered to the waist was kept perpen
dicular during standing. Any inclination was kept to a minimum. 
However, considering the different positions assumed during sitting and 
standing, slight changes in the string angle is unavoidable. According to 
the manufacturer, angle deviations relative to greater than 20◦ can in
fluence power readings. Third, the shank and feet mass during the STSp 

Table 4 
Comparisons of methods to measure lower body power.  

Lower body power tools Cost 
$ 

Safety Time 
(min) 

Expertise Portable Functional 

Pneumatic leg press 10–15 K High 5–10 Low No No 
Notthingham power rig 10–15 K High 5–10 Low No No 
Isokinetic leg extension 40–45 K High 15–25 Moderate No No 
STSp w/ linear transducer 1–2 K High 5–10 Low Yes Yes 
STS w/equation NA High 0–5 Low Yes Yes 
STSp w/ motion capture 10–15 K High 15–25 High No Yes 
Jumping w/ force plate 10–15 K Low 15–25 High Yes Unclear 
Star climb w/equation NA Moderate 5–10 Low No Yes 

Abbreviations: STSp, Sit to stand power test. 
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are not displaced, but the linear transducer includes the whole body 
weight in calculating power during the STSp. Considering the favorable 
results of the study, along with those from previous studies, we contend 
that these limitations of the STSp should not have drastically affected 
the validity and reliability. 

The major strength of the study is the pre-registration of the research 
questions, outcomes, and the analysis plan before data collection. Pre- 
registration attenuates P-hacking and selective reporting, and has been 
shown to result in smaller effect sizes being reported compared to non- 
registered studies (Scheel et al., 2020; Open Science Collaboration, 
2015). In addition, we conducted blinded statistical analyses (MacCoun 
and Perlmutter, 2015), further improving the rigor of the study. Finally, 
unlike other studies, we examined the relationship to physical function 
or meaningful outcomes by directly comparing our measures to a 
reference tool that is widely used. This was done in lieu of ‘establishing’ 
validity based on statistical significance or arbitrary effect size 
thresholds. 

3.2. Conclusions 

Power is an important determinant of physical function in the aging 
population. The sit to stand power test is a promising method to assess 
lower-body power that is quick, relatively inexpensive, safe, portable, 
feasible, and functional. In the current study, STSp showed adequate 
validity and test-retest reliability in measuring lower body power in 
community-dwelling older adults compared to pneumatic leg press and 
should be considered for future use. 
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