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A B S T R A C T   

Objectives: This study aimed i) to compare relative sit-to-stand power (STSrel) values yielded by the different 
equations reported in the literature; ii) to examine the associations between STSrel, derived from the equations, 
and age, sex, frailty and habitual gait speed (HGS); and iii) to compare the ability of the different STSrel equations 
to detect frailty and low HGS in older adults. 
Methods: 1568 participants (>65 years) were included. STSrel was calculated according to four validated equa-
tions. Frailty was assessed using the Frailty Trait Scale and HGS as the time to complete 3 m. ANOVA tests, 
regression analyses and receiver operator characteristic curves were used. 
Results: There were significant differences among the STSrel values yielded by all the equations, which were 
higher in men compared to women and negatively associated with age (r = − 0.21 to − 0.37). STSrel was posi-
tively and negative associated to HGS and frailty, respectively, in both men (r = 0.29 to 0.36 and r = − 0.18 to 
− 0.45) and women (r = 0.23 to 0.45 and r = − 0.09 to − 0.57) regardless of the equation used. Area under the 
curve values varied between 0.68 and 0.80 for Alcazar's, 0.67–0.80 for Ruiz-Cárdenas's, 0.51–0.65 for Smith's, 
and 0.68–0.80 for Takai's equations. Low STSrel indicated an increased probability of having both low HGS and 
frailty (OR [95%CI] = 1.6 to 4.5 [1.21 to 5.79]) for all equations with the exception of Smith's equations for 
frailty in women. 
Conclusions: All the equations presented adequate criterion validity, however, the Alcazar's equation showed the 
highest level of clinical relevance according to its ability to identify older people with frailty and low HGS.   

1. Introduction 

Aging is associated with a reduction in the functional reserve of the 
neuromuscular system, resulting in impaired mechanical muscle per-
formance that translates into a reduced functional capacity to perform 
activities of daily living (ADL) (Aagaard et al., 2010). Mechanical power 

has been demonstrated to decline more quickly, and at an earlier age, 
than other important attributes such as muscle mass and muscle strength 
(i.e. sarcopenia) (Lauretani et al., 2003; Skelton et al., 1994; Siglinsky 
et al., 2015; Klass et al., 2008; Suetta et al., 2019), and it is more strongly 
related to the performance of ADL (e.g. stair climbing and walking) 
(Bean et al., 2003). Specifically, as most ADL require older people to 
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Contents lists available at ScienceDirect 

Experimental Gerontology 

journal homepage: www.elsevier.com/locate/expgero 

https://doi.org/10.1016/j.exger.2021.111619 
Received 30 July 2021; Received in revised form 19 October 2021; Accepted 29 October 2021   

mailto:Ivan.Baltasar@uclm.es
mailto:Julian.Alcazar@uclm.es
mailto:Jose.Losa@uclm.es
mailto:Hector.Soto@alu.uclm.es
mailto:Hector.Soto@alu.uclm.es
mailto:Luis.Alegre@uclm.es
mailto:y-takai@nifs-k.ac.jp
mailto:jdruiz@ucam.edu
mailto:jsignorile@miami.edu
mailto:leocadio.rodriguez@salud.madrid.org
mailto:Ignacio.Ara@uclm.es
www.sciencedirect.com/science/journal/05315565
https://www.elsevier.com/locate/expgero
https://doi.org/10.1016/j.exger.2021.111619
https://doi.org/10.1016/j.exger.2021.111619
https://doi.org/10.1016/j.exger.2021.111619
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exger.2021.111619&domain=pdf


Experimental Gerontology 156 (2021) 111619

2

support their own body mass, the normalization of lower body me-
chanical power to body mass (i.e. relative power) strengthens the rela-
tionship with physical performance (Skelton et al., 1994; Alcazar et al., 
2018). 

However, the assessment of mechanical power in the clinical setting 
may be limited by the requirement for expensive measuring instruments 
that may need periodic calibration and offline data analysis, preventing 
health professionals from evaluating mechanical power. In the past, 
several investigations have used sit-to-stand (STS) performance as an 
indirect measure of muscle strength or power in older adults (Jones 
et al., 1999; Hardy et al., 2010). In this sense, poorer STS performance 
was associated with falls (Buatois et al., 2008), disability (Makizako 
et al., 2017) and mortality (Cooper et al., 2010). STS performance is 
usually assessed as the time needed to complete a certain number of 
chair rises (e.g. 5 repetitions) (Bohannon et al., 2007) or the number of 
chair rises completed within a certain time period (e.g. 30 s) (Jones 
et al., 1999), with little space, material and time requirement. Although 
STS performance has been used as an assessment of strength and power, 
some researchers argue that it should not be considered a measure of 
older adults' muscle strength or power, but a measure of physical per-
formance (similar to other functional measures such as gait speed or 
stair climbing performance) (Lindemann et al., 2007). 

Several investigations have validated simple equations that trans-
form STS performance into STS power (please for further details on the 
validity of the equations see (Alcazar et al., 2018; Ruiz-Cardenas et al., 
2018; Smith et al., 2010; Takai et al., 2009)). STS power derived from 
validated equations has been shown to be associated with quadriceps 
femoris muscle cross-sectional area and maximum knee extension force 
(Takai et al., 2009), habitual (Alcazar et al., 2018; Bahat et al., 2020) 
and maximal physical performances (Alcazar et al., 2020; Baltasar- 
Fernandez et al., 2020), cognitive function and quality of life (Alcazar 
et al., 2018), disability in ADL (Bahat et al., 2020) and mortality 
(Alcazar et al., 2021). Thus, these equations provide a feasible and 
clinically relevant method to routinely assess muscle power in primary 
care setting and specialized centers. 

STS assessment is not unusual in daily clinical practice (Takeda et al., 
2020). For example, the 5-rep STS test is included within several geri-
atric tools addressing the assessment of physical performance (Guralnik 
et al., 1994), frailty (Bortone and Sardone, 2021) and sarcopenia (Cruz- 
Jentoft et al., 2019) in older people. Therefore, health professionals can 
assess muscle power using data derived from routine 5-rep STS testing. 
Of note, the STS power equations available in the literature may yield 
different muscle power results when used with 5-rep STS data and may 
also be related differently to other important outcomes for older people, 
such as physical performance and frailty. Nevertheless, no previous 
studies have addressed these limitations in the literature. Therefore, the 
main goals of the present study regarding the 5-rep STS test were: i) to 
compare relative STS power values yielded by the different equations 
reported in the literature; ii) to examine the associations between rela-
tive STS power, derived from the equations, and age, sex, frailty and 
habitual gait speed (HGS) in older adults; and iii) to compare the ability 
of the different relative STS power equations to detect frailty and low 
habitual gait speed in older adults. 

2. Material and methods 

2.1. Study design and participants 

The Toledo Study for Healthy Aging is a population-based study that 
employed participants selected by a two-stage random sampling of 
people aged 65 and older included in the municipal census of the 
province of Toledo (Spain). The present study includes cross-sectional 
data collected from participants between 2011 and 2013. In total, 
1568 older adults completed all the required testing and were included 
in the analysis (Table 1). All participants provided written informed 
consent and the study was performed in accordance with the Helsinki 

Declaration and approved by the Clinical Research Ethics Committee of 
the Toledo Hospital, Spain. 

2.2. Anthropometric measurements 

Anthropometric measurements were obtained in each subject while 
wearing light clothing. Height was assessed on a stadiometer with a 
precision of 1 mm (Seca 711, Hamburg, Germany) while body mass was 
measured with a scale device with a precision of 100 g (Seca 711, 
Hamburg, Germany). Body mass index (BMI) was calculated as body 
mass divided by height2 (kg⋅m− 2). The distances between the superior 
border of the greater trochanter and the inferior border of the i) lateral 
condyle of the femur and ii) malleolus lateralis were measured from 
whole body scans obtained by dual energy X-ray absorptiometry (DEXA) 
(Hologic, Serie Discovery QDR, Bedford, USA) and analyzed with spe-
cific image analysis software (ImageJ 1.52, National Institutes of Health, 
USA) because it is required to calculate relative STS power in the Ruiz- 
Cárdenas' and Takai's equations. 

2.3. HGS and frailty 

HGS was assessed over a 3-meter walking course. The time needed to 
complete the distance was recorded with a stopwatch to the nearest 
0.01 s, and the best time of two attempts was chosen for further analysis. 
HGS measurements have been shown to have excellent test-retest reli-
ability (ICC > 0.96) (Peters et al., 2013). Low HGS was defined as an 
HGS < 0.8 m⋅s− 1 (Abellan van Kan et al., 2009; Studenski et al., 2011). 

Frailty was assessed according to the Frailty Trait Scale (FTS), which 
evaluates 7 different dimensions (energy balance and nutrition, physical 
activity, nervous system, vascular system, weakness, endurance and 
slowness) providing a score between 0 and 100 points (Garcia-Garcia 
et al., 2014). Frailty was defined as an FTS score ≥ 50 points (Garcia- 
Garcia et al., 2014). 

2.4. Five-repetition sit-to-stand power assessment 

STS power was calculated using the 5-repetition STS test and various 
equations provided in the literature to calculate mechanical power in 

Table 1 
Main characteristics of the study participants.  

Variable Men (n = 721) Women (n = 847) 

Mean ± SD Mean ± SD 

Age (years)  75.5 ± 6.0  75.8 ± 6.1 
Height (m)  1.64 ± 0.07a  1.51 ± 0.06 
Femur length (m)  0.42 ± 0.02a  0.39 ± 0.02 
Leg length (m)  0.79 ± 0.04a  0.73 ± 0.04 
Weight (kg)  76.9 ± 11.8a  69.3 ± 12.1 
BMI (kg⋅m− 2)  28.7 ± 4.0a  30.6 ± 5.1 
MMSE (points)  24.9 ± 4.1a  24.1 ± 4.1 
Number of diseases (n)  2.7 ± 1.2a  3.0 ± 1.2 
Number of medications (n)  4.7 ± 2.8a  5.3 ± 2.7 
FTS (points)  33.8 ± 13.5a  39.7 ± 14.0 
HGS (m⋅s− 1)  0.9 ± 0.3a  0.8 ± 0.2 
5-rep STS time (s)  13.9 ± 3.8a  15.1 ± 4.3  

STS power calculations 
Alcazar's (W⋅kg− 1)  2.6 ± 0.7a,*  2.0 ± 0.6a,* 
Ruiz-Cárdenas's (W⋅kg− 1)  7.2 ± 1.0a,*  6.3 ± 1.1a,* 
Smith's [mean] (W⋅kg− 1)  6.3 ± 0.9a,*  5.6 ± 1.1a,* 
Smith's [peak] (W⋅kg− 1)  7.8 ± 1.3a,*  6.9 ± 1.6a,* 
Takai's (W⋅kg− 1)  1.4 ± 0.4a,*  1.1 ± 0.3a,* 

Note: SD: standard deviation; m; meters; kg: kilograms; n: number; s: seconds; W: 
watts; BMI: body mass index; MMSE: mini-mental state examination; FTS: frailty 
trait scale; HGS: habitual gait speed; STS: sit-to-stand. 

a Statistically significant different compared to women. 
* Statistically significant different compared to the rest of the equations (all p 

< 0.001). 
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older people. Briefly, the participants were encouraged to complete, as 
rapidly as possible, five timed STS repetitions on a 0.43 m chair with 
their arms crossed over the chest. They performed a first practice 
attempt followed by a minimum of two valid trials with 2 minute rest 
between trials. A third trial was performed by the participants who 
obtained a lower time in their 2nd attempt. Time to complete the STS 
test was recorded to the nearest 0.01 s using a stopwatch. Then, we used 
all equations reported in the literature that allowed at least the intro-
duction of STS-derived data (time, repetitions, or both) to calculate 
muscle power, whether they were validated for the 5-rep STS test or not. 
STS power was estimated from the equations of Alcazar et al. (2018), 
Ruiz-Cardenas et al. (2018), Smith et al. (2010) and Takai et al. (2009) 
(Fig. 1). Briefly: i) Alcazar's equation uses STS performance (the time to 
complete five STS repetitions), participants' body masses and heights, 
and chair height, to compute mean absolute STS power (Alcazar et al., 
2018); ii) Ruiz-Cárdenas's equation (Ruiz-Cardenas et al., 2018) requires 
the recording of STS performance [time between seat-off and the point 
when vertical force reaches body weight (which accounts for 37.5% of 
one STS repetition (Lindemann et al., 2003)), which was estimated from 
5-rep STS performance] and participants' femur length to obtain mean 
relative STS power (Ruiz-Cardenas et al., 2018); iii) Smith's equations 
use STS performance [number of stands in 20s, which was estimated 
from 5-rep STS performance (20 s⋅n of STS repetitions⋅Five STS time− 1)] 
and participants' body mass to calculate both mean and peak absolute 
STS power (Smith et al., 2010); and iv) Takai's equation requires STS 
performance (number of STS repetitions performed in a given time 
period), participants' body mass, leg length, and chair height to compute 
mean absolute STS power (Takai et al., 2009). Furthermore, power data 
obtained from the above-mentioned equations was normalized to body 
mass to obtain relative STS power, except for Ruiz-Cárdenas's equation 
that does not require this step. 

2.5. Statistical analysis 

Data are presented as mean ± standard deviation (SD) unless 
otherwise stated. Normality was confirmed by Shapiro-Wilk tests. 
Relative STS power values yielded by each equation were compared 
using two-way ANOVA tests with a within-subject factor (equation) and 
a between-subject factor (sex). Pairwise comparisons were adjusted 
using Bonferroni's correction. The relationship of relative STS power 
(estimated from the equations of Alcazar, Ruiz-Cárdenas, Smith and 
Takai) with age, HGS and frailty were assessed through regression an-
alyses. Linear and quadratic regression models were compared based on 
the coefficient of determination (R2) change to determine the most 
suitable regression model, and Pearson's correlation (r) values were 
reported. Receiver operator characteristics (ROC) curves were per-
formed to assess the ability of relative STS power values estimated from 

the equations to separately identify those participants with low HGS and 
frailty. Area under the curve (AUC) values and 95% confidence intervals 
(CI) were obtained. Optimal cut-off values were identified as those 
yielding the best trade-off (product) between sensitivity and specificity 
for the identification of participants who had low HGS and those who 
were frail, separately. Logistic regression analyses adjusted for sex, age, 
educational level, cognitive function (Folstein et al., 1975), number of 
diseases and number of medications were used to assess the impact of 
the equation-specific cut-off values for low relative STS power on low 
HGS and frailty, and odds ratios (OR) and 95% CI were obtained. 
Finally, the pooled effect of low relative STS power on low HGS and 
frailty was calculated. Statistical analyses were performed using SPSS 
v25 (SPSS Inc., Chicago, Illinois) and the level of significance was set at 
α = 0.05. 

3. Results 

The main characteristics of the study participants are shown in 
Table 1. All participants had at least one disease and were taking at least 
one medication. According to MMSE score, a total of 75 (10.4%) men 
and 123 (14.5%) women presented mild cognitive impairment while no 
participants presented severe cognitive impairment. 

3.1. Differences in relative muscle power among equations and 
association with age and sex 

Values of relative STS power obtained from the different equations 
for the 5-rep STS test are shown in Table 1. There were significant dif-
ferences among the average values of relative STS power yielded by all 
the equations tested (all p < 0.001). Furthermore, all the equations 
showed higher relative STS power values in men compared to women 
(all p < 0.001), which were also significantly and negatively associated 
with age (for men and women, respectively; Alcazar's: r = − 0.24 and 
− 0.30; Ruiz-Cárdenas's: r = − 0.22 and − 0.27; Smith's: r = − 0.28 and 
− 0.37; Takai's: r = − 0.21 and − 0.26; all p < 0.001). 

3.2. Clinical relevance of the different equations 

Higher relative STS power was associated with higher HGS in both 
men (r = 0.29 to 0.36) and women (r = 0.23 to 0.45) regardless of the 
equation used (p < 0.05) (Fig. 2). Specifically, there was a moderate 
quadratic relationship for relative STS power derived from Alcazar's and 
Takai's equations, while the relationship was moderate and linear for 
Ruiz-Cárdenas's and small and linear for Smith's equations. 

Additionally, higher relative STS power was associated with lower 
FTS frailty in men (r = 0.18 to 0.45) and women (r = 0.09 to 0.57), with 
distinct relationships derived from either Alcazar's, Ruiz-Cárdenas's, 

Fig. 1. Calculation of STS power according to the Alcazar's, Ruiz-Cárdenas's, Smith's and Takai's equations. Note: g, gravity (i.e. 9.81 m⋅s− 2). n of STS repetitions, 
number of sit-to-stand repetitions. * distance between the superior border of the greater trochantes and the lateral condyle of the femur. n stands in 20 s, number of 
stands performed in 20 s. # Distance between the superior border of the greater trochanter and the malleolus lateralis. MRI: magnetic resonance imaging. Alcazar 
et al. (2018). Alcazar et al. (2020). Baltasar-Fernandez et al. (2020). 
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Fig. 2. Relationship between relative STS power calculated from Alcazar's, Ruiz-Cárdenas's, Smith's (mean values), Smith's (peak values) and Takai's equations and 
HGS in men and women. 
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Smith's (mean, only in men; and peak), and Takai's equations in both 
sexes (p < 0.05) (Fig. 3). In contrast, no relationship with frailty was 
found for the Smith's (mean) equation in older women. These relation-
ships were moderate and quadratic for the Alcazar's, Ruiz-Cárdenas's 
and Takai's equations, while they were small and linear for Smith's 
equations. 

3.3. Comparison of cut-off values among equations 

A total of 248 (34.4%) men and 423 (49.9%) women had low HGS (i. 
e. <0.8 m⋅s− 1), while 98 (13.6%) men and 210 (24.8%) women were 
frail (i.e. FTS >50). ROC curves showing the ability of the different 
relative STS power equations to predict, separately, low HGS and frailty 
are displayed in Fig. 4A and B, respectively. Briefly, AUC values varied 
between 0.68 and 0.80 for Alcazar's, 0.67–0.80 for Ruiz-Cárdenas's, 
0.51–0.65 for Smith's, and 0.68–0.80 for Takai's equations. In addition, 
the calculated relative STS power cut-off values for predicting, sepa-
rately, low HGS and frailty, as well as the impact (OR [95% CI]) of 
having low relative STS power on low HGS and frailty are shown in 
Table 2 for the different equations. Low relative STS power according to 
either Alcazar's, Ruiz-Cárdenas's, Smith's or Takai's equations was 
significantly associated with low HGS in both women and men. In 
addition, low relative STS power according to either Alcazar's, Ruiz- 
Cárdenas's, Smith's (peak values) or Takai's equations was significantly 
associated with frailty in men (all p < 0.001), while relative STS power 
according to the Alcazar's, Ruiz-Cárdenas's and Takai's equations was 
associated with frailty in women (all p < 0.001). However, no associa-
tion existed between Smith's low relative STS power and frailty in 
women (all p > 0.05). Fig. 5 shows the pooled effect of low relative STS 
power derived from the different equations on low HGS and frailty 
together. 

4. Discussion 

This study demonstrated that relative STS power estimated from 
Alcazar's, Ruiz-Cárdenas's, Smith's and Takai's equations differed 
significantly. In addition, regardless of the used equation: i) STS power 
was significantly higher in men compared to women; ii) there was a 
significant and negative association between age and STS power; and iii) 
lower STS power was associated with slower HGS. However, STS power 
data derived from all but the Smith's equation for women were signifi-
cantly and negatively associated with frailty among older adults. 

Although mechanical power of lower extremity muscles is recog-
nized as a more clinically relevant measure than muscle strength and 
mass in older populations, perhaps, its assessment in the clinical setting 
has not been sufficiently promoted in the past due to a lack of feasible 
tests (Beaudart et al., 2019). Nevertheless, there are several equations 
that allow the transformation of STS performance into mechanical 
power. To our knowledge, the equations analyzed in this investigation 
are the only ones reported in the literature that allow STS power to be 
calculated after recording the time or number of STS repetitions and 
selected anthropometric data. In general, these equations may be cate-
gorized into two groups: (i) those based on mathematical models 
derived from regression analyses, and (ii) those based on biomechanical 
principles or models. 

The Ruiz-Cárdenas's and Smith's equation are based on regression 
models. The validity of these equations may be limited to participants 
with similar characteristics (highly functioning community-dwelling 
older adults) to those included in their validation studies (Ruiz-Carde-
nas et al., 2018; Smith et al., 2010). The Ruiz-Cárdenas's equation has 
been previously twice validated against 3D motion capture camera and 
force plates in a total sample of 67 healthy individuals (21–91 years) 
(Ruiz-Cardenas et al., 2018; Orange et al., 2020) while the Smith's 
equation has been validated in a sample composed by 14 older adults 
(76.0 ± 7.2 years) (Smith et al., 2010) which may limit its external 
validity. In general, relative STS power values estimated from both 

equations were significantly related to HGS and frailty, which denotes 
the functional relevance of these equations in older people even when 
these equations were not designed for the 5-repetition STS test. How-
ever, two older women (0.1%) presented negative values for relative STS 
power when Smith's equations were used. A previous report (Bassey 
et al., 1992) pointed out that a minimum of 0.6 W⋅kg− 1 of lower-limb 
relative power would be required to perform ADL (e.g. chair rising), 
well below the minimum of 4.0 W⋅kg− 1 estimated to be required when 
performing a single chair stand by Smith et al. (2010) using their 
equation. Of note, these two women who obtained negative power 
values were underweight and had poor STS performance, so these 
findings would question the validity of the Smith's equations when used 
in older individuals with these specific characteristics and reflect the 
“basement effect” reported by these researchers for individuals weighing 
less than 50 kg who could not complete more than one stand (Smith 
et al., 2010). 

Rather than using regression modeling, Alcazar's and Takai's equa-
tions are based on biomechanical principles. These equations may 
potentially be adequate for a large proportion of the older population if 
the main biomechanical factors that influence mechanical power pro-
duction during the chair rise movement are properly considered. Rela-
tive STS power obtained from these equations was significantly 
associated with HGS and frailty, and no negative values for relative STS 
powers were computed. In addition, unlike for Ruiz-Cárdenas's and 
Smith's equations, these relationships were curvilinear for Alcazar's and 
Takai's equations, which is expected for the relationship between muscle 
power and physical performance in older adults (Bean et al., 2003; 
Alcazar et al., 2018; Bean et al., 2002). Moreover, there were no par-
ticipants with relative STS power values lower than 0.6 W⋅kg− 1 when 
using Alcazar's equation, while 5 (0.7%) older men and 40 (4.7%) older 
women presented levels of relative STS power lower than 0.6 W⋅kg− 1 

when Takai's equation was applied. These artifacts derived from Takai's 
equation were likely caused by the fact that this equation did not 
differentiate between the concentric (ascending) and eccentric 
(descending) phases of the STS task. Thus, Takai's velocity is calculated 
as the ratio between the vertical distance covered solely during the 
ascending phase and the total duration of the ascending and descending 
phases together. This leads to an underestimation of velocity (and 
power) values when using Takai's equation. In contrast, Alcazar's 
equation applies a factor of 0.5 to the estimated duration of one com-
plete STS repetition to calculate STS power solely during the ascending 
phase, which has been previously validated (Baltasar-Fernandez et al., 
2020; Van Roie et al., 2019). In addition, among the strengths of Alca-
zar's equation is the fact that it does not require measurement of leg 
length and has been validated against three different previously vali-
dated instruments (linear position transducer, Nottingham power rig 
and force plate) in a total of 718 older adults aged 60–93 years with 
SPPB scores ranging from 4 to 12 (Alcazar et al., 2018; Alcazar et al., 
2020; Baltasar-Fernandez et al., 2020). 

In terms of the clinical relevance of the studied equations, the low 
relative STS power derived from all equations was significantly associ-
ated with impaired physical function and frailty (except for the Smith's 
equation in women) in both older men and women. In this sense, the 
highest AUC values were seen for Alcazar's and Takai's equations 
regarding the ability to identify older men and women with low HGS (i. 
e. <0.8 m⋅s− 1) and frailty. Finally, when the negative effect of low 
relative STS power on physical function and frailty was pooled, Alcazar's 
equation showed the highest OR in older men (OR [95% CI] = 3.47 
[2.51, 4.80]) and women (OR [95% CI] = 3.54 [2.69, 4.67]). Notably, 
previous reports indicated that relative STS power was more strongly 
associated with gait speed than traditional measures of STS perfor-
mance, such as handgrip strength and power assessed with the Not-
tingham power rig (Alcazar et al., 2018; Alcazar et al., 2020). Also, the 
low relative STS power assessed by Alcazar's equation was reported to be 
more clinically relevant than sarcopenia in older people (Bahat et al., 
2020; Losa-Reyna et al., 2020). This evidence on the clinical relevance of 
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Fig. 3. Relationship between relative STS power calculated from Alcazar's, Ruiz-Cárdenas's, Smith's (mean values), Smith's (peak values) and Takai's equations and 
frailty in men and women. 
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STS power adds to previous evidence relating muscle power to older 
people's functional ability (Bean et al., 2003; Bean et al., 2002; Bean 
et al., 2010), frailty (Bahat et al., 2020; Losa-Reyna et al., 2020) risk of 
hospitalization (Losa-Reyna and Alcazar, 2021) and all-cause mortality 
(Alcazar et al., 2021; Losa-Reyna and Alcazar, 2021). 

Given its association with independence and ADL performance, and 

its more precipitous decline with age compared to strength and sarco-
penia, mechanical power should be regarded as a standard outcome 
measure in the clinical management of aging. As demonstrated in the 
current investigation, the STS is a feasible technique for the assessment 
of relative muscle power in older people and needs minimal equipment 
and time (<2 min). 

Fig. 4. Receiver operator characteristics curve plots compare how relative STS power calculated from the different equations allows the identification of older adults 
with low HGS (A) and frailty (B). The reference line is shown in grey for men and black for women. 

Table 2 
Optimal relative STS power cut-off values (W⋅kg− 1) for the different equations and their impact on low HGS and frailty.   

Men Women 

Cut-off value OR (95% CI)a p Cut-off value OR (95% CI)a p 

Low HGS 
Alcazar's  2.5 2.78 (1.90–4.07)  <0.001  1.9 2.08 (1.45–2.99)  <0.001 
Ruiz-Cárdenas's  7.2 2.50 (1.70–3.66)  <0.001  6.2 1.96 (1.38–2.80)  <0.001 
Smith's (mean)  6.4 2.50 (1.66–3.76)  <0.001  5.6 1.56 (1.07–2.28)  0.022 
Smith's (peak)  8.0 2.65 (1.76–3.99)  <0.001  6.6 1.67 (1.13–2.49)  0.011 
Takai's  1.3 2.62 (1.79–3.85)  <0.001  0.9 2.30 (2.55–3.40)  <0.001  

Frailty 
Alcazar's  2.5 5.23 (2.83–9.63)  <0.001  1.9 5.54 (3.63–8.46)  <0.001 
Ruiz-Cárdenas's  7.1 3.67 (2.15–6.24)  <0.001  6.2 5.40 (3.44–8.16)  <0.001 
Smith's (mean)  6.4 1.37 (0.80–2.36)  0.252  5.7 0.88 (0.59–1.32)  0.525 
Smith's (peak)  8.1 1.82 (1.04–3.19)  0.035  6.7 0.97 (0.64–1.48)  0.890 
Takai's  1.3 5.50 (2.90–10.47)  <0.001  1.0 4.89 (3.20–7.46)  <0.001 

Note: low HGS: low habitual gait speed; OR: odd ratio; CI: confidence interval. 
a Adjusted for age, educational level, cognitive function, number of diseases and number of medications. 
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5. Study limitations 

There are some limitations that should be considered when inter-
preting the present study findings. The time taken to stand up once from 
a chair and the number of stands performed in 20 s were estimated from 
the 5-repetition STS test to compute power using Ruiz-Cárdenas's and 
Smith's equations, respectively. For the Ruiz-Cárdenas's equation, rela-
tive STS power may have been underestimated in the current investi-
gation; however, STS performance has been shown to decline only 10% 
after eight STS repetitions in older women (Lindemann et al., 2016). 
Since our participants only performed 5 STS repetitions, it is unlikely 
that this influenced STS power values derived from Ruiz-Cárdenas's 
equation. On the contrary, for the Smith equation, the calculated rela-
tive STS power may have been overestimated in the current study. 
However, evidence from studies using both the 5-repetition and 30-s 
versions of the STS test suggests that this overestimation would not be 
higher than 5–7% and would not affect the association with gait speed 
parameters (Zhang et al., 2018; Morita et al., 2018). Furthermore, the 
Ruiz-Cárdenas's equation was not originally validated using a stop-
watch; rather it requires the use of a mobile device to record the STS test, 
a height-adjustable chair to set starting knee joint position at 90◦, and to 
measure and introduce participant's femur length. Our study used a 0.43 
m chair, then vertical displacement may not be matched to femur length 
in some participants. In any case, the main goal of the present investi-
gation was to compare all available equations that may potentially be 

used to calculate muscle power from routine 5-rep STS testing (i.e. just 
using a stopwatch and a chair). This latter aspect justifies the inclusion 
of all the studied equations to provide an adequate recommendation 
regarding the preferential use of a specific equation for 5-rep STS data. 
On the other hand, our study also presented some strengths such as the 
inclusion of a large sample of older people, the very accurate anthro-
pometric assessment thanks to the analysis of images obtained from the 
DEXA scans, as well as being the first study to compare the use of 
different validated equations and evaluate their impact on negative 
outcomes such as low HGS and frailty. However, further studies 
comparing the clinical relevance of equation-derived relative STS power 
values using different versions of the STS test (e.g., 10-rep, 20-s, 30-s or 
1-min) may yield important findings for their application in the clinical 
setting. 

6. Conclusion 

In general, all the equations presented adequate criterion validity: i) 
relative STS power was higher in men compared to women and was 
negatively associated with age; ii) there was a positive and moderate 
association between relative STS power and HGS, and a negative and 
moderate association between relative STS power and frailty (except 
with the Smith's equations). However, for the assessment of muscle 
power during the 5-rep STS test, the equation provided by Alcazar et al. 
(2018) showed the highest level of clinical relevance assessed by its 
ability to identify older adults with impaired physical function and 
frailty and would be more appropriate in terms of feasibility in the 
clinical setting when compared to other equations. 
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Alcazar, J., Navarrete-Villanueva, D., Mañas, A., et al., 2021. 'Fat But Powerful' Paradox: 
Association of Muscle Power and Adiposity Markers With All-cause Mortality in 
Older Adults From the EXERNET Multicentre Study. https://doi.org/10.1136/ 
bjsports-2020-103720. Mar 16.  

Bahat, G., Kilic, C., Eris, S., Karan, M.A., 2020. Power versus sarcopenia: associations 
with functionality and physical performance measures. J. Nutr. Health Aging. 
https://doi.org/10.1007/s12603-020-1544-8, 2020/12/01.  

Baltasar-Fernandez, I., Alcazar, J., Rodriguez-Lopez, C., et al., 2020. Sit-to-stand muscle 
power test: Comparison between estimated and force plate-derived mechanical 
power and their association with physical function in older adults. Exp. Gerontol. 
145, 111213 https://doi.org/10.1016/j.exger.2020.111213. Dec 21.  

Bassey, E.J., Fiatarone, M.A., O’Neill, E.F., Kelly, M., Evans, W.J., Lipsitz, L.A., 1992. Leg 
extensor power and functional performance in very old men and women. Clin. Sci. 
82 (3), 321–327. https://doi.org/10.1042/cs0820321. Mar.  

Bean, J.F., Kiely, D.K., Herman, S., et al., 2002. The relationship between leg power and 
physical performance in mobility-limited older people. J. Am. Geriatr. Soc. 50 (3), 
461–467. https://doi.org/10.1046/j.1532-5415.2002.50111.x. Mar.  

Bean, J.F., Leveille, S.G., Kiely, D.K., Bandinelli, S., Guralnik, J.M., Ferrucci, L., 2003. 
A comparison of leg power and leg strength within the InCHIANTI study: which 
influences mobility more? J. Gerontol. A Biol. Sci. Med. Sci. 58 (8), 728–733. 
https://doi.org/10.1093/gerona/58.8.m728. Aug.  

Bean, J.F., Kiely, D.K., LaRose, S., Goldstein, R., Frontera, W.R., Leveille, S.G., 2010. Are 
changes in leg power responsible for clinically meaningful improvements in mobility 
in older adults? J. Am. Geriatr. Soc. 58 (12), 2363–2368. https://doi.org/10.1111/ 
j.1532-5415.2010.03155.x. Dec.  

Beaudart, C., Rolland, Y., Cruz-Jentoft, A.J., et al., 2019. In: Assessment of Muscle 
Function and Physical Performance in Daily Clinical Practice: A position paper 
endorsed by the European Society for Clinical and Economic Aspects of Osteoporosis, 
Osteoarthritis and Musculoskeletal Diseases (ESCEO, 105(1), pp. 1–14. https://doi. 
org/10.1007/s00223-019-00545-w. Jul.  

Bohannon, R.W., Shove, M.E., Barreca, S.R., Masters, L.M., Sigouin, C.S., 2007. Five- 
repetition sit-to-stand test performance by community-dwelling adults: a 
preliminary investigation of times, determinants, and relationship with self-reported 
physical performance. Isokinet. Exerc. Sci. 15, 77–81. https://doi.org/10.3233/IES- 
2007-0253. 

Bortone, I., Sardone, R., 2021, 12 (2), 274–297. https://doi.org/10.1002/jcsm.12667. 
Apr.  

Buatois, S., Miljkovic, D., Manckoundia, P., et al., 2008. Five times sit to stand test is a 
predictor of recurrent falls in healthy community-living subjects aged 65 and older. 
J. Am. Geriatr. Soc. 56 (8), 1575–1577. https://doi.org/10.1111/j.1532- 
5415.2008.01777.x. Aug.  

Cooper, R., Kuh, D., Hardy, R., 2010. Objectively measured physical capability levels and 
mortality: systematic review and meta-analysis. BMJ (Clin. Res. Ed.) 341, c4467. 
https://doi.org/10.1136/bmj.c4467. Sep 9.  

Cruz-Jentoft, A.J., Bahat, G., Bauer, J., et al., 2019. Sarcopenia: revised european 
consensus on definition and diagnosis. Age Ageing 48 (1), 16–31. https://doi.org/ 
10.1093/ageing/afy169. 

Folstein, M.F., Folstein, S.E., PR, McHugh, 1975. "Mini-mental state". A practical method 
for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12 (3), 
189–198. https://doi.org/10.1016/0022-3956(75)90026-6. Nov.  

Garcia-Garcia, F.J., Carcaillon, L., Fernandez-Tresguerres, J., et al., 2014. A new 
operational definition of frailty: the frailty trait scale. J. Am. Med. Dir. Assoc. 15 (5), 
371.e7–371.e13. https://doi.org/10.1016/j.jamda.2014.01.004. May.  

Guralnik, J.M., Simonsick, E.M., Ferrucci, L., et al., Mar 1994. A short physical 
performance battery assessing lower extremity function: association with self- 
reported disability and prediction of mortality and nursing home admission. 
J. Gerontol. 49 (2), M85–M94. Mar.  

Hardy, R., Cooper, R., Shah, I., Harridge, S., Guralnik, J., Kuh, D., 2010. Is chair rise 
performance a useful measure of leg power?, 22 (5–6), 412–418. https://doi.org/ 
10.1007/bf03324942. Oct-Dec.  

Jones, C.J., Rikli, R.E., Beam, W.C., 1999. A 30-s chair-stand test as a measure of lower 
body strength in community-residing older adults. Res. Q. Exerc. Sport 70 (2), 
113–119. https://doi.org/10.1080/02701367.1999.10608028. Jun.  

Klass, M., Baudry, S., Duchateau, J., 2008. Age-related decline in rate of torque 
development is accompanied by lower maximal motor unit discharge frequency 
during fast contractions. J. Appl. Physiol. (1985) 104 (3), 739–746. https://doi.org/ 
10.1152/japplphysiol.00550.2007. Mar.  

Lauretani, F., Russo, C.R., Bandinelli, S., et al., 2003. Age-associated changes in skeletal 
muscles and their effect on mobility: an operational diagnosis of sarcopenia. J. Appl. 
Physiol. 95 (5), 1851–1860. https://doi.org/10.1152/japplphysiol.00246.2003. 
Nov.  

Lindemann, U., Claus, H., Stuber, M., et al., 2003. Measuring power during the sit-to- 
stand transfer. Eur. J. Appl. Physiol. 89 (5), 466–470. https://doi.org/10.1007/ 
s00421-003-0837-z. Jun.  

Lindemann, U., Klenk, J., Becker, C., 2016. Assessment of fatigability of older women 
during sit-to-stand performance. Aging Clin. Exp. Res. 28 (5), 889–893. https://doi. 
org/10.1007/s40520-015-0495-0. Oct.  

Lindemann, U., Muche, R., Stuber, M., Zijlstra, W., Hauer, K., Becker, C., 2007. 
Coordination of strength exertion during the chair-rise movement in very old people. 
J. Gerontol. A Biol. Sci. Med. Sci. 62 (6), 636–640. https://doi.org/10.1093/gerona/ 
62.6.636. Jun.  

Losa-Reyna, J., Alcazar, J., 2021. Impact of Relative Muscle Power on Hospitalization 
and All-cause Mortality in Older Adults. https://doi.org/10.1093/gerona/glab230. 
Aug 18.  
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