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Abstract

Background A validated, standardized, and feasible test to assess muscle power in older adults has recently been re-
ported: the sit-to-stand (STS) muscle power test. This investigation aimed to assess the relationship between relative
STS power and age and to provide normative data, cut-off points, and minimal clinically important differences (MCID)
for STS power measures in older women and men.
Methods A total of 9320 older adults (6161 women and 3159 men) aged 60–103 years and 586 young and
middle-aged adults (318 women and 268 men) aged 20–60 years were included in this cross-sectional study. Relative
(normalized to body mass), allometric (normalized to height squared), and specific (normalized to legs muscle mass)
muscle power values were assessed by the 30 s STS power test. Body composition was evaluated by dual energy X-ray
absorptiometry and bioelectrical impedance analysis, and legs skeletal muscle index (SMI; normalized to height
squared) was calculated. Habitual and maximal gait speed, timed up-and-go test, and 6 min walking distance were col-
lected as physical performance measures, and participants were classified into two groups: well-functioning and
mobility-limited older adults.
Results Relative STS power was found to decrease between 30–50 years (�0.05 W·kg�1·year�1; P > 0.05),
50–80 years (�0.10 to �0.13 W·kg�1·year�1; P < 0.001), and above 80 years (�0.07 to �0.08 W·kg�1·year�1;
P < 0.001). A total of 1129 older women (18%) and 510 older men (16%) presented mobility limitations.
Mobility-limited older adults were older and exhibited lower relative, allometric, and specific power; higher body mass
index (BMI) and legs SMI (both only in women); and lower legs SMI (only in men) than their well-functioning coun-
terparts (all P < 0.05). Normative data and cut-off points for relative, allometric, and specific STS power and for BMI
and legs SMI were reported. Low relative STS power occurred below 2.1 W·kg�1 in women (area under the curve, AUC,
[95% confidence interval, CI] = 0.85 [0.84–0.87]) and below 2.6 W·kg�1 in men (AUC [95% CI] = 0.89 [0.87–0.91]).
The age-adjusted odds ratios [95% CI] for mobility limitations in older women and men with low relative STS power
were 10.6 [9.0–12.6] and 14.1 [10.9–18.2], respectively. MCID values for relative STS power were 0.33 W·kg�1 in
women and 0.42 W·kg�1 in men.
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Conclusions Relative STS power decreased significantly after the age of 50 years and was negatively and strongly as-
sociated with mobility limitations. Our study provides normative data, functionally relevant cut-off points, and MCID
values for STS power for their use in daily clinical practice.

Keywords Chair stand; Mobility limitations; Muscle; Sarcopenia; Intrinsic capacity; Functional ability

Received: 10 November 2020; Revised: 13 April 2021; Accepted: 21 May 2021
*Correspondence to: Ignacio Ara, GENUD Toledo Research Group, Universidad de Castilla-La Mancha, Toledo, Avda. Carlos III, S/N, 45071, Spain. Phone: +34 925 268 800
(Ext.: 5543), Email: ignacio.ara@uclm.es

Introduction

The maintenance and improvement of functional ability
among older adults is currently one of the main health prior-
ities established by the World Health Organization.1 Func-
tional ability results from the interaction between subject’s
intrinsic capacity—composite of all the physical and mental
capacities—and his or her environment. Intrinsic capacity is
severely affected by aging. For instance, maximal gait speed
(GS) and chair stand ability are reduced by ~30% in people
aged 50–70 years, and by ~50% in people over 70 years, com-
pared with their younger counterparts.2 Notably, impaired
physical function in mid-life predicts the incidence of disabil-
ity at old age.3

Thus, it is paramount to identify the risk factors associated
to impaired intrinsic capacity in older people and to imple-
ment effective countermeasures to prevent or revert physical
disability. It is accepted that a failure at the organism level
(e.g. impaired physical performance) can occur as a conse-
quence of a failure at the organ level (e.g. impaired muscle
function: strength, power, and/or endurance).4,5 In this re-
gard, there are several reasons that make muscle power
one of the most important outcomes to be monitored
during aging: (i) muscle power declines with aging at an
earlier and faster rate than muscle mass and strength (i.e.
sarcopenia)6–8; (ii) muscle power is more strongly related to
mobility limitations than muscle mass, muscle strength, or
maximal aerobic capacity9,10; (iii) muscle power predicts
10 year cognitive decline and brain atrophy11; and (iv) muscle
power is more strongly related with mortality than muscle
mass and strength.12

Despite muscle power is recognized as one of the primary
therapeutic targets for resistance training interventions in
older adults, its measurement may be complicated by the lack
of standardized and feasible protocols and the absence of nor-
mative data that allow the identification of low muscle power
in daily practice.13 For these reasons, the assessment of mus-
cle power in daily clinical practice has not been encouraged.5

However, a validated, standardized, and feasible muscle
power test has recently been developed14,15: the sit-to-stand
(STS) muscle power test. In brief, muscle power can be calcu-
lated from the STS test by implementing the subject’s body
mass and height and chair height in an equation. Notably,
STS muscle power demonstrated a greater clinical relevance

than probable (i.e. low handgrip strength) and confirmed (i.
e. both low handgrip strength and low appendicular lean
mass) sarcopenia in older adults according to their relation-
ships with physical performance, frailty, disability, and poor
quality of life.16 Nevertheless, normative data of STS power
and functionally relevant cut-off points for the recognition
of low muscle power have not been reported yet. Moreover,
muscle power normalized to body mass (i.e. relative muscle
power) has been found to be more relevant for functional
ability than absolute values of muscle power.14,17,18 There-
fore, the main goals of the present investigation conducted
in a large European cohort were (i) to assess the relationship
between relative STS power and age; (ii) to calculate minimal
clinically important difference (MCID) values for relative STS
power and its underlying measures; and (iii) to provide
normative data and functionally relevant cut-off points for
relative STS power and its underlying measures.

Methods

Participants

A total of 9320 older subjects (6161 older women and 3159
older men) were included in the present investigation. Partic-
ipants belonged to different European cohorts and research
studies grouped in four nationalities (Table 1): (i) Belgium
(n = 1083; 60–93 years old): from a large-scale cohort study
by the first and third generation of the Flemish Policy
Research Centre on Sport19–21 and other interventional
studies22–25; (ii) Denmark (n = 719; 60–94 years old): from
the Copenhagen Sarcopenia Study2 and the Falls cohort26;
(iii) Portugal (n = 4856; 65–103 years): from a Portuguese
cohort27; and (iv) Spain (n = 2662; 65–91 years old): from
the EXERNET multi-centre study.28 Briefly, these cohorts
included representative samples of community-dwelling
older people aged 60 years and over living in Belgium (Flem-
ish area), Denmark (Copenhagen metropolitan area), Portugal
(five sampling areas covering the entire mainland of
Portugal), and Spain (six sampling areas covering the entire
territory of Spain). In addition, 586 subjects (318 women)
aged 20–60 years from the Copenhagen sarcopenia study
were included29 in order to describe the relationship
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between age and relative STS muscle power. Having any
co-morbidity was not a reason for exclusion; however, those
older people that were unable to walk independently or diag-
nosed with dementia, or acute neuromuscular or joint injury
were excluded due to the characteristics of the tests. All the
subjects gave their written informed consent; all the proce-
dures were performed in accordance with the Helsinki Decla-
ration; and the corresponding local ethical committees of the
participating cohorts approved the studies.

Anthropometrics and body composition

Participants removed shoes, socks, and heavy clothes during
the anthropometric and body composition analyses. A
stadiometer and scale device was used to record the height
and body mass of the participants. Body mass index (BMI)
was calculated as the ratio between body mass and height
squared (kg·m�2). Additionally, body composition was
assessed in the Spanish30 and Danish participants.26,29 Dual
energy X-ray absorptiometry (DXA) (iDXA, Lunar, GE
Healthcare, USA) was utilized to assess regional lean mass
in the Danish participants, whereas bioelectrical impedance
analysis (Tanita BC 418-MA, Tanita Corp., Japan) was used
to estimate regional skeletal muscle mass in the Spanish par-
ticipants by a cross-validated equation31 recommended to es-
timate muscle mass values provided by DXA scans in older
European populations.32 Legs skeletal muscle index (SMI)
was then calculated as legs skeletal muscle mass divided by
height squared (kg·m�2).

Physical performance

Physical performance was assessed by various functional tests
in the different cohorts/research studies: habitual GS,

maximal GS, the timed up-and-go (TUG) test, and the 6 min
walking test (6MWT). Gait velocity during each test was calcu-
lated as the ratio between the walked distance and the re-
corded time (m·s�1). Older subjects with either a habitual GS
below 0.8 m·s�1,7 maximal GS below 1.13 m·s�1,33 TUG veloc-
ity below 0.43 m·s�1,34 or 6MWT velocity below 0.83 m·s�1,35

were categorized as mobility-limited older subjects.

Sit-to-stand muscle power test

Muscle power was assessed by the 30 s STS muscle power
test15 in all the included studies. Briefly, the subjects per-
formed as many STS repetitions as possible in 30 s on a stan-
dardized armless chair from the sitting position—buttocks
touching the chair—to the full standing position, with their
arms crossed over the chest. Verbal encouragement was given
throughout the test. The participants were allowed to try one
to two times before the definitive measure was annotated.
STS muscle power produced when propelling the body centre
of mass vertically during the concentric (upward) phase of the
STS task was assessed by a previously validated equation14,15:

STS power ¼ Body mass · 0:9 · g · Body height · 0:5 � Chair height½ �
Time

n of reps

� �
· 0:5

where body mass is indicated in kg, g is gravity (i.e.
9.81 m·s�2), body height and chair height are indicated in m,
time is indicated in s (i.e. 30 s), n of reps indicates the number
of repetitions performed during the STS test, and the other
values (i.e. 0.9 and 0.5) are biomechanics-derived coefficients.
Then relative STS muscle power (W·kg�1) was calculated as
STS mean muscle power normalized to total body mass; allo-
metric STS muscle power (W·m�2) was calculated as the prod-
uct of relative STS muscle power and BMI (or STS muscle
power normalized to height squared); and specific STS muscle

Table 1 Main characteristics of the young and middle-aged, and older female and male study participants

Young and middle-aged adults
Older adults

Denmark Belgium Denmark Portugal Spain

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Women (n) 318 559 405 3164 2033
Age (years) 42.9 ± 10.6a 68.1 ± 6.2b 74.0 ± 8.2b 75.4 ± 7.4b 72.1 ± 5.3b

Body mass (kg) 67.9 ± 10.4a 69.1 ± 11.03 67.8 ± 12.4 67.1 ± 11.71,4 68.6 ± 10.63

Height (m) 1.68 ± 0.06a 1.60 ± 0.06b 1.63 ± 0.06b 1.54 ± 0.07b 1.53 ± 0.06b

BMI (kg·m�2) 24.1 ± 6.6a 27.1 ± 4.3b 25.6 ± 4.6b 28.3 ± 4.5b 29.4 ± 4.3b

30 s STS test (reps) 24.9 ± 6.6a 13.0 ± 3.22,4 15.0 ± 5.51,3,4 13.2 ± 5.12,4 14.1 ± 3.41,2,3

Men (n) 268 524 314 1692 629
Age (years) 43.4 ± 10.4a 68.2 ± 6.02,3,4 72.4 ± 7.41,3 75.5 ± 7.51,2,4 72.1 ± 5.41,3

Body mass (kg) 83.9 ± 11.9a 81.1 ± 10.8b 83.8 ± 14.5b 73.1 ± 12.3b 77.5 ± 11.1b

Height (m) 1.82 ± 0.07a 1.72 ± 0.06b 1.77 ± 0.07b 1.63 ± 0.08b 1.65 ± 0.07b

BMI (kg·m�2) 25.4 ± 3.5a 27.3 ± 3.44 26.6 ± 4.13,4 27.6 ± 3.92,4 28.3 ± 3.51,2,3

30 s STS test (reps) 25.6 ± 5.8a 14.2 ± 3.12,4 16.6 ± 6.11,3,4 14.2 ± 5.22,4 15.0 ± 3.51,2,3

BMI, body mass index; reps, number of repetitions; SD, standard deviation; STS, sit-to-stand.
Superscript numbers denote significant differences compared with older people from Belgium1, Denmark2, Portugal3, and Spain4.
aSignificant differences compared with older people.
bSignificant differences among all older people groups.
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power (W·kg�1) was calculated as the ratio between allome-
tric STS muscle power and legs SMI (or STS muscle power nor-
malized to legs muscle mass).

Statistical analysis

Data are presented as mean ± standard deviation (SD) unless
otherwise stated. Normality was assessed and confirmed by
looking at the skewness and kurtosis values derived from
the included variables (all ranged between �1.0 and 1.0).
Linear mixed effects models were used to assess baseline
differences including age group (<60 and ≥60 years old), study
cohort (Belgium, Denmark, Portugal, and Spain), and sex
(female and male) as fixed factors, and participants as a
random factor. The models were calculated using maximum
likelihood estimation and the best-fitting covariance structure
according to�2 log likelihood values. Bonferroni’s corrections
were applied to pairwise comparisons. The characteristics of
the well-functioning and mobility-limited groups of older
subjects were compared by linear mixed effects models
including functional mobility status (well-functioning and
mobility-limited), sex (female and male), and study cohort
(Belgium, Denmark, Portugal, and Spain) as fixed factors, and
participants as a random factor. The relationship between
age and relative STS muscle power was assessed using
segmented (piecewise) linear regression analyses in all the
subjects (young, middle-aged, and older adults).36 Briefly, we
used an iterative approach by which several age knots were
evaluated (30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80 years)
at different age intervals (20–45, 20–50, 25–55, 30–60, 35–65,
40–70, 45–75, 50–80, 55–85, 60–90, and 65–95 years, respec-
tively). Subsequently, a single regression model was created
considering the age knots at which a statistically significant
change in slope was observed. MCID values and 95% confi-
dence intervals (CI) in relative, allometric, and specific STS
muscle power were calculated based on previous evidence
showing that a change of at least 2 repetitions is required in
the 30 s STS test to be considered an MCID.37 Thus, we
calculated what a 2-rep change would represent in our older
participants in terms of STS power values. Normative data
for relative STS muscle power and its related variables
(allometric STS muscle power, BMI, specific STS muscle power,
and SMI of the lower limbs) were calculated in the group of
older people without mobility limitations using standard
statistical methods. Several categories were created according
to the calculated percentiles38: extremely low (percentile<3),
very low (percentile 3 to 10), low (percentile 10 to 25), normal
(percentile 25 to 75), high (percentile 75 to 90), very high
(percentile 90 to 97), and extremely high (percentile >97).
Furthermore, optimal cut-off values for the recognition of
older subjects with mobility limitations were assessed by re-
ceiver operator characteristic (ROC) curves for the following
variables: relative STS muscle power, allometric STS muscle

power, specific STS muscle power, BMI, and legs SMI.
Consequently, area under the curve (AUC) values were
reported and cut-off values were selected based on the best
trade-off between sensitivity and specificity according to the
highest product of both. Finally, age-adjusted logistic regres-
sion analyses were used to calculate odds ratios (OR) and
95% CI of low relative STS muscle power associated with
mobility limitations. Statistical analyses were performed using
SPSS v20 (SPSS Inc., Chicago, Illinois, USA), and the level of
significance was set at α = 0.05 using two-tailed testing.

Results

Comparison of well-functioning and
mobility-limited older adults

A total of 1129 older women (18.3%) and 510 older men
(16.1%) had mobility limitations (i.e. habitual GS < 0.8 m·s�1,
maximal GS < 1.13 m·s�1, TUG velocity < 0.43 m·s�1, or
6MWT velocity < 0.83 m·s�1). Mobility-limited subjects were
older, presented higher BMI values (women only), and per-
formed fewer repetitions during the 30 s STS test than older
subjects without mobility limitations (all P < 0.001) (Table 2).
Mobility-limited older women had lower relative STS muscle
power (1.79 ± 0.93 vs. 2.95 ± 0.84 W·kg�1), lower allometric
STS muscle power (51.5 ± 27.7 vs. 82.7 ± 24.4 W·m�2), and
lower specific STS muscle power (10.6 ± 4.1 vs.
16.7 ± 4.0 W·kg�1) than older women without mobility
limitations (all P < 0.001), but higher levels of legs SMI
(5.08 ± 0.73 vs. 4.94 ± 0.47 kg·m�2; P = 0.015) (Figure 1A).
In comparison with older men without mobility limitations,
mobility-limited older men presented lower relative STS
power (2.12 ± 0.94 vs. 3.66 ± 1.03 W·kg�1), lower allometric
STS power (59.0 ± 28.5 vs. 100.4 ± 29.7 W·m�2), lower
specific STS power (11.4 ± 4.8 vs. 18.9 ± 5.0 W·kg�1)
(all P < 0.001), and lower legs SMI (5.42 ± 0.72 vs.
5.58 ± 0.58 kg·m�2; P = 0.023) (Figure 1B).

Association of relative sit-to-stand muscle power
with age

The association between relative STS muscle power and age
in women and men is displayed in Figure 2A and 2B. Women
exhibited no change between 20 and 30 years
(0.00 ± 0.02 W·kg�1·year�1; P = 0.842), a non-significant de-
crease between 30 and 50 years (�0.05 ± 0.03W·kg�1·year�1;
P = 0.089), and significant decreases above the ages of
50 (�0.10 ± 0.02 W·kg�1·year�1) and 80 years
(�0.07 ± 0.01 W·kg�1·year�1) (both P < 0.001). Similarly,
men experienced a non-significant increase between 20
and 30 years (0.02 ± 0.03 W·kg�1·year�1; P = 0.584), a
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non-significant decrease between 30 and 50 years
(�0.05 ± 0.04 W·kg�1·year�1; P = 0.226), and significant de-
creases above the ages of 50 (�0.13 ± 0.02 W·kg�1·year�1)
and 80 years (�0.08 ± 0.01 W·kg�1·year�1) (both P < 0.001).

Minimal clinically important differences in sit-to-
stand power variables

An MCID of 2 repetitions in the STS test corresponded to
0.33 W·kg�1 (95% CI: 0.17 to 0.50 W·kg�1) in women and
0.42 W·kg�1 (95% CI: 0.19 to 0.64 W·kg�1) in men in terms
of relative STS muscle power, 9.4 W·m�2 (95% CI: 4.7 to
14.1 W·m�2) in women and 11.5 W·m�2 (95% CI: 4.9 to

18.1 W·m�2) in men in terms of allometric STS muscle power,
and 1.78 W·kg�1 (95% CI: 0.78 to 2.78 W·kg�1) in women and
2.08 W·kg�1 (95% CI: 0.87 to 3.28 W·kg�1) in men in terms of
specific STS muscle power.

Normative data and functionally relevant cut-off
points for low sit-to-stand muscle power and its
underlying variables

Normative data regarding relative, allometric, and specific
STS power, BMI, and legs SMI are presented in Table 3 for
both older women and older men.

Figure 1 Comparison between older subjects with (grey bars) and without (black bars) mobility limitations regarding sit-to-stand (STS) power mea-
sures and legs skeletal muscle index (SMI), separately in women (A) and men (B), and adjusted for study cohort. Data are normalized to
sex-specific values found in the well-functioning groups. *Significant differences noted between older subjects with and without mobility limitations
(P < 0.05).

Table 2 Comparison of mean characteristics between older subjects with and without mobility limitations

Well-functioning older subjects Mobility-limited older subjects P
valueaMean ± SD Mean ± SD

Women (n [%]) 5032 [81.7] 1129 [18.3]
Age (years) 72.0 ± 6.0 80.4 ± 7.3 <0.001
Body mass (kg) 68.1 ± 11.1 66.6 ± 12.6 0.465
Height (m) 1.55 ± 0.07 1.52 ± 0.07 <0.001
BMI (kg·m�2) 28.3 ± 4.5 28.8 ± 5.0 <0.001
30 s STS test (reps) 14.6 ± 3.9 9.2 ± 4.4 <0.001

Men (n [%]) 2649 [83.9] 510 [16.1]
Age (years) 71.8 ± 6.4 80.7 ± 7.6 <0.001
Body mass (kg) 77.0 ± 12.4 73.0 ± 13.8 <0.001
Height (m) 1.67 ± 0.09 1.62 ± 0.09 <0.001
BMI (kg·m�2) 27.5 ± 3.6 27.8 ± 4.6 0.360
30 s STS test (reps) 15.6 ± 4.2 9.6 ± 4.2 <0.001

BMI, body mass index; reps, number of repetitions; SD, standard deviation; STS, sit-to-stand.
Bold values indicate significant differences between older subjects with and without mobility limitations.
aAdjusted for study cohort.
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Finally, optimal sex-specific cut-off values to discriminate
between older subjects with and without mobility limitations,
as well as sensitivity and specificity values, are reported in
Table 4 for all the older participants included in the current

study. Of note, the cut-off point for low relative STS muscle
power was 2.1 W·kg�1 in older women (AUC [95%
CI] = 0.85 [0.84–0.87]; sensitivity = 73.7% and specific-
ity = 86.0%) and 2.6 W·kg�1 in older men (AUC [95%

Figure 2 Trajectories of relative sit-to-stand (STS) muscle power throughout the lifespan in women (A; red open circles; n = 6479) and men (B; blue
open squares; n = 3427) [regression lines (continuous), 95% prediction intervals (dashed), coefficient of determination (R2), and standard error of
the estimate (SEE) obtained by segmented regression analysis]; and receiver operator characteristic curve plot for women (C) and for men (D). Area
under the curve (AUC) with 95% confidence intervals (CI) indicate the ability of the different measures to discriminate between well-functioning and
mobility-limited older subjects. Finally, the participants above and below the cut-off points for low relative muscle power (dashed lines) are shown in
(E) for women (red open circles; cut-off point = 2.1 W·kg

�1
) and in (F) for men (blue open squares; cut-off point = 2.6 W·kg

�1
). Subjects exhibiting

mobility limitations (open diamonds) are differentiated from those without mobility limitations. Allo., allometric; BMI, body mass index; CI, confidence
interval; OR, odds ratio; Rel., relative; SMI, skeletal muscle index; Sp., specific; STS, sit-to-stand.
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CI] = 0.89 [0.87–0.91]; sensitivity = 79.0% and specific-
ity = 86.6%) (Figure 2C and 2D). The OR [95% CI] for having
mobility limitations was 10.6 [9.0–12.6] among older women
with low relative STS muscle power, and 14.1 [10.9–18.2]
among older men with low relative STS muscle power
(both P< 0.001) (Figure 2E and 2F). Cut-off values for the dif-
ferent nationalities are reported in Supporting Information,
Table S1.

Discussion

The present investigation conducted on 9906 subjects (6479
women and 3427 men) found that relative muscle power de-
clined steeply after the fifth decade of life in both women
and men. Notably, older women and men with mobility limi-
tations had decreased relative, allometric, and specific STS
muscle power compared with older women and men without

Table 3 Normative data for older women and men regarding relative, allometric, and specific STS power, BMI, and legs SMI

Extremely low Very low Low Normal High Very high Extremely high
(P 3) (P 10) (P 25) (P 50) (P 75) (P 90) (P 97)

Older women
Relative STS power (W·kg�1)
Belgium 1.53 1.89 2.26 2.71 3.16 3.64 4.01
Denmark 1.69 2.22 2.64 3.23 4.00 4.98 6.27
Portugal 1.59 2.03 2.44 2.97 3.54 4.20 5.07
Spain 1.68 2.04 2.37 2.76 3.18 3.63 4.18
All 1.62 2.02 2.40 2.85 3.39 4.00 4.82

Allometric STS power (W·m�2)
Belgium 43.0 54.0 67.6 82.0 99.9 120.0 147.0
Denmark 42.5 55.7 67.3 82.3 103.8 127.4 148.1
Portugal 40.7 48.5 59.8 72.8 85.7 98.5 112.5
Spain 47.7 56.8 67.4 80.3 93.2 106.3 121.2
All 44.2 54.9 66.6 80.2 95.3 112.8 136.9

BMI (kg·m�2)
Belgium 20.3 22.4 24.2 26.5 29.5 32.9 35.8
Denmark 20.2 21.2 22.5 24.8 27.7 31.9 34.8
Portugal 21.2 23.0 24.9 27.3 29.9 32.3 34.7
Spain 22.3 24.3 26.2 28.9 31.6 34.4 37.6
All 21.3 23.1 25.3 28.0 30.8 33.8 37.0

Specific STS power (W·kg�1)
Denmark 9.2 11.7 14.1 16.6 20.4 25.1 29.3
Spain 10.0 12.1 14.0 16.3 18.8 21.3 24.5
All 9.9 12.0 14.0 16.3 19.0 21.6 25.4

Legs SMI (kg·m�2)
Denmark 3.95 4.24 4.48 4.90 5.37 5.83 6.27
Spain 4.27 4.44 4.63 4.88 5.18 5.45 5.74
All 4.23 4.41 4.61 4.89 5.19 5.51 5.84

Older men
Relative STS power (W·kg�1)
Belgium 2.10 2.52 2.99 3.51 4.00 4.38 4.97
Denmark 2.20 2.91 3.29 4.24 5.40 6.58 7.91
Portugal 1.92 2.40 2.92 3.50 4.15 4.88 5.80
Spain 2.19 2.62 2.97 3.49 4.02 4.56 5.36
All 2.03 2.53 2.99 3.55 4.17 4.92 6.09

Allometric STS power (W·m�2)
Belgium 50.3 64.6 77.8 95.8 115.7 137.7 161.9
Denmark 51.6 71.2 87.1 110.6 145.3 175.1 203.2
Portugal 55.4 67.4 79.5 94.8 109.5 121.8 141.7
Spain 58.6 71.2 83.0 97.4 114.0 134.2 152.1
All 53.4 66.6 80.2 97.1 115.9 139.0 165.4

BMI (kg·m�2)
Belgium 21.2 23.3 25.2 27.1 29.3 31.9 35.3
Denmark 20.3 22.3 24.0 26.1 28.7 31.8 34.8
Portugal 21.3 23.2 25.3 27.8 30.6 33.3 36.8
Spain 22.1 24.3 26.1 28.0 30.2 33.0 35.2
All 21.2 23.2 25.1 27.3 29.7 32.2 34.8

Specific STS power (W·kg�1)
Denmark 9.9 13.2 15.4 19.1 24.4 28.7 34.0
Spain 11.1 13.3 15.5 17.9 21.1 23.6 27.7
All 10.8 13.3 15.5 18.2 21.8 25.4 30.5

Legs SMI (kg·m�2)
Denmark 4.47 4.93 5.37 5.83 6.25 6.74 7.21
Spain 4.75 4.94 5.16 5.42 5.68 5.99 6.32
All 4.70 4.94 5.20 5.49 5.90 6.29 6.80

BMI, body mass index; P, percentile; SMI, skeletal muscle index; STS, sit-to-stand.
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mobility limitations. In contrast, only mobility-limited older
men, but not older women, reported decreased levels of legs
SMI when compared with their well-functioning counter-
parts. In addition, this study provided MCID, normative, and
cut-off values to allow an adequate monitoring of relative
muscle power during aging and/or inactivity in clinical and
other health-related settings.

There is compelling evidence showing the importance of
maintaining and/or increasing muscle power at older age.
Kuo et al.39 demonstrated that having decreased muscle
power was associated with late-life disability after controlling
for several potential cofounders, such as age, sex, BMI, cogni-
tive performance, physical activity, inflammation, and co-
morbidities. Metter et al.12 showed that having decreased
muscle power was a risk factor for all-cause mortality, inde-
pendently of muscle strength, muscle mass, and physical ac-
tivity. Steves et al.11 found higher muscle power levels to
protect from 10 year cognitive decline and magnetic reso-
nance imaging-assessed brain atrophy in middle-aged and
older female twins after controlling for genetics and early life
environment shared by twins, and for other variables such as
physical activity, co-morbidities, and telomere length. In line
with this evidence, a meta-analysis demonstrated that power
training provides greater benefits to older adults’ functional
ability than strength training.40 Therefore, with the advent
of older41 and more disabled42 populations, the monitoring
and treatment of low muscle power during aging should be
considered of outmost importance.

Nevertheless, the assessment of muscle power is rarely
conducted in the clinical setting. Current guidelines give pref-
erence to the assessment of sarcopenia, despite acknowledg-
ing muscle power as a more relevant measure for older
adults.5 The reason for that includes the lack of standardized
and feasible protocols to assess muscle power13 and norma-
tive data that allow the identification of low muscle power
among older adults.5 However, the STS muscle power test14,15

is a feasible test that can be performed in a few minutes (after
providing proper explanation and familiarization to the sub-
ject) and only requires a chair and a stopwatch. This test has
been demonstrated to be valid to assess muscle power in
older adults when compared with the assessment of muscle
power in the leg press exercise using a linear position
transducer,14 to muscle power values obtained from the

Nottingham power rig,15 and to STS power obtained with a
force platform.43 In addition, both test–retest44 and inter-
rater45 reliability of STS testing have been found to be excel-
lent in older subjects. STS muscle power has also been shown
to be superior to time-based or repetition-based STS perfor-
mance, handgrip strength, and muscle power obtained with
the Nottingham power rig in terms of their association with
other relevant outcomes such as GS or cognitive function.14,15

Jointly, it appears that the STS muscle power test may be an
excellent candidate to be used in the clinical setting. In further
support to this notion, low relative STS muscle power has re-
cently been found to have a greater overall effect on physical
function, frailty, disability in activities of daily living, and
quality of life than sarcopenia.16,46 Low relative STS muscle
power has also been recently associated with an increased
9 year all-cause mortality risk among older people.47

Moreover, previously missed normative and cut-off values
for muscle power have been provided in the current study.
Accordingly, an operational algorithm to guide health
professionals to identify low relative muscle power among
older adults has been proposed (Figure 3),16 that could be
implemented alone or in combination with the sarcopenia
algorithm.32 Of note, the operational algorithm for low
relative muscle power presents some advantages over the
one proposed for the diagnosis of sarcopenia32: Firstly, DXA
scanning is not necessary to diagnose low relative muscle
power (Part A in Figure 3), which reduces the costs associated
with DXA examination for sarcopenia diagnosis; secondly, it
facilitates the identification of the specific outcomes that
need to be improved to revert low relative muscle power
(e.g. high levels of BMI blunting the presence of adequate
levels of muscle function48 is not regarded in the sarcopenia
algorithm); and thirdly, although DXA examination may be
required in some subjects to elucidate the components that
need to be improved to revert low allometric muscle power
(Part B in Figure 3), the proportion of older adults requiring
DXA scanning is considerably lower than the proportion of
older individuals requiring DXA examination for sarcopenia
diagnosis (10% vs. 25%, respectively). The latter is
accomplished by using sex-specific cut-off points of BMI that
help identify older people at a higher risk of low legs SMI
(sensitivity = 90% in older women and 90% in older men;
specificity = 84% in older women and 74% in older men).

Table 4 Optimal cut-off points to discriminate between older subjects with and without mobility limitations, and sensitivity and specificity values

Women Men

Cut-off point Sensitivity (%) Specificity (%) Cut-off point Sensitivity (%) Specificity (%)

Relative STS power (W·kg�1) 2.1 73.7 86.0 2.6 79.0 86.6
Allometric STS power (W·m�2) 61.5 72.4 82.5 75.4 79.6 81.5
Specific STS power (W·kg�1) 13.6 76.9 78.6 14.2 81.6 84.9
BMI (kg·m�2) 28.8 48.1 58.7 28.2 47.9 58.8
Legs SMI (kg·m�2) 4.8 33.9 59.6 5.3 44.7 71.5

BMI, body mass index; SMI, skeletal muscle index; STS, sit-to-stand.
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A surprising finding was that higher legs SMI values were
reported in mobility-limited older women compared with
their well-functioning counterparts. This may be caused by
older people having higher levels of legs SMI also being those
with higher levels of obesity, which would lead to a higher
risk of mobility limitations. This hypothesis was tested by ex-
cluding those subjects with obesity (i.e. BMI ≥ 30 kg·m�2)
from a secondary analysis that showed that mobility-limited
older men had lower legs SMI than older men without
mobility limitations (5.1 ± 0.6 vs. 5.4 ± 0.5 kg·m�2, respec-
tively; P = 0.002), while a trend was noted when comparing
mobility-limited and well-functioning older women
(4.6 ± 0.5 vs. 4.7 ± 0.3 kg·m�2, respectively; P = 0.081). There-
fore, unlike older men, higher levels of legs muscle mass in
older women do not seem to be a protective factor when
they are accompanied by increased adiposity levels. These

results coincide with previous evidence showing that muscle
mass is not an independent predictor of mobility
limitations.49,50 Still, skeletal muscle mass is an important
metabolic regulator51–54 and in combination with specific
muscle power contributes to allometric muscle power out-
put, so its relevance should not be undervalued. However,
high levels of specific muscle power may compensate low
levels of muscle mass to reach an adequate level of allometric
muscle power. Age-related reductions in cross-sectional area
of type II muscle fibres55,56 and in neuromuscular excitation
rate57 among others can lead to an accentuated loss in spe-
cific muscle power with age, while legs SMI level may be well
preserved in women until the age of 75 years and in men un-
til the age of 65 years.36

In terms of variations in STS power with age, although the
absolute rate of decline in relative STS power seemed to peak

Figure 3 Updated operational algorithm to identify low relative STS power and its related causes. Older adults presenting low relative muscle power
should participate in a specific intervention designed to improve the physiological components accounting for low relative muscle power. Part A of the
algorithm can be accomplished without body composition examination. Older subjects with low allometric muscle power and low BMIb should be eval-
uated on their body composition when available in order to determine the specific causes of low allometric muscle power. aBody composition assess-
ment can be conducted by DXA or bioelectrical impedance analysis. bReceiver operator characteristic curves in older women yielded: AUC [95%
CI] = 0.92 [0.91–0.93], sensitivity = 89.5%, and specificity = 83.9%; and for older men: AUC [95% CI] = 0.87 [0.85–0.89], sensitivity = 89.6%, and spec-
ificity = 74.1%. BMI, body mass index; SMI, skeletal muscle index; STS, sit-to-stand.
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between 50 and 80 years in both women and men (cf. Figure
2), percentage losses increased progressively from 30 years
to oldest age: 30–50 years old (women = 0.8–0.9%;
men = 0.7–0.8%), 50–80 years old (women = 1.9–4.4%;
men = 2.0–4.5%), and >80 years old (women = 3.4–9.2%;
men = 2.9–6.4%). These findings underline that interventions
aimed at preventing a substantial loss of relative muscle
power with aging should be conducted in the age window
of 30 to 50 years. Another age window critical to preserve
functional ability at old age is 50 to 80 years. Approximately
10% of older subjects aged 60–70 years and 20% of those
aged 70–80 years had low relative muscle power. Older peo-
ple below these cut-off points exhibited a more than 10-fold
increase in their odds of having mobility limitations com-
pared with older subjects with adequate levels of relative
muscle power. Consequently, individuals aged 50–80 years
should be strongly encouraged to take part in interventions
aimed at improving relative muscle power to postpone the
onset of mobility limitations and disability later in life. Al-
though the primary focus should be on prevention, people
older than 80 years can still benefit greatly from interven-
tions aiming to improve relative muscle power.58 In this
sense, any improvement of at least 0.33 W·kg�1 in women
and 0.42 W·kg�1 in men in terms of relative muscle power
can be considered an MCID. However, given the curvilinear
relationship between muscle power and physical
function,59,60 future studies should be conducted to assess
MCID values in older people with different baseline levels
of muscle power.

Regarding subjects with starting values of power above the
cut-off points, relative, allometric, and specific muscle power
can be monitored according to normative data presented
here. The classification of well-muscle functioning subjects
in different categories may help people gain awareness on
the importance of muscle power and encourage subjects to
maintain and/or improve their power measures, thus reduc-
ing their likelihood of presenting mobility limitations and dis-
ability later in life.39,61

Finally, we should highlight the excellent AUC values
yielded by the reported STS power measures in relation with
their ability to discriminate between mobility-limited and
well-functioning subjects in a large cohort composed of
9320 older subjects. On the contrary, AUC values for BMI
and legs SMI were modest. However, the cut-off points for
BMI and legs SMI are still necessary to explain, for example,
why some older subjects may present low relative muscle
power and adequate levels of allometric muscle power at
the same time.

Several limitations of the present study should be ac-
knowledged and considered when interpreting the results.
The cross-sectional nature of our data may limit our con-
clusions due to a potential refusal or survival effect. These
limitations however can also affect longitudinal studies.
There are reports showing comparable patterns of decline

in muscle power between cross-sectional and longitudinal
designs.62 In this same line, we cannot establish a cause–
effect relationship between low relative muscle power
and mobility limitations, but the prognostic value of low
muscle power in relation to incident disability,61 cognitive
decline,11 and mortality12 has already been demonstrated.
In this sense, future longitudinal studies may benefit from
the use of the proposed operational algorithm of low rela-
tive muscle power to obtain standardized results across
studies and further evidence on the impact of low relative
muscle power in various outcomes. In addition, the rela-
tionship between muscle power and age was assessed in-
cluding participants younger than 60 years old only from
the Danish cohort, given that the other cohorts did not in-
clude participants younger than 60 years. Mobility limita-
tions were assessed through different physical tests in the
original cohort studies. Finally, physical activity levels were
not investigated in the current study. Additional studies
considering this aspect may provide further insights on
the importance of an active lifestyle in the maintenance
of muscle power during aging.

In conclusion, the present cross-sectional study found an-
nual percentage losses in relative muscle power to increase
progressively from the age of 30 years (~1%) to the oldest
age (~6–9%), in a population consisting of 9906 people
aged 20–103 years from several European cohorts/research
studies. Notably, the provided sex-specific cut-off points for
low relative muscle power were proved to discriminate sat-
isfactorily between older subjects with and without mobil-
ity limitations. In addition, the cut-off points reported for
the different components of relative muscle power can
help identify the specific domains that need to be im-
proved to revert low relative muscle power (i.e. specific
muscle power, muscle mass, and/or body mass). Finally,
normative data for relative muscle power and its determin-
ing variables can be used to categorize and monitor older
subjects with adequate starting levels of relative muscle
power during aging.
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