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Abstract

Background Maximum muscle power (Pmax) is a biomarker of physical performance in all ages. No longitudinal
studies have assessed the effects of aging on Pmax obtained from the torque-velocity (T-V) relationship, which should
be considered the ‘gold standard’. This study evaluated the longitudinal changes in the T-V relationship and Pmax of
the knee-extensor muscles in young, middle-aged, and older adults after 10 years of follow-up.
Methods Four hundred eighty-nine subjects (311 men and 178 women; aged 19–68 years) were tested at baseline and
after a 10-year follow-up. Anthropometric data, daily protein intake, physical activity level (PAL), and knee-extension
muscle function (isometric, isokinetic, and isotonic) were evaluated. A novel hybrid equation combining a linear and a
hyperbolic (Hill-type) region was used to obtain the T-V relationship and Pmax of the participants, who were grouped by
sex and age (young: 20–40 years; middle-aged: 40–60 years; and old: ≥60 years). Linear mixed-effect models were
used to assess effects of time, sex, and age on T-V parameters, Pmax, and body mass index (BMI). Additional analyses
were performed to adjust for changes in daily protein intake and PAL.
Results Pmax decreased in young men (�0.6% per year; P < 0.001), middle-aged men and women (�1.1% to �1.4%
per year; P < 0.001), and older men and women (�2.2% to �2.4% per year; P ≤ 0.053). These changes were mainly
related to decrements in torque at Pmax at early age and to decrements in both torque and velocity at Pmax at older age.
BMI increased among young and middle-aged adults (0.2% to 0.5% per year; P < 0.001), which led to greater declines
in relative Pmax in those groups. S/T0, that is, the linear slope of the T-V relationship relative to maximal torque, exhib-
ited a significant decline over time (�0.10%T0·rad·s

�1 per year; P < 0.001), which was significant among middle-aged
men and old men and women (all P < 0.05). Annual changes in PAL index were significantly associated to annual
changes in Pmax (P = 0.017), so the overall decline in Pmax was slightly attenuated in the adjusted model (�5.26 vs.
�5.05 W per year; both P < 0.001).
Conclusions Pmax decreased in young, middle-aged, and older adults after a 10-year follow-up. The early declines in
Pmax seemed to coincide with declines in force, whereas the progressive decline at later age was associated with
declines in both force and velocity. A progressively blunted ability to produce force, especially at moderate to high
movement velocities, should be considered a specific hallmark of aging.
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Introduction

Muscle power is defined as the rate at which mechanical
work is performed and is one of the main biomarkers of phys-
ical performance in humans during actions that can be deter-
mining for success in sport activities in the case of athletes1

or in activities of daily living in older individuals.2 In the latter
case, muscle power is negatively and independently associ-
ated with the risk of cognitive decline,3 mobility limitations
and disability,4,5 hospitalization,6 and mortality in older
adults.6,7 The clinical relevance of low muscle power seems
to exceed that shown by sarcopenia (i.e., low muscle mass
and strength).8,9 Previous studies have shown that the de-
cline in muscle power initiates after the age of 40 years in
both women and men, although between-sex differences
can be observed during certain stages of life,10,11 which
makes it necessary to investigate men and women separately.
Evidence from studies conducted in master athletes even
suggests that, despite their greater muscle power levels
throughout the lifespan when compared with their sedentary
counterparts, the age-related decline in power is inevitable.12

The amount of muscle power that an individual produces
varies as a function of movement velocity, showing lower
values under either relatively slow or fast contractions (i.e.,
heavy and light loading conditions, respectively) and higher
values (maximum muscle power (Pmax)) during moderate
contraction velocities (i.e., moderate loading conditions).13

Therefore, Pmax (i.e., apex of the power-velocity (P-V) curve)
can occur at different absolute and relative loading condi-
tions among study participants. Unfortunately, age-related
declines in muscle power are usually derived from studies
in which muscle power was assessed under a single loading
condition,10,11,14 so it is possible that differences in muscle
power among participants and over time are at least partially
due to the chosen loading conditions. A ‘gold standard’ ap-
proach to determine the effect of aging on Pmax would be
the assessment of the force-velocity (F-V) or torque-velocity
(T-V) relationship and recording of derived muscle power
values across contraction velocities. This method can also
help discern whether decrements in Pmax are related to
changes in force, velocity, or both.15 Results derived from a
cross-sectional study suggest that the force component is al-
ready relevant in mid-life, whereas the velocity component
becomes relevant at an older age.16 Importantly, these
changes are driven by different physiological mechanisms
(e.g., decrease in muscle size17 vs. slower single muscle fibre
phenotype18), having important implications for designing ef-
fective countermeasures. Nevertheless, no previous longitu-
dinal studies using the above-mentioned approach have been
found in the literature.19 The evidence about changes in mus-
cle power with aging is limited to either cross-sectional
studies,10,12 longitudinal studies that assessed upper-limb,
but not lower-limb, muscle power,11 or studies that did not
measure Pmax obtained from the F-V or T-V relationship.19

Therefore, the main goal of the present investigation was
to assess the longitudinal changes in the T-V and P-V relation-
ships, and in Pmax of the knee extensors in
community-dwelling young, middle-aged, and older men
and women. Our main hypotheses were that Pmax would de-
crease with aging in young, middle-aged, and older partici-
pants, whereas these decrements would be motivated mainly
by torque-related factors in young individuals and by both
torque- and velocity-related factors in middle-aged and older
participants.

Methods

Study design

This is a longitudinal study in which data were collected in the
framework of the first (2002–2004; baseline) and third
(2012–2015; follow-up) waves of the Flemish Policy Research
Center on Sport. The study sample was randomly selected
among community-dwelling people aged 18 to 80 years living
in the region of Flanders (Belgium), as previously described in
detail.20,21

Participants

A total of 1569 subjects (923 men and 646 women) were
tested at baseline, of which a total of 652 subjects (420 men
and 232 women) were tested again at follow-up. Exclusion
criteria, reasons for dropping out, and differences between
the drop-out and follow-up participants have been previously
reported.21,22 Briefly, subjects were excluded in the case of
cardiovascular disease or acute thrombosis, recent surgery,
neuromuscular disease, infection or fever, diabetes, and/or
pregnancy. In the current study, only those participants that
presented the full set of data from the anthropometric and
T-V assessments were included. Thus, a total 489 subjects
(178 women and 311 men; aged from 19 to 68 years at base-
line) participated in this longitudinal study (Table 1). Median
follow-up time and inter-quartile range was 9.6 [9.3–10.4]
years. All the subjects gave their written informed consent;
all the procedures were performed in accordance with the
Declaration of Helsinki, and the study was approved by the
Ethics Committee Research UZ/KU Leuven.

Outcomes

Anthropometrics
The participants were barefoot and with minimal clothing for
the anthropometric measurements. Height was measured to
the nearest 0.01 m using a stadiometer (Holtain, Crymych,
UK), and body mass was measured to the nearest 0.1 kg with
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a digital scale (Seca 841, Seca GmbH, Hamburg, Germany).
Body mass index (BMI) was calculated as the ratio between
body mass and height squared (kg·m�2).

Protein intake
Protein intake was assessed by asking the participants to reg-
ister all food and drinks consumed in a validated 3-day diet
record (two weekdays and one weekend day).23 The food di-
ary was sent to the participants prior to the test session in
the laboratory, so that they could fill it in beforehand. The
participants had to weigh the amount of food and drinks or
otherwise estimate the amounts by using standard house-
hold measures (e.g., spoon and cup). Then, daily protein in-
take relative to body mass (g·kg�1) was calculated using Becel
Nutrition software (Unilever CO., Rotterdam, the
Netherlands).

Physical activity
Physical activity and participation in sports was assessed by
the Flemish Physical Activity Computerized Questionnaire.24

Briefly, this questionnaire registers information on the
participants’ engagement in leisure activities and sports par-
ticipation, household and garden activities, transportation,
occupation, sleeping, and sedentary behaviour in a normal
week. From these data, energy expenditure due to sport ac-
tivities (EEsports) was estimated based on the Compendium
of Physical Activity as the average metabolic equivalents of
energy expenditure hours per week (MET·h·week�1).25 Phys-
ical activity level (PAL) was assessed as the ratio between
daily total energy expenditure and basal metabolic rate.24

Knee extension torque-velocity relationship and muscle
power
Unilateral knee extension muscle function of the right leg
(left leg in case of history of injury) was assessed using an
isokinetic dynamometer (Biodex System Pro 3, Biodex Medi-
cal Systems, USA). Torque and angular velocity signals were
sampled at 100 Hz and processed offline through a commer-
cial software package (Matlab R2015b; The MathWorks Inc.,
USA). Subjects were seated upright on the dynamometer
chair with the axis of the dynamometer corresponding to
the knee joint axis. The participants’ shoulder, waist, thigh,
and lower leg were secured with straps, and arms were kept
crossed over the chest during all the trials. After an adequate
familiarization and warm-up, several isometric, isotonic, and
isokinetic trials were carried out. Briefly, peak torque values
were recorded during maximal isometric contractions
(3–4 s) at knee joint angles of 30°, 60°, and 90° (full exten-
sion = 0°). Two trials were performed for each isometric con-
dition and the highest peak torque (Nm) registered among
the six trials was defined as the maximum isometric torque.
In addition, peak torque and corresponding angular velocity
values were recorded during maximal isotonic contractions
against loads corresponding to 40%, 20%, 0%, and 60% of
maximum isometric torque (three trials per each loading
condition), and during maximal isokinetic contractions per-
formed at 1.05 rad·s�1 (four trials) and 4.19 rad·s�1 (six trials)
(i.e., 60° and 240°·s�1, respectively). Torque (Nm) and
angular velocity (rad·s�1) at peak power registered against
each load/angular velocity was used for further analysis. All
the participants received the instruction to perform every
repetition as fast and strong as possible through the whole
range of movement (90° to full extension). Strong verbal

Table 1 Main characteristics of the study participants.

Age groups

Young (20.0–39.9 years) Middle-aged (40.0–59.9 years) Old (≥60.0 years)

Women, n 44 124 10
Age, years 33.2 ± 5.8 46.9 ± 5.2*a 62.9 ± 2.8ab

Height, m 1.65 ± 0.05* 1.65 ± 0.06* 1.61 ± 0.10*
Body mass, kg 61.4 ± 8.1* 63.9 ± 8.9* 59.5 ± 6.6*
BMI, kg/m2 22.4 ± 2.4* 23.3 ± 3.0* 22.9 ± 3.4*
Protein, g·kg�1 1.24 ± 0.35 1.29 ± 0.38 1.37 ± 0.32
PAL index 1.73 ± 0.25 1.71 ± 0.16* 1.59 ± 0.13
EEsports, MET·h·week�1 26.0 ± 37.4 24.7 ± 30.1 14.8 ± 14.3

Men, n 85 202 24
Age, years 33.1 ± 5.9 47.9 ± 4.9*a 63.9 ± 2.5ab

Height, m 1.78 ± 0.06* 1.77 ± 0.06* 1.73 ± 0.06*ab

Body mass, kg 76.2 ± 10.6* 79.8 ± 10.0*a 78.6 ± 8.3*
BMI, kg/m2 23.9 ± 2.8* 25.4 ± 2.7*a 26.2 ± 2.8*a

Protein, g·kg�1 1.25 ± 0.35 1.23 ± 0.32 1.31 ± 0.30
PAL index 1.80 ± 0.21 1.79 ± 0.22* 1.70 ± 0.20
EEsports, MET·h·week�1 22.2 ± 23.8 23.6 ± 23.7 20.3 ± 20.7

Note: Baseline differences were assessed using linear mixed-effect models with two fixed factors (sex and age group) and one random
factor (subject ID).
Abbreviations: BMI, body mass index. PAL, physical activity level. EEsports, energy expenditure in sports.
*Significant differences between men and women (P < 0.05).
aSignificant differences compared with young adults (P < 0.05).
bSignificant differences compared with middle-aged adults (P < 0.05).
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encouragement was provided during each trial, and adequate
resting periods (20–120 s) were allowed between trials and
loading conditions.

Torque-velocity equation In recent years, the linear F-V rela-
tionship has been suggested as a featured property of only
multi-joint muscle actions. However, the linear F-V relation-
ship is a characteristic also shared by single-joint muscle
actions.18,26 In both multi-joint and single-joint muscle ac-
tions, force decreases linearly as a function of velocity in a
specific limited region (from high to moderate forces),
whereas force decreases as velocity increases in a curvilinear
(convex) fashion in other region (from moderate to null
forces).27 Therefore, a hybrid equation28 (Equation 1) that
combines a linear and a curvilinear (Hill-type) region was
used in the current study. Briefly, this equation includes the
classical linear29 and hyperbolic30 equations, as well as an as-
sociated coefficient to each of the two [c1 (Equation 2) and c2
(Equation 3), respectively] that provides different albeit com-
plementary weights (c1 + c2 = 1) to each of them as a function
of relative intensity (i.e., in this case torque relative to maxi-
mum isometric torque).28

V ¼ c1
T � T0

S

� �
þ c2

T0 � Tð Þb
Tþ a

� �
(1)

c1 ¼ 1

1þ e k � T=T0ð ÞS (2)

c2 ¼ 1

1þ e T=T0 � kð ÞS (3)

where V is velocity (angular velocity in this case), c1 is the co-
efficient associated to the linear equation, c2 is the coefficient
associated to the hyperbolic equation, T is torque, T0 is esti-
mated maximum isometric torque, S is the slope of the linear
region, a and b are Hill-type constants, k is a constant that de-
termines the point of transition from the linear to the hyper-
bolic equation (i.e., when c1 and c2 are both 0.5), and s is a
constant that determines how smooth the model runs from
the linear to the hyperbolic region. Estimated maximal
unloaded velocity (V0) was calculated as the intercept of
the velocity axis, and S/T0 and a/T0 were calculated to de-
scribe the decrease in torque as a function of contraction ve-
locity in the linear (i.e., slope) and hyperbolic (i.e., curvature)
regions, respectively, of the T-V relationship. Power was cal-
culated as the product of torque and angular velocity; maxi-
mum muscle power (Pmax) was identified at the apex of the
P-V relationship, and optimal torque (Topt) and optimal veloc-
ity (Vopt) as those produced at Pmax. With the torque and an-
gular velocity values measured in the current experiments,
and k = 0.45 based on previous evidence,31 a commercial
software package (Solver VBA, Microsoft Excel, USA) was
used to calculate the rest of the constants of the T-V equation
(non-linear least squares method). To ensure an optimal
assessment of the T-V relationship, and based on basic

physiological principles, the following automatized instruc-
tions were implemented in the software for the selection of
suitable torque and angular velocity data (Figure 1): Maxi-
mum isometric torque values lower than any of the regis-
tered dynamic torque values were discarded; dynamic trials
showing a lower torque value for a corresponding angular ve-
locity compared with a faster contraction were discarded;
and dynamic trials showing a lower power for a correspond-
ing angular velocity compared with both a slower and a faster
contraction were discarded. In addition, those isometric or
dynamic trials that by visual inspection showed diminished
torque compared with the one that would be expected ac-
cording to the rest of the trials were discarded only if after
excluding those trials the difference between measured and
estimated values reached ≥10%. Participants that did not
have at least three suitable trials (at least one trial below
45% and two trials above 45% of T0) were excluded from
further analysis. The average number of T-V data points
included was 5.4 ± 1.1 (excluded: 1.6 ± 1.0), coefficient of
determination (R2) was 0.99 ± 0.02, and standard error of
the estimate (SEE) was 0.44 ± 0.32. A total of 50 participants
(baseline and follow-up; i.e., 100 T-V tests) were randomly se-
lected and assessed independently by two different evalua-
tors to assess the inter-rater reliability of this procedure. Re-
liability values (intraclass correlation coefficient (ICC2,1) for
absolute agreement [95% confidence interval]) for the main
outcomes derived from the T-V relationship were T0: 0.99
[0.98–0.99]; V0: 0.85 [0.77–0.90]; and Pmax: 0.99 [0.99–0.99].

Data analyses

Next to the analyses of absolute values, torque and power
outcomes were normalized to body mass (i.e., relative T0
and relative Pmax). Relative values have a greater functional
relevance compared with absolute values.2,32 Longitudinal
yearly changes (i.e., Δ·year�1) in daily protein intake, physical
activity behaviour, and outcomes derived from the T-V and
P-V relationships (both absolute and relative to body mass)
were calculated as the difference between follow-up and
baseline values divided by follow-up time in years; then, per-
centage changes (i.e., %Δ·year�1) were calculated relative to
baseline levels.

Statistical analyses

Data were presented as mean ± standard deviation or 95%
confidence interval unless otherwise stated. Cross-sectional
baseline or follow-up differences regarding anthropometry,
daily protein intake, physical activity behaviour, and out-
comes derived from T-V and P-V relationship between men
and women and between age groups were assessed using lin-
ear mixed-effect models with two fixed factors (sex and age

1022 J. Alcazar et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1019–1032
DOI: 10.1002/jcsm.13184



group) and one random factor (subject ID). Then, longitudinal
changes (i.e., absolute and relative change scores as depen-
dent variable) were assessed with linear mixed-effect models
with two fixed factors (sex and age group) and one random
factor (subject ID). Maximum likelihood estimation and the
best-fitting covariance structure were applied. Pairwise
comparisons were corrected by the Bonferroni method. For
reasons of clarity and readability, the results reported in the
text refer to longitudinal absolute changes and are reported
as overall changes over time (i.e., all participants merged),
main effect of sex (i.e., all age groups merged), main effect
of age (i.e., men and women merged), sex-by-age interaction
and subgroup comparisons (i.e., classified by sex and age).
Tables 2–4 also include longitudinal percentage changes
and subgroup comparisons. In addition, to assess the
influence of changes in protein intake and physical activity
behaviour on changes in the outcomes derived from the T-V
and P-V relationships, the above-mentioned analyses were
adjusted by changes in protein intake and physical activity be-
haviour. Finally, regression analyses (2nd order polynomials)
were used to represent the continuum of longitudinal per-
centage changes as a function of baseline age. All statistical
analyses were carried out with SPSS, version 24 (SPSS Inc.,
USA), and the level of significance was set at α = 0.05.

Results

Table 1 gives an overview of the main characteristics and sub-
group comparisons at baseline.

Longitudinal changes in lifestyle factors

Daily protein intake decreased significantly from baseline to
follow-up (mean [95% CI] = �0.01 [�0.016 to �0.004] g·kg�1

per year; P = 0.001), but no effects of sex (P = 0.998), age
group (P = 0.508), or sex-by-age interaction (P = 0.513) were
noted. However, post hoc within-subgroup analyses showed
significant changes only in middle-aged women (mean [95%
CI] = �0.01 [�0.018 to �0.003] g·kg�1 per year; P = 0.007)
and old men (mean [95% CI] = �0.02 [�0.035 to �0.003]
g·kg�1 per year; P = 0.017). There were no significant
differences between subgroups (all P > 0.05). No significant
changes were noted in PAL index (mean [95% CI] = �0.002
[�0.006 to 0.001] per year; P = 0.176) or EEsports (mean
[95% CI] = �0.25 [�0.65 to 0.16] MET·h·week�1 per year;
P = 0.234), and no main effects of sex (P = 0.911 and 0.331,
respectively), age group (P = 0.477 and 0.586, respectively),
or sex-by-age interaction (P = 0.384 and 0.673, respectively)

Figure 1 Analysis of the torque-velocity (A and C) and power velocity (B and D) relationships in two participants (subject 1: A and B; subject 2: C and
D). A hybrid equation28 was applied to measured data after excluding those data that fulfilled the following criteria: Maximum isometric torque values
lower than any of the registered dynamic torque values (in A); dynamic trials showing a lower torque value for a corresponding velocity compared with
a faster contraction (in A); and dynamic trials showing a lower power for a corresponding velocity compared with both a slower and a faster contrac-
tion (in B and D).
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Table 2 Changes in parameters obtained from the torque-velocity relationship.

Women Men

Young Middle-aged Old Young Middle-aged Old

T0 (Nm)
Pre 159.5 ± 27.9* 153.4 ± 27.7* 115.6 ± 23.7*ab 242.7 ± 47.8* 234.0 ± 47.3* 203.6 ± 41.2*ab

Post 154.6 ± 32.0* 138.3 ± 23.8* 103.8 ± 28.6*ab 234.1 ± 41.8* 219.3 ± 39.9* 178.8 ± 35.6*ab

Δ (year�1) �0.45 ± 3.12 �1.57 ± 2.27 �1.26 ± 1.79* �0.82 ± 3.88 �1.52 ± 3.75 �2.58 ± 2.60
Δ% (year�1) �0.28 ± 1.96 �1.02 ± 1.48*a �1.09 ± 1.55 �0.34 ± 1.60 �0.65 ± 1.60* �1.27 ± 1.28a

P-value 0.368 <0.001 0.256 0.022 <0.001 <0.001
V0 (rad·s�1)
Pre 11.6 ± 2.1* 10.6 ± 1.7* 10.2 ± 2.2 12.9 ± 2.8* 12.1 ± 2.9* 10.8 ± 2.0ab

Post 11.8 ± 3.6* 10.5 ± 1.9*a 9.4 ± 1.2a 13.3 ± 3.4* 11.1 ± 2.4*a 9.8 ± 1.7a

Δ (year�1) 0.03 ± 0.37 �0.01 ± 0.24* �0.10 ± 0.25 0.03 ± 0.37 �0.11 ± 0.33*a �0.10 ± 0.28
Δ% (year�1) 0.26 ± 3.19 �0.09 ± 2.26* �0.98 ± 2.45 0.23 ± 2.87 �0.91 ± 2.73*a �0.93 ± 2.59
P-value 0.609 0.740 0.365 0.388 <0.001 0.105

S/T0 (%T0·rad·s
�1)

Pre �11.5 ± 1.8 �12.5 ± 1.8*a �13.7 ± 2.8a �10.9 ± 1.9 �11.6 ± 2.1*a �12.5 ± 2.2a

Post �12.0 ± 2.2 �12.7 ± 2.4 �15.3 ± 2.9ab �11.4 ± 1.9 �12.8 ± 2.6a �14.0 ± 2.8ab

Δ (year�1) �0.05 ± 0.23 �0.03 ± 0.24* �0.19 ± 0.44 �0.05 ± 0.23 �0.13 ± 0.26* �0.16 ± 0.39
Δ% (year�1) �0.43 ± 2.00 �0.24 ± 1.92 �1.39 ± 3.21 �0.46 ± 2.11 �1.12 ± 2.24 �1.28 ± 3.12
P-value 0.240 0.200 0.028 0.052 <0.001 0.002

a/T0
Pre 2.45 ± 1.35 2.48 ± 1.10 1.94 ± 0.69 2.35 ± 1.45 2.43 ± 1.45 2.49 ± 1.30
Post 2.06 ± 1.10 2.46 ± 0.99 2.00 ± 1.15 2.04 ± 1.30 2.49 ± 1.28 2.32 ± 1.25
Δ (year�1) �0.04 ± 0.18 <0.01 ± 0.15 0.01 ± 0.07 �0.03 ± 0.17 0.01 ± 0.19 �0.02 ± 0.19
Δ% (year�1) �1.63 ± 7.35 <0.01 ± 6.05 0.52 ± 3.61 �1.28 ± 7.23 0.41 ± 7.82a �0.80 ± 7.63
P-value 0.115 0.944 0.904 0.110 0.659 0.583

Note: Linear mixed-effect models with two fixed factors (sex and age group) and one random factor (subject ID) were performed and
reported. The P-value in the table represents the time effect within each subgroup for absolute changes. Bold values indicate a significant
change over time (P < 0.05).
Abbreviations: T0, estimated maximum isometrid torque; V0, estimated maximum unloaded velocity; S/T0, linear slope of the
torque-velocity relationship; a/T0, curvature of the torque-velocity relationship.
*Significant differences between men and women (P < 0.05).
aSignificant differences compared with young adults (P < 0.05).
bSignificant differences compared with middle-aged adults (P < 0.05).

Table 3 Changes in maximum muscle power, optimal force, and optimal velocity.

Women Men

Young Middle-aged Old Young Middle-aged Old

Pmax (W)
Pre 358.4 ± 68.2* 319.4 ± 59.9* 228.8 ± 70.6*ab 591.1 ± 131.1* 536.4 ± 122.9*a 429.9 ± 96.7*ab

Post 338.5 ± 71.5* 286.1 ± 58.1* 178.4 ± 33.8*ab 557.8 ± 114.2* 464.5 ± 102.9*a 340.6 ± 78.4*ab

Δ (year�1) �2.02 ± 5.76 �3.48 ± 5.00* �5.50 ± 4.90 �3.54 ± 11.38 �7.56 ± 9.56*a �9.47 ± 8.62a

Δ% (year�1) �0.56 ± 1.61 �1.09 ± 1.57 �2.40 ± 2.14a �0.60 ± 1.93 �1.41 ± 1.78a �2.20 ± 2.01a

P-value 0.117 <0.001 0.053 <0.001 <0.001 <0.001
Topt (Nm)
Pre 69.8 ± 12.5* 67.2 ± 11.7* 49.2 ± 11.1*ab 102.3 ± 19.5* 98.9 ± 20.6* 87.8 ± 18.4*ab

Post 66.0 ± 15.7* 60.3 ± 10.7* 42.6 ± 11.3*ab 95.3 ± 20.0* 92.2 ± 18.9* 75.6 ± 14.7*ab

Δ (year�1) �0.38 ± 1.40 �0.72 ± 1.18 �0.71 ± 0.73 �0.68 ± 2.09 �0.70 ± 2.04 �1.28 ± 1.38
Δ% (year�1) �0.54 ± 2.01 �1.07 ± 1.76* �1.44 ± 1.48 �0.66 ± 2.04 �0.71 ± 2.06* �1.46 ± 1.57
P-value 0.157 <0.001 0.229 <0.001 <0.001 <0.001

Vopt (rad·s
�1)

Pre 5.20 ± 0.87* 4.79 ± 0.72* 4.63 ± 0.99 5.84 ± 1.27* 5.51 ± 1.13* 4.96 ± 0.89ab

Post 5.30 ± 1.41* 4.78 ± 0.81*a 4.29 ± 0.53a 5.99 ± 1.34* 5.12 ± 1.01*a 4.54 ± 0.79ab

Δ (year�1) 0.01 ± 0.15 <0.01 ± 0.10* �0.04 ± 0.11 0.01 ± 0.15 �0.04 ± 0.13*a �0.05 ± 0.12
Δ% (year�1) 0.19 ± 2.88 <0.01 ± 2.09* �0.86 ± 2.38 0.17 ± 2.57 �0.73 ± 2.36*a �1.01 ± 2.42
P-value 0.646 0.909 0.367 0.367 <0.001 0.082

Note: Linear mixed-effect models with two fixed factors (sex and age group) and one random factor (subject ID) were performed and
reported. The P-value in the table represents the time effect within each subgroup for absolute changes. Bold values indicate a significant
change over time (P < 0.05).
Abbreviations: Pmax, maximum muscle power; Topt, optimal torque; Vopt, optimal velocity.
*Significant differences between men and women (P < 0.05).
aSignificant differences compared with young adults (P < 0.05).
bSignificant differences compared with middle-aged adults (P < 0.05).
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were found. However, post hoc within-subgroup analyses
showed that PAL index diminished significantly in middle-
aged men (mean [95% CI] = �0.004 [�0.007 to �0.001] per
year; P = 0.004), whereas EEsports did in middle-aged women
(mean [95% CI] = �0.52 [�0.98 to �0.07] MET·h·week�1 per
year; P = 0.023). There were no significant differences be-
tween subgroups (all P> 0.05). In general, changes in protein
intake (all P ≥ 0.133), PAL index (P ≥ 0.100) or EEsports (all
P ≥ 0.372) did not contribute significantly to changes in the
T-V and P-V relationships over the follow-up, with a few ex-
ceptions that are reported below.

Longitudinal changes in the torque-velocity and
power-velocity relationships

Individual changes and regression lines observed in the main
T-V and P-V outcomes after the 10-year follow-up in men and
women as a function of age are shown in Figure 2.

Knee extension torque-velocity relationship
The results from each study subgroup and multiple compari-
sons regarding T0, V0, S/T0, and a/T0 are provided in Table 2.
T0 decreased significantly over time (mean [95% CI] = �1.37
[�1.85 to �0.88] Nm per year; P < 0.001). There was no
main effect of sex (P = 0.268), but there was a main effect
of age group (P = 0.027). Specifically, T0 decreased signifi-
cantly in middle-aged women, and in young, middle-aged,
and old men (all P < 0.05). Also, the T0 decrement was
significantly higher in middle-aged compared with young

participants (P = 0.036). No sex-by-age interaction was
observed (P = 0.541).

Changes in V0 over time did not reach statistical signifi-
cance (mean [95% CI] = �0.05 [�0.091 to 0.001] %T0 rad·s

�1

per year; P = 0.057), and no effect of sex was detected
(P = 0.452), whereas a significant main effect of age group
was observed (P = 0.022). V0 diminished significantly in
middle-aged men only (P < 0.001). Moreover, the
middle-aged group exhibited a significantly greater decrease
in V0 than the young group (P = 0.030). No sex-by-age inter-
action was observed (P = 0.258).

S/T0 exhibited a significant decline over time (mean [95%
CI] = �0.10 [�0.14 to �0.06] %T0·rad·s

�1 per year;
P < 0.001), but no significant main effects of sex
(P = 0.501) or age group (P = 0.080) were detected. The de-
cline in S/T0 was statistically significant among old women,
middle-aged men and old men (all P < 0.05). No sex-by-age
interaction was observed (P = 0.190).

No significant changes for a/T0 were found (mean [95%
CI] = �0.01 [�0.04 to 0.01] per year; P = 0.312) nor main ef-
fects of sex (P = 0.901) or age group (P = 0.872). No sex-by-
age interaction was observed (P = 0.872). Figure 3 shows
the changes observed in the T-V relationship for each subset
of participants.

Knee extension maximum muscle power
The results from each study subgroup and multiple compari-
sons regarding Pmax, Topt, and Vopt are provided in Table 3.
Pmax was found to decrease significantly over time (mean
[95% CI] = �5.26 [�6.52 to �4.00] W per year; P < 0.001),

Table 4 Changes in body mass index, relative T0 and relative Pmax.

Women Men

Young Middle-aged Old Young Middle-aged Old

BMI (kg·m�2)
Pre 22.4 ± 2.4* 23.3 ± 3.0* 23.1 ± 2.9* 23.9 ± 2.8* 25.4 ± 2.7*a 26.2 ± 2.8*a

Post 23.4 ± 2.9* 23.9 ± 3.4* 23.2 ± 3.5* 24.7 ± 3.0* 25.8 ± 3.1*a 25.9 ± 3.3*
Δ (year�1) 0.10 ± 0.19 0.06 ± 0.16 0.01 ± 0.18 0.08 ± 0.17 0.04 ± 0.15 �0.03 ± 0.13a

Δ% (year�1) 0.45 ± 0.85 0.26 ± 0.69 0.04 ± 0.78 0.33 ± 0.71 0.16 ± 0.59 �0.11 ± 0.50a

P-value <0.001 <0.001 0.878 <0.001 <0.001 0.396
Relative T0 (Nm·kg�1)
Pre 2.62 ± 0.48* 2.43 ± 0.44* 1.94 ± 0.37*ab 3.20 ± 0.58* 2.94 ± 0.53*a 2.60 ± 0.47*ab

Post 2.41 ± 0.47* 2.14 ± 0.39*a 1.74 ± 0.39*a 2.99 ± 0.56* 2.73 ± 0.45*a 2.32 ± 0.39*ab

Δ (year�1) �0.02 ± 0.05 �0.03 ± 0.04 �0.02 ± 0.02 �0.02 ± 0.05 �0.02 ± 0.05 �0.03 ± 0.04
Δ% (year�1) �0.76 ± 1.91 �1.23 ± 1.65* �1.03 ± 1.03 �0.63 ± 1.56 �0.68 ± 1.70* �1.15 ± 1.54
P-value 0.002 <0.001 0.135 <0.001 <0.001 0.001

Relative Pmax (W·kg�1)
Pre 5.84 ± 0.84* 5.04 ± 0.93*a 3.85 ± 1.24*ab 7.79 ± 1.54* 6.72 ± 1.24*a 5.49 ± 1.17*ab

Post 5.28 ± 1.04* 4.43 ± 0.92*a 3.03 ± 0.65*ab 7.11 ± 1.41* 5.77 ± 1.17*a 4.44 ± 1.03*ab

Δ (year�1) �0.06 ± 0.10 �0.06 ± 0.07* �0.09 ± 0.08 �0.07 ± 0.13 �0.10 ± 0.11* �0.11 ± 0.11
Δ% (year�1) �1.03 ± 1.71 �1.19 ± 1.39 �2.34 ± 2.08 �0.90 ± 1.67 �1.49 ± 1.64a �2.00 ± 2.00a

P-value <0.001 <0.001 0.009 <0.001 <0.001 <0.001

Note: Linear mixed-effect models with two fixed factors (sex and age group) and one random factor (subject ID) were performed and
reported. The P-value in the table represents the time effect within each subgroup for absolute changes. Bold values indicate a significant
change over time (P < 0.05).
Abbreviations: BMI, body mass index; T0, estimated maximum isometric torque; Pmax, maximum muscle power.
*Significant differences between men and women (P < 0.05).
aSignificant differences compared with young adults (P < 0.05).
bSignificant differences compared with middle-aged adults (P < 0.05).
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whereas significant main effects of sex (P = 0.013) and age
group (P = 0.004) were also noted. Pmax decreased signifi-
cantly in middle-aged women, and in young, middle-aged,
and old men (all P < 0.001). Also, Pmax declined more in
men compared with women (P = 0.013), and more in

middle-aged and old adults compared with young partici-
pants (P = 0.010 and 0.034, respectively). No sex-by-age inter-
action was observed (P = 0.385). Annual changes in PAL index
were significantly associated to annual changes in Pmax

(P = 0.017), so the overall decline in Pmax was slightly

Figure 2 Individual longitudinal annual percentage changes in the study outcomes as a function of baseline age in women and men. Longitudinal
changes were calculated as the difference between follow-up and baseline values divided by follow-up time in years, and then relative to baseline
levels. The dotted lines represent no change (i.e., zero) whereas the solid lines were calculated using regression analyses (2nd order polynomials)
to represent the continuum of longitudinal percentage changes as a function of baseline age. Δ, change in a respective outcome; T0, estimated max-
imum isometric torque; V0, estimated maximum unloaded contraction velocity; S/T0, slope of the linear part of the torque-velocity relationship; a/T0,
curvature of the hyperbolic part of the torque-velocity relationship; Pmax, maximum muscle power; Topt, optimal torque; Vopt, optimal velocity; BMI,
body mass index.
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attenuated in the adjusted model (mean [95% CI] = �5.05
[�6.39 to �3.72] W per year; P < 0.001), but it did not influ-
ence comparisons between sex or age groups (Table S1).

In addition, absolute Topt declined significantly over time
(mean [95% CI] = �0.74 [�1.00 to �0.49] Nm per year;
P < 0.001), but no main effects of sex (P = 0.273) or age
group (P = 0.416) were observed. Specifically, it decreased
significantly in middle-aged women, and in young, middle-
aged and old men (all P < 0.001). No sex-by-age interaction
was observed (P = 0.540). In terms of Topt relative to T0, there
was a significant decrement (from 43.0 ± 4.2 to 42.3 ± 4.2% of
T0; mean [95% CI] = �0.11 [�0.21 to �0.02] % of T0 per year,
P < 0.017) with no main effects of sex (P = 0.914) or age

group (P = 0.115). No sex-by-age interaction was observed
(P = 0.883).

Changes in absolute Vopt did not reach statistical signifi-
cance (mean [95% CI] = �0.02 [�0.036 to 0.001] rad·s�1

per year; P = 0.064), although there was a significant main ef-
fect of age group (P = 0.035), but not sex (P = 0.449). Vopt de-
creased significantly in middle-aged men only (P < 0.001).
Despite the higher Vopt decrements observed in
middle-aged compared with young adults, the difference
was not statistically significant (P = 0.059). No sex-by-age in-
teraction was observed (P = 0.265). Furthermore, Vopt as a
percentage of V0 increased significantly over time (from
45.5 ± 1.6 to 45.9 ± 1.8% of V0; mean [95% CI] = 0.04

Figure 3 Longitudinal changes observed after the 10-year follow-up in the torque-velocity relationship in young women and men, middle-aged women
and men, and older women and men. The dotted lines represent standard error of the estimate values, and the solid lines represent the hybrid equa-
tion used for modelling the torque-velocity relationship.
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[0.001 to 0.070] % of V0 per year; P = 0.043), although no sig-
nificant main effects of sex (P = 0.825) or age group
(P = 0.129) were reported. Figure 4 shows the changes
observed in the P-V relationship for each subset of partici-
pants. No sex-by-age interaction was observed (P = 0.522).

Longitudinal changes in body mass index and
muscle function measures relative to body mass

The results from each study subgroup and multiple compari-
sons regarding BMI, relative T0, and relative Pmax are pro-
vided in Table 4. There was a significant increase in BMI
(mean [95% CI] = 0.04 [0.02 to 0.07] kg·m�2 per year;

P < 0.001), and a significant main effect of age group
(P = 0.010), but not sex (P = 0.263). BMI increased signifi-
cantly in young and middle-aged women and men (all
P < 0.001). The young group experienced a significant
increase in BMI compared with a non-significant decline in
the old group (P = 0.016). Annual changes in protein intake
were significantly associated to annual changes in BMI
(P < 0.001), although with no apparent variation in the
overall increase in BMI in the adjusted model (mean [95%
CI] = 0.04 [0.01 to 0.06] kg·m�2 per year; P < 0.001) nor in
comparisons between sex or age groups (Table S2).

Both relative T0 and relative Pmax decreased significantly
(mean [95% CI] = �0.02 [�0.03 to �0.02] Nm·kg�1 per year,
and �0.08 [�0.10 to �0.07] W·kg�1 per year; both

Figure 4 Longitudinal changes observed after the 10-year follow-up in the power-velocity relationship in young women and men, middle-aged women
and men, and older women and men. The dotted lines represent standard error of the estimate values, and the solid lines represent the hybrid equa-
tion used for modelling the torque-velocity relationship that resulted in the power-velocity relationship.
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P< 0.001), but no effects of sex (P = 0.972 and 0.133, respec-
tively) or age group (P = 0.492 and 0.147, respectively) were
noted. Finally, the declines were statistically significant for
relative T0 in young and middle-aged women, and in young,
middle-aged, and old men; whereas regarding relative Pmax,
the declines were statistically significant for all the subgroups
(all P < 0.01). No sex-by-age interaction was observed
(P = 0.597). Annual changes in protein intake were signifi-
cantly associated to annual changes in relative Pmax

(P = 0.010), but the overall decline in relative Pmax remained
the same in the adjusted model (mean [95% CI] = �0.08
[�0.10 to �0.07] W·kg�1 per year; P < 0.001) and did not in-
fluence comparisons by sex or age groups (Table S2).

Discussion

The main findings of the present longitudinal investigation
were that after 10 years, Pmax decreased at different rates in
young (�0.6%·year�1) compared with middle-aged (�1.1%
to �1.4%·year�1) and older (�2.2% to �2.4%·year�1) adults.
These changes were in general accompanied by decreases in
Topt and Vopt. Due to concomitant changes in BMI, relative
Pmax was found to decline in young (�0.9% to�1.0%·year�1),
middle-aged (�1.2% to �1.5%·year�1), and older (�2.0% to
�2.3%·year�1) adults. Of note, an overall longitudinal decline
in protein intake was detected, whereas physical activity and
sports participation remained unchanged in the whole cohort
of participants. Changes in physical activity were associated to
changes in absolute Pmax, whereas changes in protein intake
were associated to changes in BMI and relative Pmax.

Early cross-sectional studies demonstrated that older peo-
ple show a downward shift in the F-V relationship (i.e., lower
force production at given movement velocities, lower maxi-
mal isometric force, and lower maximal unloaded contraction
velocity)33–35 when compared with their younger counter-
parts. Of note, muscle power is the product of force and ve-
locity, so changes in the F-V relationship impact muscle
power output severely. In addition, age-related percentage
decrements in the F-V relationship seem to be greater at
higher versus lower contraction velocities,6,36–39 and so
dynamic muscle function is more affected by aging than iso-
metric muscle function.37,40 By analysing changes in the slope
of the T-V relationship relative to maximum isometric torque
(i.e., S/T0), we were able to examine how torque decreases
when movement velocity increases. Our results show that
(i) torque decreased as a function of velocity more abruptly
in middle-aged and older adults compared with young adults
and (ii) significant longitudinal decreases were observed in
older women and in middle-aged and older men. Basically,
these results confirm that middle-aged and especially older
people exhibit a more compromised muscle function with ag-
ing as the required movement velocity increases. Another

study has also shown that older people exhibit a lower resis-
tance to fatigue compared with young people during fast
muscle actions,38 which would impair even more their ability
to conduct repeated fast dynamic actions. Therefore, as pre-
viously noted,41 the inclusion of explosive exercises within re-
sistance training programmes might be paramount for the
prevention and treatment of this hallmark of aging.

Regarding the potential mechanisms leading to these
changes, one strong candidate might be the loss of skeletal
muscle. Nevertheless, muscle force is less dependent on mus-
cle size as muscle contraction velocity increases,38,42 and no
significant longitudinal changes in whole-body skeletal
muscle mass assessed by bioelectrical impedance analysis
have been previously reported for the present cohort of
participants.22 Although skeletal muscle mass was
diminished by ~3% after the 10-year follow-up in the older
participants (i.e., ~0.3% per year), other factors should be con-
sidered to explain the observed 21–23% decrease in Pmax. For
example, lower overall single muscle fibre ATPase activity43 or
a fast-to-slow shift in the single muscle fibre phenotype44 with
aging would fit with the observed changes. In addition, an
age-related decrease in tendon stiffness and skeletal muscle
fascicle length would cause a decrease in torque at given ve-
locities, especially during fast contractions.45,46 Also, consider-
ing the time constraints inherent to fast contractions, a slower
ability to maximally evoke voluntary contractions, convey
action potentials through motor nerves and translate the elec-
trical signal into a mechanical signal (excitation-contraction
coupling) might explain a greater decline in high- versus low-
velocity actions. A possible disproportionate coactivation of
the antagonist muscles during fast contractions, or impaired
muscle gearing, may also account for the greater decrements
observed during fast versus slowmuscle actions. Among these
hypotheses, specific atrophy and loss of type II fibres,47 re-
duced shortening velocity within fibre types due to slowed
rates of myosin head detachment,48 muscle fascicles
operating in a faster region of the F-V relationship for a given
external velocity,49 reduced muscle fibre conduction
velocity,50 decreased tendon stiffness51 and muscle fascicle
length,52 and lower rate of EMG rise53 and decreased neural
drive during the early phase of the muscle contraction54 have
been found to be associated with aging in previous studies.
The assessment of the potential role of the other proposed
factors and the finding of molecular markers55,56 might be of
relevance for future studies.

Apart from the changes in absolute Pmax values, we noted
a significant decline in relative Pmax at all age and sex groups.
These declines in relative Pmax values apparently exceeded
the decline in absolute Pmax values in younger individuals,
whereas they were slightly lower in older adults. This results
from concomitant changes in BMI occurring during aging. Of
note, BMI was found to augment in the young and
middle-aged participants (0.3–0.5% and 0.2–0.3%·year�1, re-
spectively), whereas no significant changes were reported in
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our 60- to 70-year-old adults. This matches with a previous
cross-sectional study showing an increase in BMI up to the
age of 65 years in men and 75 years in women, after which
it starts to decline.10 Likewise, sex differences in changes in
BMI have been confirmed in a previous 10-year longitudinal
follow-up study,57 and the current data show that older
women and men in their 60s increased (0.04% year�1, not
significant) and decreased (�0.1% year�1, not significant) in
BMI, respectively. Important to note is that the potential loss
of BMI at advancing age cannot compensate the progres-
sively larger loss of muscle power as people age, which can
reach up to 4–9%·year�1 after the eighth decade of life.10,58

As low relative muscle power is more strongly associated
with several negative outcomes occurring at older age (e.g.,
mobility limitations, hospitalization, or mortality) than sarco-
penia, low handgrip strength, or absolute muscle power per
se,6,8,9,14,59–61 it should be evaluated and diagnosed in older
people according to a proposed operational algorithm and
cut-off points.62

The temporal sequence of the declines in the different pa-
rameters can be viewed in Figure 2, that is, by investigating
when the regression lines crossed the zero line and changes
became negative. Maximum isometric torque (i.e., T0) started
to decline after the age of 27 years in men and 28 years in
women, whereas Pmax declined after the age of 27 years in
men and 20 years in women. Although longitudinal changes
in power were greater than those found in maximum isomet-
ric torque, both started approximately in the same period in
life. In addition, torque produced at Pmax (i.e., Topt) started
to decline after the age of 20 years in men and 22 years in
women, whereas velocity at Pmax (i.e., Vopt) decreased after
the age of 39 years in men and 49 years in women. This
denotes that early decrements in Pmax are associated with
mechanisms directly related to torque production, whereas
in middle-aged and older adults, both torque- and velocity-
related mechanisms are associated with the age-related loss
of Pmax. A previous cross-sectional study also reported that
the main determinant of the lower maximum power
observed in older versus young women was a decreased op-
timal force, whereas optimal velocity was reduced to a lesser
extent.63 In any case, the great interindividual variability ob-
served in our study indicates that evaluation and individuali-
zation should be the preferred choice to establish a correct
diagnosis and treatment for each individual.

Finally, there are several considerations and limitations
that deserve to be mentioned to interpret adequately the
current findings. Firstly, the present study assessed knee ex-
tension muscle function, so the findings can only apply for
this muscle action. Secondly, in some subgroups, there were
changes in physical activity level, sports energy expenditure,
and protein intake over the 10-year follow-up period, which
can influence the changes in muscle function. Although we
have performed additional analyses to adjust for those
variables, we should be aware that these measurements only

address two specific points in the 10-year period (i.e., base-
line and follow-up) and might not represent what occurred
during follow-up period. In addition, there might be other
covariates that may have influenced our results, such as co-
morbidity. Although we registered some disease-related data
for the exclusion criteria and risk stratification for a maximal
graded exercise test within the overall study protocol, these
were not collected in sufficient detail to include
co-morbidity as a covariate in the study. Thirdly, the results
derived from older women are based on a relatively small
group of participants, which may explain the lack of
statistical significance in some outcomes. Finally, longitudinal
studies are limited by a potential survival bias, and thus, our
finding may underestimate the actual changes occurring
during aging in the whole set of participants evaluated at
baseline.

Conclusions

Maximum muscle power of the knee extensors declined
significantly after a period of 10 years in young men,
middle-aged women and men, and older women and men.
The early declines in muscle power seemed to coincide with
declines in force production, whereas the progressive decline
in muscle power was associated with declines in both force
and velocity production. The analysis of the torque-velocity
relationship also showed a progressively blunted ability
to produce force at moderate-to-high movement velocities
(i.e., maximum muscle power) as a specific hallmark of aging.
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