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Abstract 

Background: Our main goal was to evaluate the pattern and time course of changes in 

relative muscle power and its constituting components throughout the lifespan. 

Methods: A total of 1305 subjects (729 women and 576 men; aged 20-93 years) 

participating in the Copenhagen Sarcopenia Study took part. Body mass index (BMI), leg 

lean mass assessed by DXA, and leg extension muscle power (LEP) assessed by the 

Nottingham power rig were recorded. Relative muscle power (normalized to body mass) 

and specific muscle power (normalized to leg lean mass) were calculated. Segmented 

regression analyses were used to identify the onset and pattern of age-related changes in the 

recorded variables. 

Results: Relative muscle power began to decline above the age of 40 in both women and 

men, with women showing an attenuation of the decline above 75 years. Relative muscle 

power decreased with age due to i) the loss of absolute LEP after the fourth decade of life 

and ii) the increase in BMI up to the age of 75 years in women and 65 years in men. The 

decline in absolute LEP was caused by a decline in specific LEP up to the age of 75 in 

women and 65 in men, above which the loss in relative leg lean mass also contributed.  
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Conclusions: Relative power decreased i) above 40 years by the loss in absolute power 

(specific power only) and the increase in body mass, and ii) above  ̴ 70 years by the loss in 

absolute power (both specific power and leg lean mass). 

 

 

Keywords: leg extension power, sarcopenia, dynapenia, aging, body mass index, skeletal 

muscle. 
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1. Introduction 

Aging is associated with a reduction in the functional reserve of various physiologic 

systems, such as the neuromuscular system (1, 2), negatively affecting the ability of aged 

individuals to perform motor tasks (3). Among the different attributes of the neuromuscular 

system, muscle power is the strongest predictor of physical performance in older people (4-

6). Muscle power declines with age (7-17) leading to an augmented risk for falling (18), 

disability (3) and mortality (19). 

The detection of critical periods throughout the lifespan in which muscle power is 

severely reduced may be useful in identifying and targeting specific age groups who may 

require intervention to prevent functional loss and disability in late life. It is well-known 

that muscle power declines earlier in life and at a faster rate compared with other 

physiological measures such as muscle strength and muscle mass (9, 12, 13, 15-17, 20-22), 

but the specific time course of these changes remains poorly understood. In contrast with 

studies comparing average values from different age groups (8, 21, 23, 24), regression 

analysis and the detection of accelerated changes in the slope of the relationship between 

muscle power and age may provide relevant information about the onset of muscle power 

decline with age. The reduction in muscle power with age has been reported to be linear in 

several investigations (11, 12, 14, 16, 17, 20, 22), but studies including a considerably 

larger number a subjects (n > 1000) have demonstrated a curvilinear relationship, with 

muscle power declining at a progressively increasing rate with advancing age (10, 13). 

Evidence from distinct studies suggests that lower-limb muscle power increases from 

childhood to reach peak values at the age of 20-30 years (8, 25), after which it is nearly 

maintained in individuals up to 40 years old, and then declines linearly to the end of life 

(10). However, it has not been tested whether the slope of the relationship between muscle 
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power and age is subjected to change at different age intervals throughout the lifespan. This 

kind of analysis may provide novel evidence on the onset of muscle power decline, the 

existence of critical periods in life in which muscle power is lost at an accelerated rate, and 

differences between women and men. 

Finally, muscle power normalized to body mass (i.e. relative muscle power) has 

been reported to be more relevant for physical performance than muscle power per se (9, 

26, 27)  given that a subject’s own body mass is supported during major activities of daily 

living such as walking, chair-rising or stair-climbing. Remarkably, the age trajectories may 

differ among the different components accounting to relative muscle power (i.e. absolute 

muscle power, body mass, specific muscle power and muscle mass). Importantly, the 

mechanisms leading to relative muscle power loss may differ at different age intervals and 

between women and men. 

Therefore, the main goals of the present study were to evaluate the pattern and time 

course of changes in relative muscle power and its components (body mass, absolute 

muscle power, muscle mass and specific muscle power) throughout the lifespan in a large 

cohort of healthy women and men. 
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2. Methods 

2.1 Study cohort 

The Copenhagen Sarcopenia Study (28) is a population-based, cross-sectional study 

conducted between 2013 and 2016, whose participants were recruited from a random 

sample of 20,000 men and women (aged 20 to 101 years) included in the Copenhagen 

City Heart Study (29). Subjects were invited to participate according to the following 

exclusion criteria: pregnancy, acute medical illness, surgery within the last three months, 

ongoing medication known to affect body composition, and any history of compromised 

ambulation or prolonged immobilization. Finally, a total of 1305 Caucasian subjects (729 

women and 576 men; aged 20 to 93 years) accepted to participate in the present study 

(Table 1). All subjects gave their written informed consent. The study was performed in 

accordance with the Helsinki Declaration and approved by the Ethical Committee of 

Copenhagen (H-3-2013-124). 

2.2 Body composition  

A stadiometer and scale device was used to record the height and body mass of the 

participants without shoes while wearing light clothing. Height was assessed to the nearest 

0.1 cm and body mass to the nearest 0.1 kg. Body mass index (BMI) was obtained from the 

ratio between body mass and height squared (kg·m-2). Leg lean mass was assessed by dual 

energy X-ray absorptiometry (DXA) (iDXA, GE Lunar, Madison, USA) and analyzed 

using commercially available software (Encore software version 16.0) (Figure 1). Due to 

the variation in lean mass being highly influenced by body size, relative leg lean mass was 

obtained from calculating the ratio between leg lean mass and height squared (kg·m-²). 

2.3 Muscle power evaluation 
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Maximal voluntary leg extension power (LEP) was evaluated by means of the Nottingham 

power rig (Medical Engineering Unit, University of Nottingham Medical School, 

Nottingham, UK) (7). This device measures unilateral power production of the leg 

extensors with the participants seated in an upright position, arms folded across the chest, 

and knees flexed with one foot resting on the floor while the other foot is positioned on the 

dynamometer pedal connected to a flywheel. Seat position was determined so that the knee 

reached 15º of flexion (0º is full extension) at the end of the footplate movement (range of 

excursion 0.165 m) (7). The participants were familiarized to the test procedure in two 

warm-up trials and then instructed to push the pedal forward as strong and fast as possible. 

The final angular velocity of the flywheel was used to calculate the mean LEP during the 

push. The test was performed separately on each leg and measurements were repeated for 

each limb until maximal power output could not be increased further. At least five 

repetitions were performed with a 30-s resting period between successive attempts. Strong 

verbal encouragement and visual feedback were provided to all study participants to ensure 

a maximal volitional effort. The highest LEP value was selected for further analysis. 

A hierarchical model was created in order to present and discuss our results 

regarding relative muscle power and its components. Relative LEP (W·kg-1) is at the first 

hierarchical level, and is defined as mean LEP (W) normalized to body mass (kg). Thus, the 

two main components of relative muscle power are absolute LEP and body mass (second 

hierarchical level). In turn, the two main components of absolute LEP are specific LEP (i.e. 

ratio between absolute LEP and leg lean mass; W·kg-1) and leg lean mass (kg) (third 

hierarchical level). In addition, given that i) absolute LEP, body mass and leg lean mass are 

highly influenced by body height; and ii) there exist differences in height between younger 
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and older people, the relationships of allometric LEP (absolute LEP normalized to height2; 

W·m-2), body mass index and relative leg lean mass with age were also investigated.   

2.4 Statistical analysis 

Data are presented as mean ± standard deviation (SD) unless otherwise stated. Analyses 

were performed separately in women and men. One-way ANOVA was used to compare 

various age groups (20-29, 30-39, 40-49, 50-59, 60-64, 65-69, 70-74, 75-79, 80-84 and ≥85 

years) with a corresponding reference group for each variable (i.e. the age group showing 

the highest values for muscle power measures and relative leg lean mass, and the one 

showing the lowest values of BMI). Significant differences between women and men in 

age-matched groups were evaluated using unpaired t-tests applying a Bonferroni’s 

correction for multiple comparisons. The relationship between age and various outcome 

variables (i.e. relative LEP, absolute LEP, specific LEP, BMI and relative leg lean mass) 

was assessed by regression analyses. Due to absolute muscle power is influenced by body 

size, the same analyses were also conducted for absolute muscle power normalized to 

height squared (W·m-2; allometric LEP). In our initial analysis, linear, quadratic and cubic 

regression models were compared based on the coefficient of determination (R2) change in 

order to determine the most suitable regression model for each study variable. In all cases, 

curvilinear (i.e. quadratic or cubic) regression models were significantly superior to linear 

regression models. Subsequently, segmented (piecewise) regression analyses were 

performed to determine whether and at which age interval a change in the slope (i.e. rate of 

change) of the relationship between age and the given study variables occurred. Using an 

iterative approach several age points were evaluated (30, 35, 40, 45, 50, 55, 60, 65, 70, 75 

and 80 years) along with 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, respectively). The latter was carried out to 
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avoid that data far from a certain age point would contaminate the identification of a 

change in slope within a given age interval. After that, a single regression model was 

created for each study variable considering the age point at which a statistically significant 

change in slope was observed. Finally, R2 and standard error of the estimate values 

obtained from the segmented regression analysis were compared with those obtained from 

the respective quadratic and cubic regression models. Since both R2 and standard error of 

the estimate values were marginally superior for the segmented compared with the 

quadratic and cubic regression models, only the segmented regression models were 

reported in the present study. The slopes obtained from the regression analyses represent 

the annual rate of change for the given study variables examined. Regression slopes were 

also reported for each 5-year age interval relative to the average value at the beginning of 

the corresponding 5-year age interval. Differences in regression slopes between women and 

men were evaluated by comparison of 95% confidence intervals. Statistical analyses were 

performed using SPSS v20 (SPSS Inc., Chicago, Illinois), and the level of significance was 

set at α = 0.05 using two-tailed testing. 
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3. Results 

One-way ANOVA analysis (Table 2) showed a decline for all muscle power measures 

above the age of 50 years in comparison with the corresponding young reference groups in 

both men and women, with older individuals demonstrating decreased values of relative, 

absolute and specific muscle power (all p < 0.05). In addition, men showed higher levels of 

relative, absolute and specific muscle power compared to women at all age groups (all p < 

0.05), except for specific muscle power above the age of 80, where women exhibited 

similar values to men. Elevated BMI values were observed in women aged between 30 and 

85 years compared with their young reference group, while the same occurred for men 

between 50 and 75 years compared with their young reference group (all p < 0.05). 

Moreover, men showed higher BMI values than women between 20 and 65 years (all p < 

0.05), whereas men and women had similar BMI values from 65 years onwards. Women 

aged ≥80 years and men aged ≥70 years demonstrated lower values of relative leg lean 

mass than their respective sex-specific reference groups (all p < 0.05). Women and men 

differed in relative leg lean mass for all age groups, with men showing higher levels of 

relative leg lean mass compared to women (all p < 0.05). 

Changes in absolute muscle power with age 

Absolute LEP values were maintained in women between 20 and 45 years, after which it 

declined at a rate of 3.52±0.56 W per year (p < 0.001) (Figure 2A). In men, absolute LEP 

remained unchanged between 20 and 40 years (1.60±1.23 W per year; p > 0.05), after 

which a decline rate of 4.20±1.73 W per year was observed between 40 and 60 years (p = 

0.015), while declining at a faster rate of 6.34±1.11 W per year from 60 years toward oldest 

age (p < 0.001) (Figure 2A). Relative decline rate (percentage changes per year) in absolute 

LEP differed between women and men aged 40-45 years, being larger in men (‒1.1 ± 0.4 vs 
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0.0 ± 0.2 %·yr-1) (p < 0.05) (Table 3). The height-adjusted models confirmed the results 

found in the unadjusted analysis, but the decrements in allometric LEP were slightly 

attenuated compared with the unadjusted models and statistically significant differences 

between women and men were observed at all 5-year intervals between 20 and 45 years 

(Table 3).   

Changes in relative muscle power with age 

Among women, relative LEP was maintained from 20 to 40 years, after which a decline 

was observed at a rate of 0.05±0.01 W·kg-1 per year up to the age of 75 (p < 0.001) 

followed by a decline rate of 0.03±0.01 W·kg-1 per year from 75 years to oldest age (p = 

0.001) (Figure 2B). Among men, relative LEP remained unchanged between ages of 20 and 

40 years (0.01±0.01 W·kg-1 per year; p > 0.05), after which it began to decline towards 

oldest age at an annual rate of 0.06±0.01 W·kg-1 (p < 0.001) (Figure 2B). No differences in 

relative (percentage) decline rates were observed across age between women and men (p > 

0.05) (Table 3). 

Changes in specific muscle power with age 

Specific LEP was maintained in women between 20 and 45 years (regression slope not 

different from zero, p > 0.05), after which it began to decline at a rate of 0.42±0.08 W·kg-1 

per year to the age of 75 (p < 0.001), followed by a decline rate of 0.29±0.10 W·kg-1 per 

year from 75 years to oldest age (p = 0.005) (Figure 2C). Likewise, specific LEP remained 

unchanged in male participants between 20 and 40 years, followed by a rate of decline of  

0.35±0.16 W·kg-1 per year between 40 and 60 years (p = 0.024), which was elevated at 

0.47±0.10 W·kg-1 per year from 60 years to oldest age (p < 0.001) (Figure 2C). Relative 

changes (percentage per year) in specific LEP differed between women and men aged 40-
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45 years (p < 0.05), with men demonstrating a larger decline rate than women (‒0.9 ± 0.4 

vs −0.1 ± 0.2 %·yr-1) (Table 3). 

Changes in body mass index with age 

Women exhibited a steady increase in BMI between ages of 20 and 75 (0.08±0.01 kg·m-2 

per year; p < 0.001), above which BMI values decreased towards oldest age at a decline 

rate of 0.19±0.06 kg·m-2 per year (p = 0.001) (Figure 3A). Similarly, men demonstrated a 

continuous and constant increase in BMI between 20 and 65 years (0.09±0.01 kg·m-2 per 

year; p < 0.001), followed by a constant rate of decline from 65 years towards oldest age (‒

0.12±0.01 kg·m-2 per year; p = 0.002) (Figure 3A). Relative decline rates (percentage 

change per year) in BMI differed between men and women when compared between 65 and 

75 years (‒0.5 ± 0.1 vs 0.3 ± 0.0 %·yr-1, respectively) (Table 3). 

Changes in relative leg lean mass with age 

Relative leg lean mass was maintained in women between 20 and 75 years, while declining  

from 75 years towards oldest age at an annual rate of 0.04±0.01 kg·m-2 (p < 0.001) (Figure 

3B). In men, relative leg lean mass was maintained between 20 and 65 year and began to 

decline at the age of 65 at an annual rate of 0.04±0.01 kg·m-2 (p < 0.001) (Figure 3B). 

Differences in relative decline rates (percentage changes per year) between men and 

women were noted between 65 and 75 years (‒0.7 ± 0.1 vs 0.0 ± 0.0 %·yr-1, respectively) 

(Table 3). 
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4. Discussion 

The main findings of the present large Danish cohort study (n=1305) covering the adult 

age-span (20-93 years) were that lower absolute, relative (normalized to body mass), and 

specific (normalized to leg lean mass) muscle power levels can be detected from the age of 

50 years, while the onset of muscle power decline is manifested as soon as in the fourth 

decade of life in both women and men. As a novel observation, BMI increased and relative 

leg lean mass was maintained up to the age of 75 in women and 65 in men, above which 

both parameters declined towards the oldest age. In general, annual percentage change in 

all muscle power measures were found to increase with age. Notably, gender specific 

differences were found in the time course and pattern of changes observed in muscle power 

and body composition. 

Age-related changes in relative muscle power 

Relative muscle power has been reported to provide a better insight on the individual ability 

to perform various activities of daily living compared with absolute muscle power (9, 26, 

27). Our analyses showed that although significant differences in relative muscle power 

were not detected before the age of 50 in both women and men, a significant rate of decline 

in relative muscle power was observable at younger ages (40 years). We found that 

relative muscle power remained unchanged between 20 and 40 years while beginning to 

decline above the age of 40 in both women and men, with the decrement being attenuated 

in women above the age of 75 but not in men.  

As previously reported in the literature, men showed higher levels of relative 

muscle power at all age groups, although these differences tended to diminish at older ages. 

It has been previously reported that sex differences in relative muscle power decreased with 
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increasing age to be absent after the age of 80 (9, 14, 16). Specifically, a lower rate of loss  

in relative muscle power was noted in women (‒1.7% per year) compared to men (‒3.0% 

per year) for a relatively small group (n = 100) of older subjects aged 65-89 years (9). The 

present data showed that this attenuation in sex differences at increasing age was due to a 

reduction in the rate of loss of relative muscle power in women above 75 years (‒1.5% to ‒

1.8% per year), while men showed a steady decline from 40 years towards oldest age (‒

2.3% to ‒3.1% per year above 75 years). The reason(s) explaining these differential 

patterns of change between women and men remain unknown, but one possible cause might 

be a survival effect bias. Since a low level of muscle power is an independent predictor of 

all-cause mortality (19), women with a lower muscle power may have a reduced chance to 

survive into old age and hence to be included in the study. In addition, a minimum of about 

0.6 W·kg-1 of unilateral leg muscle power in the Nottingham power rig has been suggested 

to be necessary to allow for unassisted walking (30). In the present study, the lower 95% 

confidence limit for women above 75 years was found to be 0.5 W·kg-1, so it is likely that 

women below that threshold of relative muscle power were not recruited for the present 

study because of marked ambulatory limitations. 

Age-related changes in absolute muscle power and BMI  

In order to describe the mechanisms explaining the above-mentioned age-related changes in 

relative muscle power, we also analyzed the trajectories of BMI and absolute muscle power 

values over the entire age range of our study participants (20-93 years). Notably, a steady 

increase in BMI was observed in both women and men between 20-75 and 20-65 years, 

respectively. Body mass gain with aging seems to be attributed to an augmented fat mass 

without a concomitant increase in muscle mass (31-33), which in turn appeared to 

contribute to the age-related decrease in relative LEP in the present subjects. This 
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mechanism has also been proposed to account for the differences in physical performance 

observed between women and men (34), since women typically present increased levels of 

body fat resulting in a reduced capacity to produce muscle power per kilogram of body 

mass. Conversely, a steady decrease in BMI was found in women from the age of 75 and 

older, and in men from the age of 65 and older. This accelerated loss in BMI noted in men 

compared to women is in agreement with previous longitudinal observations. Hughes et al. 

(31) observed that men aged ~60 years did not gain additional body mass at 10-yr follow-

up, while women continued to gain body mass from 60 to 70 years (31). Moreover, Laddu 

et al. (35) noted a clear reduction in body mass among men aged 65 years and older. 

However, the present analysis revealed that the most important determinant for the 

age-related decline in relative muscle power was a loss in absolute muscle power. As 

reported previously by Metter et al. (10), we found that absolute muscle power began to 

decline at the age of 40 years among men, while new evidence was collected in women, for 

whom absolute muscle power began to decline from the age of 45 years. In addition, we 

tested whether additional changes in the rate of decline in lower extremity muscle power 

could be observed at more advanced ages. Interestingly, an increased rate of decline in 

absolute muscle power was noted among men aged 60 years and older, while in women 

there was a steady decline from 45 years towards oldest age. This differential behavior 

between women and men had a significant influence on the corresponding age-related 

changes observed in relative muscle power. Specifically, the reduction in BMI at older ages 

contributed to the attenuated decline rate in relative LEP observed for women above the age 

of 75, while a similar pattern failed to be observed in men, most likely because the 

accelerated decline in BMI above 65 years was compensated by an augmented decline in 

absolute muscle power above 60 years. 
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In the present analysis, absolute muscle power in women aged 80 years was 48% 

(52% in the height-adjusted model) of that observed in our young female reference group, 

while in men it was 48% (51% in the height-adjusted model) of that observed in the 

corresponding young male reference group. Similarly, other studies also using Nottingham 

power rig assessment reported that women aged 80 years showed 54% (10) and 42% (11) 

of absolute muscle power of 20-y women, and men aged 80 years showed 58% (10) and 

51% (11) of absolute muscle power of 20-y men.  

Age-related changes in muscle mass and specific muscle power 

The present study tested whether changes in absolute muscle power were due to changes in 

muscle mass, changes in specific muscle power or both. Our data revealed that relative leg 

lean mass (i.e. normalized to height2) was well preserved in women between 20 and 75 

years and in men between 20 and 65 years. In contrast, absolute muscle power 

demonstrated an onset of decline at 45 years of age in women and 40 years in men. 

Consequently, age-related changes in absolute muscle power prior to the age of 75 in 

women and 65 in men were mainly due to changes in specific muscle power, which began 

to decline in women above the age of 45, and above the age of 40 in men. By contrast, a 

decline in relative leg lean mass was noted above the age of 75 years among women, and 

above 65 years among men. Notably, the time course of the changes in relative leg lean 

mass coincided with the above-mentioned changes in BMI. Previous longitudinal reports 

have pointed out that the body mass loss observed at older ages is caused by a loss of 

muscle and fat mass (32) or a loss of muscle mass alone while fat mass is redistributed to 

the trunk (i.e. increasing visceral fat) (33). In the present study, the age-related loss in 

relative leg lean mass accounted for 21% of the loss in BMI in women and 33% in men, 

which suggests that body mass loss was caused by a decrease in both lean mass and fat 
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mass among the present subjects. On the other hand, an augmented loss of muscle mass in 

men compared with women during aging has been previously reported (13, 32, 33, 36). 

From reports by Lauretani et al. (13) on the effect of age on lower-leg muscle cross-

sectional area (assessed by computed tomography (CT)), an earlier and steeper absolute 

decline were observed in men compared to women. The earlier and accelerated loss of BMI 

and muscle mass in men compared to women has been associated with a reduction in 

physical activity levels among men (31). In support of this relationship, longitudinal 

observations have shown that although older men presented higher levels of physical 

activity compared with older women at baseline, a significant decrease in physical activity 

levels was observed at 10-yr follow-up in the male participants only (31). In addition, the 

prevalence of malnutrition may increase with age with a higher incidence in men compared 

to women (37), which could also contribute to the sex-related differences in BMI and lower 

extremity muscle mass observed in the present investigation.  

Based on the above discussion, the present age-related changes in absolute muscle 

power above the age of 75 in women and 65 in men were due to changes in both relative 

leg lean mass and specific muscle power. Notably, the rate of decline in specific muscle 

power was attenuated among women aged 75 years and older, which indicates that the 

preservation in relative leg lean mass has strong functional benefits for women above that 

age. By contrast, an augmented decline in specific muscle power was observed among men 

aged 60 years and older, that together with the onset of the decline in relative leg lean mass, 

explained the accelerated loss in absolute muscle power demonstrated by men above 60 

years in the present study.  

 Disparities exist in the literature regarding the main determinant(s) of the decline in 

muscle function observed during aging. Several longitudinal reports show a disassociation 
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between muscle mass and muscle strength as people get older (38, 39). On the other hand, 

changes in maximal muscle strength have recently been found to be mostly determined by 

changes in either muscle volume or physiological muscle cross-sectional area among older 

people in their 70s (40). Other longitudinal observations have shown that changes in 

muscle power with age can differ substantially between healthy and mobility-limited older 

subjects, with healthy older subjects experiencing preferential impairments in 

neuromuscular function while mobility-limited older subjects, who had decreased 

neuromuscular function at baseline, preferentially are affected by reductions in muscle size 

(15). Further, the age-related loss in muscle power has been observed to be disassociated 

from changes in muscle cross-sectional area above the age of 50 (24). In support of this 

observation, muscle cross-sectional area appears to be a stronger determinant of maximal 

isometric force compared with power-based dynamic muscle actions (41), and the reduction 

in specific muscle power with age has been reported to be 22% greater than the reduction in 

specific muscle strength (normalized to quadriceps muscle cross-sectional area assessed by 

magnetic resonance imaging (MRI)) (21). The explanation for these findings likely is that 

the loss of muscle power is determined by changes in force as well as by factors influencing 

contraction velocity. Maximal contraction velocity increases from childhood to the age of 

20-30 years, remains almost constant to the age of 40-50 years (11), and then decreases 

towards oldest age (14, 15, 20, 21, 23, 41, 42). The annual rate loss in maximal contraction 

velocity has been observed to be higher than that observed for muscle force (14, 42), and 

there are several reports showing that the velocity-component of muscle power is a more 

important factor for the age-related decline in muscle power compared with the force-

component of muscle power (14, 15, 20), although the mechanism leading to impaired 

muscle power might vary between subjects (26). Several factors, such as the preferential 
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atrophy of type II muscle fibers (23, 40) and reductions in neuromuscular excitation rate 

(i.e. rate at which muscle excitation augments) (15) might in particular contribute to the 

loss in maximal contraction velocity with aging, and therefore contribute to the amplified 

loss in specific muscle power compared with specific muscle force.  

On the other hand, the chronological phases described in the current study might be 

directly related with the loss of motor units observed in middle-aged and older individuals 

(43, 44). During a first stage, the denervated single muscle fibers present an excellent 

capacity of re-innervation facilitated by the surviving motor units (45), which can lead to a 

deterioration in function while muscle mass can be relatively well preserved. In contrast, a 

decreased capacity of re-innervation has been shown by people at older ages, leading to a 

concomitant loss of muscle function and mass (40, 46). 

Strengths and limitations 

Leg lean mass was evaluated by DXA, while both CT and MRI are deemed as two gold 

standards to evaluate human skeletal muscle mass in vivo. However, because of the high 

costs and the limited access to this equipment, the use of DXA often is the recommended 

option in clinical practice (47). As another limitation, the cross-sectional nature of the 

present study may have influenced our results by means of a refusal and/or survival effect 

bias (i.e. subjects showing a poor health or decreased muscle function being less likely to 

accept participation or survive into old age). However, identical limitations can be found 

using longitudinal study designs (48), whereas the present cross-sectional design allowed 

us to evaluate changes in muscle function across a very large age range (20-93 years) in a 

large sample (>1300 participants). In any case, a comparable pattern of decline in muscle 

power has been observed when contrasting cross-sectional and longitudinal data (10), and 

our results are in agreement with data reported using longitudinal study designs (15). 
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Finally, the age-related changes observed in the different components constituting relative 

muscle power might result from the combination of two main factors (49): aging per se, or 

disuse caused by an increasingly sedentary life-style. Immobilization studies in older 

people have found that there are decreases in quadriceps muscle volume, pennation angle, 

neuromuscular activation, and increased type II fiber atrophy and weakness even after a 

short-term immobilization period (50-53). According to previous evidence from the 

Copenhagen City Heart Study, the study participants might be deemed physically active 

people, although the percentages of sedentary and physically active people were higher and 

lower, respectively, in the older vs. young participants (8 vs. 13%, and 43 vs. 25%, 

respectively) (54). The latter facts should be considered when interpreting the results of the 

current study. Comparable patterns of decline (identical relative decline rates) in muscle 

power have been observed in master athletes and age-matched healthy sedentary 

individuals, despite master athletes exerted higher muscle power values (17).  

Finally, data obtained in the present study correspond to a population-based cohort 

of people aged between 20 and 93 years, which provide us with relevant information on the 

timing and specific pattern(s) of changes that occur in the general Danish population. As 

such, the present results can contribute to develop intervention strategies to target different 

temporal phases in the lifespan (e.g. before changes have occurred or during critical periods 

in which severe changes happen) in order to stimulate muscular and/or neural determinants 

of maximal muscle power capacity in specific age and/or sex groups. Nevertheless, it must 

be considered that the trajectories of the different measures evaluated in the present 

investigation may vary considerably among subjects, and contrary to the insidious and 

progressive loss of muscle function observed when the data are averaged, this process may 

combine various episodes of accelerated loss with episodes of maintenance or improvement 
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unable to restore previous levels (56). Different patterns may also be observed in people 

from other countries. In any case, our findings support the notion that a distinction between 

different domains responsible for muscle dysfunction during aging may have a positive 

impact on the way middle-aged and older patients are treated (57). 

 

5. Conclusions 

Relative muscle power was observed to decline above 40 years in both women and men. 

During the first decades of decline, the loss of relative muscle power was partially due to an 

increase in body mass, but overall resulting from a decline in specific muscle power, while 

no apparent changes in relative leg lean mass occurred. After the age of 75, women 

experienced a steady decline in body mass and relative leg lean mass, accompanied by an 

attenuated loss in specific muscle power. This led to an attenuated rate of decline in relative 

muscle power among women aged 75 years and older. By contrast, men experienced a 

decline in relative leg lean mass above the age of 65 years, which together with decreased 

specific muscle power led to an augmented loss in absolute muscle power. The time course 

and pattern of age-related change in relative muscle power and its constituting components 

differed between women and men, and also between different age intervals. This 

information is of high relevance for the design of effective intervention paradigms and their 

adjustment to the specific sex and age of various target populations. 
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Table 1. Main anthropometric characteristics of the participants. 

Age (n) Body mass (kg) Height (m) 

Women        

20-29 y (98) 62.9 ± 8.0 1.68 ± 0.07 

30-39 y (74) 66.2 ± 11.3 1.69 ± 0.07 

40-49 y (96) 68.7 ± 11.3 1.68 ± 0.05 

50-59 y (109) 70.8 ± 13.2 1.68 ± 0.07 

60-64 y (56) 69.0 ± 10.6 1.66 ± 0.06 

65-69 y (74) 70.9 ± 12.4 1.64 ± 0.07 

70-74 y (72) 68.5 ± 12.0 1.64 ± 0.06 

75-79 y (79) 68.4 ± 11.9 1.63 ± 0.06 

80-84 y (35) 64.8 ± 12.3 1.61 ± 0.05 

≥ 85 y (36) 60.1 ± 9.3 1.59 ± 0.08 

Men        

20-29 y (59) 82.1 ± 10.9 1.85 ± 0.07 

30-39 y (51) 84.0 ± 14.0 1.81 ± 0.05 

40-49 y (83) 82.9 ± 10.3 1.83 ± 0.06 

50-59 y (96) 85.6 ± 13.1 1.80 ± 0.07 

60-64 y (56) 87.8 ± 12.1 1.80 ± 0.07 

65-69 y (62) 88.8 ± 17.3 1.79 ± 0.06 

70-74 y (55) 84.4 ± 13.0 1.77 ± 0.06 

75-79 y (72) 80.5 ± 14.5 1.76 ± 0.07 

80-84 y (26) 78.1 ± 9.9 1.75 ± 0.06 
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≥ 85 y (16) 73.9 ± 11.3 1.73 ± 0.09 
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Table 2. Muscle power and body composition measures for women and men by different age groups (displayed as mean ± standard 

deviation). 

Age Absolute LEP 

(W) 

Allometric LEP 

(W·m-2) 

Relative LEP 

(W·kg-1) 

Specific LEP 

(W·kg-1) 

BMI 

(kg·m-2) 

Relative leg LM 

(kg·m-2) 

Women                   

20-29 y 228.7 ± 49.2  81.3 ± 17.1 3.55 ± 0.88 32.4 ± 6.3 22.3 ± 2.6  2.51 ± 0.29 

30-39 y 234.5 ± 67.7  82.4 ± 22.2 3.55 ± 0.89 32.1 ± 7.1 23.3 ± 3.6 * 2.56 ± 0.32 

40-49 y 232.7 ± 59.3  81.9 ± 20.1 3.44 ± 0.89 31.7 ± 7.1 24.3 ± 4.1 * 2.60 ± 0.31 

50-59 y 200.1 ± 55.9 * 70.8 ± 18.9 * 2.84 ± 0.82 * 27.5 ± 6.4 * 25.2 ± 4.8 * 2.58 ± 0.36 

60-64 y 180.6 ± 49.7 * 65.8 ± 17.5 * 2.65 ± 0.70 * 25.9 ± 6.5 * 25.2 ± 4.1 * 2.55 ± 0.28 

65-69 y 153.5 ± 50.0 * 56.5 ± 17.2 * 2.20 ± 0.68 * 22.6 ± 6.2 * 26.3 ± 4.8 * 2.51 ± 0.30 

70-74 y 141.0 ± 41.4 * 52.5 ± 14.9 * 2.08 ± 0.61 * 21.3 ± 6.0 * 25.6 ± 4.7 * 2.48 ± 0.36 

75-79 y 118.6 ± 43.8 * 44.8 ± 16.5 * 1.75 ± 0.63 * 18.3 ± 6.4 * 25.8 ± 4.4 * 2.45 ± 0.32 

80-84 y 105.1 ± 37.5 * 40.5 ± 14.0 * 1.65 ± 0.58 * 17.0 ± 5.5 * 24.9 ± 4.3 * 2.38 ± 0.30 * 

≥ 85 y 90.9 ± 35.0 * 36.0 ± 13.5 * 1.52 ± 0.55 * 15.9 ± 4.8 * 23.8 ± 3.2 2.29 ± 0.31 * 

ANOVA p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
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Men                   

20-29 y 375.2 ± 78.4 109.2 ± 25.6 4.61 ± 0.93 35.9 ± 6.7 24.1 ± 2.7 3.12 ± 0.33 

30-39 y 391.4 ± 78.8 119.7 ± 25.1 4.75 ± 0.83 37.6 ± 6.8 25.6 ± 4.0  3.21 ± 0.40 

40-49 y 385.0 ± 95.9 115.0 ± 25.8 4.62 ± 0.93 37.3 ± 7.1 24.9 ± 2.9  3.08 ± 0.31 

50-59 y 322.7 ± 83.4 * 100.4 ± 26.1 * 3.81 ± 0.97 * 32.0 ± 7.9 * 26.6 ± 4.0 * 3.15 ± 0.37 

60-64 y 318.0 ± 84.6 * 97.8 ± 24.1 * 3.63 ± 0.86 * 31.9 ± 7.0 * 27.1 ± 3.2 * 3.07 ± 0.33 

65-69 y 278.4 ± 75.6 * 86.8 ± 21.5 * 3.17 ± 0.75 * 28.1 ± 6.2 * 27.7 ± 4.7 * 3.09 ± 0.37 

70-74 y 235.6 ± 64.4 * 75.6 ± 20.8 * 2.84 ± 0.81 * 26.2 ± 6.4 * 26.9 ± 4.1 * 2.87 ± 0.35 * 

75-79 y 210.1 ± 74.6 * 67.6 ± 24.5 * 2.61 ± 0.91 * 23.8 ± 7.9 * 25.8 ± 4.3  2.81 ± 0.38 * 

80-84 y 178.4 ± 80.2 * 57.8 ± 25.4 * 2.30 ± 1.08 * 20.9 ± 9.3 * 25.4 ± 2.9 2.79 ± 0.34 * 

≥ 85 y 142.9 ± 52.3 * 47.6 ± 16.9 * 1.96 ± 0.69 * 17.6 ± 6.2 * 24.7 ± 3.3 2.71 ± 0.21 * 

ANOVA p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

LEP, leg extensor power; Allometric LEP, leg extensor power normalized to height2; Relative LEP, leg extensor power normalized to 

body mass; Specific LEP, leg extensor power normalized to leg lean mass. BMI, body mass index; Relative leg LM, leg lean mass 

normalized to height2; y, years. *Statistically significant differences compared to the sex-specific reference group (bold) (p < 0.05). 

 



35 
 

Table 3. Annual rate of change (% year-1) in muscle power and body composition parameters in women and men by different age 

groups (displayed as mean ± standard deviation). 

Age Absolute LEP Allometric LEP Relative LEP Specific LEP BMI Relative leg LM 

Women                   

20‒24 y 0.0 ± 0.2 0.0 ± 0.2 # 0.0 ± 0.3 ‒0.1 ± 0.2 0.4 ± 0.0 * 0.0 ± 0.0 

25‒29 y 0.0 ± 0.2 0.0 ± 0.2 # 0.0 ± 0.3 ‒0.1 ± 0.2 0.3 ± 0.0 * 0.0 ± 0.0 

30‒34 y 0.0 ± 0.2 0.0 ± 0.2 # 0.0 ± 0.3 ‒0.1 ± 0.2 0.3 ± 0.0 * 0.0 ± 0.0 

35‒39 y 0.0 ± 0.2 0.0 ± 0.2 # 0.0 ± 0.3 ‒0.1 ± 0.2 0.3 ± 0.0 * 0.0 ± 0.0 

40‒44 y 0.0 ± 0.2 # 0.0 ± 0.2 # ‒1.4 ± 0.3 * ‒0.1 ± 0.2 # 0.3 ± 0.0 * 0.0 ± 0.0 

45‒49 y ‒1.5 ± 0.2 * ‒1.4 ± 0.2 * ‒1.5 ± 0.3 * ‒1.3 ± 0.2 * 0.3 ± 0.0 * 0.0 ± 0.0 

50‒54 y ‒1.6 ± 0.3 * ‒1.5 ± 0.3 * ‒1.6 ± 0.4 * ‒1.4 ± 0.3 * 0.3 ± 0.0 * 0.0 ± 0.0 

55‒59 y ‒1.8 ± 0.3 * ‒1.6 ± 0.3 * ‒1.7 ± 0.4 * ‒1.5 ± 0.3 * 0.3 ± 0.0 * 0.0 ± 0.0 

60‒64 y ‒1.9 ± 0.3 * ‒1.7 ± 0.3 * ‒1.9 ± 0.4 * ‒1.6 ± 0.3 * 0.3 ± 0.0 * 0.0 ± 0.0 

65‒69 y ‒2.1 ± 0.3 * ‒1.9 ± 0.3 * ‒2.1 ± 0.5 * ‒1.8 ± 0.3 * 0.3 ± 0.0 *# 0.0 ± 0.0 # 

70‒74 y ‒2.4 ± 0.4 * ‒2.1 ± 0.4 * ‒2.3 ± 0.5 * ‒2.0 ± 0.4 * 0.3 ± 0.0 *# 0.0 ± 0.0 # 

75‒79 y ‒2.7 ± 0.4 * ‒2.3 ± 0.4 * ‒1.5 ± 0.6 * ‒1.5 ± 0.5 * ‒0.7 ± 0.2 * ‒0.7 ± 0.2 * 

80‒84 y ‒3.1 ± 0.5 * ‒2.6 ± 0.5 * ‒1.7 ± 0.6 * ‒1.6 ± 0.6 * ‒0.8 ± 0.2 * ‒0.7 ± 0.2 * 
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≥85 y ‒3.7 ± 0.6 * ‒3.0 ± 0.5 * ‒1.8 ± 0.7 * ‒1.8 ± 0.6 * ‒0.8 ± 0.2 * ‒0.8 ± 0.2 * 

Men                   

20‒24 y 0.4 ± 0.3 0.7 ± 0.3 # 0.3 ± 0.3 0.5 ± 0.3 0.4 ± 0.1 * ‒0.1 ± 0.0 

25‒29 y 0.4 ± 0.3 0.6 ± 0.3 # 0.3 ± 0.3 0.5 ± 0.3 0.4 ± 0.1 * ‒0.1 ± 0.0 

30‒34 y  0.4 ± 0.3 0.6 ± 0.3 # 0.3 ± 0.3 0.5 ± 0.3 0.4 ± 0.1 * ‒0.1 ± 0.0 

35‒39 y 0.4 ± 0.3 0.6 ± 0.3 # 0.3 ± 0.3 0.5 ± 0.3 0.4 ± 0.1 * ‒0.1 ± 0.0 

40‒44 y ‒1.1 ± 0.4 *# ‒0.9 ± 0.4 *# ‒1.3 ± 0.3 * ‒0.9 ± 0.4 *# 0.4 ± 0.1 * ‒0.1 ± 0.0 

45‒49 y ‒1.1 ± 0.5 * ‒1.0 ± 0.5 * ‒1.4 ± 0.3 * ‒1.0 ± 0.4 * 0.4 ± 0.1 * ‒0.1 ± 0.0 

50‒54 y ‒1.2 ± 0.5 * ‒1.0 ± 0.5 * ‒1.5 ± 0.3 * ‒1.0 ± 0.5 * 0.3 ± 0.1 * ‒0.1 ± 0.0 

55‒59 y ‒1.3 ± 0.5 * ‒1.1 ± 0.5 * ‒1.6 ± 0.4 * ‒1.1 ± 0.5 * 0.3 ± 0.0 * ‒0.1 ± 0.0 

60‒64 y ‒2.0 ± 0.4 * ‒1.9 ± 0.3 * ‒1.7 ± 0.4 * ‒1.5 ± 0.3 * 0.3 ± 0.0 * ‒0.1 ± 0.0 

65‒69 y ‒2.2 ± 0.4 * ‒2.1 ± 0.4 * ‒1.9 ± 0.4 *  ‒1.6 ± 0.3 * ‒0.4 ± 0.1 *# ‒0.7 ± 0.1 *# 

70‒74 y ‒2.5 ± 0.4 * ‒2.3 ± 0.4 * ‒2.1 ± 0.5 * ‒1.8 ± 0.4 * ‒0.5 ± 0.1 *# ‒0.7 ± 0.1 *# 

75‒79 y ‒2.9 ± 0.5 * ‒2.6 ± 0.5 * ‒2.3 ± 0.5 * ‒1.9 ± 0.4 * ‒0.5 ± 0.2 * ‒0.8 ± 0.1 * 

80‒84 y ‒3.4 ± 0.6 * ‒3.0 ± 0.5 * ‒2.7 ± 0.6 * ‒2.2 ± 0.5 * ‒0.5 ± 0.2 * ‒0.8 ± 0.1 * 

≥85 y ‒4.1 ± 0.7 * ‒3.6 ± 0.6 * ‒3.1 ± 0.7 * ‒2.4 ± 0.5 * ‒0.5 ± 0.2 * ‒0.8 ± 0.1 * 
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LEP, leg extensor power; Allometric LEP, leg extensor power normalized to height2; Relative LEP, leg extensor power normalized to 

body mass; Specific LEP, leg extensor power normalized to leg lean mass. BMI, body mass index; Relative leg LM, leg lean mass 

normalized to height2; y, years. *Significantly different compared with a slope equal to zero (p < 0.05). # Significant differences 

between women and men at the same age (p < 0.05). 
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Figure 1. Regional leg lean mass analysis conducted on DXA scans. The region of interest is 

surrounded by a thick white line in the image. Briefly, leg lean mass was regarded as the lean 

mass of the whole leg minus the corresponding regional pelvic area (represented by an inverted 

triangle in the image). 
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Figure 2. Trajectories of absolute (a), relative (normalized to body mass) (b) and specific 

(normalized to leg lean mass) (c) leg extension power values throughout the lifespan in women 

and men. Regression lines (continuous), 95% confidence intervals (dashed) and coefficient of 

determination (R2) values were obtained by piecewise regression analysis. LEP, leg extension 

power. 
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Figure 3. Trajectories of body mass index (a) and relative leg lean mass (b) values throughout 

the lifespan in women and men. Regression lines (continuous), 95% confidence intervals 

(dashed) and coefficient of determination (R2) values were obtained by piecewise regression 

analysis.  

 


