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Abstract

The maximal power generating capacity of a muscle declines with age and has a negative

impact on the performance of daily life activities. As muscle power is the product of force

and velocity, we recruited 20 young (10 men, 10 women: 20–31 years) and 20 older (10

men, 10 women: 65–86 years) people to investigate which of these components contributes

to the lower power and performance in old age. After determination of the maximal isometric

knee extension torque (MVC), they performed a countermovement jump (CMJ) in 1) the nor-

mal situation (normal), 2) with an extra load of 15% body weight (loaded) and 3) 15% lower

body weight (unloaded with a pulley system), and a timed up-and-go test (TUG) in the nor-

mal or loaded condition. The TUG and CMJ performance was lower in old than young partic-

ipants (p<0.001). Below a critical CMJ peak power of ~23.7 W�kg-1 TUG showed a

progressive decrease. The CMJ take-off velocity (Voff) in the normal condition was lower in

old than young participants (p<0.001). However, the Voff vs. body weight/MVC relationship

of the normal, loaded and unloaded data combined was similar in the old and young partici-

pants and fitted the Hill equation (R2 = 0.396). This indicates that 1) only when peak power

drops below a critical threshold TUG becomes impaired and 2) there was no evidence for

intrinsic slowing of the muscle contractile properties in older people, but rather the older peo-

ple were working on a slower part of the force-velocity relationship due to weaker muscles.

Introduction

Even healthy people older than 65 years show some decrement in the performance of the

timed up-and-go (TUG) and 6-minute walk test (6MWT) [1,2]. Although they may not have

problems with daily life activities, it has been shown that a lower score of mobility tests in

healthy older people was predictive for the development of future mobility limitations [3]. It is

therefore important to understand the underlying factors that lead to a poorer performance in

the TUG and other tests for the ability to perform daily life activities.
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Mobility involves skeletal muscle activity and the significance of muscle is reflected by the

association of self-reported physical disability with a low muscle mass [4]. It should be noted,

however, that muscle strength shows a proportionally larger decline than muscle mass during

ageing, as reflected by a lower specific tension in old than young individuals [5,6] and in

healthy older people there was no relationship between muscle mass and performance of the

TUG and 6MWT [1]. There may even be an age-related decrease in power generating capacity

without a concomitant significant decrease in muscle size [7]. Given that muscle strength [8]

and power are more important determinants than muscle mass for mobility limitations [9]

and the maximal rate of stair ascent [10] in the elderly, it is important to understand the factors

that contribute to lower peak power in old age.

The maximal power generating capacity of a muscle is determined by the maximal isomet-

ric force, the maximal shortening velocity and the curvature of the force-velocity relationship.

Although the age-related loss of muscle strength contributes to the loss of power generating

capacity, it has been reported that the maximum angular velocity of knee extension was a bet-

ter predictor of physical function than isometric strength [11]. Part of the loss of peak power

in old age may thus be attributable to a slowing of the contractile properties.

An age-related reduction in shortening velocity may well result from the preferential atro-

phy of faster type II fibres during ageing [12,13] and further contribute to the lower power

generating capacity of old muscle as type II fibres have a less curved force-velocity relationship

than type I fibres [14]. In line with these changes often seen during ageing, is the observation

that the velocity at which optimal power is produced during leg press is lower in old age [15].

In addition, it has been suggested that the higher take-off velocity (Voff) at a given body weight:

maximal knee extensor torque ratio (BW:MVC) in young than old indicated that the lower

peak power during a countermovement jump was due to slower contractile properties of the

older muscle [1]. While this suggests that the contractile properties of the muscle are slower in

old age, it is at least in theory possible that the lower Voff is just a consequence of the muscles

of the older people working at a slower part of the force-velocity relationship [16], rather than

an age-related slowing of the muscle contractile properties per se (illustrated in Fig 1A).

The aim of the present study is to assess whether part of the lower power generating capac-

ity in old age is indeed attributable to slower contractile properties. To investigate this, we

unloaded the muscles of older people and loaded the muscles of young people so both jump at

a similar body weight to force ratio. We hypothesise that older people will still have a lower

Voff than young people when the BW:MVC ratio is similar to that seen in young people. We

hypothesise that a) muscle power generating capacity is lower in the older vs. the younger par-

ticipants; b) that functional performance, as determined with the timed up-and-go (TUG test),

is positively correlated to peak muscle power and c) that the decrease in peak power and thus

performance is attributable to both slower contractile properties and loss of strength. We

choose the TUG test as an indicator of functional performance as this test is more dependent

on muscle power than e.g. the 6MWT that is primarily determined by percentage maximal

heart rate [2].

Methods

Participants

Healthy young participants (10 men, 10 women) were recruited from among the university

student population and healthy older participants (10 men, 10 women) were recruited from

the local community. Participant characteristics are presented in Table 1. The study was

approved by the local ethics committee of the Manchester Metropolitan University (ref: 9502)

and abided to the Declaration of Helsinki. Written informed consent was obtained from each
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Fig 1. A) Force-velocity relationship illustrating that a higher body weight as a proportion of the maximal isometric

force (P/Po) in an older (open symbol) than a young-adult person (closed symbol) results in a slower take-off velocity

during a countermovement jump, even when the muscle contractile properties are unaltered. Participant set up for the

B) unloaded condition, where a pulley system with counterweights was assembled. The other end of the rope was

attached to the top of the harness of the participant enabling a 15% body weight (BW)-assisted jump and C) loaded

condition, where 0.5-kg sandbags were added to a vest until 15% additional BW was acquired.

https://doi.org/10.1371/journal.pone.0253531.g001
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participant before participating in the study. The individual pictured in Fig 1 has given written

informed consent (as outlined in PLOS consent form) to publish her picture. Exclusion criteria

included pregnancy and/or breastfeeding, known neurological, cardiovascular or respiratory

disease, or musculoskeletal injuries in the last 6 months. All participants were recreationally

active.

Anthropometrics

Body weight (BW) was recorded on a digital scale (Seca, Switzerland) while the participants

wore loose fitting gym clothing. Height was measured with a portable stadiometer to the near-

est 0.1 cm (Seca, Switzerland). The body mass index (BMI) was calculated by dividing body

weight in kilograms by the square of their height in meters. Body fat percentage was recorded

using a handheld bioelectrical impedance monitor (model BF306, Omron healthcare LTD,

Japan).

Isometric maximal voluntary contraction torque

Knee extension torque of the right leg was measured as described previously [17]. Participants

were seated on a custom-build rigid chair with the knee and hip joints at 90˚ flexion (full

extension = 0˚), with the hips strapped to minimize extraneous movements. Before determina-

tion of the maximal voluntary contraction (MVC) torque, the participants performed a warm-

up consisting of 3-s intermittent incremental submaximal isometric contractions. During the

subsequent determination of MVC, participants received visual feedback of the torque devel-

oped and strong verbal encouragement to produce maximal efforts lasting 3 s. The participants

performed three MVCs with 60 s rest between contractions. The lever length was measured

from the condyle of the knee to the attachment of the force transducer and the strongest of the

three contractions was used to calculate the MVC torque.

Peak muscle power

Maximal-effort countermovement vertical jumps (CMJ) were performed on a force platform

(Leonardo Mechanograph GRFP STD, Novotec Medical, Pforzheim, Germany) to assess peak

leg extension muscle power, using Newtonian physics [18]. The sampling rate of the force sig-

nal was 500 Hz and the resolution 0.01 N. Prior to performing any CMJs, participants per-

formed a warm-up consisting of 10 squats, 10 lunges and 10 jumping jacks. Then they

Table 1. Participant characteristics.

YM OM YW OW

Age 28±3.6 72±5.9Y 27±4.5 69±3.4Y

Height (cm) 178±9 180±4 166±10M 160±6M

BW (kg) 82.7±10.8 84±8.7 61.5±5M 61.4±5.7M

BMI (kg�m-2) 25.9±2.8 25.9±3.3 22.5±1.9M 24.2±3.1M

Body Fat (%) 17±5.1 22.8±5.5Y 26.4±3.7M 32.2±5.7M,Y

MVC (N�m) 217±45 119±40Y 147±55M 71±24M,Y

Peak Power�BW-1 (W�kg-1) 49.3±8.6 29.2±5.4Y 38.1±6.5M 26.5±4.7Y,M

YM: Young men; OM: Older men; YW: Young women; OW: Older women; BW: Body weight; BMI: Body mass

index; MVC: Maximal voluntary isometric knee extension torque.
M: Different from men at p�0.008;
Y: Different from young at p�0.001. Each group n = 10; data are mean±SD.

https://doi.org/10.1371/journal.pone.0253531.t001

PLOS ONE Muscle power and ageing

PLOS ONE | https://doi.org/10.1371/journal.pone.0253531 June 18, 2021 4 / 16

https://doi.org/10.1371/journal.pone.0253531.t001
https://doi.org/10.1371/journal.pone.0253531


performed three CMJs with a 60-s rest interval between jumps. The CMJs were performed

under three conditions: normal body weight (BW) (normal); 15% additional BW (loaded) and

with 15% BW-support (unloaded) in a random order. After the set-up of each condition, par-

ticipants were shown how to perform the CMJ by the experimenter and performed 2–3 prac-

tice jumps in each condition. During the practice jumps they were instructed to not attempt

maximal effort, but to go through the motions and practice getting themselves off the ground

and land on two feet in the same position as the take-off position and immediately after hitting

the ground, bend the knees to minimise the risk of injury. Participants had 2–3 min rest

between conditions [19].

The normal condition comprised wearing gym clothes plus a harness (which was worn dur-

ing all three conditions over the clothes for standardisation). The total weight of the participant

in this condition was classified as “normal”. For the loaded condition, a weighted vest equiva-

lent to 15% of the BW was provided (Fig 1a). Weights of 0.5 kg (in the form of sandbags) were

added as necessary. For the unloaded condition, a pulley system was utilised to create a coun-

terweight system. One end of the rope was attached to the participant’s harness and the other

end had weights equivalent to 15% BW (Fig 1b). In each condition, the CMJ with the greatest

peak power was used for analysis. The peak power of the concentric phase, both in absolute

terms (Watts) and as a function of body weight (W�kg-1), and peak ground reaction force (kN)

were given by the software of the force platform. Jump velocity at take-off (Voff in m.s−1) were

determined by the following calculation:

Voff ¼ a
tf
2

ð1Þ

Where ‘a’ is the gravitational acceleration (9.81 m�s−2) and ‘tf’ the flight time of the jump.

The flight time was the time from take-off (no force recorded on the platform) until landing.

Timed up-and-go

The timed up-and-go (TUG) was performed as described previously [1] in the normal and

loaded condition. Participants were instructed to get up from a standard chair (44 cm high, no

arm rests) and walk as quickly as possible, without running, around a cone 3 m away and

return to the sitting position on the chair. Each participant performed the task three times per

condition, with the fastest of the three trials in each condition being recorded. Participants

rested for 30 s between trials.

Statistical analysis

Data were analysed using SPSS statistics V24 (IBM, Armonk, NY). If a Shapiro-Wilk test

showed that the data were not normally distributed they were log-transformed. A two-way

univariate ANOVA with as between factors age and sex was used to compare differences in

anthropometry, body fat percentage and MVC. Repeated-measures ANOVA was used to

examine the effects of the within- (load) and between-participant (age and sex) effects. A sig-

nificant age × load and sex × load interaction indicated that the effect of load differed between

old and young participants, or men and women, respectively. Three-way interactions were

excluded. To correct for multiple pairwise comparisons, a Bonferroni correction was applied.

Based on previously published data on power and MVC [1] we calculated that a sample size of

6 people was sufficient to detect with two-sided tests an expected age-related difference 50%

with a β of 80% and an α of 0.05. Ten people per group is therefore expected to provide suffi-

cient statistical power for the current study.
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A mixed effects linear model was used to determine the relationship between TUG and

peak power per BWadj in both young and old age groups, with subject included as the random

factor. The model was constructed in R ×64 4.0.3 [20], using the lme function in the nlme pack-

age [21]. This enabled calculation of the association, while also accounting for the lack of inde-

pendence between data points given the repeated measures nature of the data set. A first-order

autoregressive structure (corAR1) was therefore included in the model. The same approach

was used to determine the association between TUG and MVC per BWadj and Voff, as well as

between Voff and MVC per BWadj.

Data were expressed as mean±SD. Significant differences were considered as p<0.05.

Results

Participant characteristics

Participant characteristics are shown in Table 1. Men were taller, had a higher body weight

and BMI (p�0.008) and a lower body fat percentage (p<0.001) than women. The body fat per-

centage was higher in older than younger men and women (p = 0.001).

In Table 1 it can also be seen that the MVC was higher in men than women (p<0.001) and

lower in the old than young participants (p<0.001). The peak power per body weight was

lower in old than young men and women (p<0.001) and was higher in men than women, irre-

spective of age (p = 0.004; Table 1).

Countermovement jump and timed up-and-go

While men demonstrated higher peak power than women, and the power was lower in old

than young participants (p<0.001). There was no significant effect of load on the peak power

generated during a CMJ in men, but in women the power was lower in the unloaded than the

normal condition (p = 0.005; Table 2).

The peak ground reaction force (GRF) was higher in men than women (p<0.001). The

sex × age interaction (p = 0.026) was reflected by a smaller GRF in old than young men

(p<0.001) with no significant difference between old and young women. The GRF was lower

in the unloaded than the normal and loaded conditions (p<0.001) with no significant differ-

ence between the normal and loaded condition (Table 2).

Men jumped higher than women, and young participants jumped higher than old partici-

pants (p<0.001). Irrespective of age or sex, the jump height was highest in the unloaded and

lowest in the loaded conditions with the normal condition in between the two (p�0.008).

The Voff was lower in the old than the young participants (p<0.001) and higher in men

than women (p<0.001). The Voff was higher in the unloaded than the normal and loaded con-

dition, irrespective of age and sex (p<0.001), but there was no significant difference in the Voff

between the normal and loaded condition (Table 2).

There was no significant difference in TUG between men and women. Older participants

performed the TUG slower than young participants (p = 0.007). The age × load interaction

(p = 0.001) was reflected by a slowing of the TUG after loading in old (p = 0.004), but not in

young participants, where, though not significant, the TUG of YM was even slightly faster in

the loaded condition (Table 2).

Determinants of timed up-and-go performance

In Fig 2A, the TUG is plotted as a function of the peak power per BWadj, (the weight including

the harness and in the loaded condition it includes +15% body weight). To determine whether

sub-regions existed with the TUG and body weight adjusted power data, a multi-variate
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adaptive regressive spline (MARS) [22] was fit to these data using the ‘earth’ package [23] in R.

This approach automatically determines transition points, where the relationship between var-

iables changes, provided in the derived hinge function of the form Max[0,|c–x|]. The resulting

fit was described by:

5:00þ ð0:297 � Max½0; 23:71 � Power � BWadj
� 1Þ � ð0:026 � Max½0;Power � BWadj

� 1 � 23:71Þ;

with R2 = 0.51 indicating 23.7 W�kg−1 as the transition point in these data (Fig 2A). This sug-

gests that, in these data, if the power the muscles can generate decreases below the threshold of

23.7 W�kg-1 the TUG takes progressively longer.

As power is determined by force and velocity, we evaluated TUG as a function of MVC per

BWadj and Voff, to identify the relationship between each of these components of power (i.e.

force and velocity). The mixed effects model showed a significant effect of MVC per BWadj

(p = 0.019), but not age group (p = 0.440) for the prediction of TUG (Fig 2B). This was

repeated when Voff was used as a predictor (p = 0.0096), with no effect of age group (p = 0.479;

Fig 2C). Including both Voff and MVC per BWadj in the model to predict TUG did not

improve the model fit.

Determinants of peak muscle power

Power is the product of force and velocity. The mixed effect model showed there was a signifi-

cant effect of age group (p<0.001) on the association between CMJ GRF and peak jump

Table 2. Countermovement jump parameters at UNLOADED, NORMAL and LOADED conditions in YM: Young men; OM: Older men; YW: Young women; OW:

Older women.

YM OM YW OW

UNLOADED

Peak Power (W) 4232±589 2565±810Y 2293±667M 1326±327M,Y

GRF (kN) 1.79±0.26 1.50±0.14Y 1.19±0.13M 1.04±0.16M

Voff (m�s-1) 3.27±0.25 2.49±0.31Y 2.70±0.32M 1.82±0.23M,Y

Jump height (m) 0.49±0.18 0.28±0.09Y 0.36±0.08M 0.15±0.05M,Y

TUG (s) / / / /

NORMAL

Peak Power (W) 4085±670 2493±569 Y 2390±4631,M 1643±3231,M,Y

GRF (kN) 2.02±0.301 1.59±0.231,Y 1.34±0.211, M 1.19±0.181, M

Voff (m�s-1) 2.65±0.22 1.80±0.351,Y 2.19±0.21M 1.38±0.261,M,Y

Jump height (m) 0.36±0.07 0.19±0.071,Y 0.23±0.05M 0.12±0.021,M,Y

TUG (s) 4.43±0.62 4.92±1.17Y 4.80±0.70 5.29±0.56Y

LOADED

Peak Power (W) 4147±698 2552±732Y 2442±415M 1503±165M,Y

GRF (kN) 2.11±0.271 1.64±0.201,Y 1.36±0.151,M 1.24±0.171,M

Voff (m�s-1) 2.45±0.22 1.75±0.351,Y 2.03±0.19M 1.36±0.141,M,Y

Jump height (m) 0.30±0.06 0.15±0.061,2,Y 0.20±0.04M 0.09±0.021,2,M,Y

TUG (s) 4.20±0.73 5.27±1.162,Y 4.84±0.64 5.61±0.802,Y

GRF: Ground reaction force; TUG: Timed up-and-go; Voff: Take-off velocity;
1: Different from unloaded at p�0.033;
2: Different form normal at p�0.008;
M: Different from men at p<0.001;
Y: Different from young at p<0.001. Each group n = 10; data are mean±SD.

https://doi.org/10.1371/journal.pone.0253531.t002
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Fig 2. The Timed Up-and-Go (TUG) as a function of A) the peak power per adjusted body weight (BWadj, the

weight including the harness and with or without the extra 15% body weight). The transition point occurs at 23.7

W�kg-1 (indicated by the vertical line), suggesting that if the power the muscles can generate decreases below the

threshold of 23.7 W�kg-1 the TUG takes progressively longer; B) maximal isometric voluntary torque per body weight

(MVC�BWadj) (p = 0.019) and C) take off velocity (Voff) (p<0.01). �: Young normal;◻: Young loaded;●: Old normal;

■: Old loaded.

https://doi.org/10.1371/journal.pone.0253531.g002
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power. Fitting the model to the young age group showed a positive relationship between GRF

and peak jump power (p<0.001), while for the old age group this relationship was not signifi-

cant (p = 0.079) (Fig 3A).

When assessing CMJ peak power as a function of Voff (Fig 3B), the mixed effects model for

the complete data set indicated age group (p = 0.0001), but not Voff was a significant predictor

(p = 0.493).

According to the force-velocity relationship, the velocity of a muscle contraction is deter-

mined by the load on the muscle. Therefore, the lower Voff in old than young participants

could be attributable to their lower MVC (Table 1). Although in some cases there was an unex-

pected increase in Voff with loading, as predicted by the force-velocity relationship we observed

in the pooled data of all conditions a negative correlation between Voff and BWadj�MVC-1 (a

reflection of P/Po in the force-velocity relationship) (R2 = 0.596; p<0.001) in both young (R2 =

0.309; p<0.001) and old (R2 = 0.086; p = 0.023) participants. In the control condition, the rela-

tionship appears different in young and old. Specifically, the Voff at a given BWadj�MVC-1

appears lower in old than young participants (Fig 4A). To explore whether this is related to

slower contractile properties of young than old muscles, we loaded young people to make the

BWadj�MVC-1 similar to that seen in old people and unloaded old people to make their

BWadj�MVC-1 similar to that in young people. In Fig 4A it can be seen that the data points of

the young loaded people shifted somewhat in the direction of the old people, and those of the

unloaded old people overlapped those of the normal young people. In Fig 4B the data of the

unloaded young and loaded old people are presented, and it can be seen that the data points

form a continuum, with no clear gap between the data points from young and old people. A

mixed effect model indicated that there was indeed no significant effect of age (p = 0.142), but

there were effects of loading condition and BMadj�MVC-1 (both p<0.001). To fit the data with

least squares analyses to the Hill equation, we normalised BWadj�MVC-1 and found an R2 =

0.396 (Fig 4C).

Discussion

Our study confirmed that older people have a lower peak jumping power than younger people.

It appeared that only if the peak power was below a critical threshold (23.7 W�kg-1) the TUG

performance became progressively worse. The main observation of this study was that the

lower power generating capacity of older than young people was primarily due to a loss of

force generating capacity, rather than a slowing of the contractile properties of the muscle, as

reflected by the similar relationship between jump take off velocity (Voff) and body weight

(adjusted) to MVC ratio in young-adults and older participants (Fig 4C).

Age-related differences in TUG

It has been reported that loss of muscle function is a more important determinant of physical

functioning than muscle mass [9]. In fact, in healthy older people no significant correlation

between the performance of TUG and the 6-minute walking test (6MWT) with muscle mass

was found, while there was a significant correlation with peak muscle power [1]. In the latter

study, however, those correlations existed only in older, but not in young-adult participants,

which may indicate that only if the power generating capacity drops below a threshold TUG

and 6MWT performance are limited. Here we tested this by assessing the impact of loading—

reducing the peak power per body weight + load (BWadj)—on TUG. The overlap of the data

TUG vs. peak power per BWadj of the loaded young-adults with those of the normal and

unloaded older people indeed suggests that only if peak power per body mass drops below a

critical threshold (here 23.7 W�kg-1) TUG performance is impaired. This transition point is
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Fig 3. The peak power during a countermovement jump correlated with A) the peak ground reaction force (GRF) (correlation in young

p<0.001; old: NS) and B) and take-off velocity (Voff). �: Young;●: Old.

https://doi.org/10.1371/journal.pone.0253531.g003
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Fig 4. Take-off velocity (Voff) as a function of adjusted body weight divided by maximal voluntary isometric torque

(BWadj�MVC-1) in A) normal and loaded young (open symbols and dashed lines) and normal and unloaded old

(closed symbols and solid lines) participants and in B) added the unloaded young and loaded old data. Black lines and

open and closed symbols indicate the average for young and old, respectively. C) To fit the data with least squares

analyses to the Hill equation, we divided BWadj�MVC-1 by 2 and found an R2 = 0.396.

https://doi.org/10.1371/journal.pone.0253531.g004

PLOS ONE Muscle power and ageing

PLOS ONE | https://doi.org/10.1371/journal.pone.0253531 June 18, 2021 11 / 16

https://doi.org/10.1371/journal.pone.0253531.g004
https://doi.org/10.1371/journal.pone.0253531


somewhat sensitive on the type of analysis and needs to be confirmed in a larger study popula-

tion. Nevertheless. this cut-off in the CMJ may serve as an early indicator of developing of sar-

copenia and suggests that this easy test can help to identify people that may benefit from an

early intervention to prevent or delay the development of sarcopenia [8].

The lower TUG performance in the old is primarily attributable to a loss of power generat-

ing capacity, as we did not see a significant difference in body weight between the old and

young-adult participants. Such an age-related reduction in peak jumping power has been seen

before in men and women [1,7], and even in master athletes [24,25]. This lower power can be

the result of a lower maximal force generating capacity and/or slower contractile properties of

muscles from older rather than young-adult people [16].

Age-related differences in peak power

Similar to previous observations [1], the peak power for a given ground reaction force (GRF)

was higher in young-adult than old participants (Fig 3A). As power is the product of force and

velocity, the greater power for a given GRF in the young is attributable to their higher Voff (Fig

3B). At first glance, this suggests that both a lower force generating capacity and slower con-

tractile properties contribute to the lower power generating capacity in the old. However, the

GRF did not differ significantly between normal young-adult and old participants, even

though the MVC was almost 50% lower in the old, and as seen before correlates with body

mass [1] rather than the force generating capacity of the muscle. The lower Voff of the old, hav-

ing a similar body mass as the young-adults, may therefore be a consequence of the muscle

working at a higher proportion of the maximal force generating capacity and hence a slower

part of the force-velocity relationship during a CMJ [16]. However, as the Voff vs. BWadj/MVC

ratio did not show any overlap between younger and older people and the data points were on

two different and parallel regression lines [1], it was concluded that the lower peak jump

power in old individuals was at least partly attributable to a slowing of the muscle contractile

properties.

While the argument sounds rather convincing and corresponds with other studies showing

a reduced optimal velocity during leg press [15] and suggested mechanism of slowing of mus-

cle, such as slowing of type I fibres and a slow-to-fast shift in fibre type composition [26–28], it

remains to be seen to what extent the apparent slowing in old age is really attributable to

slower contractile properties. In fact, there are studies showing no slowing of muscle fibre con-

tractile properties [29], nor an age-related fast-slow transition in fibre type composition [30].

One way to test whether the contractile properties of the muscle are slower in old age is to

increase the load on the muscle during a CMJ in the young and decrease the load in older peo-

ple, so both act on a similar portion of the force-velocity relationship.

Such loading and unloading CMJ studies have been performed before in young adults

[19,31] and as expected it was found also here that unloading resulted in an increased jump

height. While in a previous study in young men unloading was accompanied with an increased

peak power [19], in our study there was no significant effect of load on power. The discrepancy

may be attributable to the knee extensor torque during an MVC, where it has been shown that

the magnitude of the differences in peak power between loading conditions decreases with

decreasing maximal knee extensor torque [19], where the torque of our participants was in the

lower, and even below the, range of their participants. Whatever the explanation of this dis-

crepancy, the increased [19] or maintained peak power during unloading must be accompa-

nied by an increase in Voff, as has indeed been seen by others [31] and in the current study.

This increase in Voff with unloading is explicable by the unloaded muscle working on a faster
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portion of the force-velocity relationship rather than a loading-induced change in muscle con-

tractile properties.

While in Fig 4A the Voff for a given BWadj�MVC-1 appears higher for young than old partic-

ipants, similar to that seen previously [1], loading of the young and unloading of the old led to

a significant overlap of the data points (Fig 4B). In Fig 4C we added the young loaded and old

unloaded data, creating a continuous graph without any non-overlapping clusters, similar to

the impact of unloading on Voff discussed in the previous paragraph. This suggests, in contrast

to the conclusion that older people have slower contractile properties [1], that the lower Voff in

a CMJ in older people is attributable to their weaker muscles working at a slower portion of

the force-velocity relationship, rather than slower contractile properties.

To explore this further we fitted the data to the Hill equation and found that it explained

40% of the variation in the data. It is noticeable that the deviation from the force-velocity rela-

tionship occurs particularly at the higher loads, where the Voff is higher than expected. This

was somewhat unexpected, as it has been seen that during higher loads the depth of the CMJ is

decreased [19] and consequently the acceleration upward is over a shorter distance [31] and

consequently one would expect a lower, rather than a higher, Voff. One possible explanation

for the higher than expected Voff at high loads is that throughout the movement the muscle

will work at a slower part of the force-velocity relationship and hence, all else staying the same,

this increases the time for acceleration. It is thus possible that the increased time for accelera-

tion more than offsets the lesser distance of acceleration.

Limitations

In theory, a higher tendon stiffness in old age could obscure slowing contractile properties of

muscles, but this is unlikely to be the case as it has been observed that tendon stiffness

decreases with age [32]. In addition, we did not consider the storage and use of elastic energy

in the CMJ. However, this appears to play a minor role in the jump performance and it is

rather potentiation of cross-bridges that enhances performance in a CMJ above that of a static

jump [33]. In addition, the difference in mass-specific peak jumping power between marmo-

sets and humans was explicable by differences in fibre type composition and the force-velocity

relationship of the fibres, suggesting that the CMJ gives a fair representation of muscle contrac-

tile properties [34]. While reduced balance in old age [32] and joint pain may limit muscle acti-

vation and jump performance, it is unlikely that this caused major issues in our population,

given the considerable overlap in loaded young and unloaded old data. Another issue, as

alluded to above, is the depth of a CMJ that not only affects the duration of acceleration, but

also the leverage of the muscles used for jumping that all may have an impact on jump perfor-

mance. A potential limitation of the study is therefore a lack of standardisation of the depth of

the countermovement. In addition, the YM, though not significant, performed the TUG better

in the loaded condition and in some participants the Voff was increased rather than decreased

with increased load. This may be attributable to problems with coordination during the jump,

or working just below the peak of the power-velocity curve during normal loading. Neverthe-

less, ~40% of the data was explicable by the force-velocity relationship. Although ideally the

force-velocity should be calculated for each individual separately, this was not possible with

just three datapoints with a narrow spread. However, the overlap of male and female and

young and old data suggest that the force-velocity relationship was not different between

groups. In addition, it was particularly the loaded condition of the young participants that

deviated from the Hill curve, a condition that had no bearing on the argument developed here

that normal young and old people work on different parts (slow and fast, respectively) of the

force-velocity curve.
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Conclusion

The lower peak jumping power, indicative of leg muscle power generating capacity, is lower in

old than young people and will have a negative impact on the functioning of daily life activities

when it drops below a critical threshold. The lower take-off velocity of a jump in the old than

the young was explicable by their lower muscle strength rather than slower contractile proper-

ties, forcing their muscles to work on a slower part of the force-velocity relationship. These

data indicate that muscle strengthening exercise or interventions are only effective to improve

daily life if power is below a critical threshold.

Acknowledgments

The authors appreciate the volunteers for their participation in the study.

Author Contributions

Conceptualization: Hans Degens, Julia Attias.

Data curation: Hans Degens, Julia Attias, Frederick Wilkins.

Formal analysis: Hans Degens, Julia Attias, Emma Hodson-Tole.

Funding acquisition: Hans Degens.

Investigation: Hans Degens, Julia Attias, Frederick Wilkins.

Methodology: Hans Degens, Julia Attias, Daniel Evans, Frederick Wilkins.

Project administration: Hans Degens.

Resources: Hans Degens.

Supervision: Hans Degens.

Validation: Emma Hodson-Tole.

Visualization: Hans Degens, Emma Hodson-Tole.

Writing – original draft: Hans Degens, Julia Attias.

Writing – review & editing: Hans Degens, Julia Attias, Daniel Evans, Frederick Wilkins,

Emma Hodson-Tole.

References
1. Maden-Wilkinson TM, McPhee JS, Jones DA, Degens H. Age-Related Loss of Muscle Mass, Strength,

and Power and Their Association With Mobility in Recreationally-Active Older Adults in the United King-

dom. J Aging Phys Act. 2015; 23(3):352–60. https://doi.org/10.1123/japa.2013-0219 PMID: 25007824

2. Montgomery G, McPhee J, Paasuke M, Sipila S, Maier AB, Hogrel JY, et al. Determinants of Perfor-

mance in the Timed Up-and-Go and Six-Minute Walk Tests in Young and Old Healthy Adults. J Clin

Med. 2020; 9(5). Epub 2020/05/28. https://doi.org/10.3390/jcm9051561 PMID: 32455757

3. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower-extremity function in persons

over the age of 70 years as a predictor of subsequent disability. The New England journal of medicine.

1995; 332(9):556–61. Epub 1995/03/02. https://doi.org/10.1056/NEJM199503023320902 PMID:

7838189

4. Baumgartner RN, Koehler KM, Gallagher D, Romero L, Heymsfield SB, Ross RR, et al. Epidemiology

of sarcopenia among the elderly in New Mexico. Am J Epidemiol. 1998; 147(8):755–63. Epub 1998/04/

29. https://doi.org/10.1093/oxfordjournals.aje.a009520 PMID: 9554417

5. McPhee JS, Cameron J, Maden-Wilkinson T, Piasecki M, Yap MH, Jones DA, et al. The Contributions

of Fiber Atrophy, Fiber Loss, In Situ Specific Force, and Voluntary Activation to Weakness in Sarcope-

nia. J Gerontol A Biol Sci Med Sci. 2018; 73(10):1287–94. Epub 2018/03/13. https://doi.org/10.1093/

gerona/gly040 PMID: 29529132

PLOS ONE Muscle power and ageing

PLOS ONE | https://doi.org/10.1371/journal.pone.0253531 June 18, 2021 14 / 16

https://doi.org/10.1123/japa.2013-0219
http://www.ncbi.nlm.nih.gov/pubmed/25007824
https://doi.org/10.3390/jcm9051561
http://www.ncbi.nlm.nih.gov/pubmed/32455757
https://doi.org/10.1056/NEJM199503023320902
http://www.ncbi.nlm.nih.gov/pubmed/7838189
https://doi.org/10.1093/oxfordjournals.aje.a009520
http://www.ncbi.nlm.nih.gov/pubmed/9554417
https://doi.org/10.1093/gerona/gly040
https://doi.org/10.1093/gerona/gly040
http://www.ncbi.nlm.nih.gov/pubmed/29529132
https://doi.org/10.1371/journal.pone.0253531


6. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz AV, et al. The loss of skeletal

muscle strength, mass, and quality in older adults: the health, aging and body composition study. J Ger-

ontol A Biol Sci Med Sci. 2006; 61(10):1059–64. Epub 2006/11/02. https://doi.org/10.1093/gerona/61.

10.1059 PMID: 17077199

7. Runge M, Rittweger J, Russo CR, Schiessl H, Felsenberg D. Is muscle power output a key factor in the

age-related decline in physical performance? A comparison of muscle cross section, chair-rising test

and jumping power. Clin Physiol Funct Imaging. 2004; 24(6):335–40. https://doi.org/10.1111/j.1475-

097X.2004.00567.x PMID: 15522042

8. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere O, Cederholm T, et al. Sarcopenia: revised Euro-

pean consensus on definition and diagnosis. Age Ageing. 2019; 48(1):16–31. Epub 2018/10/13. https://

doi.org/10.1093/ageing/afy169 PMID: 30312372

9. Reid KF, Fielding RA. Skeletal muscle power: a critical determinant of physical functioning in older

adults. Exercise and sport sciences reviews. 2012; 40(1):4–12. Epub 2011/10/22. https://doi.org/10.

1097/JES.0b013e31823b5f13 PMID: 22016147

10. Larsen AH, Sorensen H, Puggaard L, Aagaard P. Biomechanical determinants of maximal stair climbing

capacity in healthy elderly women. Scand J Med Sci Sports. 2009; 19(5):678–86. Epub 2008/08/13.

https://doi.org/10.1111/j.1600-0838.2008.00845.x PMID: 18694432

11. Arai T, Obuchi S, Shiba Y. A novel clinical evaluation method using maximum angular velocity during

knee extension to assess lower extremity muscle function of older adults. Arch Gerontol Geriatr. 2017;

73:143–7. Epub 2017/08/15. https://doi.org/10.1016/j.archger.2017.07.015 PMID: 28806627

12. Barnouin Y, McPhee JS, Butler-Browne G, Bosutti A, De Vito G, Jones DA, et al. Coupling between

skeletal muscle fiber size and capillarization is maintained during healthy aging. Journal of cachexia,

sarcopenia and muscle. 2017; 8(4):647–59. https://doi.org/10.1002/jcsm.12194 PMID: 28382740

13. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, van Loon LJ. Satellite cell content is specif-

ically reduced in type II skeletal muscle fibers in the elderly. Am J Physiol Endocrinol Metab. 2007; 292

(1):E151–7. https://doi.org/10.1152/ajpendo.00278.2006 PMID: 16926381

14. Gilliver SF, Degens H, Rittweger J, Sargeant AJ, Jones DA. Variation in the determinants of power of

chemically skinned human muscle fibres. Exp Physiol. 2009; 94(10):1070–8. https://doi.org/10.1113/

expphysiol.2009.048314 PMID: 19638363

15. Macaluso A, De Vito G. Comparison between young and older women in explosive power output and its

determinants during a single leg-press action after optimisation of load. European journal of applied

physiology. 2003; 90(5–6):458–63. Epub 2003/07/29. https://doi.org/10.1007/s00421-003-0866-7

PMID: 12883896

16. Degens H. Human Ageing–Impact on Muscle Force and Power. In: Zoladz JA, editor. Muscle and Exer-

cise Physiology: Elsevier Science & Technology; 2019. p. 427–36.

17. Degens H, Sanchez Horneros JM, Heijdra YF, Dekhuijzen PNR, Hopman MTE. Skeletal muscle con-

tractile properties are unchanged in COPD patients with a normal fat-free mass. Acta Physiol Scand.

2005; 184:235–42. https://doi.org/10.1111/j.1365-201X.2005.01447.x PMID: 15954991

18. Davies CT, Rennie R. Human power output. Nature. 1968; 217(5130):770–1. Epub 1968/02/24. https://

doi.org/10.1038/217770a0 PMID: 5641135

19. Vuk S, Gregov C, Markovic G. Relationship between knee extensor muscle strength and movement

performance: the effect of load and body size. Kinesiology. 2015; 47(1):27–32.

20. R-Core-Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation

for Satistical Computing; 2013.

21. Pinheiro J, Bates D, DebRoy S, Sarkar S, R-Development-Core-Team. nlme: Linear and Nonlinear

Mixed Effects Models. R package version 31–1082013.

22. Friedman JH. Multivariate Adaptive Regression Splines. Ann Statist 1991; 19(1):1–67.

23. Milborrow S. (Derived from mda:mars by T. Hastie and R. Tibshirani) Earth: Multivariate Adaptive

Regression Splines. R package2011.

24. Bagley L, McPhee JS, Ganse B, Muller K, Korhonen MT, Rittweger J, et al. Similar relative decline in

aerobic and anaerobic power with age in endurance and power master athletes of both sexes. Scand J

Med Sci Sports. 2019. Epub 2019/02/12. https://doi.org/10.1111/sms.13404 PMID: 30742335

25. Michaelis I, Kwiet A, Gast U, Boshof A, Antvorskov T, Jung T, et al. Decline of specific peak jumping

power with age in master runners. J Musculoskelet Neuronal Interact. 2008; 8(1):64–70. PMID:

18398267

26. Arampatzis A, Degens H, Baltzopoulos V, Rittweger J. Why do older sprinters reach the finish line

later? Exercise and sport sciences reviews. 2011; 39(1):18–22. Epub 2010/11/20. https://doi.org/10.

1097/JES.0b013e318201efe0 PMID: 21088606

PLOS ONE Muscle power and ageing

PLOS ONE | https://doi.org/10.1371/journal.pone.0253531 June 18, 2021 15 / 16

https://doi.org/10.1093/gerona/61.10.1059
https://doi.org/10.1093/gerona/61.10.1059
http://www.ncbi.nlm.nih.gov/pubmed/17077199
https://doi.org/10.1111/j.1475-097X.2004.00567.x
https://doi.org/10.1111/j.1475-097X.2004.00567.x
http://www.ncbi.nlm.nih.gov/pubmed/15522042
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1093/ageing/afy169
http://www.ncbi.nlm.nih.gov/pubmed/30312372
https://doi.org/10.1097/JES.0b013e31823b5f13
https://doi.org/10.1097/JES.0b013e31823b5f13
http://www.ncbi.nlm.nih.gov/pubmed/22016147
https://doi.org/10.1111/j.1600-0838.2008.00845.x
http://www.ncbi.nlm.nih.gov/pubmed/18694432
https://doi.org/10.1016/j.archger.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28806627
https://doi.org/10.1002/jcsm.12194
http://www.ncbi.nlm.nih.gov/pubmed/28382740
https://doi.org/10.1152/ajpendo.00278.2006
http://www.ncbi.nlm.nih.gov/pubmed/16926381
https://doi.org/10.1113/expphysiol.2009.048314
https://doi.org/10.1113/expphysiol.2009.048314
http://www.ncbi.nlm.nih.gov/pubmed/19638363
https://doi.org/10.1007/s00421-003-0866-7
http://www.ncbi.nlm.nih.gov/pubmed/12883896
https://doi.org/10.1111/j.1365-201X.2005.01447.x
http://www.ncbi.nlm.nih.gov/pubmed/15954991
https://doi.org/10.1038/217770a0
https://doi.org/10.1038/217770a0
http://www.ncbi.nlm.nih.gov/pubmed/5641135
https://doi.org/10.1111/sms.13404
http://www.ncbi.nlm.nih.gov/pubmed/30742335
http://www.ncbi.nlm.nih.gov/pubmed/18398267
https://doi.org/10.1097/JES.0b013e318201efe0
https://doi.org/10.1097/JES.0b013e318201efe0
http://www.ncbi.nlm.nih.gov/pubmed/21088606
https://doi.org/10.1371/journal.pone.0253531


27. D’Antona G, Pellegrino MA, Adami R, Rossi R, Carlizzi CN, Canepari M, et al. The effect of ageing and

immobilization on structure and function of human skeletal muscle fibres. J Physiol. 2003; 552(Pt

2):499–511. PMID: 14561832

28. Larsson L, Degens H, Li M, Salviati L, Lee YI, Thompson W, et al. Sarcopenia: Aging-Related Loss of

Muscle Mass and Function. Physiol Rev. 2019; 99(1):427–511. Epub 2018/11/15. https://doi.org/10.

1152/physrev.00061.2017 PMID: 30427277

29. Trappe S, Gallagher P, Harber M, Carrithers J, Fluckey J, Trappe T. Single muscle fibre contractile

properties in young and old men and women. J Physiol. 2003; 552(Pt 1):47–58. https://doi.org/10.1113/

jphysiol.2003.044966 PMID: 12837929

30. Andersen JL. Muscle fibre type adaptation in the elderly human muscle. Scand J Med Sci Sports. 2003;

13(1):40–7. https://doi.org/10.1034/j.1600-0838.2003.00299.x PMID: 12535316

31. Cavagna GA, Zamboni A, Faraggiana T, Margaria R. Jumping on the moon: power output at different

gravity values. Aerosp Med. 1972; 43(4):408–14. Epub 1972/04/01. PMID: 5045441

32. Onambele GL, Narici MV, Maganaris CN. Calf muscle-tendon properties and postural balance in old

age. J Appl Physiol. 2006; 100(6):2048–56. https://doi.org/10.1152/japplphysiol.01442.2005 PMID:

16455811

33. Bobbert MF, Gerritsen KG, Litjens MC, Van Soest AJ. Why is countermovement jump height greater

than squat jump height? Med Sci Sports Exerc. 1996; 28(11):1402–12. Epub 1996/11/01. https://doi.

org/10.1097/00005768-199611000-00009 PMID: 8933491

34. Plas RL, Degens H, Meijer JP, de Wit GM, Philippens IH, Bobbert MF, et al. Muscle contractile proper-

ties as an explanation of the higher mean power output in marmosets than humans during jumping. J

Exp Biol. 2015; 218(Pt 14):2166–73. Epub 2015/05/20. https://doi.org/10.1242/jeb.117655 PMID:

25987730

PLOS ONE Muscle power and ageing

PLOS ONE | https://doi.org/10.1371/journal.pone.0253531 June 18, 2021 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/14561832
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.1152/physrev.00061.2017
http://www.ncbi.nlm.nih.gov/pubmed/30427277
https://doi.org/10.1113/jphysiol.2003.044966
https://doi.org/10.1113/jphysiol.2003.044966
http://www.ncbi.nlm.nih.gov/pubmed/12837929
https://doi.org/10.1034/j.1600-0838.2003.00299.x
http://www.ncbi.nlm.nih.gov/pubmed/12535316
http://www.ncbi.nlm.nih.gov/pubmed/5045441
https://doi.org/10.1152/japplphysiol.01442.2005
http://www.ncbi.nlm.nih.gov/pubmed/16455811
https://doi.org/10.1097/00005768-199611000-00009
https://doi.org/10.1097/00005768-199611000-00009
http://www.ncbi.nlm.nih.gov/pubmed/8933491
https://doi.org/10.1242/jeb.117655
http://www.ncbi.nlm.nih.gov/pubmed/25987730
https://doi.org/10.1371/journal.pone.0253531

