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ABSTRACT: Aging is a multi-factorial process that ultimately induces a decline in our physiological 

functioning, causing a decreased health-span, quality of life and independence for older adults. Exercise 

participation is seen as a way to reduce the impact of aging through maintenance of physiological parameters. 

Eccentric exercise is a model that can be employed with older adults, due to the muscle’s ability to combine 

high muscle force production with a low energy cost. There may however be a risk of muscle damage before 

the muscle is able to adapt. The first part of this review describes the process of aging and how it reduces 

aerobic capacity, muscle strength and therefore functional mobility. The second part highlights eccentric 

exercise and the associated muscle damage, in addition to the repeated bout effect. The final section reviews 

eccentric exercise interventions that have been completed by older adults with a focus on the changes in 

functional mobility. In conclusion, eccentric endurance exercise is a potential training modality that can be 

applied to older adults for improving muscle strength, aerobic capacity and functional ability. However, 

further research is needed to assess the effects on aerobic capacity and the ideal prescription for eccentric 

endurance exercise. 
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As life-span is on the increase and the population of older 

adults (65+) continues to grow, the prevalence of chronic 

disease increases and health-span decreases. Due to the 

proportion of older adults expanding, it is important to 

understand how the aging process influences functional 

ability of individuals (i.e. ‘the competence of an 

individual to have the physiological capacity to perform 

normal everyday activities safely and independently 

without undue fatigue’) [1] and whether regular exercise 

is useful as a preventive measure for the decline in 

functional ability. The capacity to perform activities of 

daily living (ADL) is essential to a satisfactory health-

related quality of life. The etiology of functional decline 

is complex, however, a primary contributor to this is 

sarcopenia – the age-related loss of muscle mass and 

quality [2] – and a less efficient cardiovascular system [3]. 

It is therefore important to develop interventions that will 

address functional decline by reducing the decline in both 

the muscular and cardiovascular systems and improve the 

quality of life for older adults. 

The use of eccentric exercise training is an appealing 

non-conventional exercise model for older adults.  Due to 

its reduced oxygen requirement lowering the metabolic 

demand, such an activity has the potential to address the 

age-related decline in functional ability [4-6]. Eccentric 

muscle contractions – the muscle lengthens during what 

is termed a lengthening contraction – occur daily during 

ADL such as descending the stairs or transitioning from 

standing to sitting [6]. Training programmes that utilise 

predominantly repetitive maximal or sub-maximal 

eccentric muscle contractions to induce skeletal muscle 

injury are becoming a more common form of exercise that 

is considered an effective mode of conditioning for 

improving muscular strength and mobility in older adults 
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[7-9]. This however is not a universal view by all [10, 11], 

as there is some evidence that older adults have an 

increased susceptibility to exercise-induced muscle 

damage and impaired, or delayed recovery from injury 

[10], raising a potential issue with such an exercise model 

[6]. 

The aim of the present review was to examine the 

evidence of aging and its effects on functional capacity of 

older adults, and whether or not eccentric exercise is an 

appropriate form of activity to be used as a rehabilitation 

tool for improving functional capacity of older adults. 

 

Mechanisms of Aging  

 

Aging is seen as the chronological time something has 

existed and the result of a process or group of processes 

occurring in living organisms that with time lead to a loss 

of adaptability, functional impairment, and eventual 

death. Early research viewed aging as the consequence of 

a single gene or a key body system. More recently 

however, it has been viewed as a complex multi-factorial 

process that not only involves the natural processes of 

aging, but also the increased risk of disease –  coronary 

heart disease, diabetes and cancer  - with aging [12]. 

Approximately fifteen theories of aging have been 

presented by Weinert and Timiras [13] in an attempt to 

explain how and why aging occurs. Theories were 

classified into four distinct categories: evolutionary, 

molecular, cellular and systemic. These theories are not 

individually explicit and may overlap at various levels of 

organisation [14]. For example, the alteration of 

molecular events with aging may lead to cellular 

alteration, and these, in turn, contribute to organ and 

systemic failure with evolutionary implications for 

reproduction and survival [13]. Sarcopenia is one of the 

major consequences of such aging mechanisms, leading 

to a loss in muscle mass and strength [15], in addition to 

cardiovascular dysfunction reducing aerobic capacity 

[16]. Such consequences contribute to the geriatric 

syndrome of frailty, thereby severely limiting the 

function, quality of life, and life expectancy of older 

adults [16]. 

 

Age-related decline in aerobic capacity 

 

Maximal oxygen uptake ( �̇� O2max) is a measure of 

aerobic capacity – i.e. functional capacity of the 

cardiorespiratory system [17]. Such a measurement 

indicates an individual’s ability to transport substances 

essential for metabolism and provide energy to the 

working muscles [17]. The aging-related decline in 

�̇� O2max is associated with changes in lung capacity 

(respiratory function), cardiac output ( �̇� ) and oxygen 

extraction from the blood (arterio-venous oxygen 

difference, a-v O2 difference) (cardiovascular function), 

leading to an estimated decline in �̇�O2max of up to 20% 

per decade in older, sedentary adults [3, 18].  

Aging related changes in respiratory function that 

contribute to the reduced �̇�O2max include an increased 

compliance of the chest wall and lung parenchyma [19]. 

These structural changes cause an enlargement of the 

terminal air space, increased residual volume, decreased 

tidal volume and a decline in arterial oxygenation. 

Although changes in respiratory function have been 

discussed, it’s changes in the cardiovascular systems that 

are more frequently discussed regarding the age-related 

decline in aerobic capacity [20-22]. Cardiac output (�̇�), is 

a central mechanism responsible for the cardiovascular 

system to deliver oxygen and nutrients to the exercising 

muscles. The higher the volume of blood pumped to the 

periphery, the greater potential for oxygen transport and 

uptake [23, 24]. Fagard and colleagues [25] identify an 

estimated decline of 0.23 L·min-1 per decade in �̇� at rest. 

The decline in �̇� is much greater during peak exercise 

with an estimated decline of up to 1.7 Lmin-1 [24, 25]. 

Normalization of �̇� for differences in body surface area 

and loss of muscle mass with aging does not eliminate the 

effects of aging on �̇� O2max [24, 26]. One study has 

however suggested that peak cardiac output does not 

decline with age, because of the age-related increase in 

peak exercise end-diastolic volume and stroke volume 

[27]. Maximal heart rate rather than stroke volume has 

been shown to be more related to the decline in �̇� with age 

during maximal exercise [24, 28]. Although stroke 

volume remains similar with age, the mechanism by 

which it is increased during maximal exercise differs 

between young and old [24]. Young adults had a 10% 

decrease in end-diastolic volume index, which increased 

their stroke volume by an increase in ejection fraction 

[24]. In contrast, older adults increased their stroke 

volume primarily through cardiac dilation with an 

increase in end-diastolic volume index, with only a third 

of an increase in ejection fraction in comparison to the 

young adults [24]. Contributing factors linked to the 

aging-related decline in cardiac output include disease, 

physical inactivity, intrinsic structural and functional 

changes [29], and a reduced responsiveness to β-

adrenergic stimulation [21, 24].  

Arterio-venous oxygen difference (a-v O2 difference) 

–amount of oxygen extracted by active muscles – is a 

peripheral mechanism that contributes to the age-related 

decline in �̇�O2max [23, 29]. Relative to young adults, 

maximal a-v O2 difference of older adults is reduced by 

approximately 10% [28, 30]. The decline in a-v O2 
difference with age is attributed to a diminished extraction 

of oxygen through a decline in muscle oxidative capacity, 

capillary density, and a smaller ratio of skeletal muscle to 
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total body mass [18, 26, 31]. A review on the age-related 

decline in �̇�O2max suggests there is only a minor age-

related decline in maximal cardiac output, and therefore 

peripheral factors such as a decrease in a-v O2 difference 

may better account for the age-related decline in �̇�O2max 

[21].  

The effects of regular exercise on the age-related 

decline in aerobic capacity has been widely investigated, 

with conclusions that endurance training for varying 

periods of time can elicit increases in �̇�O2max in older 

men and women [32-35]. It has been demonstrated that 

older adults can elicit the same 10-30% increase in 

�̇�O2max with endurance training as young adults [34-36].  

Puggard [34] demonstrated a 7% increase in �̇�O2max of 

older adults (65 – 85 years) following 8-months of a class 

based exercise programme consisting of endurance, 

strength, flexibility and balance exercises. An earlier 

study reported that the age-related decline in �̇� O2max 

between 25- and 65-years was 40% lower for endurance 

trained men in comparison to their sedentary peers [18]. 

An increased a-v O2 difference is the most common 

mechanism responsible for an improved �̇� O2max 

following an exercise intervention in older adults [35, 37], 

and indicative of an improved ability for the muscle to 

extract oxygen from the blood due to an increased muscle 

mass, mitochondria content and capillary density [35]. 

 

Age-related decline in skeletal muscle strength 

 

It is well established the human aging process is 

associated with a significant decline in neuromuscular 

function and muscle mass [38-40]. The age-related loss of 

muscle mass and fibre atrophy – particularly among type 

II muscle fibres – is referred to as ‘sarcopenia’ [38]. 

Doherty [41] has viewed sarcopenia to encompass the 

effects of altered central and peripheral nervous system 

innervations, altered hormonal status, inflammatory 

effects, and altered caloric and protein intake.  

The age-related decline in muscle mass can be as 

much as 40% between the ages of 25–80-years 

contributing to an overall strength loss [41]. When 

assessing the relationship between age and m. quadriceps 

femoris cross-sectional area, using ultrasound scanning, 

older women had a 33% lower muscle mass than younger 

controls [42]. Additionally, older men had a lower muscle 

thickness than their younger counterparts, particularly in 

the lower body; however, it was relatively well-

maintained in the upper body with age [43].  A limitation 

to the use of ultrasound for muscle thickness is that it 

cannot differentiate between muscle and non-muscle 

tissue, including intramuscular fat [43]. And, as 
intramuscular fat is higher in older adults [44], using 

ultrasound would overestimate the amount of muscle 

tissue because intramuscular fat would be included in the 

measurement [43]. A decrease in muscle cross-sectional 

area is indicative of a decline in muscle fibre size, 

mechanisms responsible for this are closely linked to a 

reduced activity level and an imbalance between the rate 

of muscle protein synthesis and the breakdown of muscle 

protein, which leads to an overall loss in muscle mass [45, 

46]. This can be the result of a lower availability of growth 

hormones and testosterone limiting the ability to increase 

muscle size with age [38]. 

Although loss of strength with aging is largely due to 

a loss of muscle mass and a decline in type II muscle fibres 

[47], strength loss is often greater than the decline in 

muscle mass [43]. Other contributing factors are the result 

of neuromuscular dysfunction including a decrease in 

excitation-contraction coupling resulting from a decrease 

in myosin concentration [48], and reduced calcium 

sensitivity and uptake by the sarcoplasmic reticulum [49]. 

The loss of muscle fibres has also been attributed to the 

loss of α-motor neurones [41, 50]. As muscle fibres 

become disused, motor units are disused and denervation 

occurs [38, 45, 51]. Decreased electromyography (EMG) 

recordings during muscle contractions have demonstrated 

up to a 25% decrease in motor units present in aged 

muscle, relative to young muscles [50, 52].  Fewer motor 

neurons increases the size of remaining motor units, with 

each motor neuron innervating a greater number of 

muscle fibres, contributing to the decline in muscle 

strength [53, 54]. 

Exercise, specifically resistance training has been 

shown to improve muscle strength of older adults 

counteracting the effects of sarcopenia [55-57]. An 11% 

increase in mid-thigh cross-sectional area was reported 

following 12-weeks of resistance training 3 d·wk-1 at 80% 

1-repetition maximum (1-RM) in older men [58]. This 

could be due to individual fibre hypertrophy, as resistance 

training increases muscle protein synthesis, number of 

myofibrils, actin and myosin filaments, sarcoplasm and 

connective tissue [46, 59]. Resistance training also 

increases the number of motor units recruited to perform 

a given task, allowing them to act in synchronization, 

increasing the ability to generate a force [60]. Endurance 

based exercise, such as walking and cycling, are less 

commonly used to improve muscle strength. 

  

Functional ability 

 

The combined effects of aging on the physiological 

systems (aerobic capacity and muscle strength) not only 

have social and economic consequences but, most 

importantly, cause a decline in functional ability for the 
aged individual [1]. Additional years are more likely spent 

in ill health. A reduced functional ability means elderly 

adults encounter a decline in quality of life leading to 
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greater dependence on friends and family, as the 

completion of daily tasks e.g. standing up and sitting 

down, crossing the road, become more challenging [61, 

62]. This is because the age-related decrease in maximal 

strength and maximal oxygen uptake requires older adults 

to work at a higher percentage of their maximum for the 

completion of ADL [63]. 

The decline in functional ability with age is not only 

associated with a decline in aerobic capacity and the 

ability of muscles to produce a maximal force; but also a 

deterioration in the sensory system [64]. As we age, the 

ability to provide sensory feedback (i.e. visual, vestibular 

and somatosensory) to generate a motor response 

becomes impaired [65]. And the decline in motor neurons 

increases innervation ratio and motor unit size. Therefore, 

a decline in the sensory feedback mechanisms, and 

increased motor unit size results in poor sub-maximal 

force control through an increased mechanical output and 

summation of motor unit forces. This decreases muscle 

steadiness, and increases the risk of falls [66, 67].  

 

Eccentric exercise for older adults 

 

Characteristics of eccentric muscle contractions 

 

Muscle movement can occur through three types of 

contraction: 1) the muscle is activated and shortened 

(concentric); 2) the muscle is activated and lengthened 

(eccentric); and 3) muscle is activated and maintained at 

the same length (isometric) [10]. The concentric (CON) 

muscle contractions produce body movement such as 

locomotion or prehensility, were as eccentric (ECC) 

muscle contractions generate antigravity and braking 

movements [5]. Of these three types of contraction, ECC 

contractions are considerably more damaging to muscle 

[68] and produce a greater muscle force than CON and 

isometric muscle contractions [69]. Although such an 

activity can produce a greater force, ECC exercise is 

characterised by a lower metabolic demand than CON 

exercise [4,70, 71]. Predominately ECC muscle exercise 

can be performed by walking or running downhill. Such 

an activity, allows the quadriceps muscles to work 

eccentrically when exerting a braking force to maintain or 

slow the pace. When the metabolic demand of such an 

activity is compared to predominately CON work, in the 

form of level walking/running, at the same absolute speed, 

oxygen consumption is lower on a downhill gradient [4, 

71]. Navalta et al [71] reported older adults to have a 3 

mLkgmin-1 reduction in �̇� O2 walking on a -10% 

gradient in comparison to 0% gradient. Similar findings 

were reported by Gault et al [4], with a 25% lower oxygen 
demand represented by a lower stroke volume and 

therefore cardiac output during a self-selected treadmill 

walk by older adults, in addition to reduced systolic blood 

pressure and arterio-venous O2 difference. Additional 

studies have investigated the effects of ECC exercise in 

the form of ECC cycle ergometry [72, 73]. Bigland-

Ritchie and Woods [74] reported the oxygen demand for 

ECC cycling to be only one-sixth to one-seventh of the 

oxygen demand required for CON cycling at the same 

workload. It is due to this lower metabolic demand that 

makes exercise training with repetitive sub-maximal ECC 

muscle contractions an appealing non-conventional 

exercise model for older adults [4, 73].  

Unaccustomed ECC muscle contractions cause 

exercise-induced muscle damage with symptoms of 

delayed onset muscle soreness (DOMS) [75]. Some 

protocols of ECC contractions can result in more severe 

initial and secondary injury to muscle fibers of old 

compared with young adults [10, 76], however, this may 

promote muscle repair and improve maximal strength of 

key functional muscles in the elderly [77].There are a 

number of ways in which exercise-induced muscle 

damaged can be established. A direct method is to assess 

the level of disorganisation of skeletal muscle sarcomeres 

with z-line disruption, lesions of the sarcoplasmic 

reticulum and transverse tubule system [78]. Indirect 

measurements of damage include assessing functional 

performance i.e. maximal force production and serum 

levels of skeletal muscle enzymes or proteins such as 

creatine kinase [79-81]. The decline in muscle 

performance however, only occurs following the initial 

bout of eccentric contractions, as repetitive bouts of 

eccentric work lead to adaptations making the muscle 

more resistant to future damage known as the ‘repeated 

bout effect’ [82, 83]. Using mouse models, it is well 

documented that when the muscles of old rodents are 

damaged from exercise-induced muscle damage, function 

does not return for up to two-months [76, 84]. There are 

limited human models utilising older adults. But it is 

shown exercise-induced muscle damage, and its 

associated problems, peak between 12 – 72-hours after the 

damaging bout of ECC exercise [78]. An initial bout of 

downhill treadmill walking (-10%) at self-selected 

walking speed elicited a 15% decline in maximal 

voluntary isometric force (MVIF) of older adults (mean: 

67 ± 4 yr) 48-hours later [85], a similar decrement in 

performance to that found in young adults following 

downhill running [86]. Biopsies from the human m. vastus 

lateralis immediately after a bout of ECC cycling showed 

disorganisation of sarcomeres, with a higher percentage 

of disorganisation in older (59 – 63-yrs) compared to 

younger adults (20 – 30-yrs) [87]. An additional study 

assessed m. vastus lateralis biopsies following the final 

bout of a 9-week resistance training programme [88]. It 
was shown that older women (65 – 75-yrs) had up to 17% 

sarcomere disorganisation, with only 2-5% in young 

women (20 – 30-yrs). The type of activity completed by 
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Roth and colleagues [88] was maximal single joint ECC 

muscle contractions were as Gault et al [85] and Manfredi 

et al [87] had participants complete sub-maximal 

contractions across a range of joints, which may produce 

a lower level of damage and greater ability for older adults 

to adapt. 

 

Mechanisms of muscle damage 

 

Mechanisms underlying a reduced muscle force from 

ECC muscle damage have been widely reviewed [78, 79, 

89-91]. These reviews include the popping-sarcomere 

theory, changes in the excitation-contraction (E-C) 

coupling and cytoskeletal proteins. The popping-

sarcomere theory, results in damaged sarcomeres. 

Sarcomere inhomogeneity leads to unstable sarcomeres 

on the descending limb of the force-length curve [79]. As 

muscles are stretched on the descending limbs rapidly, 

weak sarcomeres exceed their yield point and become 

elongated creating very little or no filament overlap [79]. 

If such a contraction occurs just once (single contraction) 

and the muscle relaxes, most overstretched sarcomeres re-

integrate and are undamaged.  However, after repeated 

eccentric contractions those sarcomeres that failed to 

reintegrate, were unable to develop tension in subsequent 

contractions, therefore, putting extra load on 

neighbouring sarcomeres and causing them to pop and 

become disrupted, known as the popping-sarcomere 

theory [90]. It is thought that the popping of additional 

sarcomeres leads to an increased disruption and can 

eventually lead to the tearing of membranes (sarcolemma, 

T- tubules or sarcoplasmic reticulum, SR) causing a 

decline in maximal voluntary isometric force [90].  

A further explanation for the decline in muscle 

strength following ECC muscle contractions is failure of 

the excitation-contraction (E-C) coupling. The E-C 

coupling is the sequence of events beginning with the 

release of acetylcholine at the neuromuscular junction and 

finishing with the release of Ca2+ from the sarcoplasmic 

reticulum [91].  Calcium released by the SR along the 

Ca2+ release channels increase the levels of free Ca2+, this 

binds to troponin initiating the cross-bridge cycle between 

actin and myosin, and the production of a force [92]. It has 

been suggested that because ECC contractions overstretch 

sarcomeres this causes damage to t-tubules and the SR, 

resulting in an inward leakage of extracellular Ca2+ and an 

increased resting level of Ca2+ [90]. There is also a 

decrease in tetanic intracellular Ca2+ following repetitive 

ECC contractions on single mouse fibres [93]. This would 

suggest that the signal sent from the t-tubules to the SR 

Ca2+ release channels have in some way failed, reducing 
SR Ca2+ release and levels of free Ca2+ to assist cross-

bridge initiation [91]. 

 

Titin, nebulin, desmin and dystrophin are cytoskeletal 

proteins that play a role in stabilizing the sarcomeric 

structure and transmission of forces laterally across the 

fibre and from fibre to fibre [79]. Lieber and Fridén [94] 

have shown a loss of the cytoskeletal protein desmin 

following eccentric damage. This has led to the suggestion 

that overextended sarcomeres following ECC muscle 

contractions cause a local rise in intracellular Ca2+, which 

will activate proteases like calpain that hydrolyse desmin, 

causing a loss of structural support and disrupt the 

sarcomere [94]. 

In summary, ECC contractions cause elongation of 

sarcomeres, most of which return to normal during 

relaxation, allowing actin and myosin to re-integrate. 

Repeated ECC contractions prevent re-integration of actin 

and myosin and cause damage to the t-tubules, SR and 

cytoskeletal proteins. A damaged SR and t-tubules result 

in a reduced ability of the SR to open their Ca2+ release 

channels, inhibiting force production. 

 

Repeated bout effect 

 

Exercise-induced muscle damage is progressively 

reduced after repetition of the same ECC exercise, known 

as the ‘repeated bout effect’. Therefore, subjects who 

participate in regular exercise that involve predominantly 

ECC muscle contractions are less susceptible to exercise-

induced muscle damage than untrained individuals [95]. 

Numerous studies have demonstrated the repeated bout 

effect, but there is little consensus as to the one specific 

mechanism [96, 97]. Generally, 3 categories have been 

proposed to explain the repeated bout effect: 1) neural 

theory; 2) mechanical theory; and 3) cellular theory [98, 

99]. 

During an ECC contraction less motor unit activation 

is required in comparison with a CON contraction of the 

same muscle [100].  And, as high threshold motor units 

are selectively recruited during ECC contractions, muscle 

damage is the result of high stress on a small number of 

active fibres [101]. With the selective recruitment of fast-

twitch fibres leaving them more susceptible to damage 

during ECC exercise [101, 102]. Golden and Dudley 

[103] suggest a change in motor unit recruitment due to 

selective recruitment. Whereby, less motor unit activation 

during ECC contractions allows the opportunity for the 

muscle to learn, and be more efficient with motor unit 

recruitment during a repeated bout. It has also been 

suggested that motor unit firing rates become more 

synchronized following the initial bout of ECC 

contractions, reducing further myofibrillar stresses during 

repeated bouts [104]. There has also been a decrease in 
force per motor unit activation demonstrated [105, 106], 

supporting Nosaka and Clarkson’s [107] theory that a 
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neural adaptation would distribute the workload over a 

greater number of active fibres in a repeated bout. 

The connective tissue theory/mechanical theory is 

closely linked to sarcomere elongation and the popping 

sarcomere [98, 99]. When the sarcomere pops a greater 

dependence is placed on the passive structure to maintain 

serial tension, with repetitive ECC contractions causing 

further sarcomeres to pop. Intermediate filaments (desmin 

etc.) are responsible for maintaining structural integrity of 

both serial and parallel sarcomeres [99]. Damage to these 

following the first bout of ECC exercise result in 

mechanical failure, contributing to strength loss [108]. 

The initial bout of eccentric exercise is thought to initiate 

structural reorganisation of intermediate filaments and 

prevent further damage from ECC contractions [108]. 

This protective effect has been attributed to the increased 

ability of connective tissue to withstand myofibrillar 

stress [98]. Lapier et al [109] have suggested that tissue 

repair following repeated ECC contractions in rat muscles 

is characterised by an increase in intramuscular 

connective tissue and therefore protecting against further 

damage through an increase in muscle stiffness [110]. 

As the initial bout of repeated ECC contractions cause 

sarcomere disruption, damage to cell membranes occurs 

(sarcolemma, SR and t-tubules) causing an influx of Ca2+, 

and a response within the muscle fibre (myofibril or 

sarcomere) – cellular theory [98, 99]. There are three 

underlying suggestions for this repeated bout effect: 1) 

strengthening of cell membranes; 2) removal of a pool of 

weak fibres or sarcomeres; and 3) addition of sarcomeres 

in series [98, 99]. Strengthening of the cell membranes is 

promoted through the initial influx of intracellular Ca2+ 

from the disrupted sarcolemma and SR [(Clarkson and 

Tremblay, 1988). This causes a loss of homeostasis and 

initiates the loss of cytoskeletal proteins (i.e. desmin; 

cellular necrosis); however, the sarcolemma and SR are 

suggested to become stronger following the initial bout of 

ECC exercise preventing further disruption [82]. The 

initial bout of ECC exercise also causes disruption to a 

pool of susceptible muscle fibres or sarcomeres [111] 

through identification and removal of susceptible 

myofibres or sarcomeres [107]. Finally, it has been 

proposed that to repair muscle damage following the 

initial bout of ECC exercise sarcomeres within a myofibril 

are added in series [112]. The longitudinal addition of 

sarcomeres reduce sarcomere strain during a repeated 

bout allowing the continuation of myofilament overlap, 

reducing sarcomere popping, avoiding disruption and 

further strength loss [113]. Although Lynn and Morgan 

[114] support this proposal by showing the addition of 

serial sarcomeres in vastus intermedius rat muscle 
following one-week of downhill running, an adequate 

amount of time needs to be given for sarcomeres to 

regenerate and an adequate stimulus for disruption of 

sarcomeres in the first bout of ECC exercise [99].  

There is also thought to be an adaptation of the E-C 

coupling with an increase in Ca2+ release from the SR and 

an improved Ca2+ sensitivity [82].  

In general, there is no one mechanism solely 

responsible for the repeated bout effect following ECC 

exercise. And, the initial bout of exercise does not have to 

cause substantial damage for protection to be given to the 

muscle. 

 

Eccentric exercise interventions 
 

Eccentric exercise interventions completed by the elderly 

have been implemented in various forms. The majority of 

studies have focused on the use of eccentric resistance 

training to improve functional mobility of older adults 

[115, 116]. It has been demonstrated that compared to 

standard CON single joint movement strength training, 

ECC overload and isokinetic exercises can lead to better 

strength gains in young and old individuals [117, 118]. 

Studies that focus on improving the functional ability of 

the lower body, specifically the knee extensors, are 

essential in helping maintain independence and reducing 

the risk of falls in older adults. Twelve-weeks of ECC 

isokinetic knee extension training, using maximal 

voluntary contractions (3-days per week, 30-reps), 

improved maximal CON strength, ECC strength and 

isokinetic strength by up to 26% in the knee extensors of 

older men and women (65 – 87-years) [116]. Similar 

improvements in maximal knee extensor strength were 

reported by Melo et al [115] with a lower intensity (75-

80%), and frequency (2-days per week) of ECC isokinetic 

training than Symons et al [116]. However, participants in 

Melo et al [115] gradually completed a larger number of 

repetitions (48) per session, had smaller subject numbers, 

no control group was used, and the study focused on heart 

rate variability in healthy older men from high ECC 

strength training for 12-weeks. When compared to 

conventional weight training programmes, that showed no 

improvement in ECC knee extensor torque, ECC 

resistance training improved torque by up to 17%, with a 

corresponding increase in fascicle length [119]. The two 

training regimens resulted in differential adaptations in 

muscle architecture and strength [119]. Conventional 

strength training, that involves lifting and lowering a 

constant external load, with ‘overload’ only on the lifting 

phase (CON), improved maximal CON torque only, in 

addition to an increase in pennation angle [119]. This is 

representative of a strategy to pack more contractile 

material along the tendon aponeurosis, and consistent 
with an increase in parallel sarcomeres [120]. A greater 

increase in fascicle length was observed following ECC 

training, and an increase in ECC torque only. The higher 
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loads in the ECC group may have induced a greater stretch 

on the muscle fibres, serving as a more potent stimulus for 

the addition of serial sarcomeres compared to 

conventional strength training [119]. The concept of 

specificity, in the adaptations to training, is consistent 

across the literature on an isokinetic dynamometer. 

Conventional training has a greater effect on CON 

strength and ECC training elicits a greater improvement 

in ECC strength, consistent with the type of contraction 

used within training programmes [117, 121].  

A fewer number of studies have investigated the 

effects of endurance exercise, with predominately ECC 

muscle contractions, on the functional ability of older 

adults. This has included exercise in the form of ECC 

cycling and downhill treadmill walking, with 

demonstrations of an improved muscle strength, cross-

sectional area and functional performance [7, 8, 122-124]. 

Although ECC resistance training can successfully be 

applied to the elderly [119, 121], it can result in 

cardiovascular as well as substantial mechanical stress on 

single joints. Endurance ergometer training can however 

be carried out in a closed muscle chain at high-angular 

velocities, using ECC muscle contractions minimizes 

peak forces on single joints with benefits for strength, 

muscle mass and potentially aerobic adaptations [122]. 

And, because such a training programme has favourable 

features, such as a lower cardiovascular demand, it can be 

applied to older adults with co-morbidities, which may 

have a limited tolerance for conventional exercise 

programmes [7, 125, 124]. 

Older adults that completed 12-weeks of ECC cycling 

improved isometric knee extensor strength more than a 

conventional resistance training programme [122]. 

Improvements in functional mobility (timed up-and-go; 

Berg balance scale) were also reported, for both ECC 

cycling and conventional strength training participants 

[122]. Similar increases in isometric knee extensor 

strength and functional mobility were reported following 

12-weeks of level (predominately CON muscle 

contractions) and downhill (predominately ECC muscle 

contractions) treadmill walking [7, 8]. Although small, 

these improvements in isometric strength are seen to be 

biologically relevant, as it has resulted in larger 

improvements in sub-maximal performance during the 

functional mobility tests, specifically for the participants 

that completed the downhill treadmill walking 

intervention [7, 8, 122]. However, the mechanisms for 

adaptation were different between CON and ECC 

treadmill walking. The increased maximal isometric force 

following CON treadmill walking was due to an increased 

neural activation of the m. vastus lateralis, with no such 
changes identified following ECC treadmill walking [8]. 

Participants in Mueller et al [122] had a smaller 

improvement in functional mobility tasks in comparison 

to those older adults in Gault et al [7] (7% vs. 22%). Older 

adults in both studies had similar levels of functional 

mobility at baseline, indicating they were have a good 

level of physical condition before they participated in the 

exercise programme. However, Gault et al [7] completed 

3- exercise session per week for 30-minutes from the 

outset, at a subjective, self-selected walking speed. 

Mueller et al [122] gradually increased their ECC training 

load on the cycle ergometer, to avoid delayed onset 

muscle soreness, and progressively increased exercise 

duration to 20-minutes of ECC cycling on two occasions 

per week. This lower initial load, duration and training 

frequency may not have been a sufficient overload, 

causing a delayed adaptation by Mueller et al [122]. Also, 

the functional tests completed were predominately 

walking based, making the walking intervention 

completed by Gault et al [7] and Gault & Willems [8] an 

activity more specific for the completion of functional 

tasks assessed. This study however did not progressively 

increase ECC loading to avoid muscle damage as 

participants suffered a 15% decline in maximal voluntary 

isometric force 48-hours after the initial bout of downhill 

treadmill walking. It would be interesting to investigate if 

a similar approach to ECC training was taken to Mueller 

et al [122], with a gradual increase in load, through a 3-

week progression in treadmill gradient, intensity and 

duration. Can similar improvements in strength and 

functional mobility be gained with the absence of muscle 

damage and delayed onset muscle soreness? Also, 

because training intensities within the treadmill walking 

interventions [7, 8] were not matched between level and 

downhill treadmill walking this makes it difficult for 

comparison. Future investigations should assess the 

adaptations to a matched intensity programme. 

Participants within these previously discussed studies 

are all healthy older adults in good physical condition [7, 

8, 122]. Some further studies have investigated the use of 

an ECC endurance type training programme in clinical 

populations. LaStayo et al [126] assessed the impact of an 

ECC stepper programme on muscle and mobility of older 

cancer survivors.  Similar to Gault et al [7] the intensity 

was subjective, with the use of rate of perceived exertion 

as an intensity indicator, and gradually progressed. 

Following 12-weeks of ECC training, for up to 20-

minutes, 3-times per week, participants had an improved 

quadriceps lean tissue cross-sectional area, knee 

extension strength, six minute walk distance and a 

decreased time to safely descend stairs [126]. Although 

participants had a lower muscular strength in comparison 

to healthy older adults in Gault and Willems [8] they 

report similar adaptations in muscle strength to an ECC 
training programme for muscle strength and functional 

mobility, including an improved aerobic capacity, as 

measured by the 6-minute walk test (LaStayo et al 2011). 
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There is limited available research, to our knowledge on 

the effects of ECC endurance type training on 

cardiovascular functioning, as most studies focus on 

muscle function. An additional clinical study investigated 

the effects of ECC training on strength and physical 

performance, including aerobic capacity, in older women 

with impaired glucose tolerance [127]. 12-weeks of ECC 

ergometer training not only improved aerobic capacity 

(8%), as measured by the 6-minute walk test; but also had 

an increase in leg lean soft tissue mass and quadriceps 

maximal isometric strength [127]. Changes in aerobic of 

older adults following such exercise interventions are 

however difficult to interpret, as sub-maximal exercise 

tests have been utilised, and are not a direct measure of 

maximal oxygen uptake [126, 127].  Also, all studies that 

have implemented an endurance based ECC exercise 

intervention have had participants complete under the 

minimum requirements for exercise participation to 

improve aerobic capacity, in accordance with the 

American College of Sports Medicine (150 minutes per 

week, moderate intensity [128]). Altogether, these 

findings suggest that for both healthy older adults, and 

those with clinical conditions, endurance exercise with 

predominately ECC muscle contractions, maybe suitable 

for improving strength and functional capacity. 

Mechanisms for this may be linked via the specific 

expression of transcripts encoding factors involved in 

muscle growth, repair and remodelling [129]. 

 

 
Figure 1. Illustration of the relationship between aging, eccentric exercise and functional ability. 

 

Summary 

 

Aging is a multifactorial process, which not only is the 

consequences of the natural aging processes, but is also 

enhanced by lifestyle and environmental factors that 

promote the existence of disease. Sarcopenia is one of the 

consequences of such aging mechanisms, leading to a loss 

in muscle mass and strength, in addition to cardiovascular 

dysfunction reducing aerobic capacity. Such 

consequences contribute to the geriatric syndrome of 

frailty, thereby severely limiting the function, quality of 

life, and life expectancy of older adults with a decline in 

functional mobility. ECC exercise, characterised by the 

production of high mechanical forces at a low metabolic 

demand could be used with elderly adults, with or without 

clinical conditions, to improve quality of life. Endurance 

based exercise, involving large muscle groups, with 

predominantly ECC muscle contractions (cycling, 

treadmill, stepping) has resulted in an improved maximal 

strength and aerobic capacity of older adults. It has also 

been shown to reduce the risk of falls by improving the 

ability to complete functional tasks such as timed up-and-
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go, 5-repetition sit-to-stand, stair descent and maximal 

walking speed. Although a promising exercise modality 

for older adults, endurance based ECC exercise needs to 

be further explored to try and understand the underlying 

physiology for the adaptations to training modalities 

(Figure 1). Particular attention needs to be taken when 

interventions avoid muscle damage, can similar 

adaptations be achieved with and without the presence of 

delayed onset muscle soreness and a decline in maximal 

strength? Also there is limited available research on the 

aerobic adaptations to ECC exercise interventions, as well 

as the systemic, cellular and molecular events involved in 

the skeletal muscle and nervous system responses to 

chronic endurance based ECC exercise. 
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