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Purpose of review

The economic burden due to the sequela of sarcopenia (muscle wasting in the elderly)

are staggering and rank similarly to the costs associated with osteoporotic fractures. In

this article, we discuss the societal burden and determinants of the loss of physical

function with advancing age, the physiologic mechanisms underlying dynapenia

(muscle weakness in the elderly), and provide perspectives on related critical issues to

be addressed.

Recent findings

Recent epidemiological findings from longitudinal aging studies suggest that dynapenia

is highly associated with both mortality and physical disability even when adjusting for

sarcopenia indicating that sarcopenia may be secondary to the effects of dynapenia.

These findings are consistent with the physiologic underpinnings of muscle strength, as

recent evidence demonstrates that alterations in muscle quantity, contractile quality and

neural activation all collectively contribute to dynapenia.

Summary

Although muscle mass is essential for regulation of whole body metabolic balance,

overall neuromuscular function seems to be a critical factor for maintaining muscle

strength and physical independence in the elderly. The relative contribution of

physiologic factors contributing to muscle weakness are not fully understood and

further research is needed to better elucidate these mechanisms between muscle

groups and across populations.
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Introduction

Sarcopenia, as originally defined two decades ago, refers

to the age-related loss of muscle mass [1]. Since this time

there has been a dramatic increase in scientific inquiry to

define the functional consequences and biologic mech-

anisms of sarcopenia. This explosion of research has at

times resulted in ‘sarcopenia’ being directly and causally

linked to both muscle weakness and physical disability.

The concept of sarcopenia is frequently used in research

settings today and is only beginning to be introduced in

the clinical arena. However, thus far no consensus on its

definition has been established, and there are no recog-

nized tests or diagnostic criteria [2]. We recently

authored an article highlighting the disassociation

between the age-related loss of muscle mass and that

of muscle strength. In this article, we illustrate and raise

awareness about the numerous mechanisms, beyond the

loss of muscle size due to reduced fiber number and

myofibrillar proteins that underlie that muscle weakness

in the elderly [3�]. For example, impairments in neural
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activation could explain a portion of muscle weakness, as

well as potential alterations in other muscular properties

that may reduce contractile quality defined here as a

reduction in involuntary force production per unit

muscle size. In this aforementioned paper, we proposed

that the term ‘sarcopenia’ should be used in its original

context (the age-related loss in muscle mass), and that

the term ‘dynapenia’ be applied to describe the age-

related loss of muscle strength [3�]. Regardless of seman-

tics, the deterioration of muscle quantity, contractile

quality and neural activation ultimately manifests itself

with a reduction in physical function, which results in

disability development and costly economic con-

sequences [4,5]. In this article, we will first discuss the

societal burden and determinants of the loss of physical

function with advancing age. Next, we will briefly

review the literature on the physiologic mechanisms

underlying muscle weakness in the elderly, and lastly

provide perspectives on critical issues and research ques-

tions that need to be addressed to help advance our

understanding and treatment of the deterioration of
orized reproduction of this article is prohibited.
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neuromuscular function that leads to physical impair-

ment in the elderly.
Societal burden and determinants of the loss
of physical function in the elderly
One of the most important consequences of the loss in

physical function is the onset of physical disability. Dis-

ability is a complex and multifactorial process that is best

portrayed by the WHO’s International Classification of

Functioning (ICF) and has had a major impact on dis-

ability research [6]. Sarcopenia manifests as a critical

component of the ICF through its effect on body func-

tions and role in limitations of activities (e.g., poor

physical performance). The societal burden and con-

sequences of limitations of activities was first established

in the mid-90’s when it was observed that poor physical

performance was a major prognostic indicator for the

development of physical disability, nursing home admis-

sion, depression, hospitalization, and even mortality [7].

Because physical performance on these tests are closely

linked with muscle function [8], age-associated changes

in muscle and nerve biology became a topic of interest for

gerontologists and geriatricians.

Depending on the population studied and definition

used, sarcopenia is estimated to occur in 5–45% of older

adults [4,9]. Low levels of muscle mass have been linked

with poor health outcomes that include functional impair-

ments [10], outright physical disability [11] and mortality

[12]. The sequelae that follow sarcopenia are responsible

for approximately $18 billion in direct healthcare costs in

the USA annually [5]. To put this in perspective, it has

been estimated that the yearly economic cost of osteo-

porotic fractures in the USA is $16.3 billion [13]. Con-

sidering that the total number of older adults is expected

to double over the next 25 years, the absolute costs

associated with sarcopenia are expected to rise sharply

[14]. The study of sarcopenia is appealing because it is a

modifiable risk factor, as increasing muscle mass has the

capability of reducing incidence of disability despite the

co-occurrence of age-related diseases. Several interven-

tions have demonstrated success at improving muscle

mass such as resistance exercise, and it is now clear that

resistance-type exercises have the capability of improv-

ing physical function in an acute manner [15,16]. Additio-

nally, as there are no medical treatments for sarcopenia,

several pharmaceutical agents (e.g. testosterone, angio-

tensin-converting enzyme and myostatin inhibitors) have

the potential of improving muscle quantity and contrac-

tile quality [17–19]. Many of these agents are in the early

stages of development, and testosterone therapy is under-

going a phase III RCT [20].

The popularity of sarcopenia was brought to the forefront

in both European and North American population cross-
opyright © Lippincott Williams & Wilkins. Unautho
sectional studies identifying a strong association between

individuals with low muscle mass and the prevalence

of disabilities in instrumental activities of daily living

(IADLs) and falls during the past year [4]. However, new

data with more characteristic information on subclinical

diseases have noted a reduced or no association between

physical function and skeletal-muscle mass [21,22].

These contradictory studies began a new trajectory for

understanding the role of sarcopenia, or lack thereof, in

governing losses in physical function. Over the past

decade, cross-sectional studies have been largely

replaced by longitudinal studies that are better suited

to understand the independent association between low-

muscle mass and incidence of physical impairments and

disability. The most current evidence from longitudinal

studies suggests sarcopenia is not associated with health

outcomes in the elderly [23��,24,25]. The most recent

data from the Invecchiare in Chianti (InChianti) Study, a

cohort of 1115 participants between 65–102 years,

demonstrated that muscle cross-sectional area (CSA) of

the calf was not associated with an increased risk of

mortality when covariates were considered [23��].

Additional analyses that defined sarcopenia according

to sex-specific categories through regression techniques

confirmed no association with mortality. In another

large cohort of older adults, Newman et al. [24] found

that whole leg-muscle mass and thigh CSA was not

associated with risk of mortality. However, both grip

and leg extensor muscle strength was highly associated

with mortality, despite accounting for muscle mass,

suggesting that sarcopenia may be secondary to the

effects of dynapenia [24]. Collectively, these findings

indicate that overall neuromuscular function and not

simply muscle mass is a critical factor for determining

health in the elderly.

Although associations with mortality have predominated

the literature, preservation of physical independence is

arguably more important for older adults. The first stu-

dies on sarcopenia established a strong and consistent

association between low muscle mass and impairments

in physical function [21,22]. For example, Janssen [26]

found that both men and women with a low skeletal

muscle index enrolled in the NHANES study were more

likely to report needing assistance with personal care or

handling routine daily chores [11]. Janssen cross-vali-

dated these results with data from the Cardiovascular

Health Study and found that women, but not men who

had severely low-muscle mass were at elevated risk of

disability 8 years later. However, new evidence chal-

lenges these findings. Data from the InChianti Study

indicates that sarcopenia of the calf muscle had little

influence on poor walking speed, a powerful predictor of

incident disability and frailty in older adults [23��].

Additionally, Visser et al. [25] reported that thigh muscle

CSA was not associated with the incidence of mobility
rized reproduction of this article is prohibited.
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limitation. Interestingly, knee extensor strength was

associated with mobility limitation even when adjusting

for muscle mass [8,27]. Although initial reports support

the importance of muscle mass, new data are beginning to

shift the paradigm towards risk factors for muscle weak-

ness [28�].
Mechanisms underlying muscle weakness in
the elderly
The mechanisms accounting for a decline in muscle

strength, defined as the maximal amount of force that

can be produced voluntarily can be attributed to a com-

bination of ‘neural’ and ‘muscular’ factors. For example,

impairments in neural (central) activation, such as that due

to a reduction in descending excitatory drive from supra-

spinal centers, suboptimal motor unit recruitment and rate

coding, and/or neuromuscular transmission failure can

result in dynapenia. Additionally, an overall reduction in

muscle quantity due to muscle fiber apoptosis or atrophy,

as well as reduced contractile quality due to excitation–

contraction uncoupling, changes in actomyosin structure

and function, and infiltration of adipocytes into muscle

fibers can result in dynapenia. Figure 1 depicts a theor-

etical model of the neurologic and muscular factors poten-

tially leading to dynapenia.

There is limited evidence from longitudinal aging

studies on the relative contribution of neural activation,

muscle quantity and contractile quality on explaining

dynapenia. However, the data that does exist suggests
opyright © Lippincott Williams & Wilkins. Unauth

Figure 1 Proposed biologic mechanisms contributing to dynapenia
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that the loss of muscle mass, whereas it does certainly

contribute to some of the loss of strength, is far from the

sole or even primary explanatory variable [29��,30]. This

assertion is based on data from the health, aging, and

body composition study, which indicates that the decline

in muscle strength is much more rapid than the con-

comitant loss of muscle mass, and that maintaining or

gaining muscle mass does not prevent aging-related

declines in muscle strength [29��,30]. For example,

Delmonico et al. [29��] followed 1678 older adults over

5-years and observed that on average men lost approxi-

mately 16% of their knee extensor muscle strength

but only 5% of there thigh-muscle mass. Women lost

approximately 13% of their muscle strength but only 3%

of their muscle mass. The explanations for these findings

either result from a lack of one-to-one association

between changes in muscle mass and strength or that

other factors are involved. Such factors include impair-

ments of neural activation of the knee extensors and/or

reductions in contractile quality.

To our knowledge, there are no longitudinal studies

describing age-associated impairments in neural acti-

vation of muscle; however, there are cross-sectional

studies. The primary way to control exerted muscle

force is via recruitment of additional motor units within

a given alpha-motoneuron pool and/or increased motor

unit discharge rate [31]. When these two physiologic

properties are optimized, maximal muscle activation

results. The most common way to globally investigate

whether neural impairments are responsible for a
orized reproduction of this article is prohibited.
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reduction in strength is to deliver a supramaximal

electrical stimulus to a peripheral nerve or muscle

during a maximal voluntary contraction and evaluate

the ‘added force’. Although this technique is not with-

out limitations [32,33], it does provide insight into the

degree of voluntary muscle activation. The largest

study to date indicates that healthy older adults have

impairments in activation of the knee extensors, a

muscle group that is highly relevant for physical func-

tioning [34]. Furthermore, frail elderly individuals show

an even greater deficit in neural activation [35] and

there is evidence suggesting that many age-related

clinical conditions, such as total knee arthroplasty also

result in deficits in neural activation [36]. Although

these data are convincing, there are some cross-

sectional studies yielding conflicting results [37]. Over

the past couple of years there have been several

reports suggesting a link between muscle weakness

and cognitive decline [38,39]. One of the more intri-

guing of these studies observed that poor physical

function and muscle strength coexisted with cognitive

impairment and that this relationship was independent

of muscle mass and physical-activity level [38]. This

finding raises the question of the inter-relationship

between neural activation and cognitive function,

and further work is needed to better understand these

associations.

With regards to contractile quality, the one longitudinal

study that we are aware of did not observe a change in

single fiber force/unit area when individuals in their early

70’s were followed up approximately 9 years later [40].

However, the majority of both human and animal cross-

sectional studies do observe a reduction in single fiber

and whole muscle contractile quality [41–44]. For

example, it was recently reported that the age-related

decline in knee extensor muscle strength was accom-

panied by a 20–28% decline in single fiber contractile

quality in muscle fibres expressing the type I myosin

heavy chain isoforms [44]. Accordingly, there is evidence

that alterations in muscle quantity, contractile quality and

neural activation collectively contribute to dynapenia.

The relative contribution of these factors is not fully

understood, and it is likely to vary between muscle

groups and across populations.
Conclusion
The literature has evolved over the past two decades with

new evidence that has improved identification of modifi-

able risk factors for loss in physical function among the

elderly [45]. The data first led the research community

toward sarcopenia as a major modifiable risk factor for

health outcomes. These data provided the rationale to

propose appropriately designed longitudinal studies to

unequivocally evaluate sarcopenia in the etiology of
opyright © Lippincott Williams & Wilkins. Unautho
disability. The results from this new research stunned

many scientists by suggesting that muscle mass is not

associated with the same outcomes that once popularized

sarcopenia. These recent findings provide new avenues

and ideas on how to rehabilitate the loss in physical

function among the elderly.

The research community is now challenged with deter-

mining how to develop a consensus definition of sarcope-

nia and/or dynapenia [46]. Such a definition would catapult

efforts to diagnose and treat losses in physical function.

This task is complicated by determining what single

measure or combination of measures to assess for devel-

oping a clinical tool. The first efforts used similar strategies

as those seen in defining osteoporosis where individuals

with a two SD lower muscle mass than a young reference

group were considered sarcopenic. The strategy works

well for osteoporosis because the density of bone is directly

related to fracturability [47] and has the clinical signifi-

cance needed to set appropriate thresholds for diagnosis

and treatment [48]. However, these approaches cannot

apply to sarcopenia because it overestimates the preva-

lence of sarcopenia [49] and muscle size is not the sole

contributor to losses in physical function [3�,22,24,29��].

Additionally, the simple use of muscle size even after

adjustments for body anthropometry cannot account for

obese individuals having greater muscle mass despite

higher levels of physical disability [50]. Another approach

is to measure muscle strength, but this measure can be

influenced by psychosocial aspects (e.g., depression, cog-

nitive function) that need to be studied in further depth.

Other ideas include using a ratio of muscle strength per

unit mass [21], or stratifying by BMI [23��]. Each method is

complicated by errors in predictability and stability across

varying anthropometrics.

The current opinions stated in this article are not

meant to minimize the global significance of muscle

size and the biological study of muscle regulation.

Muscle size and the mechanisms that govern it are

critical for maintaining a protein reservoir needed to

withstand resistance to disease conditions [51]. Muscle

tissue provides a rich source of protein necessary to

construct immune defenses and is associated with sur-

vival of several conditions including cancer [52].

Additionally, there is evidence from clinical trials on

anabolic hormones demonstrating favorable changes in

muscle size with a concomitant increase in muscle

strength [53]. Therefore, further study of the mechan-

isms of muscle regulation will provide the knowledge to

develop new pharmaceutical agents to attenuate muscle

loss seen with many diseases. Minimizing atrophy

during the disease process will provide patients with

the means to recover. Such circumstances continue to

make the study of muscle size management an import-

ant endeavor.
rized reproduction of this article is prohibited.
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