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Age, human performance, and physical employment standards1

Glen P. Kenny, Herbert Groeller, Ryan McGinn, and Andreas D. Flouris

Abstract: The proportion of older workers has increased substantially in recent years, with over 25% of the Canadian labour
force aged ≥55 years. Along with chronological age comes age-related declines in functional capacity associated with impair-
ments to the cardiorespiratory and muscular systems. As a result, older workers are reported to exhibit reductions in work
output and in the ability to perform and/or sustain the required effort when performing work tasks. However, research has
presented some conflicting views on the consequences of aging in the workforce, as physically demanding occupations can be
associated with improved or maintained physical function. Furthermore, the current methods for evaluating physical function
in older workers often lack specificity and relevance to the actual work tasks, leading to an underestimation of physical capacity
in the older worker. Nevertheless, industry often lacks the appropriate information and/or tools to accommodate the aging
workforce, particularly in the context of physical employment standards. Ultimately, if appropriate workplace strategies and
work performance standards are adopted to optimize the strengths and protect against the vulnerability of the aging workers,
they can perform as effectively as their younger counterparts. Our aim in this review is to evaluate the impact of different
individual (including physiological decline, chronic disease, lifestyle, and physical activity) and occupational (including shift
work, sleep deprivation, and cold/heat exposure) factors on the physical decline of older workers, and therefore the risk of
work-related injuries or illness.
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Résumé : La proportion de travailleurs âgés s’est accrue substantiellement au cours des dernières années; plus de 25 % de la main
d’œuvre au Canada est âgée de ≥55 ans. Avec l’avancement en âge vient le déclin de la capacité fonctionnelle associé à des
troubles des systèmes cardiorespiratoire et musculaire. Ainsi, selon des études, il y a une diminution dans la production de
travail des individus plus âgés et dans leur capacité à effectuer et maintenir un rythme de travail. Toutefois, la documentation
scientifique rapporte des points de vue divergents à propos des conséquences du vieillissement de la main-d’œuvre, car les tâches
physiquement exigeantes peuvent être associées à une amélioration ou à un maintien des fonctions physiques. De plus, les
méthodes actuelles d’évaluation des fonctions physiques des travailleurs plus âgés ne sont pas pertinentes ou ne sont pas
suffisamment ajustées aux tâches courantes, ce qui entraîne une sous-estimation de la capacité physique des travailleurs plus
âgés. Quoi qu’il en soit, cette industrie ne dispose pas souvent des informations ou des outils pertinents pour s’ajuster à la
main-d’œuvre vieillissante notamment dans le contexte des normes de travail physique. En fin de compte, si on adopte de bonnes
stratégies et des normes de travail ajustées aux forces et à la vulnérabilité des travailleurs plus âgés, ces derniers pourraient donner un
rendement équivalent à celui des plus jeunes. Cette analyse documentaire a pour objectif d’évaluer l’impact des divers facteurs
individuels (y compris le déclin physiologique, les maladies chroniques, le mode de vie et l’activité physique) et occupationnels
(y compris les quarts de travail, le manque de sommeil et l’exposition au froid/chaleur) sur le déclin physique des travailleurs plus âgés
et, par conséquent, sur le risque de maladie et de blessures au travail. [Traduit par la Rédaction]

Mots-clés : vieillissement, travailleur, aptitude au travail, capacité fonctionnelle, santé, condition physique, exercice physique.

Introduction
The demographics of the labour force are rapidly changing such

that the proportion of workers aged 45 years and older has in-
creased by as much as 50% in the past 20 years in most industri-
alized countries (Centers for Disease Control and Prevention
(CDC) 2012b). By 2030, the number of people ≥65 years in the
United States is projected to double, representing 20% of the total
American population (CDC 2012b). In Canada, 1 person out of 4 in
the labour force is ≥55 years. Notably, worker age in many phys-

ically demanding occupations has risen at an even greater pace
(Statistics Canada 2011). These trends raise many serious questions
about our readiness and ability to protect our aging workers,
especially given the observation that physically demanding jobs
may accelerate the age-related reductions in work capacity.

Aging has been defined as the “persistent decline in the age-
specific fitness components of an organism due to internal phys-
iological deterioration” (Rose 1991) and as a “complex biological
process in which changes at molecular, cellular, and organ levels

Received 11 September 2015. Accepted 26 January 2016.

G.P. Kenny* and R. McGinn. Human Environmental Physiological Research Unit, Faculty of Health Sciences, University of Ottawa, ON K1N 6N5, Canada.
H. Groeller. Centre for Human and Applied Physiology, School of Medicine, University of Wollongong, Wollongong, NSW, Australia.
A.D. Flouris. Human Environmental Physiological Research Unit, Faculty of Health Sciences, University of Ottawa, ON K1N 6N5, Canada; FAME Laboratory,
Department of Exercise Science, University of Thessaly, Trikala, Greece.
Corresponding author: Glen P. Kenny (email: gkenny@uottawa.ca).
*This paper was processed completely independently of the guest editor.
1This paper is part of a supplemental issue entitled Proceedings from the Second International Conference on Physical Employment Standards – Best
Practice in Physical Employment Standards: An International Perspective. Second International Conference on Physical Employment Standards (PES 2015)
was held in Canmore, Alberta, Canada; August 23–26, 2015.

This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0).

S92

Appl. Physiol. Nutr. Metab. 41: S92–S107 (2016) dx.doi.org/10.1139/apnm-2015-0483 Published at www.nrcresearchpress.com/apnm on 9 June 2016.

A
pp

l. 
Ph

ys
io

l. 
N

ut
r.

 M
et

ab
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
83

.2
12

.3
2.

23
8 

on
 1

1/
17

/1
6

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

mailto:gkenny@uottawa.ca
http://creativecommons.org/licenses/by/4.0/deed.en_GB
http://dx.doi.org/10.1139/apnm-2015-0483


result in a progressive, inevitable, and inescapable decrease in the
body’s ability to respond appropriately to internal and/or external
stressors” (Chodzko-Zajko and Ringel 1987). In the context of
the older worker, these age-related changes invariably lead to
changes in work capacity and performance, ultimately affecting
worker health and safety.

The complex relationship between age and occupational safety
and health is not well understood especially in the context of
physically demanding occupations (e.g., firefighting, mining, elec-
trical utilities work, construction, and others). Some reports have
indicated that older workers experience fewer work-related acci-
dents (Shishlov et al. 2011; Schwatka et al. 2012), although others
suggest that they have a proportionally higher frequency of injury
(and fatalities) than their younger counterparts (Lowery et al.
1998; Kemmlert and Lundholm 2001). Irrespective of these differ-
ences, age-related changes in physical and cognitive function
place older workers at greater risk of experiencing more severe
workplace injuries and illnesses, and therefore more absent days
(Farrow and Reynolds 2012). However, to date there remains a
paucity of information related to age-specific injury rates in
highly demanding occupations such as firefighting, mining, and
electrical utilities work. In general, age-related reductions in
physical work capacity are first observed between the ages of 40
and 50 years, albeit changes can occur as early as 20 years. These
reductions are largely attributed to decreases in aerobic (�40%
between the ages of 30 and 65 years) and musculoskeletal (�15% to
20% by 60 years of age) capacity, which can be exacerbated by
chronic health disorders and may in part explain the increased
incidence of job-related injuries and fatalities (Fig. 1) (Kenny et al.
2008). However, the extent of the decline in physical functioning,
and therefore the risk of work-related injuries or illness, is depen-
dent on a myriad of individual factors including lifestyle, level of
physical activity and fitness, and general health.

According to the CDC, the age of 40 years is used as a starting
point for the “older worker” (CDC 2012a), albeit other agencies
and organizations have used ages up to 55 years as the threshold.
As recently as 2013, the Bureau of Labor Statistics (BLS) reported

the median age of all industry personnel to be 42.4 years, with up
to a median of 50 years for workers in industrial manufacturing
and up to 47.2 years in coal mining (BLS 2013). Subsequently, of all
the industry workers, 45% are ≥45 years with 22% and 5% being
≥55 and ≥65 years, respectively. Importantly, the proportion of
workers ≥65 years reached as high as 20% in industries of agricul-
ture and forestry (BLS 2013). Collectively, it is clear that while
older workers can be classified as those in the middle stages of
their career (i.e., �40 years), our definition of the older worker
must also shift with the rapidly increasing age of the workforce.

While age-related changes in physical and cognitive function
are inescapable, they do not consistently lead to poor worker
performance and productivity. In fact, if appropriate workplace
strategies are adopted to build upon the strengths and protect
against the vulnerabilities of workers as they age, older workers
can perform as effectively as their younger counterparts (Zavanela
et al. 2012). However, in many situations industry lacks the appro-
priate information and/or tools to implement appropriate work
management strategies to protect their vulnerable workers. For
example, the American Conference of Governmental Industrial
Hygienists Threshold Limit Values (TLVs) is commonly used for
managing work activities in hot conditions. The TLVs refer to the
daily level of heat stress to which all workers may be exposed with
low risk of adverse effects. The values are based on the assump-
tion that nearly all young, well hydrated, and acclimatized work-
ers should be able to function effectively under a given working
condition without exceeding a core temperature of 38.5 °C.
Within its application, the issue is whether this limit provides
adequate protection for all workers including the most vulne-
rable, namely the older worker – especially those with chronic
health conditions (e.g., diabetes, hypertension, obesity, etc.). Em-
ployers have a duty to take every reasonable precaution to
develop policies and procedures to protect all workers, including
the most vulnerable; however, more research is required in the
consequences of work-related factors on worker health, perfor-
mance, and productivity to achieve this objective.

Fig. 1. Complex age-related physiological adjustments leading towards a decrease in work performance.
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By anticipating and adjusting for the physical changes experi-
enced by older workers through well-organized and supported
work-site health management strategies, aging workers can re-
main healthy while performing physically demanding jobs safely.
Many employers are aware that such efforts are necessary, but
most have not yet addressed them in large part because of a lack
of knowledge and information available for guidance. This is best
evidenced by an overwhelming lack of physical employment stan-
dards across numerous disciplines wherein employees are held to
the same standards regardless of characteristics that may impact
their capacity, such as age, sex, and/or the presence of chronic
health conditions. Employers who establish age-friendly work-
places that promote and support the work ability of employees as
they age are likely to be more successful in maintaining worker
safety and productivity, ultimately optimizing their competitive-
ness and sustainability. However, in many occupations, especially
those requiring high sustained physical efforts, it may not be
possible to accommodate the work demands with the capacities
of the workers. In such situations it will be necessary to assess if a
worker is “fit for duty” and therefore physically capable of per-
forming the required job/task safely without undue levels of phys-
ical strain and fatigue.

The task of identifying whether or not an older worker may be
able to perform a given job is made more difficult by the fact that
there is high degree of diversity in the jobs performed within a
given occupation. There are few age-related studies to date that
have examined how measures of decrease in physiological func-
tion (e.g., cardiorespiratory fitness and musculoskeletal capacity
along with flexibility, eye sight, and hearing) can be used to deter-
mine the changes in work ability, especially in older workers.
Moreover, while there have been studies examining the energy
demands in physically demanding occupations (Kenny et al. 2012;
Meade et al. 2015), few have examined these responses in the
context of the older worker. While changes in the work environ-
ment and/or conditions can be made to suit the functional capac-
ity of the aging worker, a good understanding of the nature of the
work performed and the work environment would be required to
identify possibilities for work accommodations. This should in-
clude programs aimed at the maintenance of functional capacity,
which may be implemented via (i) a high-quality health surveil-
lance program (e.g., in-service health assessments) over the career
of the worker, especially in those performing physically demands
jobs (Sluiter 2006); and (ii) a workplace health-enhancing physical
activity strategy to manage the health and functional capacity of
the worker. The inclusion of such a program will help to prevent
and manage the decrements in physical work capacities that the
aging worker will experience.

In the following sections, we will examine in greater detail the
physiological changes associated with age-related decrements in
physiological function and the impact it can have on a worker’s
ability to perform physically demanding jobs. Specifically, we will
outline the recent evidence detailing the age-related decrements
in cardiorespiratory and musculoskeletal function and the addi-
tive effects of chronic health conditions. In addition, we will
present the net consequences of the age-related decrements in
functional capacity, the additional occupational challenges for
older workers, and the challenges faced by employers along with
postulated strategies that could be implemented to facilitate the
older and more vulnerable workers to continue meeting occupa-
tional demands.

Physiological function and aging
As a consequence of the aging workforce, employers are facing

complex issues concerning older workers who are continuing to
work despite pronounced impairments in physiological function
(Fig. 1). While workers must possess a certain level of physical
ability to perform various tasks to continue to be contributing

members for their employer, workplaces must be tasked with
providing a work environment and work hours that accommo-
date older individuals. However, the increasing proportion of
older workers has not yet been met with a decline in occupational
demands, making it increasingly difficult for workers to continue
meeting productivity requirements and safety standards. For ex-
ample, a recent study reported that electrical utilities workers did
not alter work output based on age. Even at higher levels of phys-
iological strain, work output remained constant, which lead to
75% of workers exceeding the TLV for core body temperature
(Meade et al. 2015). While tasks associated with many physically
demanding jobs are at particular risk for increasing work-related
injury in older adults, even repetitive sedentary tasks (reading,
typing, etc.) may cause limb strain in such workers.

In the workforce, the primary contributor to reductions in
work ability, productivity, and absence because of illness is
the presence of health problems and/or susceptibility to injury
(Leijten et al. 2014). Older adults are at greater risk for a number of
afflictions, including chronic health conditions and work-related
injuries, which can lead to a reduced maximal capacity. Conse-
quently, older workers may be required to work at a much greater
percentage of their maximum ability. Noteworthy, the level of
risk varies greatly between individuals and depends on several
factors including genetics, lifestyle, and current health status.
Taken together, it would be most effective for workplaces and
older individuals to establish guidelines collectively for workers
and develop realistic expectations regarding assigned tasks, pro-
ductivity standards, and time-at-work to optimize day-to-day
operations and efficiency.

Age-related decrements in physical function
Aging in humans is closely associated with progressively in-

creased risk for chronic health conditions and functional disabil-
ity (Fig. 1). However, it is important to note that even healthy older
adults exhibit important decrements in physical function, which
can impact their ability to perform at work. Organ systems (i.e.,
cardiovascular, respiratory, and muscular systems) may decline
by as much as �2% per year after age 30 years (Sehl and Yates
2001). More recently, Nelson et al. (2010) reported an average de-
cline of 8% in maximum oxygen consumption (a strong predictor
of all-cause mortality) per decade between the ages of 30 and
69 years in healthy adults with jobs as corporate managers or
administrators. In a subgroup of individuals followed longitudi-
nally (�7.3 years) and given individualized health and fitness
counselling, the decline in maximum oxygen consumption was
decreasedO although not eliminatedO to only 0.4% per year (or
4% over a decade) (Nelson et al. 2010). As a result, the average
physical work capacity of a 65-year-old can be reduced by up to
�50% compared with an average 25-year-old worker (Ilmarinen
and Rantanen 1999). On the other hand, research has clearly
indicated that the age-related changes in physiological function
can be dampened by various factors including physical activity.
This notion has brought to light the concepts of biological (i.e.,
changes to the organ systems) versus chronological aging (i.e.,
changes associated with age and the passing of time) in humans
such that the numerical age of an individual (e.g., 70 years of age)
does not always equate to a given level of physical capacity. For
example, recent studies by Leyk and colleagues (Leyk et al. 2009;
Leyk et al. 2010) indicated that performance losses are strongly
related to a sedentary lifestyle rather than chronological aging.
However, it is important to note that while regular physical activ-
ity (among many other factors) may delay the process of age-
related decrements in physical function, there is currently no way
to halt it indefinitely.
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Cardiovascular function

Systolic and diastolic function
It is well established that cardiac remodelling (i.e., ventricular

hypertrophy) along with impairments in contractility and relax-
ation develop progressively with increasing age. Importantly, the
consequences of these alterations do not appear at rest (Martin
et al. 2015). In contrast, during physical work the impairments in
contractility in older adults lead to a diminished increase in ejec-
tion fraction by up to 20% and a consequent reduction in cardiac
output compared with younger individuals (Hawkins and Wiswell
2003; Martin et al. 2015). Similar to systolic function, changes in
diastole only become evident during episodes of physical work. In
young adults, early diastole is associated with rapid ventricular
filling and modest atrial contraction whereas older adults exhibit
a �50% reduction in early diastolic filling during physical exer-
tion (Groeller 2008; Lucas et al. 2015). However, by producing a
more vigorous atrial contraction, older adults are able to main-
tain similar end-diastolic volumes relative to their younger coun-
terparts (Groeller 2008). Therefore, blood delivery to working
muscles can be markedly reduced in older adults, leading to a
reduction in work ability and performance, which may be exacer-
bated when work is performed in hot environments as the com-
petition for blood flow between the working muscles and the skin
is heightened.

Cardiac and vascular responsiveness
The sympathetic branch of the autonomic nervous system gov-

erns cardiac contractility and output as well as peripheral resis-
tance (i.e., afterload). However, the age-related increase in resting
sympathetic tone (i.e., reduced capacity to increase during stress)
combined with the reduced sensitivity to changes in sympathetic
stimulation limits the ability of the aging heart to increase heart
rate during exertion (Hawkins and Wiswell 2003; Bellew et al.
2005; Fleg et al. 2005), which ultimately reduces the capacity to
increase blood supply to the working muscles. Consequently,
older adults rely more heavily on increasing stroke volume for
increases in cardiac output relative to their younger counterparts
(Martin et al. 2015). Alternatively, changes in aging blood vessels
can manifest as a marked reduction in elasticity (Greenwald 2007)
and thereby increased stiffness, which leads to an increase in
cardiac afterload. Furthermore, recent findings have indicated
that vasodilator capacity can be reduced by up to 45% in older
adults because of decreased nitric oxide and prostaglandin pro-
duction from the endothelium (Schrage et al. 2007). Collectively,
the reductions in cardiac output and in the capacity of vasodila-
tion can lead to substantial perturbations in the delivery of
oxygen to the working tissues and ultimately work ability.

Pulmonary function
While the trends of pulmonary function associated with aging

are highly variable, optimal pulmonary function typically occurs
between 20–25 years of age. With age comes pronounced impair-
ments in compliance of the chest wall and lung tissue associated
with increased chest wall stiffness owing to rib joint calcification
(Estenne et al. 1985) and reduced parenchymal elasticity (Janssens
2005; Ramly et al. 2015). While these opposing changes will result
in similar total lung capacities between young and older individ-
uals (Vaz Fragoso and Gill 2012), they do lead to reductions in
ventilatory efficiency (Spirduso 2005; Kenny et al. 2008). For in-
stance, older workers can have increased work of breathing by up
to 175% relative to their younger counterparts during physical
exertion at 60% of cardiac reserve (Chaunchaiyakul et al. 2004).
Furthermore, older adults can present with a marked decrease in
respiratory muscle strength and endurance by �75%, which can
impair efforts to cough and eliminate secretions (Kenny et al.
2008; de Oliveira-Maul et al. 2013). Consequently, older workers
are at particular risk when working in environments with poor air
quality.

Despite similarities in total lung capacity throughout the life-
span, there are important changes in air exchange that occur.
Residual volume is markedly increased by the reduction in lung
elasticity, and the combination of air trapping and lung hyperin-
flation leads to increases in functional residual capacity. The con-
sequences of these changes include greater levels of alveolar
collapse because of lower inspiratory and expiratory pressures
(Groeller 2008; Vaz Fragoso and Gill 2012) as well as reduced
forced vital capacity (Vaz Fragoso and Gill 2012). In particular,
forced vital capacity has been shown to decrease by �30 mL per
year (�25 mL per year for females) or 4%–5% per decade (Marks
2002; Hollenberg et al. 2006). Ultimately, age-related changes in
lung volumes can lead to differences in gas exchange because of
impaired ventilation–perfusion matching (i.e., suboptimal distri-
bution of ventilation) (Janssens 2005; Ramly et al. 2015) as well as
increased alveolar dead space (American Thoracic Society 2003;
Ramly et al. 2015). It is important to note, however, that these
changes can be vastly exacerbated by smoking.

Body composition
The changes in body composition associated with increasing

age have been reported to largely account for the differences in
physical functioning and work ability. In particular, older adults
tend to have greater body fat and less muscle mass. These changes
are multifactorial such that they exhibit components from
changes in hormone signalling, metabolic activity, dietary intake,
and physical activity. Consequently, increasing age is associated
with increases in body mass index (BMI), which in turn is associ-
ated with poor muscle quality and incidence of chronic disease. In
the context of work ability, higher body fat is related to pro-
nounced decreases in physical capacity as well as higher rates of
disability in workers and is said to more strongly explain the
reduction in physical performance compared with the change in
thigh muscle area (Tseng et al. 2014).

The accumulation of body fat in the visceral tissues, muscles,
and blood vessels of aging humans is strongly associated with
poor physical performance and disability (Brady et al. 2014). Nota-
bly, obesity has been regarded as the leading cause of disability
among older adults (Ogden et al. 2012). Approximately 40% of
older adults are obese (BMI > 30 kg/m2) and such individuals are
�60% more likely to develop marked functional declines (Schaap
et al. 2013). Obesity also puts older adults at particular risk for
cardiovascular disease, diabetes, and cancer, which indirectly
exacerbates the functional decline and negatively impact work
ability (Chang et al. 2012). As detailed below, older adults often
exhibit reductions in cross-sectional muscle area (i.e., sarcopenia).
While both sarcopenia and obesity can independently impair
physical function, a recent study implicated older adults with
sarcopenic obesity to have the greatest declines in physical func-
tion and that the prevalence of this phenotype is rapidly growing
(Brady et al. 2014). Importantly, females tend to have reduced
physical function relative to males throughout the lifespan and
this partly explains the discrepancy in work ability between older
males and females (i.e., females have a lower baseline physical
capacity) (Vincent et al. 2010). These sex-related differences may
be further explained by a combination of higher body fat, greater
muscle fat infiltration, and/or lower muscle mass in older fe-
males; however, recent work indicates that the rate of decline
between sexes is similar (Tseng et al. 2014).

Musculoskeletal capacity
Noticeable declines in muscular strength and endurance be-

come evident as late as 65 years such that a deterioration of �25%
compared with those at 30 years of age is observed (Gall and
Parkhouse 2004). The primary factor underlying the impairments
in musculoskeletal capacity is lost muscle mass (i.e., sarcopenia)
(Bellew et al. 2005; Delmonico et al. 2009). Sarcopenia can begin at
the age of 30 years and lead to �30% reduced cross-sectional mus-
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cle area by age of 65 years (Doherty 2001). These reductions appear to
be more pronounced in the lower extremities and are attributed to a
combined decline in the number and size of skeletal muscle fibres
(Marks 2002; Kenny et al. 2008). The major contributor to age-related
sarcopenia is the simultaneous neuromuscular alterations such
that there is selective age-related denervation of motor units, par-
ticularly type II fibres (Callahan and Kent-Braun 2011; Miller et al.
2013). As a result, there is a proportional shift towards type I
muscle fibres and an increase in the size of the remaining motor
units, which subsequently increases the activation threshold of
the muscle and decreases the speed of contraction (Miller et al.
2014). Functionally, sarcopenia and denervation can lead to
marked reductions in walking speed and endurance (Ostchega
et al. 2004; Kenny et al. 2008) as well as stability (Brill et al. 2000;
Kenny et al. 2008), all of which are crucial requirements for ade-
quate work ability in many industries. Fortunately, regular resis-
tance training has been shown to delay and even reverse the
progression of sarcopenia and denervation in aging adults
(Parente et al. 2008; Harber et al. 2009; Toth et al. 2012; Miller et al.
2014).

Muscular strength and endurance are equally (or even more
strongly) correlated with work ability compared with cardiorespira-
tory fitness (Kenny et al. 2008). Age-related sarcopenia and denerva-
tion are associated with a rate of decline in muscular strength of
�12%–15% per decade after age 50 years (Doherty 2001) or up to 5% per
year (Savinainen et al. 2004a, 2004b), albeit differences exist between
isometric and concentric muscular strength. The most relevant for
workers in construction and mining is isometric strength, which
appears to remain stable until age of 40 years (American College of
Sports Medicine (ACSM) 2010; Dodds et al. 2014) followed by a decline
of �1.0%–1.5% per year (Savinainen et al. 2004b; Bellew et al. 2005;
Spirduso 2005). Notably for older females, the transition from pre- to
postmenopause has been related to particularly high rates of decline
in grip and pinch strength, which is associated with the rapid fall of
ovarian hormone production (Doherty 2001). In contrast, concentric
muscular strength is most relevant for many other workers, includ-
ing firefighters and nurses. Aging typically presents a decline in con-
centric muscular strength by 8%–10% per decade (Walker et al. 2014)
and is particularly observed in the lower extremities as mentioned
above. Taken together, age-related sarcopenia and selective denerva-
tion can cause particular reductions in musculoskeletal capacity and
thereby markedly impair work ability in older workers.

Together with these deteriorations in musculoskeletal capacity,
aging is associated with a progressive decline in flexibility, coor-
dination, and balance – albeit the rate of change is highly depen-
dent upon the individual’s general physical fitness and state of
health. Age-related decrements in strength, which are exacer-
bated by reduced levels of physical activity and/or fitness, can
negatively impact balance (Brill et al. 2000; Ostchega et al. 2004).
Importantly, reductions in lower body muscle strength and power
as well as balance are considered important contributors to inju-
ries such as falls. Many physically demanding occupations require
the execution of complex motor tasks that require the precise
coordination and integration of multiple large muscle groups
(e.g., the trunk, lower limbs, and upper limbs). Aging can affect
the activation pattern such that the recruitment of muscles is
negatively impacted leading to reduced muscle coordination and
balance (Fujiyama et al. 2012; Marques et al. 2015). While the
underlying mechanism(s) underpinning this response remains
unclear, age-related decreases in muscle strength (and muscle
atrophy especially in older adults >60 years of age) may be an
important contributor (Ikezoe et al. 2015). Furthermore, as re-
cently reported, age-related changes in postural control may de-
grade the integrated coordination of sensory feedback and
motor execution (Yeh et al. 2015). For workers engaged in the
performance of complex physically demanding tasks, a greater

attention/focus is required to maintain the appropriate level of
postural and cognitive activity. Relative to their younger counter-
parts, older adults differ in their ability to perform these compet-
itive tasks (i.e., postural and cognitive) such that their ability to
prioritize the tasks is compromised thereby increasing their risk
for loss of balance and therefore fall-related injuries (Brown et al.
1999; Bernard-Demanze et al. 2009). Moreover, older adults have a
reduced ability to stabilize posture following an external pertur-
bation as it is more demanding of their attention (Brown et al.
1999). Consequently, older workers experience greater sprains/
strains injuries to the ankle/foot/toes, knees/lower legs, and
multiple body parts caused by falls as compared with younger
workers (Choi 2015). The implementation of health management
programs, which include an aerobic and resistance training com-
ponent, can preserve or augment postural stability and dynamic
balance (Bellew et al. 2005; Holviala et al. 2006; Paterson and
Warburton 2010) – factors that can invariably affect a worker’s
functional ability and risk of work-related injuries (e.g., falls)
(Holviala et al. 2006; Manini et al. 2007; Bernard-Demanze et al.
2009). Additionally health management programs that integrate
flexibility training interventions can enhance joint range of mo-
tion in various joints, leading to improvements in joint and pos-
tural stability and therefore enhanced functional ability (Paterson
and Warburton 2010).

Cardiorespiratory fitness
The maintenance of cardiorespiratory fitness is one of the most

important aspects of healthy aging in humans and can markedly
affect all-cause mortality (Kokkinos et al. 2011) as well as workers’
ability to perform, especially physically demanding tasks. How-
ever, there is a clear progressive age-related decline in cardio-
respiratory fitness (most commonly assessed by maximal oxygen
consumption, V̇O2max) that begins at age 30 years (Ilmarinen 2001;
Fleg et al. 2005). Reports have indicated that the rate of decline in
V̇O2max can be �5%–15% per decade (Hawkins and Wiswell 2003;
Bellew et al. 2005; Crawford et al. 2010) or 0.25–1.04 mL·kg−1·min−1

per year (Gall and Parkhouse 2004; Savinainen et al. 2004b; Bellew
et al. 2005), ultimately leading to a decrease in cardiorespiratory
fitness of up to 60% by the age of 70 years. Cardiorespiratory
fitness depends upon 2 fundamental concepts: the adequate de-
livery of oxygen to the metabolically active tissues as well as ade-
quate oxygen extraction and utilization. The decline in V̇O2max
with age can be explained by both concepts given the age-related
changes to the involved organ systems (i.e., heart, lungs, and skel-
etal muscles). The impaired increase in cardiac output together
with the changes in pulmonary compliance as well as sarcopenia
manifest as reductions in V̇O2max. These changes seen in older
adults can result in progressive and marked reductions in work
ability as well as performance of tasks that are both physically and
nonphysically demanding (Ritvanen et al. 2007; Kenny et al. 2008).
Importantly, regular physical activity has been shown to blunt,
albeit not entirely prevent (down to ~0.5% per year), the decline in
V̇O2max in older adults in a dose-dependent manner (Arias et al.
2015; Jebens et al. 2015).

Sex-differences
Males and females generally adhere to a similar trajectory of a

decline in physiological function with advancing age (Tseng et al.
2014); however, this is inconsistent for the rate of decline in car-
diopulmonary function (Hollenberg et al. 2006). While the au-
thors reported that absolute V̇O2max in females was only 77% of
that for males, this difference was eliminated (down to 5%) when
expressed as a function of kilograms of lean body mass. In addi-
tion, females exhibited a lower rate of decline in V̇O2max com-
pared with males and this was attributed primarily to the changes
in maximal heart rate associated with increasing age (Hollenberg
et al. 2006). Therefore, while males and females usually start with
a different baseline aerobic capacity (i.e., males have a greater
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V̇O2max relative to females), the rate of decline in fitness and there-
fore functional capacity is greater in males.

Impact of age in physically demanding
environments

Despite the pronounced age-related mental and/or physical de-
cline, some reports indicate that work performance is not affected
until age 70 years (Tuomi et al. 2001; Farrow and Reynolds 2012).
While this may reflect benefits of job experience, the productivity
losses for both sexes in physically demanding jobs is much more
apparent and is accompanied by greater relative incidence of
work-related accidents and/or injuries (Tuomi et al. 2001; Farrow
and Reynolds 2012). Data from several large-scale surveys from the
United States indicate increased absenteeism in each decade from
�5 to �18 days for workers aged 20–24 and ≥65 years, respectively
(Rogers and Wiatrowski 2005). Moreover, workers ≥65 years have
a work-related fatality rate �3-fold higher than workers aged 16–
64 years (Pratt 2003). The following subsections discuss the impact
of age-related changes in physiological function and work ability
on the work output in physically demanding jobs.

Impact of cardiorespiratory fitness
Several occupational studies have shown that cardiorespiratory

fitness declines progressively in both men and women by �10%
per decade (Fig. 1) (Gall and Parkhouse 2004; Savinainen et al.
2004a; Crawford et al. 2010), which can markedly impair the work
ability of older workers (Ritvanen et al. 2007; Kenny et al. 2008).
Nevertheless, the evidence remains inconclusive as reduced cardio-
respiratory function in older workers is not always associated
with increased fatigue or attenuated work output (Crawford et al.
2010). The most likely explanation involves the factor of seniority,
which allows older workers to select lighter and less demanding
tasks. This is supported by a study of powerline technicians
whereby the older workers performed less pole work and more
groundwork compared with young workers (Parkhouse and Gall
2004). In doing so, the older workers tended to adopt the role of a
supervisor (which included less physical work) to compensate for
the age-associated decline in cardiorespiratory fitness (Parkhouse
and Gall 2004). In turn, the older workers were able to transfer
their knowledge and expertise to the younger workers.

Impact of musculoskeletal deteriorations
Aging is accompanied by muscle remodelling and attenuated

strength as detailed above (Fig. 1). In construction- and mining-
type occupations the most relevant type of strength is isometric,
which remains stable until age 40 years followed by a decline of
�1%–5% per year (Savinainen et al. 2004b; Bellew et al. 2005;
Spirduso 2005). On the other hand, concentric muscular strength,
which is most relevant for many other workers, including fire-
fighters and nurses, has been shown to decline by 8%–10% per
decade (Vilela et al. 2015), particularly in the lower extremities.
These deteriorations are mainly due to an age-related shift from
type II to type I muscle fibres along with marked sarcopenia and
are associated with pronounced impairments in work ability and
performance (Doherty 2001; Miller et al. 2013). In addition, there is
a �10% increase in the prevalence of musculoskeletal disease in
male workers between the ages of 50 and 54 years (Tuomi et al.
1991). Of particular note, workers in physically demanding jobs
tend to exhibit greater prevalence of musculoskeletal diseases
and are diagnosed earlier than workers in less challenging jobs
(Koskela 1997).

Despite these musculoskeletal deteriorations, it remains un-
clear whether they are associated with attenuated work output
(Crawford et al. 2010). Indeed, longitudinal data demonstrate that
older workers have attenuated strength and flexibility whereas
cross-sectional studies report relatively few differences from
young workers for job-specific tasks (Schibye et al. 2001; Gall and
Parkhouse 2004). Nevertheless, it is clear that older workers re-

quire longer and more frequent rest periods compared with
younger workers, especially when performing physically and/or
psychologically demanding tasks, monotonous work, and when
working for >42 h/week (Devereux and Rydstedt 2009; Crawford
et al. 2010). Moreover, older workers exhibit increased postural
sway when standing normally (Punakallio 2003), which is exacer-
bated when wearing protective equipment, compared with young
workers (Punakallio et al. 2003). Therefore, the reductions in mus-
cle mass in the lower extremities together with neuromuscular
changes can lead to marked reductions in walking speed and
endurance (Ostchega et al. 2004; Kenny et al. 2008) as well as
stability (Brill et al. 2000; Kenny et al. 2008). Collectively, these
findings indicate that musculoskeletal deteriorations in the aging
worker likely impact work ability and performance for physically
demanding work. Importantly, musculoskeletal disorders and
stress have recently been identified as the most commonly re-
ported new cases of self-reported ill health with workers ≥45 years
showing the highest prevalence (Health and Safety Executive
2008; Leijten et al. 2013, 2014).

Impact of chronic health disorders on physical function
It is important to consider that aging is also associated with

increased risk for developing chronic health disorders. According
to the National Center for Health Statistics (2010), 2 out of 3 older
adults have 1 or more chronic health disorders. Therefore, more
consideration is warranted for the extent to which chronic health
disorders can impact work ability. Obesity is the most prevalent
chronic health disorder in older workers in industrialized coun-
tries (Park 2009; Jordan et al. 2015) and can cause marked func-
tional limitations and reduced work ability (Fig. 1) (Capodaglio
et al. 2010). Consequently, obese workers tend to report higher job
strain, higher psychological demands, feelings of low social sup-
port, and other markers associated with greater lost-time due to
injuries (i.e., increased absenteeism) (Capodaglio et al. 2010). In-
deed, the heaviest workers file twice as many health claims as
workers of normal weight with cost and number of days lost being
strongly associated with BMI (Ostbye et al. 2007). Interestingly,
health claims of obese workers were even higher in high-risk
occupations with high physical demands and ergonomic stress
(Ostbye et al. 2007; Kuehl et al. 2012). Ultimately, obesity is re-
ported to reduce participation in the workforce (Degli Esposti
et al. 2006) and is associated with increased absenteeism, disabil-
ity, and health claims (Han et al. 2009) as well as attenuated sala-
ries (Baum et al. 2004) and productivity (Bhattacherjee et al. 2003),
with a 13-fold increase in lost working days and 11-fold increase in
compensation claims (Tunceli et al. 2006).

Individuals with obesity and other chronic health disorders are
less likely to continue working compared with their healthy counter-
parts (Baanders et al. 2002) and up to 58% of those that are em-
ployed report difficulties in performing their work (Lerner et al.
2000). Naturally, the prevalence of chronic health disorders in-
creases with age and the highest prevalence of illness (and there-
fore, absenteeism) among workers are males aged 55–64 years
and females aged 45–59 years (Health and Safety Executive 2008).
Cardiopulmonary impairments and type 2 diabetes are among the
most notable factors to cause marked decreases in work ability
(Leijten et al. 2013, 2014) and are associated with higher rates of heat
illness when such individuals are exposed to hot environments
(Kenny et al. 2010). For example, older men and women with type 2
diabetes showed marked attenuations in whole-body heat loss (by
�60%) during a 60-min work bout in a moderately hot environment
(i.e., 30 °C) compared with nondiabetics matched for age, sex, anthro-
pometry, and cardiorespiratory fitness (Kenny et al. 2013). Impor-
tantly, this study reported that the differences in the capacity to
dissipate heat were evident as early as 15 min into the work bout and
continued into the recovery period. These findings have particularly
important implications for occupations with physically demanding
jobs since several lines of evidence demonstrate that hyperthermia
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and heat stress lead to attenuated work output in individuals of all
ages (Flouris 2011; Kenny and Flouris 2014). In addition, these effects
may be exacerbated in occupations where protective clothing is
worn (e.g., mining, armed forces, automotive/athletic settings) as the
clothing will further impair the rate of heat loss. Despite this, there is
a lack of information relating to the direct effects on work ability and
strategies for employers to better protect and serve these workers.

Managing functional decline through physical activity
Though the acquired job experience and more efficient use of

resources of older workers may be able to compensate for reduced
work output, these adjustments are possible only when there is
flexibility in job content (Laflamme and Menckel 1995). Unfortu-
nately, in several occupations, especially in physically demanding
jobs, such adjustments are not possible. This highlights the im-
portance of mitigating obesity and supporting fitness to preserve
work ability and delay biological aging in older workers despite
continued chronological aging.

Several daily tasks in physically demanding jobs can be a suffi-
cient stimulus to promote or maintain cardiorespiratory fitness.
For instance, an 86-kg individual tending a furnace in a steel mill
expends �648 kcal·h−1 (with comparable values reported for other
physically demanding jobs), which is analogous to jogging on a flat
surface at 8.4 km·h−1 (McArdle et al. 2001). However, the majority of
older workers are physically inactive during leisure time. This is
particularly true for blue-collar workers, who generally have the
most physically demanding jobs (Ilmarinen 2001). Moreover, blue-
collar workers commonly have ≥1 unhealthy habits, including smok-
ing, alcohol abuse, and/or unhealthy diet (Flouris et al. 2012). It has
been well established that interventions to improve/maintain the
overall health and functional capacity (i.e., cardiorespiratory fitness
and musculoskeletal capacity) in older workers can simultaneously
enhance work ability (Ilmarinen and Rantanen 1999; Tuomi et al.
2001). For example, the inclusion of programs for specific health
behaviours (e.g., nutrition, smoking, and alcohol use) may be bene-
ficial (Ilmarinen 2001; Tuomi et al. 2001; Bohle et al. 2010; Flouris et al.
2010; Borah et al. 2015). Furthermore, the involvement of health
experts (e.g., kinesiologists, nutritionists, nurses, physicians) can
maximize the impact of interventions geared towards improving
functional capacity (Borah et al. 2015; Kramer et al. 2015; Vilela et al.
2015). Importantly, effective interventions should be age-specific if
measureable changes in work ability are to be achieved for all work-
ers (Ilmarinen and Rantanen 1999).

Ultimately, when performed regularly, aerobic training, re-
sistance training, and/or their combination can improve cardio-
respiratory and musculoskeletal function, and delay age-related
decrements in physical functioning and work capacity. Aerobic
training leads to substantial improvements in cardiorespiratory
fitness in previously nonexercising healthy older adults whereas
resistance training can induce marked increases in lean body
mass and muscle strength/performance and consequently, func-
tional capacity (Ramirez-Campillo et al. 2014). Individuals who
remain physically active and maintain lean body mass experience
a lower rate of decline in physical capacity compared with their
sedentary counterparts (Hawkins and Wiswell 2003). In general,
the implementation of workplace interventions involving physi-
cal activity have yielded important positive outcomes for workers,
including improved health, fitness, and health-related quality of
life (Zavanela et al. 2012). While the level of physical activity at
work can be an important determinant affecting a worker’s over-
all physical work capacity and health (Arias et al. 2015), the addi-
tion of a physical training program performed in the workplace or
during the worker’s leisure time can increase an individual’s
work ability regardless of differences in the level of physical ac-
tivity while on the job (Ohta et al. 2004). However, as recent evi-
dence suggests the workplace health-enhancing physical activity
strategy must be well-designed, multi-faceted, and provide expert

guidance and support to the worker to ensure a positive outcome
(Viester et al. 2015).

Factors affecting work ability in older adults

Shift/night work and sleep deprivation
In young workers, rotating shift work and nonstandard hours

(i.e., night shifts) are detrimental for health, physiological func-
tion, sleep, work performance, and personal life (Bohle et al.
2010). Even though 24% and 12% of older male and female workers,
respectively, report having frequent night shifts (Bohle et al.
2010), there remains a paucity of information regarding the age-
related effects of shift work. Aging is known to impact circadian
rhythms such that the adjustment to night work is hindered (i.e.,
older workers sleep earlier at night) (Costa and Sartori 2007). In
line with these findings, the critical age for intolerance to night
work is �45–50 years (Costa and Di Milia 2008). Consequently,
older workers may be unable to sleep adequately following a
night shift, thereby increasing the risk of sleep disorders and
deprivation (Costa and Di Milia 2008). Furthermore, it is impor-
tant to highlight that shift work and irregular working hours may
have adverse effects on the work ability of older workers. Indeed,
shift workers appear to have a lower work ability compared with
day workers, a finding that is further exacerbated in the older
population (Costa 2005). This may be due to the greater need for
recovery for older workers to effectively perform their work tasks
(Ilmarinen and Rantanen 1999). Figure 2 provides a list of recom-
mendations based on the available evidence for the management
of shift workers over the age of 50 years.

Work in hot environments
Healthy humans maintain core temperature at near constant

level (�37 °C) regardless of environmental conditions. However,
age-related impairments in whole-body heat loss are reported to
occur as early as age of 40 years. Specifically, a recent study
showed that individuals ≥40 years store 60%–80% more heat than
younger counterparts aged 20–31 years after 2 h of moderate-
intensity (rate of heat production of 400 W) intermittent work
(Larose et al. 2013). This was supported in a follow-up study iden-
tifying impairments in the capacity of middle-aged and older
adults to dissipate heat that occurs during work in both dry and
humid heat-stress conditions (Larose et al. 2014). Indeed, while all
age groups in this study stored almost double the amount of heat
when ambient humidity was increased from dry (�20%) to mod-
erately humid (60%), the middle-aged and older adults still dem-
onstrated disproportionately greater heat storage (by �38%). In
addition, these differences are dependent upon metabolic heat
load (i.e., intensity of physical activity or work) such that marked
reductions in the physiological capacity to dissipate heat were
observed at a metabolic heat load ≥400 W and ≥325 W for older
males and females, respectively (Stapleton et al. 2015a, 2015b). The
authors also noted that the age-related impairments were influ-
enced by fitness such that middle-aged adults with high fitness
showed high heat loss (i.e., compared with their younger counter-
parts), while middle-aged adults with low fitness showed low heat
loss (i.e., compared with their older counterparts) (Stapleton et al.
2015a, 2015b).

Work in cold environments
Similar to the impairments in heat loss, older workers (partic-

ularly >60 years) have a diminished capacity to maintain core
temperature during cold exposure (Blatteis 2012). The mecha-
nisms for this include attenuated cutaneous thermal sensitivity
and subjective thermal perception when exposed to cold environ-
ments (Blatteis 2012). Consequently, older adults require intense
cold stimuli before activating their protective mechanisms. In
addition, the skin vasoconstrictor response to cold is reduced in
older adults along with the amount of heat generated by shivering
and nonshivering thermogenesis because of age-related atrophy
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of the skeletal muscles (Florez-Duquet and McDonald 1998) and of
brown adipose tissue (Flouris and Dinas 2015). As a result, meta-
bolic heat production of many older workers in the cold may not
offset heat loss, which can lead to reduced peripheral blood flow
and even hypothermia. Taken together, older workers are at
greater risk for decreased work ability in hot and cold environ-
ments (which include various climates around the world as well as
specific work environments).

Assessment and adaptations of older adults

Physical performance measures and aging workers
Assessing physical performance can determine the effective-

ness of personnel with respect to occupational demands. Indeed,
physical assessments have been the standard within the military
since the mid-19th century to determine the suitability of nonin-
cumbent personnel for training activities (Knapik et al. 2004).
Discrete assessments of physical fitness, such as a single repeti-
tion maximum squat, are commonly assigned to cover specific
physical domains of performance (e.g., muscular strength), from
which normative values are obtained to characterize a popula-
tion. The physical performance domains of muscular strength,
endurance, and range of motion are essential attributes that de-
cline with age, but are necessary for the maintenance of occupa-
tional performance and work ability (Pohjonen 2001a; Jebens et al.
2015).

Range of motion
Aging is associated with deteriorations in the functional range

of joint motion in the general population and older workers
(Savinainen et al. 2004b; ACSM 2010); however, the magnitude of
change varies considerably. For example, a longitudinal investiga-
tion of 45 municipal workers over a 16-year period observed a
20%–25% decrease in spinal and trunk range of motion (Savinainen

et al. 2004b). In contrast, a cross-sectional study of 750 employees
observed inconsistent changes in cervical (�10% decline after age
60 years) and spinal (no change in females and a clear increase in
males) range of motion across 4 decades (Cote et al. 2014). Note-
worthy, the range of motion values from Cote et al. (2014) were
markedly different compared with reference values, which may
indicate a cohort effect or reflect differing methods of assessment
for range of motion between studies (Yoo et al. 2011).

Muscular strength
The retention of the isometric strength in older workers may be

influenced by job characteristics such as the intensity of the work.
Specifically, 1 study observed workers undertaking heavy manual
labour were able to maintain grip strength over a 16-year period
whereas those employees performing light tasks showed reduc-
tions with age (Savinainen et al. 2004a). In addition, aging workers
have shown improved resistance to fatigue during isometric tasks
(Avin and Law 2011) along with improved static endurance of the
shoulder, neck, and lumbar muscles, and isotonic endurance of
the trunk extensors (Jebens et al. 2015). Alternatively, isokinetic
knee and trunk extensor endurance show no change over 4 de-
cades in manufacturing workers (Cote et al. 2014).

The findings described above clearly indicate that older
workers do not follow the normal pattern of the age-related de-
cline in musculoskeletal capacity. Furthermore, it is important to
acknowledge that isometric contractions rarely represent the
complexity of movement or force required when performing
occupational tasks (Holsgaard Larsen et al. 2007). As demonstrated
by Gall and Parkhouse (2004), a significant age-related decline was
noted in isometric strength; however, when participants then
repeated the isometric assessment with a joint position appropri-
ate for performing a work-related task (i.e., the elbow was ex-
tended and the wrist placed in ulnar deviation), no age-related

Fig. 2. Recommendations for the management of shift workers over the age of 50 years.
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change in muscle strength was observed (Gall and Parkhouse
2004). Thus, physical assessments can often lack the specificity
required to truly quantify occupational-directed musculoskeletal
function, and thereby underestimate work ability.

It is well accepted that a pronounced age-related reduction in
upper (35%) and lower (30%) limb strength occurs over 4 decades
(ACSM 2010). Noteworthy, a 10%–15% decline in leg press strength
over a similar time period was reported for older workers (Cote
et al. 2014). In fact, the males within this investigation that spanned
a 40-year age range had leg press strength ratios �1.5 times greater
than those reported for the general population, while female
workers had markedly lower limb strength ratios (0.81–0.81) rela-
tive to the general population (1.44–0.99). In contrast, older fe-
male workers exhibited no detectable age-related decline in lower
limb strength compared with a 30% reduction in the general fe-
male population (ACSM 2010). While still unclear, this divergence
in occupational and normative strength values may be explained
by the prolonged and persistent physical demands placed on the
workers (Cote et al. 2014).

Cardiorespiratory fitness
Unlike musculoskeletal function, the age-related decline in car-

diorespiratory fitness in the general population after age 30 years
is paralleled in older workers (Gall and Parkhouse 2004; Jebens
et al. 2015). Thus, cardiorespiratory fitness is reduced irrespe-
ctive of the daily occupational demands faced by older workers
(Schibye et al. 2001; Jebens et al. 2015). Along these lines, physi-
cally demanding jobs are also not associated with better protec-
tion from cardiovascular disease (Holtermann et al. 2010), which
may be impacted by sedentary lifestyle outside of work and other
detrimental habits, such as smoking, alcohol abuse, and poor diet.

Physical performance in healthy older workers
Chronologically speaking, an individual at 60 years has aged

20 years more than an individual of 40 years. However, chrono-
logical age does not necessarily provide an indication of how the
progression of time has affected the body structures and regula-
tory systems or distinguish the interaction with the environment
and disease (biological aging). For example, the chronic adoption
of poor health behaviours, such as sedentary lifestyle, smoking,
poor diet, and substance abuse, will exacerbate the effects of bio-
logical aging, such that 2 individuals in their 60s may have widely
disparate levels of aging, disease, and physical function. This vari-
ance in biological and chronological aging may explain the level
of heterogeneity in the physical performance scores of older
adults (Cote et al. 2014; Jebens et al. 2015) and thus limits our
ability to use chronological age as a marker for work ability and
productivity (Dewhurst 2015). For example, shoulder press and leg
press strength showed a 10- and 2-fold difference, respectively,
between the lowest and highest mass lifted in a group of Norwe-
gian workers aged 45–60 years (Savinainen et al. 2004b; Jebens
et al. 2015). Indeed, some older males were observed to have supe-
rior absolute upper and lower limb strength relative to co-workers
who were up to 30 years younger (Jebens et al. 2015). Clearly there
exists a complex interaction between genetics and long-term
health behaviours that can act to minimize or accelerate biologi-
cal aging (Cote et al. 2014).

Although older workers are at increased risk for work-related
injury (Loeppke et al. 2013; Fox et al. 2015), physical work may help
to preserve work ability in older adults such that population-
based age standards could underestimate the ability of an older
worker (Cote et al. 2014). These interactions have been termed the
“healthy-worker effect”, which is thought to be a common con-
founding factor in occupational research (Li and Sung 1999). The
initial employment screening, retention requirements, environ-
ment regulations, employee services, and employer organization
size can have a substantial impact upon the health of the worker.
Specifically, employers often employ methods to screen and select

employees based on minimum health and physical employment
standards (Taylor and Groeller 2003). Consequently, employees
may have health and physical fitness that exceed those of the
general population (Li and Sung 1999). Moreover, this selection
bias may extend as the worker ages, allowing for increased work
ability and therefore sufficient health and capacity to meet occu-
pational demands (Hagen et al. 1993).

It is important to note that the healthy-worker effect can pro-
tect some workers from afflictions associated with biological ag-
ing, albeit this effect is not consistent throughout occupations or
organizations. Workplace restrictions of negative health behav-
iours (e.g., smoking) and the facilitation of positive health behav-
iours (e.g., dietary or physical activity advice) are reported to have
a substantial impact upon the health and wellness of employees
(Li and Sung 1999). However, not all employers have the capacity
to deliver a comprehensive health program. In such situations,
the responsibility may fall to the government with a socialized
health care system to fill such gaps for ethical (i.e., worker protec-
tion and safety) and economic reasons (i.e., worker retention).
Large organizations are 4-fold more likely to have pre-employment
physical examinations and 5-fold more likely to provide periodic
medical examinations than smaller employers (Wilcosky and
Wing 1987). Furthermore, older adults that are retired tend to
exhibit rapid reductions in work ability and functional capacity
because of increased rates of disease and/or disability, which may
have been the cause of retirement (Robroek et al. 2013). Ulti-
mately, older workers with physically engaging occupations may
be healthier than the general population; however, information
regarding the conditions allowing for the health-worker effect is
sparse and requires further research to be better defined.

Work ability index
Work ability is the assessment of one’s available resources to

meet occupational demands in the working environment. The
ability of an employee to be productive at work can be assessed in
numerous ways (van den Berg et al. 2009), with the most common
and widely accepted measure being the Work Ability Index
(Ilmarinen 2001). This index is based on the (i) physical and
(ii) mental demands of the individual at work, (iii) psychological
resources and (iv) capacity, (v) the presence of disease and (vi) the
associated restrictions, as well as the (vii) prediction of future
work ability. The summed scores from each of the 7 areas in the
questionnaire produce a score up to 49 to identify work ability as
poor (7–27), moderate (28–36), good (37–43), or excellent (44–49)
(van den Berg et al. 2009). High-functional capacity is required for
a score of good or excellent whereas lower functional capacity will
yield lower ratings with scores of �16 and �25, indicating disease
and disability, respectively (Pohjonen 2001b; Wind et al. 2009).
Thus, work ability is a multi-dimensional construct encompassing
physical tasks along with environmental and personal factors that
influence worker health (Ilmarinen 2001).

Influence of health and age
There is a strong association between perceived health status,

work ability, and disability (Krause et al. 1997; Pohjonen 2001b).
Indeed perceived health status has been observed to be a stronger
predictor of retirement, with disability rather than actual disease
prevalence determined by a medical examination (Krause et al.
1997). Similarly, diagnosis of any chronic disease is associated
with a lower work ability index (von Bonsdorff et al. 2011a). For
example, a poor work ability index was reported in 60% of blue-
and white-collar middle-aged workers (44–58 years) with muscu-
loskeletal disease and only 16% with an excellent work ability
index (von Bonsdorff et al. 2011a). There are typically strong asso-
ciations between the presence of musculoskeletal and/or psycho-
somatic symptoms and reduced work ability (Pohjonen 2001b),
with the greatest differences observed in individuals with psycho-
logical and/or physical health problems (van de Vijfeijke et al.
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2013; Leijten et al. 2014). However, it is clear that interactions
between physical and mental health exist as some individuals
with a chronic disease(s) still obtain a superior work ability index
(van de Vijfeijke et al. 2013).

Although work ability diminishes with age (Camerino et al.
2006; Alavinia et al. 2007), the rate of decline is influenced sub-
stantially by the nature of the occupational tasks (Ilmarinen 2009;
von Bonsdorff et al. 2011b). For instance, jobs with lower strain and
increased employee support tend to delay the age-related reduc-
tions in work ability for up to 28 years (von Bonsdorff et al. 2011b).
Therefore, the implementation of strategies aimed to promote
work ability in younger workers are critical for long-term produc-
tivity, continued competence, and minimizing socioeconomic
strain from functional loss after retirement (Ilmarinen and
Rantanen 1999). However, the work ability index may not be di-
rectly comparable across age groups. Because of a relatively brief
exposure to the occupation, younger workers may overestimate
their current work ability, which then amplifies the perceived
losses in work ability over time (Ilmarinen 2009). Thus, modified
normative values may better characterize work ability in less ex-
perienced employees and thereby allow for more accurate com-
parisons as a function of worker experience (Kujala et al. 2005).

Functional capacity
Age-related declines in functional capacity tend to accelerate

after the age of 45 years (Kenny et al. 2008; Soer et al. 2012).
Despite this, the absolute physical demands of occupational tasks
remain unchanged irrespective of worker age and attributes
(Louhevaara 1999) such that a given task will represent a progres-
sively greater percentage of an aging worker’s peak functional
capacity (Ilmarinen 2001; Jebens et al. 2015). Surprisingly, this has
no apparent impact on the ability of the worker to meet the
energetic demands of their tasks (Soer et al. 2012; Jebens et al.
2015). However, higher work intensities will expose the older
workers to greater relative strain, and therefore increased risk of
injury because of overexertion and fatigue (McGill 1997). For ex-
ample, construction workers have recently been reported to ex-
pend �1.1 LO2·min−1, which corresponds to �25% and �33% of
V̇O2max for younger and older workers, respectively (Jebens et al.
2015). For the older workers, this relative work rate approaches
and may exceed the upper limits (30%–35% V̇O2max) of relative
energy expenditure recommended for an 8-h shift (Ilmarinen
1992a). Although a higher energy expenditure may seem benefi-
cial for workers, the age-related functional decline appears to
be exacerbated in the most physically demanding occupations
(Savinainen et al. 2004a; Seitsamo et al. 2007; Holtermann et al.
2010; von Bonsdorff et al. 2011b). In fact, a 17-year study followed
6000 employees from jobs that were physically demanding. After
retirement when work-related strain was removed, employees re-
ported a marked increase in well-being and in the ability to per-
form daily activities (Seitsamo et al. 2007). Noteworthy, while this
improvement following retirement may be linked with the re-
moval of work-related strain, a recent study by Miranda et al.
(2015) noted that other workplace stressors included smoking and
sedentary lifestyle. This combination of stressors have an overall
detrimental effect on worker health and the fact that they appear
to affect younger workers more strongly (Miranda et al. 2015)
implies that employers must act quickly to prevent a progres-
sively worsening level of work ability among workers of all ages.

Managing the health and safety of our aging workforce
Changing workforce demographics has required employers and

employees to re-examine attitudes and assumptions regarding
the productivity and suitability of the older worker (Dewhurst
2015). For example, older workers may benefit from the work-
place accommodations that are designed to assist people with
disabilities (Kampfe et al. 2008); however, their use is limited as
workers assume that their declining health is an unavoidable

consequence of aging (Tishman et al. 2012). The retention of older
workers is even becoming necessary for employers such that they
can no longer rely upon a steady influx of younger works to meet
production needs (Oude Hengel et al. 2012). Consequently, em-
ployers are being faced with the need to adopt long-term strate-
gies for managing and maintaining their workforce.

Is improved safety criteria required?
Given that reduced physical capacity will invariably increase

the risk of injury (Walker et al. 2014), age-specific physical perfor-
mance standards are the traditional manner to accommodate
older workers. This approach has been criticized for being grossly
inadequate in guaranteeing that workers are capable of meeting
occupational demands (Fullagar et al. 2015). Despite such limita-
tions, employers are expected to ensure that workers are physi-
cally able to perform their duties safely and effectively (Payne and
Harvey 2010; Jamnik et al. 2013). One of the most effective preven-
tion strategies is the adoption interventions to minimize biologi-
cal aging, albeit only 20 out of 400 (5%) surveyed employers were
implementing such strategies for older workers (Silverstein 2008).
Clearly, huge efforts are needed to encourage employers to com-
mit to health promotion and intervention programs that will im-
prove the health, safety, and productivity of their workers.

Consideration of workplace ergonomics is of critical impor-
tance for the retention and safety of employees by ensuring that
demanding tasks are assigned to capable workers (Silverstein
2008) and would benefit all employees regarding personal health
and overall productivity (Alavinia et al. 2007; Fox et al. 2015). For
example, limiting precision requirements in a repetitive manual
handling task can be of great benefit for physical work capacity
(Collier et al. 2014). Similarly, an ergonomically friendly environ-
ment through managing noise, lighting, falls, and physical haz-
ards can minimize the risk of injury in older workers (Loeppke
et al. 2013; Fox et al. 2015) along with implementing maximum
workloads during a work shift. In particular, relative work rates
that do not exceed 50% and 33% of peak oxygen consumption
with and without rest periods, respectively, are recommended
(Ilmarinen 1992b). Although older workers can sustain prolonged
submaximal work rates, intermittent peak loading may prevent
task completion (Ilmarinen 1992b; Fox et al. 2015). Along these
lines, increasing opportunities for part-time employment may
also minimize deterioration in physiological capacity because of
fatigue as a result of longer recovery between shifts and/or shorter
work shifts (Ilmarinen 1992b; Loeppke et al. 2013). It cannot be
ignored, however, that certain occupations, including emergency
and military services, may lack the necessary flexibility in work
tasks to modulate work intensity for different workers. Such rigid
constructs tend to negatively impact worker retention as the ca-
pacity to tolerate peak loads progressively decreases with age. In
such cases, the promotion of teamwork and/or rotating schedules
may be effective in retaining experienced employees despite their
reduced work ability (Perera et al. 2015) and prevent early retire-
ment (Oude Hengel et al. 2012; Loeppke et al. 2013).

Fit for duty: considerations of age?
Given the rising number of vulnerable workers (i.e., older

and/or with chronic disease), proper assessment of employee
health is increasingly important. These assessments and the
determination of “fit for duty” standards aim to identify those
workers particularly vulnerable to the work hazards or with in-
sufficient health (Sluiter and Frings-Dresen 2007). It is crucial for
these measures to be specific to avoid unnecessary relief of duties
and sensitive enough to identify workers in significant danger.
Unfortunately, pre-employment health examinations reportedly
lack effectiveness and efficiency (Westerholm and Kilbom 1997)
and use widely criticized, age-based physical work standards to
evaluate physical capacity (Fullagar et al. 2015). Others have rec-
ommended pro-active health checks, monitoring, and functional
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assessments at fixed intervals to prevent and manage chronic
disease among workers along with assisting to remain fit for duty
(Loeppke et al. 2013). Subsequently, employee suitability assess-
ments can focus on the safe completion of work tasks rather than
the extent of biological aging (Sluiter and Frings-Dresen 2007).
Such an approach, where increased clarity is provided by the em-
ployer as to the minimum physical standards necessary for em-
ployment, would ensure that older workers are not disadvantaged
where limits based on chronological age may exist. For example,
physically demanding occupations, such as those associated with
firefighting and lifeboat rescue, have traditionally employed chro-
nological age-defined retirement limits (Reilly and Tipton 2005;
Sluiter and Frings-Dresen 2007; Jamnik et al. 2010). The appropri-
ateness and/or justification of such an approach require further
scrutiny. In the interim, the identification and implementation of
job-specific minimum physical employment standards would en-
sure that age-specific work limits as well as age of retirement
would be defined solely on the basis of an individual’s functional
or physical work ability without the bias inherent with predeter-
mined chronological age limits (Reilly and Tipton 2005; Sluiter
and Frings-Dresen 2007; Jamnik et al. 2010).

In addition to defining the minimum work employments stan-
dards, the approach used to assess a worker’s ability to perform
the job must be appropriate. A recurring problem in many occu-
pations is the frequent misrepresentation of work ability by using
irrelevant and overly simplified tests (e.g., handgrip strength) to
verify or assess a worker’s functional capacity to perform a spe-
cific job. The use of task simulations allows for a more appropriate
evaluation of employee suitability to meet and/or exceed occupa-
tional demands. This approach would also take into account dif-
ferences and/or changes in work efficiency that are typically
observed with workers with differing levels of training and/or
years of experience (e.g., young vs. older workers). In the context
of the aging worker, some have observed a marked decline in task
simulation performance with age (Strating et al. 2010; Walker
et al. 2014), yet others have reported no change (Fullagar et al.
2015). Importantly, age-related impairments in physical perfor-
mance should be considered in the context of meeting the mini-
mum physical requirements to safely perform work duties. For
example, Soer et al. (2012) observed that younger (20–39 years) and
older workers (50–59 years) have a similar required lifting capac-
ity to meet occupational demands classified as medium or heavy.
In contrast, substantial disparity was found in peak performance
values (Strating et al. 2010), albeit the individuals deemed incapa-
ble were not identified.

Therefore, although there are effects of age (i.e., biological and
chronological) upon the capacity of the worker, it is critical for
employers to consider the mandate for physical work standards to
be without discrimination (i.e., independent of age) (Tipton et al.
2013). To meet this requirement of “all inclusive” minimum work
standards, they must be based on (i) job analysis; (ii) the demands
inherent to the job, irrespective of age and/or work experience;
(iii) the lowest physical performance levels necessary (i.e., work
ability); and (iv) a test of work ability that is a valid representation
of critical or important work demands (Payne and Harvey 2010;
Jamnik et al. 2013; Tipton et al. 2013). As such, the accommoda-
tions for employees should not be based solely on altering the
current functional performance standards. Rather, focus should
aim to modify the environment to reduce physical demands, pro-
vide alternative (i.e., task-specific) physical assessments, and facil-
itate improvements in employee physical capacity (i.e., health
interventions) (Jamnik et al. 2013; Tipton et al. 2013). Ultimately,
the strategies to optimize functional capacity of workers should
be emphasized instead of chronological age-biased physical per-
formance thresholds.

Future directions: a need for physical employment
standards

Considering the increasing age of the worker combined with
the functional limitations that are commonly associated with
older adults, it should follow that the development of physical
employment standards with specific adjustments for worker age
be prioritized. However, to date no such standards have been
developed and research aimed at creating such standards is
largely absent, which has left numerous critical knowledge gaps.
For example, while the older worker may be less able to maintain
a reduced work output over longer periods of time because of
impairments in aerobic capacity, they have the advantage of years
of experience that allows for increased efficiency. Therefore, em-
ploying age-based work–rest ratios may facilitate the productivity
of the older worker, albeit no such studies have examined this
potentially beneficial algorithm. Moreover, while the 2nd Interna-
tional Conference on Physical Employment Standards summarized the
current knowledge in various fields of employment standards,
there appeared to be an overwhelming discrepancy in the knowl-
edge for the aging worker. Specifically, several reviews in this
special issue of Applied Physiology, Nutrition, and Metabolism summa-
rize the topics of legal and human rights issues, medical stan-
dards, the validity and reliability of existing tests and standards,
and the current methods by which to set standards along with the
effects of load carriage, protective clothing, extreme environ-
ments, stress, nutrition, and sex on human performance and the
development of physical employment standards. However, none
of these reviews have specifically addressed the impact of aging,
which highlights the extent to which the literature has ignored
this important and growing segment of workforce (i.e., the aging
worker).

The process of chronological and biological aging is an area of
intense research; however, the relationship of aging and occupa-
tional health and safety is relatively less well understood. Work-
ers engage in diverse environments, each with unique physical
and psychosocial demands that present considerable challenges
for effective research. Cross-sectional research designs are com-
mon, but there is a dearth of appropriately powered, longitudinal
research of meaningful duration for the study of aging in occupa-
tional settings. Despite these limitations there are numerous
avenues of occupational aging research that require further ex-
ploration including the characteristics of work, which cause a
decline in functional capacity, the establishment of strategies to
accommodate vulnerable workers, and the complex interactions
between occupational, physical, and psychological stress on work
ability. However, merely recognizing and studying the decline in
physical function in aging workers is of minimal utility unless it
is aligned with meaningful interventions and workplace adjust-
ments (Fig. 3). Furthermore, each area of subject-matter experts,
including government, researchers, employers, and workers,
have an obligation to enhance the integration of older employees
in the workforce. Through close collaboration, we can produce a
more productive, worker friendly environment that is indepen-
dent of factors affecting vulnerability, including age and chronic
disease.

Conclusion
The global population is aging along with the average worker

age in many occupations. Although, the chronological aging is
inescapable, biological aging may be blunted with good health
habits. However, the effects of aging are not well understood with
respect to work ability and functional capacity. Occupational task
demands often lack the necessary flexibility to optimize worker
productivity, health, and safety, irrespective of different factors of
vulnerability, including age and chronic disease. Indeed it is often
the most physically demanding occupations that may lead to the
greatest declines in physical function. The development of physical
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employment standards are likely to help address the deve-
loping challenge of facilitating older workers; however, there is
much work to be done before such standards can be established.
In addition, given the considerable variation in the age-related
decline of functional capacity, a critical challenge lies ahead to
develop robust workplace interventions to not only preserve the
economic viability of the employer, but to also maintain em-
ployee health, safety, and work ability.
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