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Physical exercise has been well demonstrated as an effective
antiaging intervention. Although exercise certainly cannot
reverse the aging process, it does attenuate many of its
deleterious systemic and cellular effects [1]. This special issue
contains a set of selected papers that represent the broad
spectrum in which physical exercise can contribute to a
healthy aging. As documented in this issue an active lifestyle
represents a powerful tool that may be described as a polypill
to prevent and/or treat many conditions and diseases [2].

The topics discussed herein include muscle fiber and
muscle functioning, protein intake and sarcopenia, cognitive
analysis, study of the perception of the instructors, and asso-
ciation of different biomarkers with physical performance.

H. Jee and J.-Y. Lim performed in vitromuscular function
to understand better the characteristics and function of the
human muscle during aging. The authors found that age and
sex differences seemingly reflect mechanical properties at
both the single muscle fibre level and whole thigh muscle
level. Despite that, the sex differences were more remarkable
at both levels. Moreover, an interesting observation was
that several of the functional properties studied among
different muscle groups were more prominent in the whole
thigh muscle than in single muscle fibres. These discrepan-
cies between skinned single muscle fibres and whole thigh

muscle-function characteristics in young and elderly human
subjects deserve further investigation.

The study by R. Kangas and colleagues utilized a cross-
sectional study design with a 10-year follow-up to address
the association between physical performance and miRs
with respect to master athletes and aging. A set of miRs
(FasL, miR-21, and miR-146a), which are influenced by
inflammation and cellular homeostasis, were associated with
a decline in physical performance and altered during aging.
These findings provide support towards the use of miRs as
biomarkers for understanding both the aging process and
physical performance.

The age-dependent loss of muscle mass and func-
tion/strength (sarcopenia) is increasingly recognized as a
major risk factor for adverse outcomes in elderly, especially
in the frailty older people. A. M. Martone et al. revised a
synergistic approach against sarcopenia composed of exercise
and protein intake summarizing the available evidence on
the association among physical inactivity, insufficient intake
of energy and protein, and poor muscle health in older
adults. A robust evidence on the effectiveness of exercise
and nutrition at preventing negative outcomes associated
with sarcopenia and physical frailty and offering substantial
therapeutic effects are included in this review.
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E. P. Howard et al. analyzed 4,620 community residing
elders in independent housing sites spread in 24 US states
to draw how short-term, everyday lifestyle options, including
physical activity (PA), help an older adult to maintain their
cognitive independence. Specifically, PA and recreational
activities showed a favorable effect on cognitive decline,
at least in the short term. Moreover, formal and informal
educations seemed to have cognitive protective factors. So,
these factors could be targets to promote health and well-
being in older people.

S. Falbo and colleagues highlight the impact of group
exercise classes on improving gait performance in elderly
individuals after a 12-week intervention. Importantly though,
the inclusion of both a single and dual task being performed
during the physical exercise intervention leads to improve-
ments in cognitive function. This evidence supports the
potential for PA towards improving the quality of life in not
only elderly individuals but also possible populations where
cognitive diseases are evident.

Finally, K. R. Robinson et al. explored the concept of
Chair Based Exercise, that is, “a primarily seated, structured,
and progressive exercise program that is part of a continuum
of exercise for older people, using a chair to provide stability,
and is delivered by instructors that are suitably skilled and
trained to work with frail older people.”This kind of exercise
is prescribed to frail older people who are adults unable
to take part in standing exercise program. Also authors
assessed the perception of instructors that develop this type of
exercises. The chair based exercise could be a suitable option
for promoting PA in a special population.
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Sarcopenia, the age-dependent loss of muscle mass and function/strength, is increasingly recognized as a major risk factor for
adverse outcomes in frail older people. As such, the skeletal muscle is a relevant target for interventions aimed at preventing or
postponing the occurrence of negative health-related events in late life. The association among physical inactivity, insufficient
intake of energy and protein, and poor muscle health in older adults suggests that physical exercise and targeted nutritional
supplementation may offer substantial therapeutic gain against sarcopenia and its negative correlates. This view is supported by
observational studies as well as by small-scale clinical trials. In this review, we summarize the available evidence on the beneficial
effects of behavioral interventions on sarcopenia.We also briefly describe how the knowledge gathered so far has been used to design
the “Sarcopenia and Physical fRailty IN older people: multicomponenT Treatment strategies” (SPRINTT) project.The randomized
clinical trial conducted within SPRINTT will provide robust evidence on the effectiveness of exercise and nutrition at preventing
negative outcomes associated with sarcopenia and physical frailty.

1. Introduction

The aging process is accompanied by multisystem derange-
ments that ultimately deplete the homeostatic capacity of the
organism as a whole. The progressive loss of muscle mass
and strength/function is one of themost noticeable correlates
of aging, evident across multiple species [1]. This condition,
referred to as sarcopenia [2], has a multifactorial origin,
involving lifestyle habits, disease triggers, and age-dependent
biological changes (e.g., chronic inflammation, mitochon-
drial abnormalities, loss of neuromuscular junctions, reduced
satellite cell number/function, and hormonal alterations) [3].

Muscle decay is advocated as a true biomarker of aging,
able to distinguish, at the clinical level, biological from
chronological age [1]. Not surprisingly, the “muscle aging”
phenomenon, as a paradigm for exploring the aging process
as a whole, has attracted remarkable attention in the field
of biogerontology [1]. At the same time, the recognition

of sarcopenia as a major determinant of adverse health
outcomes has ignited growing interest among researchers in
the attempt of devising interventions to halt or reversemuscle
aging [4].

The lack of a univocal operational definition of sarcopenia
represents amajor limitation in the field.Originally described
solely as the age-related loss of muscle mass [5], it is now
widely acknowledged that sarcopenia encompasses both
quantitative (i.e., mass) and qualitative (i.e., strength and/or
function) declines of skeletal muscle [6]. Yet, depending on
the tools used for the assessment ofmusclemass and function
and the reference values considered, the resulting phenotypes
are only partly overlapping [7]. As a consequence, sarcopenia
has not yet been incorporated in everyday clinical practice
nor is its underlying pathophysiology fully understood,
which impacts the discovery of meaningful biological targets
for interventions.
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Figure 1: Scheme illustrating major effects of physical activity/exercise and protein intake on muscle physiology. IL: interleukin; TNF: tumor
necrosis factor.

In such a scenario, physical exercise and adequate protein
and energy intake are to date the only strategies of proven
efficacy (and safety) to improvemuscle health across ages [8].
It is speculated that the combination of the two interventions
might convey much larger benefits than those achievable
through the administration of either of them. Indeed, the
synergy between exercise and diet may tackle sarcopenia
in multiple aspects, possibly maximizing the effects brought
about by each of the two components [9].

2. Protein and Muscle: An Intimate Liaison

Musclemass is controlled by complex interactions ofmultiple
factors; nonetheless, the dynamic balance between protein
synthesis and breakdown is a major determinant of it [10].
Indeed,meaningful losses or gains inmusclemass and quality
result from sustained variations in muscle protein synthesis,
breakdown, or the combination of both processes. Whether
sarcopenia primarily results from diminished basal protein
synthetic rates or blunted muscle anabolism in response to
anabolic stimuli is yet to be established.

Muscle protein synthesis is regulated by several anabolic
stimuli, including physical activity and food ingestion. Essen-
tial amino acids (EAAs) are the most important nutritional
inputs for protein synthesis. In this respect, leucine is

considered the primary nutritional regulator of muscle pro-
tein anabolism [11], due to its ability to trigger themammalian
target of rapamycin (mTOR) pathway and inhibit the pro-
teasome (Figure 1) [11]. It is worth noting that aged muscles
show a reduced anabolic response to low doses (e.g., less than
10 g) of EAAs [12]; yet, higher doses (e.g., 10–15 g, with at
least 3 g of leucine) are sufficient to induce a protein anabolic
response comparable to that observed in younger adults [12].
Therefore, it is recommended that older persons consume
protein sources with higher proportions of EAAs (i.e., high-
quality proteins), such as lean meat and other leucine-rich
foods (e.g., soybeans, peanuts, cowpea, and lentils) [13].

Recently, consensus and opinion articles as well as small-
scale clinical trials have emphasized that protein intake
above the current recommended dietary allowance (RDA;
0.8 g/kg/day) may be requested to maintain muscle health in
late life [14–17]. It appears therefore appropriate to promote
protein intake of 1.0–1.2 g/kg/day, while 1.2–1.5 g/kg/day of
protein may be required in older adults with acute or chronic
diseases [10, 16, 17]. Finally, older people with severe illnesses
or overt malnutrition may need as much as 2.0 g/kg/day of
protein [17].

Closely related to the amino acid composition of dietary
proteins is their absorption kinetics. Indeed, the speed of pro-
tein digestion and amino acid absorption by the gut impacts
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postprandial protein deposition as well as protein breakdown
[18]. Noticeably, in young individuals, slowly digested pro-
teins (e.g., casein) produce greater protein retention than
those that are digested faster (e.g., whey) [18]. A divergent
pattern has been observed in older persons, such that the
postprandial protein synthesis appears to be stimulated to a
greater extent by whey proteins as opposed to casein [19, 20].
Although the concept of “fast” versus “slow” protein has
been questioned [21], the evidence accumulated thus far is
sufficiently robust to recommend the prescription of fast-
digested protein supplements to improvemuscle health in old
age [17].

With regard to the source of dietary protein, no con-
clusive evidence is available about the possible differential
effects of animal-derived versus plant-based proteins. It
should however be considered that animal protein sources
generally contain greater amounts of EAAs and are more
digestible than those of vegetal origin [22]. Furthermore,
plant-based proteins undergo greater splanchnic extraction
and subsequent urea synthesis than animal-derived proteins
[22]. Recently, the consumption of large amounts of soy
proteins, as a strategy to overcome their lower anabolic
potency, has been shown to stimulate muscle protein syn-
thesis in older men to a smaller degree than isolated whey
proteins, both at rest and following exercise [23]. Such a
difference has been attributed to the fact that soy proteins
are directed more toward oxidation rather than being used
for de novo muscle protein synthesis. In addition to proteins,
meat contains a vast array of biologically active compounds
(e.g., creatine, carnitine, iron, and cobalamin), all of which
may favorably influencemuscle physiology [24]. Based on the
current evidence, the consumption of lean meat 4-5 times a
week should therefore be recommended to maintain muscle
health in advanced age.

Finally, the formulation of protein sources may have an
important effect on protein digestion, amino acid absorption,
andmuscle anabolism. For instance, Conley et al. [25] showed
that older adults achieved higher plasma amino acid concen-
trations after ingestion of a liquid meal replacement product
as compared with an energy- and macronutrient-matched
solid replacement. Whether specific physical properties of
protein sources may be harnessed to obtain therapeutic gain
in the context of sarcopenia warrants further investigation.

3. Exercise: Much More Than
Mechanical Stimulation

Physical activity refers to any level of bodily movement
that results from skeletal muscle activation and leads to an
increase in energy expenditure [26]. Exercise, instead, is a
planned, structured, repetitive activity aimed at improving
fitness [26]. Physical activity and exercise represent, to date,
the most effective interventions for the promotion of healthy
aging [27]. With regard to the skeletal muscle, exercise miti-
gates several deleterious effects of aging, including impaired
insulin sensitivity,mitochondrial dysfunction, acceleration of
myonuclear apoptosis, and inflammation (Figure 1) [28].

Among the various types of training, low-intensity
endurance exercise increases aerobic fitness by improving

skeletal muscle oxidative capacity and cardiovascular func-
tion. The increased muscle capillarity allows matching the
greater requests for mitochondrial oxygen flux [29, 30].
Enlargement of the muscle mitochondrial compartment is
typically observed during endurance exercise, especially in
untrained persons (Figure 1). Conversely, the muscle fiber
cross-sectional area is relatively unaffected by this type of
training [31]. High-load resistance exercise, instead, impacts
both fiber cross-sectional area and muscle function (strength
and power), mainly through increasing the number and
size of fast-twitch fibers (i.e., types IIA and IIX) [30].
In response to different exercise protocols, muscle cells
modulate the expression of specific proteins pertaining to
mitochondrial biogenesis and function, such as peroxisome
proliferator activated receptor gamma coactivator-1 alpha
(PGC-1𝛼) and muscle fatty acid binding protein (mFABP)
[28]. In particular, PGC-1𝛼, by activating several transcrip-
tion factors, orchestrates mitochondrial biogenesis, while
mFABP is involved in fatty acid utilization for mitochondrial
energy production [28].

The activation and recruitment of satellite cells are
believed to represent a major adaptation to chronic exercise
(Figure 1).The incorporation of new nuclei from satellite cells
into existing muscle fibers increases the number of “myonu-
clear domains” (i.e., the anatomical and functional units
made up by a myonucleus and the surrounding volume of
sarcoplasm) and, therefore, the fiber cross-sectional area [32].
Satellite cell activation is influenced by a number of factors,
including age, nutritional status, and type and intensity of
physical exercise. During physical exercise, myofibers release
hormones and inflammatory mediators able to activate satel-
lite cells [33], ultimately increasing the number of nuclei
incorporated in muscle fibers.

Downregulation of systemic inflammation is an addi-
tional mechanism whereby exercise positively impacts mus-
cle physiology. Studies have shown a decrease of circulating
levels of several inflammatory mediators in older adults
engaged in exercise interventions (both aerobic and resis-
tance training) [34]. Such an adaptation has been correlated
with improvements inmusclemass and physical performance
[35–37]. Furthermore, downregulation of tumor necrosis
factor alpha (TNF-𝛼) mediated myonuclear apoptosis has
been observed in senescent rodents performing treadmill
exercise, in conjunction with gains in muscle mass and
strength [38].

Collectively, available evidence indicates that regular
physical exercise positively affectsmuscle physiology through
local and systemic effects. As discussed in the next section,
it is plausible that the combination of exercise and targeted
nutrition interventions may be a more valuable strategy to
manage sarcopenia.

4. Protein Supplementation and Exercise:
A Plausible, Magnificent Strategy

The intensity, duration, and mode of the activity performed
as well as the nutritional status and diet (in particular daily
protein intake) markedly influence skeletal muscle mass,
strength, and metabolism [28, 39]. However, in older people,
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muscular responses to a single anabolic stimulus may be
blunted compared with young persons, possibly reflecting
differences in the physiological reserve across life stages
[28]. The combination of exercise with increased protein
intake seems to be the most plausible strategy to overcome
such an issue (Figure 1). This view has been embraced by
several scientific societies as well as experts in the fields
of muscle aging, nutrition, and physiology [17, 40, 41].
In this regard, Tieland et al. [42] showed that 24-week
protein supplementation combined with resistance training
increased muscle mass, strength, and physical performance
in frail elderly participants. The combination of protein plus
exercise allowed for larger gains in muscle mass relative to
exercise alone [43].

As highlighted by Cruz-Jentoft et al. [40], assessing
the possible synergistic effect of a multicomponent inter-
vention (exercise plus nutrition/protein supplementation)
on muscle properties is a challenging task. Ideally, studies
should use at least four arms (i.e., exercise, nutrition, both,
and neither of them), should be conducted for a sufficient
time, and should enroll an adequately large population to
appreciate the differential responses elicited on “anabolic
resistant” aged muscle. Another critical aspect to consider
is the timing of “administration” of exercise and nutrition.
Muscle performance and feeding patterns are influenced
by and affect circadian rhythms [43, 44] that could them-
selves be altered over the course of aging [45]. In addition,
muscle protein synthesis fluctuates quite largely during the
day and is influenced by several factors, including total
energy/carbohydrate intake, timing of protein intake, and
functional and training status [46]. In this respect, it should
be considered that the existence of an optimal time window
for protein consumption in relation to exercise is still a
matter of debate. Traditionally, it is assumed that muscle
is responsive to nutrient ingestion, especially amino acids,
for up to three hours following resistance exercise [47].
However, inconsistent results in timing and total protein
effects on muscle metabolism and lean body mass accretion
have been reported, especially in older persons engaged
in chronic resistance exercise programs [48]. Moreover, as
elegantly highlighted by Simmons et al. [46], the effect of
the timing of protein intake in conjunction with exercise
may be biased by the methodologies used to measure muscle
protein synthesis. That said, the identification of a theoretical
anabolic time window for nutrient/protein ingestion would
be highly relevant to older adults. Indeed, the consumption of
protein at the time when the muscle anabolic responsiveness
is maximal would allow for reducing the overall protein
load and maintaining fat-free mass during periods of either
increased energy expenditure or limited protein intake (e.g.,
exercise, chronic and acute disease conditions) [48].

5. The SPRINTT Clinical Trial: Testing
Exercise and Nutrition in the (Real World)

Despite the encouraging findings obtained by observational
studies and small clinical trials, the effectiveness of combin-
ing physical exercise and dietary protein intervention at pre-
venting adverse health outcomes in older adults has not yet

been conclusively established. The ongoing “Sarcopenia and
Physical fRailty IN older people: multicomponenTTreatment
strategies” (SPRINTT) project has been specifically designed
to provide clinicians and health authorities with all the
evidence necessary to promote practical strategies for older
adults at risk of physical disability [49]. With an expected
sample size of 1,500 participants followed up for an average of
24 months, SPRINTT is the largest and longest clinical trial
designed to test the effectiveness of a multimodal strategy at
preventing mobility disability in older adults with physical
frailty and sarcopenia (PF&S) [49, 50].The PF&S condition is
defined by the cooccurrence of low muscle mass (according
to the cut points recommended by the Foundation for the
National Institute of Health Sarcopenia Project [51]) and
reduced physical performance, operationalized as a summary
score on the Short Physical Performance Battery [52] between
three and nine. Older adults with PF&S are randomized
to either a multicomponent intervention (MCI), involving
structured physical activity, nutritional counseling/dietary
intervention, and an information and communication tech-
nology (ICT) intervention, or a Healthy Aging Lifestyle Edu-
cation (HALE) program [49]. The physical activity program
has been taken andmodified from the Lifestyle Interventions
and Independence for Elders (LIFE) study [53], given its full
safety profile and efficacy in preventing mobility disability in
at-risk older persons. As part of the ICT component of the
MCI, actimetry data are collected through a dedicated device
in order tomonitor adherence to physical activity andprovide
personalized feedback/tips to the participant.

The nutritional component of the SPRINTT study has
been designed to maximize the benefits of physical activity.
As previously discussed, nutrition represents an important
and potentially modifiable factor that impacts muscle health
and the frailty status of older people [8, 54]. As such, not only
is nutrition involved in the direct assessment of frailty, but
also it may play a role in the definition of interventions aimed
at restoring robustness and contrasting sarcopenia [8, 55].
In SPRINTT, the multifactorial properties of nutrition in
bolstering the beneficial effect of physical activity on PF&S
are exploited through the combination of nutritional assess-
ments and personalized dietary recommendations. SPRINTT
broadly aims at achieving two predefined nutritional targets:
(1) total daily energy intake of 25–30-kcal/kg bodyweight [56]
and (b) average daily protein intake of at least 1.0–1.2 g/kg
body weight [17].

6. Conclusions

The preservation of muscle mass and function is increasingly
recognized as a crucial factor for promoting healthy aging
and improving quality of life. As such, sarcopenia represents
an ideal target for interventions aimed at preventing or
postponing the occurrence of negative health-related events
in late life. At present, multicomponent lifestyle interven-
tions, involving the combination of exercise and nutrition (in
particular, adequate protein intake), are the only “fountain
of youth” available to achieve healthy aging. High-quality
clinical trials are needed to identify the type, modes, and
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duration of multidomain interventions that maximize the
health benefits in advanced age.
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Aging is associated with systemic inflammation and cellular apoptosis accelerating physiological dysfunctions. Whether physically
activeway of life affects these associations is unclear.This studymeasured the levels of serum inflammatory and apoptoticmolecules,
their change over 10 years, and their associations with physical performance in sprint-trained male athletes. HsCRP, cell counts,
HGB, FasL, miR-21, and miR-146a were measured cross-sectionally (𝑛 = 67, 18–90 yrs) and serum FasL, miR-21, and miR-146a and
their aging-related associations with physical performance were assessed over a 10-year follow-up (𝑛 = 49, 50–90 yrs). The cross-
sectional study showed positive age correlations for neutrophils and negative for lymphocytes, red blood cells, HGB, FasL, andmiR-
146a. During the 10-year follow-up, FasL decreased (𝑃 = 0.017) and miR-21 (𝑃 < 0.001) and miR-146a (𝑃 = 0.005) levels increased.
When combining the molecule levels, aging, and physical performance, FasL associated with countermovement jump and bench
press (𝑃 < 0.001), miR-21 andmiR-146a with knee flexion (𝑃 = 0.023; 𝑃 < 0.001), and bench press (𝑃 = 0.004; 𝑃 < 0.001) andmiR-
146a with sprint performance (𝑃 < 0.001).The studied serummolecules changed in an age-dependent manner and were associated
with declining physical performance. They have potential as biomarkers of aging-related processes influencing the development of
physiological dysfunctions. Further research is needed focusing on the origins and targets of circulating microRNAs to clarify their
function in various tissues with aging.

1. Introduction

Physical exercise affects inflammatory state. The common
understanding is that an acute bout of exercise results in
a temporal inflammatory response, while regular training
has a protective anti-inflammatory effect [1–4]. In addition
to immune cells, skeletal muscle tissue contributes to the
inflammatory response by releasing inflammatorymolecules,
such as TNF-𝛼 and IL-6, following of acute exercise [5].
During inflammation, whether induced by age, disease, or
acute exercise, controlling the cellular balance of the inflam-
matory cells is important. Apoptosis, or programmed cell
destruction, is a crucial mechanism for maintaining cellular
balance in all tissues. Disruptions in the cellular homeostasis
lead to either an accumulation of poorly functioning cells or

a deficit of important cells, both recognized in aging. One
way to regulate immune cell homeostasis, and subsequent
immune response, is through Fas ligand - Fas receptor (FasL-
Fas) interaction on the cell surfaces, which leads to target cell
destruction [6]. There are indications that habitual training
influences the apoptotic processes of the immune system.
According to Mooren et al. [7], the basal levels of leukocyte
apoptosis as well as the levels of exercise-induced apoptosis
are distinct between highly trained and poorly trained men,
suggesting training-induced adaptation to leukocyte home-
ostasis.

Traces from inflammation and cellular apoptosis can
be detected from the circulation by measuring specific
molecules from the blood. In addition to the classical inflam-
mation (e.g., CRP, IL6, and TNF-𝛼) and apoptotic markers
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Figure 1: Descriptions of the study designs needed in the current study.

(cytochrome c, Fas, and FasL), the small RNA molecules
called microRNAs (miRs) are novel and potentially even
more sensitive tools for screening these physiological pro-
cesses. miRs are noncoding RNAs regulating gene expression
by blocking the translation of specific target mRNA into
proteins. miRs are released, either actively or passively, from
different cell types into the blood stream, where they reflect
the gene regulation changes in their cells of origin. Their role
in intercellular communication has also been recognized [8].
In healthy conditions, circulating miRs most likely originate
from blood or epithelial cells or from organs with high
vascularization, including skeletal muscle cells [9]. Owing to
trauma, cancer, cardiovascular disease, or other conditions
influencing metabolism, the miR signature in the circulation
changes.

mir-21 and miR-146a are among the miRs that seem to be
responsive to various physiological stimuli. These miRs are
associated with aging-related processes such as senescence
and inflammation,miR-21 having proinflammatory andmiR-
146a having anti-inflammatory effects [10, 11]. Both miRs
induce apoptosis by targeting FasL-Fas signaling, which
strengthens the interplay of these molecules with each other
and their role as regulators of immune cell homeostasis
[12, 13]. Circulating miR-21 has also been shown to promote
cachexia-related apoptosis in skeletal muscle cells [14]. Phys-
ical exercise creates a whole body adaptive responses that
also affect miR regulation and expression in different cell
types and subsequently in the circulation [15–17]. miR-21
and miR-146a have also been shown to be highly responsive
to physical exercise. The pioneering work by Baggish et
al. [15] demonstrated that these miRs were associated with
cardiovascular/musculoskeletal adaptations and low-grade
inflammation and changed in response to acute exercise as
well as sustained training. Circulating miR-146a levels were
upregulated by acute cycling exercise before and after 90 days
of sustained row training, whereas miR-21 was only upregu-
lated by acute exercise prior to the sustained training period.

In addition, the highest levels of miR-146a during exercise
were found to correlate with peak VO2max [15], whereas
miR-21 levels have been shown to be upregulated in males
with low VO2 max, indicating the contrasting roles of these
two miRs [18]. Nielsen et al. [17] demonstrated that miR-
146a decreased immediately after a bout of acute exercise,
whereas the basal levels of miR-21 were downregulated after
12 weeks of endurance training. Both miR-21 and miR-146a
have also been shown to exist at different levels in the plasma
of young male endurance and strength trained athletes [19].
The above-mentioned studies demonstrate that these specific
miRs detected in the circulation are affected differently by
exercise type and duration and have potential as indicators
of physiological changes [15, 16, 19, 20].

In order to evaluate if circulating FasL, miR-21, and miR-
146a have the potential as biomarkers of training adaptations
in aging athletes, longitudinal studies are needed. The aim of
this study was to determine whether circulating FasL, miR-
21, and miR-146a levels change over 10-year period among
competitive male masters sprinters with a long-term training
background and to assess their associations with physical
performance measures and aging.

2. Methods

2.1. Study Design and Ethics. This study is part of an ongoing
Athlete Aging Study (ATHLAS) [21–25] on young adult
athletes and masters athletes from different sport disciplines.
The participants were recruited from the memberships of
Finnish athletic organizations. The present study comprised
male sprinters. The sprinters had a long-term background in
sprint training and had been successful in national or interna-
tional 100–400m sprinting events. Both cross-sectional and
longitudinal study designs were used (Figure 1). In the cross-
sectional analysis (using data from follow-up measurements
conducted in 2012), the sprinters were divided into four age
groups: (A) 18 to 39 years (𝑛 = 18), (B) 50 to 66 years (𝑛 = 16),
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(C) 66 to 79 years (𝑛 = 18), and (D) 79 to 90 years (𝑛 = 15). In
addition, baseline measurements (conducted in 2002) were
available for 49 older masters sprinters (aged 50 to 90 years
at follow-up) belonging to age groups B, C, and D, thereby
allowing longitudinal analysis. Both the baseline and the
follow-up measurements consisted of similar standardized
two-day measurements.

Prior to the measurements, training and health history
were elicited and evaluated using questionnaires.The average
number of training years among the masters athletes at
baseline was 34.1 ± 15.1 years. More detailed self-reported
training histories (training frequency, sprint-specific training
hours, and other training hours) and their changes over 10
years are presented in Tables 1 and 3. The sprint-specific
training hours per week included sprints, jumps, and strength
training, while the other training hours included all other
notably strenuous physical exercises. Subjects over age 55
underwent a medical examination. Current ability to partic-
ipate in physically demanding measurement was assessed ad
hoc, individually by the study physician. The health of all the
participants was in general good with no acute conditions
(infections, traumas) or functionally limiting chronic neuro-
logical, cardiovascular, endocrinological, or musculoskeletal
conditions. In a few cases, some physical tests were not
performed due to local musculoskeletal pain.

The study was conducted according to the guidelines of
the Declaration of Helsinki. All participants were informed a
priori about the possible risks and discomfort of the phys-
ical and clinical measurements. Written informed consent,
including permission for the use of the gathered data for
research purposes only, was provided by the study subjects.
The study protocol was approved by the ethics committees
of the University of Jyväskylä (in 2002 for baseline) and the
Central Finland Healthcare District (in 2012 for follow-up).

2.2. Physical Performance and Body Composition Measure-
ments. Participantswere instructed to rest (no heavy training
or competition) two days before the measurements. On the
first measurement day, the participants performed amaximal
60m sprint twice on an indoor running track with spiked
running shoes. Explosive force production of the lower
limbs was measured by a vertical countermovement jump
(CMJ). Isometric knee flexion force and isometric upper limb
force were measured by bench press performance using a
David 200 dynamometer (David Fitness and Medical Ltd.,
Outokumpu, Finland). The best of 2 or 3 trials was recorded
in the subsequent analyses. In addition, the assessment of
total body fat and lean mass (LBM) was performed with
bioelectrical impedance (Spectrum II, RJL System, Detroit,
MI). More detailed descriptions of the measurements are
given elsewhere [22–25]. Participants’ meals during the mea-
surement days were arranged by the research organizers.

2.3. Serum Analyses. To obtain serum, venous blood was
collected on the second measurement day under standard
fasting conditions at least 12 h after exercise. The serum
sampleswere stored at−80∘Cuntil analyzed. SerumFasL con-
centrationwasmeasured using aHuman Fas Ligand/TNFSF6
Quantikine� ELISA Kit (R&D Systems, Minneapolis, MN,

USA) according to the manufacturer’s protocol. Reactions
were performed as duplicates and a common sample was
added to each plate in order to observe whether controlling
for interassay variation was necessary. HsCRPmeasurements
at baseline and follow-up were performed with an Immulite
1000 Immunoassay System. Leukocyte countswere part of the
standard medical complete blood count analysis.

2.4. RNA Extraction and miR Analyses. The RNA extraction
methods and miR-21 and miR-146a analyses have been
described previously [26]. Briefly, total RNA was isolated
from 100 𝜇l of serum with a total RNA purification kit (Nor-
gen Biotek Corporation, Thorold, ON, Canada) according
to the manufacturer’s protocol. Synthetic C. elegans Cel-
miR-39 (5-UCA CCG GGU GUA AAU CAG CUU G-3,
Invitrogen) (25 fM, concentration determined by dilution
series) was added at the lysis step to all of the samples as
a spike-in control in order to monitor the efficiency and
uniformity of the RNA extraction and qPCR procedure.
RNA was reverse-transcribed to cDNA (𝑉tot = 10 𝜇l) by
a Taqman reverse transcription kit and the qPCR (𝑉tot =
10 𝜇l) was performed with a Taqman Universal Mastermix
II NO Ung using Taqman miR assays (hsa-miR-21: 5-
UAGCUUAUCAGACUGAUGUUGA-3, hsa-miR-146a: 5-
UGAGAACUGAAUUCCAUGGGUU-3) (Device: Applied
Biosystems, ABI 7300).

Ct values less than 35 were accepted for the analysis.
All the samples were normalized to a reference sample of
an average sprint athlete across the plates. ΔCt values were
calculated as ΔCt = mean CtmiR-X − mean CtmiR (reference).
Each reaction was performed in duplicate and the relative
expressions were calculated by using the 2−ΔCt method. To
observe the possible contaminations and primer-dimers, no
template controls (NTCs) were used in either the RT or qPCR
reactions.

2.5. Statistical Analyses. In the age-correlation analyses of
the cross-sectional design, Pearson’s correlation coefficient
was used for continuous variables and Spearman’s correlation
coefficient for ordinal variables. The paired sample 𝑡-test
for parametric variables and Wilcoxon signed rank test
for nonparametric variables were used in the longitudinal
comparison in the 10-year follow-up design. In addition,
Generalized Estimating Equations (GEE) models were con-
structed to study the association of FasL, miR-21, and miR-
146a with the performance measures over age. The model
was based on the two measurements points (2002, 2012)
used in the longitudinal study with unstructured working
correlation matrix specification and athletes’ age as the
descriptive metric of time. As the effect of age is generally
nonlinear we used polynomial terms (quadratic and cubic)
of age to include curvature in modeling the age-related effect
of the FasL and the miRs on the outcomes. The results
were adjusted for LBM. More detailed prediction equations
based on GEE-models are presented in the supplemen-
tary data (S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/8468469).
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3. Results

3.1. Participant Characteristics and SerumFasL andmiRLevels
in Different Age Groups. Participants’ characteristics in the
different age groups and age correlations of the variables are
presented in Tables 1 and 2.The age correlations are presented
in two different ways: (1) inclusive of all the participants
(ages 18 to 90) and (2) inclusive only of the masters athletes
(ages 50 to 90). A modest negative correlation was observed
between age and training frequencywhen all the athleteswere
included in the analyses (𝑟 = −0.659, 95% CI = −0.8 to −0.5,
𝑃 < 0.001), with age accounting for 43.3% of the variation in
training frequency. The same correlation was very low when
only the masters athletes were included (𝑟 = −0.176, 95% CI
= −0.4 to 0.1, 𝑃 = 0.241), with age accounting only for 3.1%
of the variation. Among the physical performance measures,
a high positive correlation was found between age and 60m
sprint time among all the athletes (𝑟 = 0.898, 95% CI = 0.8 to
0.9,𝑃 < 0.001), with age accounting for 80.6%of the variation
in sprint time.The pattern was similar when only the masters
athletes were included in the analyses (𝑟 = 0.841, 95% CI
= 0.7 to 0.9, 𝑃 < 0.001), with age accounting for 70.7% of
the variation in sprint time. The other physical performance
measures showed a modest to high negative correlation with
age when all the athletes were included (CMJ: 𝑟 = −0.81, 95%
CI = −0.9 to −0.7, 𝑃 < 0.001, 65.6%; knee flexion: 𝑟 = −0.647,
95% CI = −0.8 to −0.5, 𝑃 < 0.001, 41.9%; and bench press:
𝑟 = −0.777, 95% CI = −0.9 to −0.6, 𝑃 < 0.001, 60.4%).
When only the masters athletes were included, high negative
correlations were observed between age and CMJ and age
and bench press (CMJ: 𝑟 = −0.782, 95% CI = −0.9 to −0.6,
𝑃 < 0.001; bench press: 𝑟 = −0.776, 95% CI = −0.9 to −0.6,
𝑃 < 0.001), with age accounting for 61.2% and 60.2% of the
variation, respectively. Between age and knee flexion, only a
modest negative correlation was detected (𝑟 = −0.469, 95%
CI = −0.7 to −0.2, 𝑃 = 0.002), with age accounting for 22% of
the variation in knee flexion strength.

Among the body anthropometric variables, modest neg-
ative correlations were observed between age and height, age
and weight, and age and LBM when all the athletes were
included (height: 𝑟 = −0.512, 95% CI = 0.7 to −0.3, 𝑃 <
0.001; weight: 𝑟 = −0.419, 95% CI = −0.6 to −0.2, 𝑃 < 0.001;
LBM: 𝑟 = −0.525, 95% CI = −0.7 to −0.3, 𝑃 < 0.001), with
age accounting for 26.2%, 17.6%, and 27.6% of the variation,
respectively. Of the blood cell counts, low to modest negative
correlations were detected between age and lymphocyte
percentage and age and RBC when all the athletes were
included (LYM%: 𝑟 = −0.384, 95% CI = −0.6 to −0.2, 𝑃 =
0.002; RBC: 𝑟 = −0.433, 95% CI = −0.6 to −0.2, 𝑃 < 0.001),
with age accounting for 14.7% and 18.7% of the variation,
respectively. In addition, a modest positive correlation was
detected between age and neutrophil percentage (𝑟 = 0.411,
95% CI = 0.2 to 0.6, 𝑃 = 0.001), with age accounting for
16.9% of the variation in neutrophils. When only the masters
athletes were included, the pattern was similar in slightly
weaker age correlations (LYM%: 𝑟 = −0.315, 95% CI = −0.6
to 0.0, 𝑃 = 0.031; RBC: 𝑟 = −0.370, 95% CI = −0.6 to −0.1,
𝑃 = 0.010; and NEUT%: 𝑟 = 0.326, 95% CI = 0.0 to 0.6,
𝑃 = 0.025), with age accounting for 9.9%, 13.7%, and 10.6%

of the variation, respectively. A low negative correlation was
observed between age and HGB both when all the athletes
were included (𝑟 = −0.383, 95% CI = −0.6 to −0.2, 𝑃 =
0.002) and when only the masters athletes were included
(𝑟 = −0.370, 95% CI = −0.6 to −0.1, 𝑃 = 0.010), with age
accounting for 14.7% and 13.7% of the variation in HGB,
respectively. Of the studied serum molecules, a modest
negative correlation between age and FasLwas detectedwhen
all the athletes were included in the analyses (𝑟 = −0.596,
95% CI = −0.7 to −0.4, 𝑃 < 0.001), with age accounting for
35.5% of the variation in FasL concentration. A modest posi-
tive correlationwas detected between age andmiR-146awhen
all the athletes were included (𝑟 = −0.611, 95% CI = −0.7 to
−0.4, 𝑃 < 0.001), with age accounting for 37.3% of the miR-
146a variation. No significant correlations between age and
the serum molecules were detected when only masters
athletes were included in the analyses.

3.2. Changes in the Physical Performance of Masters Athletes
over 10 Years. Changes in the training frequencies and
the change percentage of the specific physical performance
measures in 10 years are presented in Table 3. The results
are shown for masters sprinters as a whole and divided into
3 age groups (B: 50–66 yrs, C: 66–79 yrs, and D: 79–90 yrs
presenting the end-point ages). The self-reported weekly
training frequency, sprint, and other training hours decreased
when all the masters athletes were involved in the analyses
(𝑃 < 0.001, 𝑃 < 0.001, and 𝑃 = 0.003, resp.). When group-
ing the athletes, the declines in all the self-reported training
activities remained significant for the group B (𝑃 = 0.011,
𝑃 = 0.009, and 𝑃 = 0.008, resp.). For group C, no signi-
ficant changes in the training activities over 10 years were
reported. For the group D, weekly training frequency and
sprint training hours decreased significantly (𝑃 = 0.004, 𝑃 =
0.023, resp.). From the physical performance measures 60m
sprint, CMJ and isometric bench press changed during the 10
years’ follow-up period when all the masters sprinters were
included (𝑃 < 0.001 for all measures). When the masters spr-
inters were divided into 3 age groups the changes remained
for all groups B (𝑃 = 0.001, 𝑃 = 0.001, and 𝑃 = 0.036,
resp.), C (𝑃 = 0.002, 𝑃 = 0.001, and 𝑃 = 0.008, resp.), and D
(𝑃 = 0.005, 𝑃 < 0.001, and 𝑃 < 0.001, resp.), with the highest
deterioration seen among the oldest athletes (groupD).There
were no significant changes in the knee flexion strength in 10
years.

3.3. Changes in the Serum hsCRP, FasL, miR-21, and miR-
146a Levels of Masters Athletes over 10 Years. The change
percentages of the blood parameters, hsCRP, FasL, miR-21,
and miR-146a over 10 years are presented in Table 3. The
results are shown for themasters sprinters both as awhole and
divided into 3 age groups (B: 50–66 yrs, C: 66–79 yrs, and D:
79–90 yrs presenting the end-point ages). Serum hsCRP did
not change over the 10-year period among the athletes. The
serum FasL concentrations decreased (𝑃 = 0.017) and serum
miR-21 and miR-146a levels increased (𝑃 < 0.001, 𝑃 < 0.005,
resp.) among the masters sprinters as a single group during
the 10 years. At the age-group level, the changes were
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Table 3:The change in physical performancemeasures, self-reported training amounts, and serummolecule levels among all and age-grouped
masters sprinters in the 10-year follow-up.

All
50–90 yrs

B
50–66 yrs

C
66–79 yrs

D
79–90 yrs

Training frequency
Change (times/wk) −0.89 ± 1.22 (𝑛 = 42) −0.91 ± 1.15 (𝑛 = 14) −0.73 ± 1.43 (𝑛 = 15) −1.06 ± 1.09 (𝑛 = 13)
𝑃 value P < 0.001 P = 0.011 𝑃 = 0.067 P = 0.004
Sprint training
Change (h/wk) −1.84 ± 3.00 (𝑛 = 42) −1.80 ± 2.25 (𝑛 = 14) −1.94 ± 4.08 (𝑛 = 15) −1.77 ± 2.43 (𝑛 = 13)
𝑃 values P < 0.001 P = 0.009 𝑃 = 0.078 P = 0.023
Other training
Change (h/wk) −1.02 ± 2.62 (𝑛 = 32) −1.53 ± 1.61 (𝑛 = 11) −0.93 ± 3.44 (𝑛 = 11) −0.56 ± 2.49 (𝑛 = 10)
𝑃 value P = 0.006 P = 0.008 𝑃 = 0.221 P = 0.424
Sprint 60m (s)

Change% 11.9 (6.7−16.5)
(𝑛 = 35)

8.2 (5.7−10.0)
(n = 13)

12.2 (5.7−16.4)
(𝑛 = 12)

15.8 (12.1−22.8)
(𝑛 = 10)

𝑃 value P < 0.001W P = 0.001W P = 0.002W P = 0.005W

CMJ (cm)
Change% −15.4 ± 10.2 (𝑛 = 32) −9.2 ± 6.3 (𝑛 = 11) −15.7 ± 10.0 (𝑛 = 11) −22.0 ± 10.4 (𝑛 = 10)
𝑃 value P < 0.001 P = 0.001 P = 0.001 P < 0.001
Knee flexion (N)
Change% −1.8 ± 23.6 (𝑛 = 40) 5.5 ± 29.0 (𝑛 = 15) −3.6 ± 20.1 (𝑛 = 13) −9.07 ± 18.0 (𝑛 = 12)
𝑃 value 𝑃 = 0.062 𝑃 = 0.896 𝑃 = 0.287 𝑃 = 0.111

Isometric bench press (N)
Change% −10.9 ± 11.9 (𝑛 = 36) −5.3 ± 9.8 (𝑛 = 14) −14.0 ± 14.7 (𝑛 = 12) −14.9 ± 8.51 (𝑛 = 10)
𝑃 value P < 0.001 P = 0.036 P = 0.008 P < 0.001
hsCRP
Change% 112 ± 349 (𝑛 = 47) 203 ± 512 (𝑛 = 16) 71.5 ± 230 (𝑛 = 17) 56.8 ± 220 (𝑛 = 14)
𝑃 value 𝑃 = 0.841 𝑃 = 0.404 𝑃 = 0.868 𝑃 = 0.220

FasL
Change% −5.3 ± 26.3 (𝑛 = 41) −18.3 ± 16.7 (𝑛 = 14) 1.22 ± 29.1 (𝑛 = 14) 1.78 ± 27.9 (𝑛 = 13)
𝑃 value P = 0.017 P = 0.001 𝑃 = 0.746 𝑃 = 0.587

miR-21

Change% 77.0 (1.1–689)
(𝑛 = 49)

107 (21.0–662)
(𝑛 = 16)

37.9 (−34.7–834)
(𝑛 = 18)

136 (21.3–995)
(𝑛 = 15)

𝑃 value P < 0.001W P = 0.007W 𝑃 = 0.267W P = 0.017W

miR-146a

Change% 95.4 (−7.4–631)
(𝑛 = 49)

93.0 (−3.0–1101)
(𝑛 = 16)

18.6 (−26.0–444)
(𝑛 = 18)

143 (53.6–861)
(𝑛 = 15)

𝑃 value P = 0.005W 𝑃 = 0.079W 𝑃 = 0.500W P = 0.011W

The age ranges of the groups (B, C, and D) represent the ages at follow-up. Data are presented as means ± SD for parametric variables and as median (IQR) for
nonparametric variables. W𝑃 value was calculated with paired 𝑡-test for normally distributed variables and with Wilcoxon signed rank test for nonparametric
variables. WWilcoxon signed rank test for nonparametric variables. CMJ = countermovement jump, hsCRP = high sensitivity C-reactive protein, and FasL:
Fas-ligand.

significant for FasL and for miR-21 among the youngest mas-
ters sprinters (group B; 𝑃 = 0.001; 𝑃 = 0.007, resp.) and for
miR-146a among the oldest group (D; 𝑃 = 0.011). The cha-
nge was also significant for miR-21 in the oldest group (group
D, 𝑃 = 0.017). The original values for the blood parameters
are presented in supplementary data (S2).

3.4. FasL, miR-21, and miR-146a Associations with Physical
Performance Measures in the 10-Year Follow-Up. A GEE

model was constructed to combine the effects of a specific
serummolecule (FasL, miR-21, ormiR-146a) and the physical
performance measures (60m sprint, CMJ, knee flexion,
or bench press) over time. The association curves for the
physical performance measures according to the different
measured circulatingmolecule levels are presented in Figures
2, 3, and 4. Only significant or trending curves are presented.
The results for the models were adjusted with the LBM.
Figure 2 shows that the combination of the effects of FasL
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Figure 2:The association of serum FasL concentration with physical performance over time. Values for the younger participants (<40 years)
without follow-up measures are presented on the left side of the images.The associations are based on the follow-up design (𝑛 = 49, >40 yrs).
Cross (×) indicates that case is located within 0–37.5%, circle (I) within 37.5–67.5%, and square (◻) within 67.5–100% of the cumulative share
of the FasL distribution. The 3 different lines present the associations of the different serum marker levels with the physical performance
measures over time. The tables next to the curves present the model used in forming the prediction curves, in greater detail, including
statistics on the main effects of the studied serum marker and the possible quadratic and cubic effects.

and its interactions with age was statistically significant for
the CMJ (𝑃 < 0.001) and bench press (𝑃 < 0.001). Also,
all coefficient estimates for these outcomes were statistically
significant indicating both a significant linear and quadratic
curvature term. The model for the CMJ, when the serum
FasL concentration was taken into account (Figure 2(a)),
predicted a steeper decline in performance after age of 70with
slightly higher FasL serum concentrations than with lower

FasL levels. For bench press, higher FasL levels at the younger
ages predicted a steadier decline in performance while lower
FasL values predicted better sustained performance at the
older ages (Figure 2(b)).

Significant effects of miR-21 and age combined (Figure 3)
were detected for knee flexion (𝑃 = 0.023) and bench press
strength (𝑃 = 0.004). Statistically significant coefficient esti-
mates relate mainly to miR-21 interaction with quadratic of
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Figure 3: The association of serum miR-21 level with physical performance over time. Values for the younger participants (<40 yrs) without
follow-upmeasures are presented on the left side of the images.The predictions are based on the follow-up design (𝑛 = 49, >40 yrs). Cross (×)
indicates that case is located within 0–37.5%, circle (I) within 37.5–67.5%, and square (◻) within 67.5–100% of the cumulative share of themiR-
21 -distribution. The 3 different lines present the associations of the different serum marker levels with the physical performance measures
over time. The tables next to the curves present the model used in forming the prediction curves, in greater detail, including statistics on the
main effects of the studied serum marker and the possible quadratic and cubic effects.

cubic terms of age indicating that curvature has a stronger
role in the prediction. For knee flexion strength, when serum
miR-21 levels were taken into account, low miR-21 levels
predicted best performance prior to age 60 and high levels
best performance between ages 60 and 80 (Figure 3(a)). Low
miR-21 levels predicted highest performance in the bench
press until age 65, after which the prediction curves were very
similar to each other (Figure 3(b)).

Significant combination effects of miR-146a and age
(Figure 4) were detected for sprint (𝑃 < 0.001), knee flexion
(𝑃 < 0.001), and bench press strength (𝑃 < 0.001). The miR-
146a levels predicted the largest differences in 60m sprint
performance after the age of 70, after which the lowest values
predicted the best sprint performance (Figure 4(a)). For
knee flexion strength, the lowest miR-146a levels predicted
the best performance until age 60, after which, until age
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Figure 4: The association of serum miR-146a level with physical performance over time. Values for the younger participants (<40 years)
without follow-up measures are presented on the left side of the images. The predictions are based on the follow-up design (𝑛 = 49, >40 yrs).
Cross (×) indicates that case is located within 0–37.5%, circle (I) within 37.5–67.5%, and square (◻) within 67.5–100% of the cumulative share
of the miR-146a distribution.The 3 different lines present the associations of the different serummarker levels with the physical performance
measures over time.The tables next to the curves present themodel used in forming the prediction curves, in greater detail, including statistics
on the main effects of the studied serum marker and the possible quadratic and cubic effects.
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80, the highest serum levels predicted the best performance
in the knee flexion strength (Figure 4(b)). For bench press
strength, the lowest miR-146a values predicted the highest
performance until age 65, after which the lowest miR-146a
levels predicted the steepest decline (Figure 4(c)).

4. Discussion

This study investigated the associations of circulating levels
of traditional (hsCRP, leukocyte count, and FasL) and novel
(miR-21 and miR-146a) inflammation- and apoptosis-related
molecules with physical performance in competitive male
sprinters of different ages. In addition, the associations
of serum FasL, miR-21, and miR-146a levels with specific
physical performance measures and aging were determined.
We used both cross-sectional and follow-up study designs,
with an emphasis on the latter, which focused on older
masters sprinters. In the cross-sectional analysis, which
included sprinters from ages 18 to 90 years, anthropomet-
rics, LBM, physical performance measures, RBC, and HGB
were, as expected, negatively associated with aging. For the
traditional inflammation markers, no age-association was
observed with hsCRP; instead, the percentage of serum
lymphocytes decreased and that of neutrophils increased,
with age. Serum FasL concentration and miR-146a levels
correlated negatively with age when all the sprinters were
included. However, when only the masters sprinters were
studied, the age correlation was not significant, indicating
that the most radical changes in these molecules generally
occur during the interval between being a young sprinter
and becoming amasters sprinter.The 10-year follow-up study
design, which concerned masters sprinters only, showed, as
expected, a worsening of physical performance in parallel
with the decrement in the serum FasL and increment in
the serum miR-21 and miR-146a levels. Interestingly, when
grouped into 3 different age groups we obtained novel infor-
mation about the time frames of the changes. For FasL and
miR-21 the changes were significant for the 50- to 66-year-
old (end-point age) sprinters and for miR-21 and miR-146a
for the 79- to 90-year-old sprinters. No significant changes
were observed in the 66–79-year-old athletes. In addition,
associations with serum molecules, physical performance
and aging were determined.We found nonlinear associations
of circulating FasL concentration with CMJ height and bench
press strength. MiR-21 levels were associated with knee
flexion and bench press strength and miR-146a levels with
sprint time, knee flexion, and bench press strength. The
associations were based on the 10-year-follow-up data and
age was used as a continuous determinant. Based on the
constructed model, it is possible to predict whether and how
the different levels of the studied serummolecules explain the
declining physical performance measures over time.

Aging is accompanied with declining skeletal muscle
properties and increasing numbers of systemic classical
inflammatory markers, which, in general, affect physical
functioning [27]. Inflammation and apoptosis are two crucial
processes known to be altered during the aging process
having broad physiological or even pathological influences

in the body [28, 29]. Prolonged physical training has been
shown to improve the systemic inflammatory state, especially
by lowering hsCRP and IL-6 levels, as well as preventing the
loss of muscle mass [3]. In the present study, hsCRP neither
differed between the studied age groups nor changed during
the 10-year follow-up among the masters athletes. Therefore,
we focused on the more specific circulating molecules, FasL,
miR-21, and miR-146a, interplaying with aging, inflamma-
tion, apoptosis, and skeletal muscle tissue [6, 10–14].

4.1. FasL as a Potential Biomarker. Serum FasL contributes to
cellular homeostasis by inducing apoptosis of the target cells,
especially T lymphocytes [6]. Serum FasL concentrations
have been shown to decrease with aging [29, 30], with higher
serum FasL levels being associated with diseases related to
imbalanced homeostasis of the immune cells [31–33]. As the
follow-up results show, themost radical change in serumFasL
levels in the present study had occurred by age 66, with the
levels having decreased significantly by that age.This could be
interpreted as a decrement in the apoptotic rate. Lower serum
FasL level predicted better overall performances (CMJ, bench
press). In light of both these studies and our findings, the
natural decrement in FasL during aging could be beneficial
for balancing the changing metabolism and inflammatory
status. However, conflicting studies and theories exist. The
shift towards reduced apoptosis, measured by decreased
serum FasL levels, could be followed by an accumulation
of immune cells, resulting in “inflammaging” or an accu-
mulation of other cell types, thereby increasing the risk for
cancer development (reviewed by Tower [34]). However, the
traditional inflammation marker hsCRP levels of the oldest
athletes in the present study would appear to be in the
normal healthy range and show no indication of an increased
inflammatory state. Instead, the measured higher count of
circulating neutrophils among older sprinters could be an
indication of slightly higher inflammatory status compared to
younger athletes. However, the role of neutrophils as driving
forces of tissue repair and regeneration has also recently
been discussed (reviewed by Jones et al. [35]). Immune cell
homeostasis has been shown to differ between men with
opposite training background [7]. The authors showed that
the basal level of lymphocyte apoptosis, controlled by Fas-
FasL interaction, is distinctly different between high and low
trained men, being higher among the former. However, right
after a bout of acute exercise, the high-trainedmen seemed to
be more resistant to exercise-induced apoptosis. It is possible
that, through physiological adaptations induced by long-term
training, the basal levels of serum FasL could be kept at
low levels without adding to inflammatory status; instead the
postexercise condition would function in its own, adapted,
way. However, this notion needs to be addressed by a study
that also includes nontrained sedentary people.

4.2. miR-21 as a Potential Biomarker. miRs are regulating
several biological processes in cells including those associated
with adaptation to exercise, inflammation, and apoptosis (see
S3). miR-21 is widely known as an antiapoptotic-miR owing
to its presence at high levels in several malignancies. Its
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systemic levels have also been shown to be upregulated in
elderly people and its possible role as an inflammatorymarker
has been discussed [10]. In the present study, miR-21 levels
increased significantly in the earlier years (40+), leveled out
through the middle years (56+) and again increased signif-
icantly in the later years (69+). The self-reported training
histories showed that the most significant decline in training
occurred among the 40+ group and 69+ group, showing the
opposite pattern to that of the miR-21 levels in those age
groups. However, the associations between the change in
sprint-specific training and the change in miR-21 levels (data
not shown) were analyzed and no significant correlations
were found (𝑅2 = 0.074; 𝑃 = 0.081), indicating that the
decline in training did not explain the increments in serum
miR-21. Our association analyses indicate that lower miR-
21 levels are more beneficial for knee flexion and bench
press performance. These findings support the idea that the
higher the level of miR-21, the more unbeneficial it is for
physiological status. Our results are also in line with the study
by Wardle et al. [19], who reported that young male strength
athletes have lower levels of plasma miR-21 than endurance
athletes, which could be a beneficial result favoring strength
training.

4.3. miR-146a as a Potential Biomarker. miR-146a has been
proposed as an anti-inflammatory miR, negatively regulat-
ing the inflammatory response by targeting TNF receptor-
associated factor 6 (TRAF-6) and IL-1R-associated kinase
(IRAK-1) [11]. In the present study, miR-146a serum levels
increased significantly among the oldest participants after age
69. This finding raises the question of whether circulating
miR-146a is one of the regulators and a component of the
training-induced adaptation system, needed to balance the
inflammatory status in the elderly. In the sprint association,
the miR-146a levels at the earlier ages did not seem to predict
performance in the later years; however, with lower levels
after age 70, better 60m sprint time was obtained. In the knee
flexion association, similar results were obtained for miR-21:
with lower levels, better performancewas obtained in the later
years. In the bench press association, with higher miR-146a
levels, slightly better results in bench press performance were
obtained in the later years. These results for miR-146a and
physical performance associations in aging showed a distinct
pattern for the sprint versus bench press, with lower levels
being more beneficial for sprint and higher levels for bench
press in the later years.

Masters athletes demonstrate that, with an active, moti-
vated, and healthy lifestyle, aging does not inevitably lead to
physical frailty and disability [36]. In our study, even explo-
sive strength and sprinting performances were preserved
at relatively high levels into old age, even if some athletes
reported a decline in their training activity over the 10-
year follow-up. However, despite habitual training, after 80
years of age the hitherto modest decline in the performance
assumes a more radical form. It has been suggested that
in old age the curvilinear decline in physical performance
may be explained by a concomitant deterioration in several
physiological systems [37]. The role of circulating molecules

delivering intercellular messages in these deteriorative events
is evident, however, very complex. In the present study, the
decline in the physical performance measures over time was
partially explained by changes in the serum FasL, miR-21,
andmiR-146a levels, molecules associated with inflammation
and cellular homeostasis. More detailed functional and tissue
specific studies are thus needed to better understand the role
and regulation of these potential biomarkers in aging and
training adaptations.

5. Conclusions

Themain focus of the studywas to determinewhether specific
circulating inflammation- and apoptosis-related molecules,
that is, FasL, miR-21, and miR-146a, are associated with
physical performance and aging among masters sprinters.
Previous studies have demonstrated distinct associations
of the studied molecules with physical performance and
with age, but longitudinal combined associations have not
been reported. We showed that the systemic levels of these
molecules change over 10-year period and that associations
exist between the molecules, specific physical performance
measures, and aging. In addition, the associations with
physical performances were slightly different depending on
the age of the masters sprinters. Lower levels of FasL and
miR-21 seemed to have more beneficial association with the
performance measures generally, whereas the associations
between miR-146a and performance are more dependent
on the specific type of physical performance measure used.
Further research with well-controlled study designs and pop-
ulations are needed to determine whether these molecules
are useful as biomarkers in the prediction of successful aging
or identification of individuals at high risk for deterioration
in performance with older age. In addition, the origin of the
circulating biomarkers remains to be clarified.

Additional Points

Limitations and Benefits.This study only concerned relatively
healthy males with a regular training background. However,
it has been emphasized that athletes themselves are the best
controls in the study of inherent aging [37]. Small percentage
of the masters sprinters, who had taken part in the baseline
measurements in 2002, was not available for the study follow-
up in 2012. It is likely, therefore, that the follow-up setting
is based on the fittest sprinters; this should be considered
when interpreting the results. It should also be noted that
the greatest emphasis in the physical performance association
curves is on the middle age range, where the number of the
participants was the greatest. The predictions are the most
reliable until the age of 85 years from which onwards the
thinning of the subjects might have unwanted effects on the
predictions. It is important to bear in mind that miRs are
sensitive and easily affected by external and internal stimuli. It
was not possible to control for all the potentially confounding
stimuli that could have affected the circulating miR levels
(such as personal diet, lack of sleep, and nondiagnosed
conditions). Previous studies have reported that miR-146a
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reacts acutely to exercise [17, 38]. However, the present study
population represents relatively healthy, regularly training
males with a long training history. With their bodies being
well adapted to even rather heavy exercise, no surprising
acute effects on blood parameters during the brief physical
measurements on the previous day of blood sampling were
expected. The participants had a similar background in their
training and other living habits (no regular smokers, no heavy
drinking). Also, the fact that the study design was similar
in both years strengthens longitudinal comparability. When
studying athletes, the motivation to reach one’s personal
peak in measurements of performance is likely to be higher
than in nonathletes. One of the major strengths of the
study is the 10-year follow-up design: it is unique and leaves
no space for genetic variation, which is an issue in cross-
sectional designs, especially when studying partly genetically
regulated biomarkers, as shown in our previous study with
monozygotic twins [26].
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We aimed to analyse the mechanical properties of skinned single muscle fibres derived from the vastus lateralis (VL) muscle in
relation to those of the whole intact thigh muscle and to compare any difference between young and older adults. Sixteen young
men (29.25 ± 4.65 years), 11 older men (71.45 ± 2.94 years), 11 young women (29.64 ± 4.88 years), and 7 older women (67.29 ± 1.70
years) were recruited. In vivo analyses were performed for mechanical properties such as isokinetic performance, isometric torque,
and power. Specific force and maximum shortening velocity (Vo) were measured with single muscle fibres. Sex difference showed
greater impact on the functional properties of both the whole muscle (𝑝 < 0.01) and single muscle fibres than aging (𝑝 < 0.05).
Sex difference, rather than aging, yielded more remarkable differences in gross mechanical properties in the single muscle fibre
study in which significant differences between young men and young women were found only in the cross-sectional area and Vo
(𝑝 < 0.05). Age and sex differences reflect the mechanical properties of both single muscle fibres and whole thigh muscle, with the
whole muscle yielding more prominent functional properties.

1. Introduction

Aging of the human skeletal muscle is characterized by
declines in mechanical, morphological, and functional prop-
erties such as the cross-sectional area (CSA) of eachmyocyte,
specific force (SF), maximal contractile force, and maximal
shortening velocity (Vo) [1–3]. However, other muscle fibre
mechanical studies on aging did not find the specific force
and Vo of muscle fibres to vary remarkably [4–6].

Furthermore, many studies reported that the aging pro-
cess causes mechanical changes in the muscle, such as
increasing muscle weakness and slowing the contraction
speed [2, 7, 8]. However, the differences in the results of
these studies are controversial, in terms of the concept of age-
related mechanical changes at the single muscle cell level.

Various studies, ranging from the micro- to macrolevels,
have investigated the quantitative aspects of muscle changes,
such as muscle mass [9]. Gradually impaired skeletal muscle

function is caused not only by the quantitative aspect such as
progressive reduction in muscle mass (sarcopenia), but also
by age-related muscle qualitative aspect [10]. This qualitative
aspect in macrolevel is also considered as decreased muscle
short-term power and/or optimal shortening velocity by
aging [11, 12].

However, minute observations of qualitative changes of
muscle function as a result of aging per se aremore important,
as microscopic changes are usually early signs of whole-body
changes [13]. These observations can be attained through
microscopic analysis of single muscle fibres.

At the single muscle fibre level, myosin heavy chain
(MHC) type II-related fast fibres showed faster decline with
aging than did slowMHC type I, demonstrating that MHC II
is sensitive to the aging process [2]. However, a shift to type
IIx or hybrid type in single muscle fibres was also reported
in aging, whereas other studies showed that fast muscles
decreased with aging [14]. In a previous study, functional

Hindawi Publishing Corporation
BioMed Research International
Volume 2016, Article ID 6206959, 8 pages
http://dx.doi.org/10.1155/2016/6206959

http://dx.doi.org/10.1155/2016/6206959


2 BioMed Research International

Table 1: General characteristics of subjects.

Ages (year) Height (cm) Weight (kg)
YM (𝑛 = 16) 29.25 ± 4.65 176.84 ± 2.52 75.28 ± 9.15
OM (𝑛 = 11) 71.45 ± 2.94 164.10 ± 5.18 68.24 ± 6.51
YW (𝑛 = 11) 29.64 ± 4.88 160.35 ± 4.57 56.79 ± 10.64
OW (𝑛 = 7) 67.29 ± 1.70 155.69 ± 6.10 58.01 ± 9.71
Values are presented as means ± standard deviation. YM = young men, OM
= old men, YW = young women, OW = old women.

differences according to sex were not found at the single
muscle fibre level [13]. Sex or age differences have a more
distinct relation with strength at the whole muscle level than
at the single muscle fibre level, even within the same subject
[6, 15, 16].

To examine the opposite controversial issue regarding
single muscle fibres in relation to in vivo whole thigh
muscle function in young and older men and women, we
hypothesized that (i) there is a difference between young
and older adults and between men and women at the single
muscle fibre level and (ii) the differences of age and sex at the
single muscle fibre level are relatively reflective of those at the
whole muscle level.

To ascertain whether sex and/or aging causes differences
in mechanical properties at the single muscle fibre and at the
whole muscle level, we compared young and older Korean
men and women and analysed the mechanical functions of
skinned single muscle fibres derived from the VL muscle, in
contrast to those of whole thigh muscles.

2. Materials and Methods

2.1. Subjects’ Characteristics. This study was designed to
investigate the functional response of single muscle fibres
and whole thigh muscle of healthy young men (YM; age
29.25±4.65 years, height 176.84±2.52 cm, andweight 75.28±
9.15 kg), healthy older men (OM; 71.45±2.94 years, 164.10±
5.18 cm, and 68.24 ± 6.51 kg), healthy young women (YW;
29.64 ± 4.88 years, 160.35 ± 4.57 cm, and 56.79 ± 10.64 kg),
and healthy older women (OW; 67.29 ± 1.70 years, 155.69 ±
6.10 cm, and 58.01 ± 9.71 kg) (Table 1). A total of 45 commu-
nity dwelling young and old adults (16 YM, 11 OM, 11 YW,
and 7 OW have not been joining exercise related activities
for the recent 3 years) were recruited from healthy volunteers
who agreed to participate in this study from February 2014
to April 2015. The healthy adults were defined as (i) scored
≥ 10 on the Short Physical Performance Battery (SPPB);
(ii) nondisease with nonmedication; and (iii) nondrinking
and nonsmoking after completing a comprehensive medical
evaluationwhich included a history and physical test [17].The
subjects provided written informed consent before the study
commencement. The study was approved by the institutional
review board at Seoul National University Bundang Hospital
(B-1307-212-008).

2.2. Isometric, Isokinetic, and Power Performance Test of the
LeftThigh in YM, OM, YW, and OW. For the in vivo study on

themechanical properties of thighmuscle function beforeVL
muscle biopsy,we performed isometric, isokinetic, andpower
performance tests of knee flexion and extension (Primus RS;
BTE, Hanover, MD, USA). Subjects were firmly fixed on a
seat in the sit position.The speed and range of isokinetic and
isometric test are 60∘/sec and 65∘, respectively. The power
value was obtained whilst subjects exhibit maximal power
against resistance automatically taken by BTE.Themeasured
parameters were as follows: isometric test of the left thigh,
Iso; power test, Po; isokinetic test of the left thigh extension
peak torque, IsoKE; and isokinetic test of the left thigh flexion
peak torque, IsoKF (Figure 3). All variables measured as peak
values are given in newton meter (Nm), except for Po, which
is expressed in watts (W).

2.3. Muscle Biopsy. Whole participants in this study visited
three times (each of visits was at different date) for (i)
screening participants at the first visit; (ii) testing physical
function at the second visit; and (iii) obtaining muscle
specimens at the third visit. Muscle specimens were obtained
percutaneously from the VL muscle under local anaesthesia
by using a modified Bergstrom needle (11750-06 and 11750-
07; Dixons, Wickford, UK). One portion of the tissue was
immediately soaked in cold relaxation solution (4∘C), as
described below; the tissue was subsequently dissected into
small bundles of muscle fibres for use in the functional test.
The bundles were then stored in 50% glycerol (v/v) solution at
−20∘C for the subsequent functional study. All bundles for the
functional tests were analysed within 2 weeks, which is based
on dates of degraded quality in single muscle fibre mechanics
(Table 4).

2.4. Single Muscle Fibre Solution. The skinned single muscle
fibre solution consisted of 40mM N,N-bis(2-hydroxyethyl)-
2-aminoethanesulphonic acid (BES); 10mM ethylene gly-
col tetraacetic acid (EGTA); 6.56mM magnesium chlo-
ride (MgCl2); 5.88mM sodium-adenosine triphosphate (Na-
ATP); 46.35mM potassium- (K-) propionate; 15mM creatine
phosphate; 1mM dithiothreitol; 10% Triton X-100; and pro-
tease inhibitors such as 0.01mM E64, 0.047mM leupeptin,
and 0.25mM phenylmethylsulfonyl fluoride (pH 7.0).

The relaxation solution consisted of 100mM potassium
chloride (KCl), 10mM imidazole, 1mMMgCl2, 2mMEGTA,
and 4.46mM Na-ATP.

The glycerol solution for the storage of muscle bundles
consisted of 50% (vol/vol) glycerol, 100mM KCl, 10mM
imidazole, 1mM MgCl2, 2mM EGTA, and 4.46mM Na-
ATP.The activation solution consisted of 40mMBES, 10mM
CaCO3-EGTA, 6.29mM MgCl2, 6.12mM Na-ATP, 45.3mM
K-propionate, and 15mM creatine phosphate. The free Ca2+
concentration of pCa was 4.0 (10−4M), where pCa = −log
Ca2+ concentration for activation.

2.5. Functional Study. Single muscle fibres were carefully
isolated from muscle bundles after chemical skinning with
a skinning solution till 24 h at 4∘C. A fibre of between 1
and 2mm in length was mounted on the needle linked
to the force transducer and motor lever arm (Model 403;
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Figure 1: Diagram of the study protocol: 9 steps (see Section 2.5
describing each step in detail). Maximal contractile force (Step 4),
maximal shortening velocity (Vo, Step 5) from the slack test, and
specific force (maximal contractile force/CSA) were obtained from
this protocol.

Aurora Scientific, Aurora, Ontario, Canada) exposed to the
solution in the test apparatus. The fibre was stabilized in
the relaxing solution with a consistent length of sarcomeres
(2.6–2.7 𝜇m, which is considered to be the physiological
range of sarcomere length) [18, 19]. The sarcomere length,
diameter, and fibre length were measured (ASI software,
Aurora Scientific). The diameter was obtained by averaging
the length of the diameter seen from the top and the side
by using the prism equipped within a microscope (Olympus
IX71; Olympus, Tokyo, Japan). The fibre CSA, assumed to
be an elliptical shape, was calculated from the diameter and
depth. We used a 20% correction when CSA was used for
calculating the SF (force/CSA) [20].

Maximal velocity (Vo) was measured by using the slack
test [21], whereas maximal contractile force was evaluated
by using previously described methods [22]. A nine-step
experiment was performed for each tested fibre according to
the protocol shown in Figure 1: the experiment starts from
0 s (Step 1); the length of a single muscle fibre is shortened
to 90% from 1 s (Step 2), and then the length is recovered
at 6 s (Step 3); the solution is changed to the activation
solution from the relaxation solution at 17 s (Step 4); the
fibre length is then slackened by 7, 8, 10, 12, or 13% at 90 s
(Step 5) (see Supplement 1 of the Supplementary Material
available online at http://dx.doi.org/10.1155/2016/6206959);
the solution is changed back to the relaxation solution at 98 s
and the original length of the fibre is restored at 102 s (Step 6
and Step 7); finally, the data collection is finished (Step 8)
and the protocol is stopped (Step 9). A representative result
from this experimentally programmed procedure is shown in
Figure 1.The entire experimental procedurewas performed at
15.3∘C.

2.6. Determination of Single Muscle Fibre MHC. To deter-
mine the isoform of single muscle fibres measured by the
method described in Section 2.5, bundles of the fibres were
chemically skinned for 24 h in a skinning solution containing
50% (v/v) glycerol at 4∘C [23, 24]. A total of 212 fibres were
subjected to sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) for MHC isoform identification
after the single muscle fibre test. A gel was used to identify

IIx

Human vastus lateralis muscles

I

IIa

1 2 3

Figure 2: Myosin heavy chain (MHC) separation. Electrophoresis
was used for separation of MHC isoforms in the human VL muscle.
The top-down method separating MHC isoforms as IIx, IIa, and I is
illustrated in the graph. 1 and 3 indicate the MHC standard showing
IIx and IIa and I, respectively. 2 indicates a human sample including
only MHC I. Using this method, all samples of all subjects were
found to be composed of those fibre MHC types.

MHC isoforms with a marker as in Figure 2. The MHC
composition was determined by using 6% SDS-PAGE. The
acrylamide concentration was 4% (w/v) in the stacking gel
and 6% in the separating gel, and the gel matrix included
30% glycerol. SDS-PAGE was run at a constant voltage
of 90V for 30min and 140V for 5.5 h [22]. A protein
homogenate mixture of human muscle MHC I, IIa, and IIx
was used as the MHC standard, and the order of migration
of each human MHC in the gel is shown according to a
previously described method [25] (Figure 2). Gels loaded
with single muscle fibres were subjected to silver staining to
identify the MHC isoforms of each single muscle fibre, and
densitometry was performed by using an analytical software
(Bio-1D Light; Vilber Laurat, Marne-la-Vallée, France). IIx,
I/IIa, I/IIx, IIa/IIx, and I/IIa/IIx were uniformly treated as
I/II hybrids.

2.7. Statistical Analysis. All data are presented as mean ±
standard deviation (SD), except for the analysis with a linear
mixed model described as 𝑝 value (Table 2). Each classified
value analysed by fibre type from the left VL of subjects
(Table 3) and analysed for the power output measurements in
this study was compared by using one-way repeated analysis
of variance (Figure 3). After identifying significant differences
among three or more groups, we used the post hoc 𝑡-test to
compare statistical differences between groups. We also used
a linear mixed model for single muscle fibre analysis, which
shows the representativeness of each fibre subtype for each
subject group [22] (Table 2). SPSS version 18.0 was used for
the entire statistical analysis. A value of 𝑝 < 0.05 indicates
a statistically significant difference for all analyses, and this
level of significance was applied for the same fibres.

http://dx.doi.org/10.1155/2016/6206959
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Table 2: 𝑝 values of multilevel analysis for correlated single muscle fiber with each subject group.

Fiber type Classification CSA SF (mN/mm2) Vo (FL/s) F (mN)

I Age 0.774 0.569 0.528 0.612
Gender 0.179 0.254 0.059 0.168

IIa Age 0.101 0.938 0.683 0.146
Gender 0.797 0.759 0.221 0.624

I/II hybrid Age 0.753 0.916 0.677 0.928
Gender 0.490 0.702 0.166 0.453

One of the multilevel analyses, linear mixed model, was used for showing the representativeness of each fiber subtype for each subject group.
Total fiber number = 212. Values are estimated as means ± SD. CSA = cross-sectional area, SF = specific force, Vo = maximum shortening velocity,
F = maximal contractile force.

Table 3: Characteristics of human vastus lateralis single muscle fiber.

Classification Fiber type CSA (𝜇m2) SF (mN/mm2) Vo (FL/s) F (mN)

YM
I (𝑛 = 65) 4679.69 ± 1143.48∗ 125.64 ± 73.04 1.69 ± 1.19∗ 0.50 ± 0.41
IIa (𝑛 = 27) 4779.22 ± 844.51 131.86 ± 67.16 2.25 ± 1.60 0.52 ± 0.37

I/II hybrid (𝑛 = 19) 5202.21 ± 731.65 137.70 ± 66.19 2.77 ± 1.46 0.59 ± 0.35

OM
I (𝑛 = 21) 4503.95 ± 1769.54 123.34 ± 38.79 1.18 ± 0.93 0.45 ± 0.25
IIa (𝑛 = 7) 3573.14 ± 1943.94 129.28 ± 114.56 1.84 ± 0.67 0.30 ± 0.20

I/II hybrid (𝑛 = 6) 4962.83 ± 2574.96 138.64 ± 68.53 1.95 ± 1.12 0.59 ± 0.42

YW
I (𝑛 = 25) 4108.72 ± 103.17∗ 116.99 ± 35.40 0.85 ± 0.35∗ 0.39 ± 0.16
IIa (𝑛 = 4) 4436.50 ± 917.72 118.92 ± 75.58 0.99 ± 0.21 0.43 ± 0.28

I/II hybrid (𝑛 = 2) 4001.50 ± 901.56 122.87 ± 32.76 0.62 ± 0.08 0.38 ± 0.01

OW
I (𝑛 = 31) 4050.13 ± 1072.37 104.53 ± 41.87 0.97 ± 0.42 0.34 ± 0.19
IIa (𝑛 = 0) ND N/D N/D N/D

I/II hybrid (𝑛 = 5) 4656.80 ± 429.57 129.38 ± 70.47 1.99 ± 1.32 0.50 ± 0.30
One-way repeated analysis of variance followed by the post hoc 𝑡-test was used for statistical significance. Values are presented as means ± standard deviation.
YM= youngmen, OM= oldmen, YW= young women, OW= old women, CSA = cross-sectional area, SF = specific force, Vo =maximum shortening velocity,
F = maximal contractile force, ND = not detected. ∗𝑝 < 0.05: statistical significances between YM type I and YW type I (𝑝 = 0.021 for CSA and 𝑝 = 0.016
for CV).

Table 4: Dates of degraded quality in single muscle fiber mechanics.

Classification Fiber type CSA (𝜇m2) SF (mN/mm2) Vo (FL/s) F (mN) Stored days

YM
I (𝑛 = 7),

4655.93 ± 807.40 36.02 ± 8.65 2.34 ± 1.04 0.13 ± 0.04 16.67 ± 19.07IIa (𝑛 = 6),
I/II hybrid (𝑛 = 2)

OM
I (𝑛 = 2),

4010.57 ± 2716.34 45.02 ± 18.10 2.17 ± 1.57 0.15 ± 0.14 28.57 ± 18.54IIa (𝑛 = 1),
I/II hybrid (𝑛 = 3)

YW I (𝑛 = 11) 3582.36 ± 871.25 40.82 ± 15.12 0.83 ± 0.22 0.12 ± 0.05 21.27 ± 22.35

OW I (𝑛 = 7), 3697.38 ± 654.92 45.01 ± 17.33 0.80 ± 0.28 0.13 ± 0.05 40.63 ± 23.32
I/II hybrid (𝑛 = 1)

Values are presented as means ± standard deviation. YM = young men, OM = old men, YW = young women, OW = old women, CSA = cross-sectional area,
SF = specific force, Vo = maximum shortening velocity, F = maximal contractile force.

3. Results

3.1. Isokinetic Muscle Performance Study of the Left Thigh. In
isometric knee extension, the measured values for YM, OM,
YW, and OW were 221.82 ± 12.64, 156.58 ± 31.49, 143.11 ±
34.33, and 89.29 ± 15.92Nm, respectively (Figure 3(a)). The
isokinetic extension and flexion force values of the left thigh
were as follows: IsoKE, 125.98 ± 29.90Nm (YM), 94.92 ±
18.30Nm(OM), 79.50±23.00Nm(YW), and 68.76±8.97Nm

(OW); IsoKF, 90.46 ± 45.63Nm (YM), 49.99 ± 12.00Nm
(OM), 41.61 ± 9.29Nm (YW), and 34.03 ± 11.44Nm (OW)
(Figure 3(c)). BTE also yielded the following power output
values: 141.05±25.72W(YM), 83.09±26.18W(OM), 82.99±
26.02W (YW), and 49.86 ± 10.07 W (OW) (Figure 3(b)).

In the comparison betweendifferent age groups, we found
that there were overall significant differences between YM
and OM (𝑝 < 0.01), except in IsoKE (Figure 3). Significant
differences were observed between YW andOW in isometric
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Figure 3: Isometric, power tests, isokinetic peak extension, and isokinetic peak flexion of knee joint. We measured in vivo mechanical
properties using BTE before biopsy for the in vitro single muscle fibre study. The voluntary participants for the in vivo study were tested
before obtaining isokinetic data of left thigh muscle function. YM, young men; Nm, Newton meter; YM, young men; OM, old men; YW,
youngwomen; OW, old women; Iso, isometric test with left thigh; Po, power test; IsoKE, isokinetic test left thigh extension peak torque; IsoKF,
isokinetic test left thigh flexion peak torque. The units used in peak values are Nm, newton meter, and watts. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 show
statistically significant differences. (a) Each Iso value (mean ± standard deviation) of YM, OM, YW, and OW is 221.82±12.64, 156.58±31.49,
143.11 ± 34.33, and 89.29 ± 15.92, respectively. (b) Each Po value of YM, OM, YW, and OW is 141.05 ± 25.72, 83.09 ± 26.18, 82.99 ± 26.02,
and 49.86±0.07, respectively. (c) Each IsoKE value of YM, OM, YW, and OW is 125.98±29.90, 94.92±18.30, 79.50±23.00, and 68.76±8.97,
respectively, and each IsoKF value of YM, OM, YW, and OW is 90.46 ± 45.63, 49.99 ± 12.00, 41.61 ± 9.29, and 34.03 ± 11.44, respectively.
One-way repeated analysis of variance was used. After identifying significant differences among three or more groups, we used the post hoc
𝑡-test to compare statistical differences between groups.

tests and Po (𝑝 < 0.01); however, there was no statistical
difference between the two groups in IsoKE or IsoKF.

Sex difference, such as between YM and YWand between
OM and OW, also significantly affects overall value in Iso, Po,
IsoKE, and IsoKF (𝑝 < 0.01).

3.2. Mechanical Properties of Single Muscle Fibres. Concern-
ing the mechanical properties of human VL single muscle
fibres, we analysed 212 single muscle fibres and categorized
them according to CSA, SF, and Vo (Table 3). The CSA, SF,
and Vo of YM and YW showed higher values but were not

statistically significantly different from those of OM or OW
in MHC type I muscle fibres.

The CSA and Vo of YM were both significantly greater
than those of YW in MHC type I fibres (𝑝 < 0.05) but
were not significantly different between OM and OW. MHC
type IIa and hybrid fibres showed no statistically significant
differences in any of the group comparisons.

3.3. Differences in MHC Isoforms among YM, OM, YW, and
OW. In the MHC isoforms of single muscle fibres analysis,
MHC I was predominantly expressed in all age and sex
groups. Other isoforms detected in this study were IIa, IIx, or
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hybrid (I/IIa/IIx, IIa/IIx, I/IIx, or I/IIa), and we categorized
MHC subtypes as I, IIa, and hybrid (I/IIa/IIx, IIa/IIx, I/IIx,
I/IIa, or IIx) (Table 3). All groups contain MHC I, IIa, and
hybrid subtypes, except for OW, which did not show the
MHC IIa subtype. YM consisted of 59% of MHC I and 24%
of MHC IIa, whereas OM consisted of MHC I (62%) and
MHC IIa (21%).MHC I in YWcomprises 86% of wholeMHC
subtypes. In OW, MHC types I and I/II hybrid are made of
86% and 14%, respectively.

4. Discussion

We investigated the mechanical properties of human VL-
derived mature single muscle fibres together with the gross
functions of the whole thigh muscle in young and elderly
men and women. Our results were consistent with those of a
previous study showing that the fibre MHC type distribution
changes to a more hybrid MHC type with aging [14]. In the
comparison between single muscle fibres and whole thigh
muscle, sex, rather than age, showed clear differences in
mechanical properties. We found that in vitro VL-derived
single muscle fibres had no statistically different biomechan-
ical values in similar fibres from the four groups, except for
sex differences in the young groups. This is in contrast to
the in vivo study, in which identical subjects had remarkable
differences in sex and age.

4.1. Is Age Difference Also Related to Different Functions
of Single Muscle Fibres? Physical function decreases with
aging, and loss of muscle mass and strength is a significant
physiological phenomenon. Despite the distinct phenotypic
difference caused by aging, the difference of functional
properties at the cellular level is not remarkably related to this
process [5]. At the single muscle fibre level, it was previously
reported that VL-derived type IIa single muscle fibres of YM
had a higher value (𝑝 < 0.01) of contractile velocity than
that of OM [3]. Another study reported that this difference is
negated when the same type of fibre was compared between
the two groups [6]. We also found no significant difference in
any parameters of age difference (Tables 2 and 3), although
there was a pattern similar to the previous report. The results
from our human study at the myocyte level are consistent
with those of previous studies [9] and suggest that these
differences may arise from different ethnicities, lifestyles,
and/or population size.

4.2. Does Sex Difference Reflect Functional Differences at the
Single Muscle Fibre Level? The peak strength of muscular
contraction differs according to sex.The intrinsic contributor
of peak strength loss is derived fromneuromuscular function,
which is dependent on excitation-contraction coupling and
alterations in cross-bridge mechanisms [16, 25–31]. There are
different CSA values in each group, and type I in particular
has a remarkable pattern compared with the other types (the
CSA is greater in men than in women).

This study demonstrated that there is a significant differ-
ence only in the CSA and Vo between YM and YW (𝑝 <
0.05). However, previous studies by Krivickas et al. showed

that there was a significant difference in SF for MHC type
I and IIa fibres between OM and OW (𝑝 < 0.05). They
also reported a significant difference in Vo between OM and
OW for MHC type IIa (𝑝 < 0.01) [3, 13]. We postulate that
the differences of our results from those of previous studies
(described above) mainly resulted from the difference in the
size of study subjects (916 muscle fibres from 7 YM, 7 YW, 12
OM, and 12OW, [3]; 307muscle fibres from 6OMand 10OW
[13]; 212 muscle fibres from 16 YM, 11 OM, 11 YW, and 7 OW
in this study.).

4.3. Comparison of Fibre Type Composition. Variousmechan-
ical properties are demonstrated by different MHC types of
fibres because of the MHC subtype-dependent differences in
detachment rates between actin and myosin (actomyosin).
This interrelation probably causes the different mechanical
properties among different ages and sexes.

Our results do not particularly show that more hybrid
MHC types were formed with aging since our cross-sectional
study has been limited to finding MHC type changes with
aging [32] (Table 3). Frontera et al.’s study in longitudinal
research (8.9 yrs) with elderly subjects also supports our
results that little changes of MHC type distribution were
shown [33]. In particular, the MHC I/IIa/IIx type was found
only in the OM and OW groups. MHC I accounted for most
of the fibres among all four groups. The most commonly
expressed fibre type was MHC IIa in all groups, except for
the OW group. This suggests that most of the expressed
fibre MHC types within the human VL muscle are typically
transformed by aging or mechanical stress to within MHC
type I and type IIa (and vice versa); this may also apply to
fibre MHC type transformations seen between MHC types
I, IIa, and II hybrid [34, 35]. Different signalling pathways
are separately susceptible for the responsive expression of
specific subtypes of fibres, such as peroxisome proliferator-
activated receptor gamma coactivator 1-alpha for MHC type
I (protectively induced by inactivity or denervation) and
nuclear factor kappa B for MHC type IIx (usually induced by
a pathological state and aging) [9].

4.4. In Vivo Assessment of Thigh Muscle Power Output and
Its Correlation with the In Vitro Study. To comprehensively
understand the differences of muscular functionality accord-
ing to age and sex, we added an in vivo study in which
we assessed the quadriceps muscle force. Generally, whole
thigh muscles show patterns in which age- and sex-related
changes are reflected by differences in muscle force output
performance. We showed that different sexes, rather than
different ages, have a clearer pattern of different mechanical
properties at both the single muscle fibre and whole thigh
muscle levels. Furthermore, the in vivomechanical properties
of different groups were remarkably different from that of
single muscle fibre function.

These factorsmay also be positively changed by beneficial
interventions. As optimal alternatives, resistant training usu-
ally transforms the mechanical properties of slow myofibres
[27]. The aerobic and eccentric contraction induced by
training possibly improves the mechanical properties of fast
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fibres [36–38]. Fast fibres produce five to six times the power
output of slow fibres, and this is a better choice for alternative
therapeutic exercises to ameliorate the effects of aging [39].

One of the limitations of this in vivo study was that
we could not obtain precise mechanical data from only
the accurate function of the VL to link to those of the in
vitro VL-derived single muscle fibre analysis. Mechanisms
controlling the properties of the human skeletal muscle at a
molecular level may serve as a better model to describe the
overall characteristics of the muscle for designing positive
interventions in future studies.

In conclusion, we used powerful methods to measure
in vitro muscular function that simulates the physiological
state at a single muscle level. Human VL-derived single
muscle fibres from subjects of different ages and sexes were
classified according to fibre MHC types. Human VL muscle
overwhelmingly consists of MHC I in all groups. There
were significant differences in the CSA and Vo between YM
and YW (𝑝 < 0.05). Our results showed that age and
sex differences seemingly reflect mechanical properties at
both the single muscle fibre level and whole thigh muscle
level; however, the sex differences were more remarkable at
both levels. Furthermore, we found that various functional
properties among different groups were more prominent in
the whole thigh muscle than in single muscle fibres. These
data provide a greater understanding of the characteristics of
the humanmuscle and should contribute to the development
of interventions for competitive sports, treatments ofmuscle-
related diseases, prevention of sarcopenia, and advancement
of muscle-related research.
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Physical and cognitive training seem to counteract age-related decline in physical and mental function. Recently, the possibility of
integrating cognitive demands into physical training has attracted attention.The purpose of this study was to evaluate the effects of
twelve weeks of designed physical-cognitive training on executive cognitive function and gait performance in older adults. Thirty-
six healthy, active individuals aged 72.30 ± 5.84 years were assigned to two types of physical training with major focus on physical
single task (ST) training (𝑛 = 16) and physical-cognitive dual task (DT) training (𝑛 = 20), respectively. They were tested before
and after the intervention for executive function (inhibition, working memory) through Random Number Generation and for gait
(walking with/without negotiating hurdles) under both single and dual task (ST, DT) conditions. Gait performance improved in
both groups, while inhibitory performance decreased after exercise training with ST focus but tended to increase after training with
physical-cognitive DT focus. Changes in inhibition performance were correlated with changes in DT walking performance with
group differences as a function of motor task complexity (with/without hurdling). The study supports the effectiveness of group
exercise classes for older individuals to improve gait performance, with physical-cognitive DT training selectively counteracting
the age-related decline in a core executive function essential for daily living.

1. Introduction

Many activities of daily life involve the simultaneous per-
formance of multiple tasks concurrently challenging motor
and cognitive functions. In aging, the ability to perform
multiple tasks common in daily living such as walking while
engaged in a concurrent mental task (e.g., walking and talk-
ing) becomes impaired [1].

Researchers frequently adopt the dual task (DT) tech-
nique (i.e., simultaneous performance of two tasks) to explore
multitasking ability as well as the effects of different activities
or training on executive function. Based on the postulate that
the attentional system has a limited pool of resources [2],
it is expected that the concomitant performance of different
tasks competing for the same resources could be worse with
respect to the independent performance of each task. Signif-
icant decrements in gait and/or cognitive performance are
observed in older adults when cognitive tasks are performed

while walking [3, 4]. Such performance decrements are
referred to asDT interference and commonly evaluated as the
difference between the single andDTperformance in relation
to the first (DT cost).

One relevant factor underlying this loss seems a dispro-
portional age-related decrease in higher-level cognitive func-
tion, the executive [5]. Executive functions are responsible
for planning, initiating, sequencing, andmonitoring complex
goal-directed behaviour as well as controlling complex activ-
ities and therefore indispensable for independent daily living
and behavioural adaptability [6].

Physical activity and exercise have been demonstrated to
induce positive effects on executive function in aging [7],
with a large body of research consistently demonstrating the
beneficial effect of aerobic exercise on executive function
[8]. Recently, research suggests that also forms of exercise
different from aerobic, such as strength and coordination
[9, 10], may improve cognitive and in particular executive
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functioning. There is consistent evidence that both physical
and cognitive training have the potential to maintain cog-
nitive efficiency in aging [11] and that combining them in
successive or simultaneous way amplifies their efficacy [12,
13]. For this reason, physical-cognitive dual tasking is emerg-
ing as a novel modality for reaping largest cognitive health
benefits [14, 15]. In their review, Wollesen and Voelcker-
Rehage [15] highlighted the beneficial effects of locomotor-
cognitive DT training for gait and posture performance and
for processing speed and executive function. Moreover, the
authors indicated the need for an adequate level of task
complexity for DT training to be effective and questioned
to what extent the locomotor and/or cognitive DT demands
contribute to its effectiveness.

Interventional research suggests a causal relationship
linking cognitively and physically demandingmotor training,
as dance, to improvements in executive function [16]. How-
ever, evidence of designed physical-cognitive DT training
is controversial, as indicated by reviews that highlight the
diversity of the employed training tasks and assessment
methods [17]. Dual task training largely varies in type and
complexity of both locomotor tasks (straightwalking, square-
stepping) and concurrent mental tasks (memorizing words,
reciting poems, and mental computing; 14). Therefore, the
state of the art does not allow thorough comparison and
optimal forms of integrated physical-cognitive DT training
are yet to be identified. Moreover, definitive conclusions are
limited by the lack of studies investigating reciprocal DT
effects of the gait task on cognitive performance and vice
versa of the cognitive task on gait performance [18].

Thus, the aim of the present studywas to evaluate whether
physical-cognitive DT training specifically challenging exec-
utive function ismore beneficial for older adults than physical
training with lower executive function demands. Thus, we
compared the effects of two types of designed physical
training similar in functional motor tasks and motor skills.
However, these differed in the type and amount of cognitive
and specifically executive function demands. Intervention
effects on both executive function and gait performances
were evaluated in ST and DT conditions in order to obtain
information on reciprocal DT effects and to estimate their
associations.

2. Methods

2.1. Participants. Following approval by the Ethics Commit-
tee of the University of Rome Sapienza, recruitment was
carried out through a senior leisure center. Sample size was
calculated based onwalking speed as primary end point from
an applied perspective, referring to a previous intervention
study [19]. Taking into account an 85% power that the
study will detect a treatment difference at a two-sided alpha
(probability) level of 𝑝 < .05 and an anticipated dropout of
30%, the following calculations indicated a minimum sample
size of 𝑛 = 36 (difference between means (𝜇𝑑 = 𝜇1 − 𝜇2)
= −.130; standard deviation of difference = .220; effect size(𝛿 = |𝜇1 − 𝜇2|/𝜎) = .591; 𝑛 = 28, 𝑛 + 30% = 36).

Eligibility criteria were age, structured physical activity
habits, and medical status that allowed physical training and

did not potentially influence study outcomes. Specifically,
eligible individuals were men and women aged 65–80 years,
participating in structured physical activity no more than
twice a week for at least 4 years in a senior leisure center of
Rome, without uncontrolled cardiac illness and/or metabolic
disease, known history of cerebrovascular disease, or other
pathological conditions. The progress through the phases
of enrollment, intervention allocation, follow-up, and data
analysis is represented in Figure 1. The 50 elderly who agreed
to participate signed an informed consent. Twodifferent exer-
cise groupswere formed through stratified random sampling,
an experimental group exercising with a major focus on
physical-cognitive DT training and a control group mainly
exercising in ST fashion. Characteristics for stratification
were age and general functional ability as judged by the quali-
fied instructor who trained them for the previous 4 years.The
14 participants that dropped out during the program (28%)
reported various reasons including development of disease,
pains not related to the exercise, anticipation of a scheduled
operation, and partner sickness. Therefore, the final number
of participants was 36 (means and ± SD: training group with
DT focus: 20 of which 2 were men and 18 women, mean
age 71.5 ± 6.7 years, weight 65.9 ± 13.1 kg, and height 155.5± 8.9 cm; training group with ST focus: 16 of which 2 were
men and 14 women, mean age 73.7 ± 4.5 years, weight 65.9 ±
7.9 kg, and height 154.9 ± 7.0 cm).

2.2. Testing. Participants were tested twice, before and after
the intervention, for executive function and gait perfor-
mance. Testing was carried out in the facilities of the senior
leisure center. Before the testing a trained evaluator gave stan-
dardized verbal instructions regarding the tests procedure
with a demonstration of all tasks. Participantswere then given
a practice trial with no recording of performance to ensure
familiarization with the tasks. Each test was performed twice
and the best trial used for analysis. Validity and reliability of
the adopted tests to assess executive function [20, 21] and gait
under ST andDT task conditions [22, 23] and of the apparatus
to quantify gait parameters [24, 25] have been previously
published.

2.3. Executive Function. Executive function was tested
through theRandomNumberGeneration (RNG) task, amul-
tidimensional test allowing obtaining differentiated indices
of core executive functions, inhibition, and working memory
updating [26]. Participants were instructed to say a number
from 1 to 9 at a constant rate (40 bpm paced by ametronome)
such that a requested string of 100 numbers was in an order
that was as random as possible. The generated numbers
were manually and electronically recorded to elaborate the
randomness of the sequencewhichwasmeasured by different
indices.

Six indices reflecting inhibition and working memory
updating, three for each function, were obtained (Table 1).
For inhibition theywere turning point index (TPI), adjacency
(ADJ), and runs (Runs). High levels of TPI and low levels
of ADJ and runs correspond to a high ability to inhibit,
avoiding the production of stereotyped strings and prepo-
tent associates, therefore representing good performance.
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Figure 1: CONSORT flowchart of participants.

For working memory the indices were redundancy (RED),
coupon (Coupon), and mean repetition gap (MeanRG).
High levels of MeanRG and low levels of R and coupon
correspond to a high ability to update working memory
and employ equality of responses by alternating numbers
therefore representing a good performance. For more details
on meaning and computation of the above indices see [27].

Two summary indices were calculated for each function.
Before averaging, data were 𝑧 standardized and, since high
TPI and RGMean values reflect high ability, while high ADJ,
runs, redundancy, and coupon values reflect low ability, the
latter values were reversed.

2.4. Gait. Gait performance was assessed through gait anal-
ysis using a photocell system (Optojump Next, Microgate,
Bolzano, Italy [24]). The Optojump system used in this study
consists of 10 transmitting and 10 receiving optical bars placed
parallel to each other at a distance of 2m, for a total length of

10m, each containing 96 LEDs.The LEDs on the transmitting
bar communicate continuously with those on the receiving
bar. The system detects any interruptions in communication
between the bars and calculates their duration, in order to
measure parameters connected to gait performance.

Participants were asked to walk at their habitual speed,
wearing their own footwear between the bars on a rectangular
path of 10 × 2m, for 2.5min. Gait parameters were recorded
only when passing across the bars. To exclude accelera-
tion and deceleration phases from the analysis of the gait
parameters the first and the last bars of the Optojump (the
first and the last meters) were not considered: acceleration
and deceleration phases. The walking task was performed in
two conditions: flat and negotiating two hurdles of different
heights (6 and 30 cm) added both ways, at 4 and 6m,
respectively.

Quantitative gait parameters were provided by the system
(Optojump Next, Microgate, Bolzano, Italy; software version
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Table 1: Description of the executive function indices obtained from the Random Number Generation test.

Inhibition

Turning point index (TPI)
Measure of the similarity between the real frequencies of turning points,
marking a change between ascending and descending series of numbers
and their theoretical frequency in random responses

Adjacency
Measure of the relative frequency of pairs of adjacent ascending or
descending numbers and reflecting the habitual tendency to count
forward or backward

Runs Index of variability of the number of digits in successive ascending or
descending runs

Working memory

Redundancy

Measure reflecting the unbalance of response alternative frequencies
that derives from a more frequent usage of given numbers as compared
to others in a sequence of generated numbers based on the theoretical
frequencies of each digit

Coupon Measure of the mean number of responses given before all the
alternative responses are used

Mean repetition gap Average quantity of digits between successive occurrences of the same
number calculated for all digits throughout the whole sequence

1.9.7.0). We selected gait speed, stride length, and time for
their sensitivity to detect or predict age-related decline in
executive function [4] and gait instability in dual tasking [28].
Gait speed was determined by dividing the total distance
walked by the duration of the walk time (m/s); stride length
(m) is the the distance between heel points of two consecutive
footfalls of the same foot. It was obtained normalizing by
height; stride timewas the duration of the gait cycle that is the
time from initial contact of one foot to subsequent contact of
same foot (s). For all three selected parameters we computed
not only average values, but also coefficients of variation (CV,
i.e., standard deviation of the measurement divided by its
mean value in % [29]), because variability is considered a
better indicator of the degree of dynamic self-organization of
the motor system than the central tendency [30].

2.5. Task Conditions and Dual Task Interference. The above
walking and executive function tests were performed by
participants as single task (ST) and combined in DT. Both
ST and DT were simple or complex depending on the gait
task demands (flat walking versus negotiating hurdles, resp.)
as outlined in Figure 2. These experimental conditions were
performed in counterbalanced order to avoid practice effects.

To analyze dual task interference, we calculated relative
dual task effects (DTE) on both gait and cognitive perfor-
mance as follows [31]:

DTE = [(dual task − single task)
single task

] × 100%. (1)

In the case of average stride time and CVs of all gait variables,
for which the higher the value, the worse the performance,
DTEs were calculated altering the formula as follows [31]:

DTE = [− (dual task − single task)
single task

] × 100%. (2)

In this way, for all variables, negative DTE values indicate
deteriorated performance in DT (i.e., dual task cost), whereas

positive values represent an improvement in DT with respect
to ST (i.e., dual task benefit).

2.6. Exercise Training. Participants of both groups, led by a
qualified instructor, exercised with music for 1 hour, twice
weekly, for 12 weeks in group-based exercise classes of 25
participants each. Attendance to the intervention program
was 85% in both groups. Each training session comprised
a 10-minute warm-up made of walking at different speeds,
light running, and moving different body segments: arms,
wrists, fingers, shoulders, legs, and ankles. This part leads to
a 30-minute period of coordination training (e.g., walking
with arms circles), balance (e.g., maintaining a monopodalic
stance with and without swinging the free leg), strengthening
(e.g., squatting while extending an elastic band with arms),
agility (e.g., walking through an agility ladder at different
speed), followed by 20 minutes of stretching, strengthening
and relaxation with exercises alternating contraction and
decontraction of muscles coupled with breathing, and slow
rotations of hands, head, and ankles performed lying on
the floor. Our exercise training types did not have the
characteristics of duration, intensity, and overload of aero-
bic or progressive resistance training. Instead, our general
exercise mode fits the description of coordination train-
ing by Voelcker-Rehage and Niemann [10], which involves
continuous perceptual-motor adaptations to different task
requirements. In fact, in the present study, participants of
both groups were required to walk in ST (only walking) or
DT combination with other bodily movement (e.g., circling,
swinging arms) and/or handling small tools (e.g., throwing
and catching soft balls), changing walking patterns (e.g., on
toes or heels) direction (forward versus backward), and/or
speed (slow versus fast) in response to stimuli.

For the experimental group, the physical training tasks
were associated with concomitant cognitive tasks specifically
relying on executive function. The goal was to engage the
three core executive functions: inhibition (the ability to
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Figure 2: Method schematic. Cognitive assessment (RNG) conditions: (1) ST = single task (i.e., RNG only), (2) sDT = simple gait-cognitive
dual task (i.e., flat walking + RNG), and (3) cDT = complex dual task (i.e., walking while negotiating hurdles + RNG). Gait assessment
conditions: (1) sST = simple single task (i.e., flat walking), (2) cST = complex single task (i.e., walking while negotiating hurdles), and (3)
sDT = simple dual task (i.e., flat walking + RNG) and cDT = complex dual task (i.e., walking while negotiating hurdles + RNG). EXP =
experimental group; CON = control group.

inhibit automated responses), working memory (the ability
to hold, process, and manipulate information in mind) and
shifting (the ability to change stimulus-response associa-
tions for performing an ongoing task). Thus we created
gross-motor training conditions that mirrored the cognitive
demands of typical frontal tasks created in neuropsychology
to tap the activity of the main neural substrate of executive
function, the frontal cortex [19]. For example, during the
performance of physical tasks, several features of equipment
(i.e., colour and/or size of obstacles) were associated with
different motor requirements and participants were required
to switch randomly between stimulus-response sets. These
are characteristics of set-shifting derived from theWisconsin
Sorting Card Test [32].

Moreover, according to evidence thatmotor and cognitive
benefits at old age may be obtained by means of DT training
with a certain level of task specificity and rising difficulty
[15], further DT experiences with such characteristics were
embedded in the exercise training of the experimental
group. Task specificity was ensured using functional mobility
tasks common in everyday life, as walking on uneven or
narrow surface, or carrying objects, walking while talking,
or picking up objects off the floor. To ensure that the
effects of learning those specific tasks could be disentangled
from the pursued improvements in underlying cognitive and
motor functions [17], we employed a variety of functional
mobility training tasks that did not include those used for
testing.

2.7. Statistical Analysis. Data were analyzed using the Statis-
tical Package for the Social Science, version 21.0 (SPSS Inc.,
Chicago Illinois). The level of statistical significance was set

at 𝑝 < .05 for all computations. All data were checked for
normality of distribution.

One-way multivariate analyses of variance (MANOVAs)
and subsequentANOVAswere run on executive function and
gate variables, with group (experimental versus control) as
factor to verify whether the two groups were comparable at
the beginning of the intervention. To answer the study ques-
tion on intervention effects, gait and cognitive performance
were analyzed as primary outcomes measures and reciprocal
DTEs as secondary outcome measures.

Average values and CVs of gait speed, stride length, and
stride time were separately submitted to 2 × 2 × 2 × 2 mixed
model MANOVAs, with group as the between-participants
factor and time (pre versus post), motor complexity (flat
versus hurdling), and cognitive complexity (ST without RNG
versus DT with RNG) as within-participants factors.

Indices of inhibition and working memory updating and
DTEs on cognitive efficiency were submitted to 2 × 2 × 3
mixed model MANOVA, with group and time and task com-
plexity (ST, sDT, and cDT) as factors. In case of significant
interactions involving the factors time and group, correlation
analyses were performed between pre-post difference values
(Δ) of cognitive andmotor variables to check for associations
between cognitive and gait performance gains.

Regarding the DTEs on cognitive and gait perfor-
mance, they were also submitted to MANOVAs followed
by ANOVAs. The analysis model was a 2 × 2 × 2 mixed
model with group (experimental versus control) as between-
participants factor and time (pre versus post) andmotor com-
plexity (flat versus hurdling) as within-participants factors.

Effects sizes were calculated as partial eta squared (𝜂𝑝2)
for ANOVA results. Post hoc planned pairwise comparisons
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Table 2:Means and standard deviations of executive function variables obtained through RNG task before and after intervention in all testing
conditions: single task (ST) and simple dual task (sDT) while flat walking and complex dual task (cDT) while walking with hurdles.

Cognitive task (ST) Simple gait-cognitive task (sDT) Complex gait-cognitive task (cDT)
Inhibition (summary score)

Pre 0.00 ± 0.89 0.02 ± 0.88 0.01 ± 0.85
Post −0.01 ± 0.93 −0.02 ± 0.90 −0.01 ± 0.90

Inhibition (DTE)
Pre / 0.02 ± 0.56 0.00 ± 0.61
Post / 0.00 ± 0.61 0.01 ± 0.60

Working memory (summary score)
Pre 0.01 ± 0.97 0.02 ± 0.90 −0.01 ± 0.84
Post 0.05 ± 0.53 0.03 ± 0.83 0.00 ± 0.43

Working memory (DTE)
Pre 0.03 ± 1.03
Post

DTE = [(dual task − single task)/single task] × 100%.

through 𝑡-tests with Bonferroni correction for multiple com-
parisons were performed in case of significant interactions or
main effects for factors with more than two levels.

3. Results

Therewere no significant group differences in executive func-
tion (Table 2) or gait performance (Table 3) at preintervention
testing time.

Regarding the effects of training on executive function,
there was a significant time × group interaction (Wilks 𝜆 =.73, 𝐹(3,32) = 12.4, 𝑝 = .001, and 𝜂𝑝2 = .27). ANOVA
results revealed the presence of this interactive effect on the
summary inhibition index (𝐹(1,34) = 4.5). Post hoc analysis
(adjusted 𝑝 for 2 comparisons = .025) showed a decrement of
inhibitory performance after the intervention in the control
group (𝑝 < .001), but a marginally significant increment in
the experimental group (𝑝 = .041; Figure 3).

Regarding the effects of training on gait performance,
there was a significant time × motor complexity interaction
(Wilks 𝜆 = .69, 𝐹(3,32) = 4.17, 𝑝 = .008, and 𝜂𝑝2 = .31).
ANOVA results revealed significant effects on the variability
of temporal gait parameters only (gait speed: 𝐹(1,34) = 10.05,
𝑝 = .003, and 𝜂𝑝2 = .23 and stride time CV: 𝐹(1,34) = 13.63,
𝑝 < .001, and 𝜂𝑝2 = .29). Post hoc analysis (adjusted 𝑝
for 2 comparisons = .025) showed a gain in walking speed
variability (𝑝 < .001; Figure 4(a)) and a decrement of stride
time variability (𝑝 < .001; Figure 4(b)) after the intervention
only in the flat walking condition, but not in walking while
negotiating hurdles.

No main effects of time or significant time × group inter-
actions emerged for any of the DTE variables.

According to the study question, it was finally verified
whether the differential pre-post change in inhibition in
the two intervention groups was associated with changes
in gait performance, as reflected in the average values and
CVs of all gate parameters. Significant correlations (Pearson’s𝑟) of Δ inhibition emerged with Δ values of stride length
CV only (Table 4). The correlation between Δ inhibition

and Δ stride length CV in ST, considered a general esti-
mate of association between changes in inhibition and gait
performance, was not significant. Instead, in line with the
focus of the intervention program on DT training, we found
significant correlations between Δ inhibition in DT and Δ
gait variables in the corresponding DT conditions. Since
visual inspection of regression slopes suggested the presence
of outliers that might affect those correlations, a multiple
regression analysis was conducted with the Δ scores of
interest (Δ inhibition and Δ stride length CV in ST and DT
conditions) as predictors and an unrelated variable (BMI)
as dependent. Two cases (of the experimental group) were
detected as outliers and excluded based on Mahalanobis’
distance. Significant correlations are represented in Figure 5
separately for the experimental and the control group. In
the simple gait-cognitive task condition (sDT), Δ inhibition
and Δ stride length CV were significantly correlated in the
control group only (Figure 5(a)). Instead in the complex gait-
cognitive condition (cDT), they were significantly correlated
in the experimental group only (Figure 5(b)).

4. Discussion

This work investigated the effects of a physical-cognitive DT
training specifically tailored to challenge executive function
by movement on cognitive and gait performance in older
individuals.How to combine or integratemotor and cognitive
demands in physical training represents a recently growing
line of research across the lifespan in exercise science [33]. In
aging research, specific forms of DT training with cognitive-
motor interference and multitask balance training have been
developed and demonstrated to benefit both gait and cogni-
tive performance [13, 15, 34]. In the present study, physical
training was rendered cognitively challenging by integrating
executive function demands inDT fashion and its effectswere
compared to those of mainly physical training in ST fashion.
Both types of training elicited improvements in gait perfor-
mance, confirming the efficacy of well-designed exercises for
older adults [35], but only the physical-cognitive DT inter-
vention contributed to counteracting the age-related decline
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Table 3: Means and standard deviations of gait performance variables before and after intervention in all testing conditions: simple task (ST)
flat walking, complex single task (cST) walking with hurdles, simple dual task (sDT) flat walking with RNG, and complex dual task (cDT)
walking with hurdles and RNG.

Simple gait (sST) Complex gait (cST) Simple gait-cognitive task (sDT) Complex gait-cognitive task (cDT)
Speed average

Pre 1.24 ± 0.14 1.06 ± 0.12 1.11 ± 0.20 0.99 ± 0.17
Post 1.26 ± 0.16 1.24 ± 0.14 1.16 ± 0.19 1.00 ± 0.15

Speed CV
Pre 4.48 ± 2.38 16.07 ± 3.46 5.55 ± 3.50 15.45 ± 2.98
Post 3.73 ± 1.28 16.35 ± 3.65 4.30 ± 1.60 15.83 ± 3.16

Speed CV DTE
Pre 41.31 ± 104.40 −2.09 ± 15.75
Post 28.58 ± 68.93 −1.25 ± 16.52

Stride length average
Pre 0.80 ± 0.06 0.79 ± 0.07 0.78 ± 0.06 0.78 ± 0.07
Post 0.80 ± 0.08 0.79 ± 0.08 0.78 ± 0.08 0.79 ± 0.08

Stride length CV
Pre 3.71 ± 1.48 8.84 ± 2.12 3.69 ± 1.63 8.61 ± 2.12
Post 3.14 ± 0.96 8.63 ± 1.59 3.13 ± 1.16 8.50 ± 2.21

Stride length CV DTE
Pre 5.35 ± 45.32 −0.15 ± 24.02
Post 5.52 ± 43.37 −0.86 ± 21.35

Stride time average
Pre 1.0 ± 0.08 1.20 ± 0.08 1.13 ± 0.26 1.29 ± 0.16
Post 1.00 ± 0.08 1.20 ± 0.09 1.06 ± 0.13 1.28 ± 0.12

Stride time CV
Pre 3.08 ± 2.24 18.68 ± 3.81 3.62 ± 2.75 18.31 ± 3.45
Post 2.06 ± 0.56 18.99 ± 4.22 2.74 ± 1.34 18.86 ± 4.16

Stride time CV DTE
Pre 48.08 ± 115.49 −0.35 ± 15.80
Post 45.18 ± 82.01 0.55 ± 14.15
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Figure 3: Training effects on inhibitory performance. Significant decrement (∗ ∗ ∗ = 𝑝 < .001) was seen in the control group (CON), while
a marginally significant increment (# = 𝑝 < .041) was seen in the experimental group (EXP).
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Figure 4: Coefficients of variations of gait speed (a) and stride time (b) following the intervention in simple (flat) and complex (hurdling)
walking task conditions. ∗ ∗ ∗ = 𝑝 < 0.001.

Table 4: Pearson’s correlation between pre-to-post changes (Δ) in cognitive efficiency (inhibition performance: the higher, the better) and
gait performance (stride length variability: the lower, the better) under single or dual task conditions with simple or complex gait demands
(without or with hurdling). EXP = experimental group with DT focus; CON = control group with ST focus.

Δ inhibition
Δ stride length CV

Simple gait single task
(sST)

Complex gait single task
(cST)

Simple gait-cognitive dual
task (sDT)

Complex gait-cognitive
dual task (cDT)

Cognitive single
task (ST)

EXP: 𝑟 = −.033 (𝑝 = .896) EXP: 𝑟 = −.080 (𝑝 = .752)
CON: 𝑟 = −.247 (𝑝 = .356) CON: 𝑟 = .087 (𝑝 = .748)

Simple gait-cognitive
dual task (sDT)

EXP: 𝑟 = −.004 (𝑝 = .986)
CON: r = −.650∗∗ (𝑝 = .006)

Complex gait-cognitive
dual task (cDT)

EXP: r = −.470∗ (𝑝 = .049)
CON: 𝑟 = −.197 (𝑝 = .465)

∗ = 𝑝 < 0.05; ∗∗ = 𝑝 < 0.01.

of inhibitory efficiency. Moreover, changes in inhibitory effi-
ciency during DT walking were paralleled by corresponding
changes in gait performance. This may have relevant positive
implications to counteract the decreasing ability of older
adults to cope with more than one task at a time, as it is
common in everyday life.

In contrast to our expectation, gains in gait perfor-
mance emerged independently of the presence/absence of a
concomitant cognitive task, as DT costs seemed unaffected
by training. Moreover, the beneficial effect of training was
observed when the motor conditions of the testing task were
relatively easy, that is, when the gait task was simply flat
walking at self-paced habitual walking speed (Figures 4(a)
and 4(b) left), but absent when the walking task involved
negotiating hurdles (Figures 4(a) and 4(b) right). Presumably
to impact the ability to perform more complex walking
movements, a longer training duration [16] and/or the inclu-
sion of strength-enhancing progressive resistance training

exercises [36] is needed. An alternative interpretation of the
improvement in gait performance observed in both inter-
vention groups is learning/habituation due to task repetition.
Nevertheless, a learning effect should affect gait parameters
more broadly. Instead, the observed improvements selectively
regarded the temporal training intervention.

Stride time variability is an indicator in inverse rela-
tionship with gait performance: the higher the variability,
the lower the performance [37]. In fact, it seems related
to motor control of the rhythmic gait patterning, which is
well recognized as a crucial aspect of efficient locomotion
[38]. More generally, high variability in the performance
of a motor coordination task is considered an indicator of
higher allocation of attention and cognitive control [39].
Thus, the reduction of speed and stride time variability after
training suggests that older adults became better able to
maintain a constant gait rhythm with little involvement of
cognitive control. This youth-like amelioration is relevant
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Figure 5: Correlations between pre-post changes in inhibition (horizontal axis) and coefficients of variations of stride length (vertical axis)
in simple (panel (a)) and complex (panel (b)) gait-cognitive task conditions. Regression lines represent significant correlations found for the
control group (CON) in the simple condition, but for the experimental group (EXP) in the complex condition.

when considering that untrained older adults lose movement
automation, require more cognitive resources for planning
and controlling walking movements [40], and generally
overengage prefrontal areas during motor planning to com-
pensate age-related decline [41].

The two types of exercise training differentially impacted
the efficiency of inhibitory functions (Figure 3).The inhibito-
ry deficit hypothesis of aging suggests that many age-related
cognitive and social deficits depend on poor inhibitory
control [42, 43]. Although this hypothesis and the underlying
construct validity of inhibition in older adults are still issues
of debate [44, 45], our results suggest that at least the ability
to inhibit mental routines worsens in older adults, unless its
deterioration is actively counteracted by designed, physical-
cognitive DT training. This finding extends and further
specifies the notion that physical activity training has the
potential to induce cognitive plasticity in older adulthood
[11], thus preserving the efficiency of supervisory brain
systems in which inhibition is involved [46].

Following the suggestion to investigate reciprocal DT
effects on both gait and cognitive task [18], we further verified
whether the differential cognitive outcomes of the two train-
ing types were associated with corresponding changes in gait
performance, specifically during gait-cognitiveDT.We found
that postintervention changes in inhibitory efficiency while
walking were paralleled by changes in gait performance,
as reflected in the variability of spatial gait characteristics
(Figure 5). Age-related negative changes in gate pace have
been associated with decline in executive functions and
incremental changes in gait variability with a greater risk of
developing cognitive impairment [4]. Conversely, our results
suggest that the same association can be positive: training
executive functions within physical training elicits inhibitory
function gains associated with decremental changes in gait
variability.

Interestingly, we found group differences in the associ-
ations between changes in inhibition and gait. Older indi-
viduals who practiced exercise mainly focused on physical

ST training showed deteriorated inhibition paralleled by
a decremental change in gait performance under simple
DT conditions (Figure 5(a)). The deterioration of inhibitory
function is indicated as detrimental to many functional
and social activities of daily life. This is the case when,
for instance, in the urban environment pedestrians must
react to sudden changes by quickly interrupting an ongoing
action and selecting a new, appropriate one, or when routine
thoughts must be stopped to effectively interact in dialogue
with others. In contrast in the case of older participants to
the exercise training focused on physical-cognitive DT, this
association was found under more complex DT conditions
(Figure 5(b)). Speculatively, the maintenance/amelioration
of inhibitory efficiency could limit dysfunctional comove-
ments and coactivation particularly impinging on complex
movement actions in older individuals. The coactivation of
agonist and antagonist muscle in locomotor coordination
which typically emerges in aging is responsible for increased
metabolic cost and therefore decreased efficiency of walking
[47, 48] which limits the performance of all those daily
activities requiring active commuting. This finding adds to
the notion that designed physical training for older adults,
as compared to less focused physical activity programs, has
the potential to strengthen the association between physical
and cognitive performance [49]. Nevertheless, no association
emerged between DT costs/benefits calculated as DTE rela-
tive to the performance of the same gait and cognitive tasks
in isolation (ST). The high interindividual variability may be
responsible for this lack of alignment of cognitive and motor
performance changes expressed in relative terms.

The presence of intervention effects on inhibitory func-
tion but not on working memory should be discussed
referring to the diversity of outcomes and mediators of dif-
ferent physical training types on executive functions in older
adulthood. While aerobic exercise is the most acknowledged
form of exercise to reap cognitive benefits through cardio-
vascular and neurotrophic mechanisms inducing changes in
brain health and activation, more recently, other types of
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exercise besides the cardiovascular one have attracted the
attention of exercise and cognition researchers [10].Muscular
resistance training of yearly [45] or even monthly duration
[50] seems to improve inhibition by enhancing functional
plasticity of the cortex associated with inhibition processes
[51]. This was observed, for example, with women aged 65 to
75 years by means of high intensity resistance training, even
only once a week, of major muscle groups (arms flexions and
extensions, seated row, upper limbs pull downs, leg press, legs
flexions, and raises on ball of the foot), paralleled by specific
strategies to promote participants’ engagement [52].

Our findings of intervention effects on inhibition after a
three-month intervention add to the evidence that training
on different time scales may be efficacious, depending on the
quantitative and qualitative characteristics of the designed
exercise tasks [14]. Coordination training, characterized by
qualitatively variable movement combinations, seems to
improve executive functions as cardiovascular exercise, but
through different neural mediating mechanisms [53]. Our
exercise training joining in DT fashion qualitatively variable
movement combinations with specific executive function
demands had cognitive outcomes in line with those of studies
showing selective benefits for inhibition [54] and no differ-
ences for working memory between physical training types
that challenged cognition to a greater or lesser degree (i.e.,
virtual reality videogame dancing versus treadmill walking
complemented with strength and balance exercises [16]).

The study has limitations that must be addressed. The
small sample size was not powered formally for all variables,
but only for a walking variable, as the present work was
intended to produce data necessary to adequately power a
full scale study. Since, in the present study, no intervention
effects were found on any reciprocal DT effect variable,
such measures should be prioritized for power calculation
in a following full scale study, with power estimates for
main variables of both gait and cognitive performance.
The choice of individuals already involved in structured
physical activity training was made to test whether older
individuals may profit from DT training as an added value
beyond the benefits of being physically active. Recruitment
from the same community center was performed to have
physically active older participants avoiding transportation
problems but involved the risk of cross-contamination. No
measurement was performed to ascertain maintenance of
effects after exercise cessation. Methodological differences
and particularly the difficulty in operationalizing the breadth
of the exercise quality construct in exercise and cognition
research [33], categorizing levels of task complexity in group-
based training, limit the comparability with previous studies.
Particularly the effects of physical-cognitive DT training
can strongly vary across studies depending on motor and
cognitive task complexity, specificity, and prioritization [15].
The absence of intervention outcomes on DTE in the present
study might be due to the relatively short duration and low
volume of training, especially considering the low stepwise
progression of task complexity due to the time older adults
needed to familiarize with variation of the training tasks
proposed to mirror the characteristics of executive function
tasks.

In conclusion with the present intervention, we aimed
to go beyond exclusively physical training, adding physical-
cognitive DT demands specifically designed to challenge
executive functions. The results support the usefulness of
exercise training to enhance gait performance in general, as
reflected by the temporal parameters of gait performance and
of designed physical-cognitive DT embedded into exercise
training to benefit inhibitory efficiency.The training-induced
improvement in inhibition, in turn, seems linked to an
ameliorated control over the spatial characteristics of gait.
From a holistic approach to health promotion, efficient
executive function per se is not sufficient for older individuals
to perceive health and quality of life, but it must be coupled
with tangible experience of ability to walk under dual task
conditions that mirror everyday life demands [55]. Our
operationalization of physical-cognitive DT training targeted
to improve executive function and gait performance jointly
seems a suitable means of pursuing such holistic goal.
Future research should focus on how well-designed training
programs for older adults may positively impinge on the
reciprocal influence between cognitive and gait performance
that is relevant, if not even crucial, in many everyday life
situations.
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[47] T. Hortobágyi, S. Solnik, A. Gruber et al., “Interaction between
age and gait velocity in the amplitude and timing of antagonist
muscle coactivation,”Gait & Posture, vol. 29, no. 4, pp. 558–564,
2009.
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Chair based exercise (CBE) can be used to engage older adults unable to take part in standing exercise programmes. Defining
and understanding the context of CBE have been acknowledged as a challenge. We explore instructor experiences of delivering
mostly seated exercise classes for older people and how this helps us to further understand the concept of CBE. We extracted
qualitative data from a cross-sectional survey with 731 exercise instructors. 378 delivered mostly seated classes and 223 of those
instructors provided qualitative data.Therewere 155 instructors who did not provide any qualitative comments. Framework analysis
was used and informed by a Delphi consensus study on CBE. Instructors perceived mostly seated classes as predominantly CBE;
they defined it as an introductory class that should be offered as part of a continuum of exercise. It was considered suitable for those
with limitations and older adults in long-term care and with dementia. Instructors reported CBE used inappropriately for more
active older people. Instructors reported observing improvements in mood and cognition and broader social benefits. Instructors’
perspectives largely support expert consensus that CBE has an important role in a continuum of exercise. Providers of CBE need
to ensure that more challenging exercises are introduced where appropriate. Further research is needed to explore older adults’
perceptions of CBE.

1. Introduction

Exercise has well known health benefits for older people
[1]. Encouraging activity throughout the life course and into
older age is a health promotion challenge [2] withmany older
adults aware of the benefits of exercise but the reported levels
of activity remain low [3].

Muscle strengthening and balance training programmes
that involve exercising when standing are widely employed
in clinical practice and these programmes have been shown
to reduce the risk of falls [4] with an associated impact on
mortality [5] and costs to health and social care [6]. Declining
health and physical limitations may however prevent some
older people from taking part in these well evidenced stand-
ing programmes. CBE has been developed as a pragmatic way

of encouraging exercise for this frailer population providing
a more realistically achievable form of exercise [7]. However,
until recently, there was no clear definition of what CBE
included or where it should be used.

CBE is currently used in a variety of settings such as
care homes and day centres [8]; however, there is little robust
evidence to suggest that it provides significant health benefits
[7]. A systematic review on the benefits of CBE identified
a small body of literature with inconclusive findings which
offered little guidance for clinical practice [7]. Older people
taking part in CBE groups reportedly participate in CBE
for a range of reasons including physical and mental health,
providing socialisation and friendship, and improving con-
fidence [9]. Few barriers have been identified even amongst
older people with physical limitations.This suggests that CBE
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may be an acceptable and accessible form of exercise for older
people with physical limitations who may not be able to take
part in other exercise programmes.

A lack of consensus on the fundamental principles of
CBE has been highlighted, with the literature describing
different interventions delivered in a range of settings and
with a different focus [7]. In the absence of clear guidance, a
consensus development process was developed to determine
the principles of CBE to provide a framework for practice
and further research [10]. Through a Delphi study, experts
agreed on a definition of CBE and a set of principles providing
a clearer underpinning and rationale for programmes [11].
Experts agreed that CBE should contain components of pro-
gressive resistance training, cardiovascular interval training,
endurance training, and developmental stretches.The poten-
tial benefits from the perspective of experts include improv-
ing mood and wellbeing, muscle strength, activities of daily
living, and jointmobility. Based on the expert consensus, CBE
can be defined as “a primarily seated, structured, and progres-
sive exercise programme that is part of a continuum of exercise
for older people, which uses a chair to provide stability, and is
delivered by instructors that are suitably skilled and trained to
work with frail older people” [11]. Experts identified that CBE
should be used for older people who are unable to take part in
other forms of exercise due to activity limitation which may
be acute (e.g., following an operation) or of longer term.

The view of experts in the field of exercise for older
people and older people taking part in CBE programmes
identified the potential benefits of the programmes. However,
we know little about the context of delivering CBE or how
many instructors are delivering it. Exercise instructors can
give us an insight into the types of classes they deliver to older
people and the different benefits they observe in older adults
in different contexts helping us to further understand when
CBE should be used from their perspective. An important
consideration in the delivery of exercise programmes is
the role of the exercise instructor or leader. Instructors’
attitudes and behaviours towards older people’s participation
in exercise classes have been shown to be influenced by the
instructors’ qualifications. Those with EXTEND (chair based
exercise training provider) exercise qualifications have been
found to have more positive attitudes towards older adults
participation in mostly seated exercise classes (and therefore
CBE) [12]. This suggests that exercise qualification could
give instructors a different perspective on the benefits of the
classes they deliver [12].

The aim of this paper is to explore instructor use and
experiences of delivering mostly seated exercise classes and
to consider the findings in relation to the expert consensus
on CBE.

2. Methods

We carried out a cross-sectional survey with 731 UK exercise
instructors with specialist older adult exercise qualifications
(Level 3 older adults qualification; see [12]). This is the
minimum level of qualification that health services and
local councils expect from exercise instructors to be able to
deliver to older adults in the United Kingdom. We took a

total enumeration approach and tried to reach all exercise
instructors with a Level 3 or more qualification. We estimate
that at the time of the survey there were some 3,000 older
adult instructors with a valid Level 3 qualification in the
United Kingdom. In recruiting 731 instructors, we estimate
that approximately a quarter of instructors trained and a third
of instructors actively delivering exercise programmes with
Level 3 qualification participated [12]. This survey investi-
gated instructors’ characteristics and attitudes in relation to
older adults’ participation in exercise classes.

We explored instructors’ perceptions of mostly seated
exercise classes (classes in which >25% of the time was spent
seated were classed as mostly seated) (see [10] for further
details), as this fits the definition of CBE in the literature [11].
We asked instructors about the types of classes they delivered
and where they delivered these classes. We also asked them
about their exercise qualifications (Tables 1 and 2). We
asked instructors to report their attitudes to older adults’
participation in mostly seated classes using closed questions
[12]. These questions were based on the Theory of Planned
Behaviour (TPB) [13] and asked questions about instructors’
experiences of mostly seated exercise classes. These ques-
tions related to whether instructors thought older people
could do the exercises (self-efficacy/perceived behavioural
control), whether they thought there would be positive or
negative outcomes (outcome attitudes) from participation,
and whether they thought others influenced older adults
participation (social influences).There was also an additional
question about whether instructors thought older people
would identify the class as relevant to them [12]. Instructors
were encouraged to use the free text boxes to provide
further context and explanations about their response to the
statements (the statements had Likert scale options from
“strongly agree” to “strongly disagree”) and to share their
general experience of delivering mostly seated classes. Data
from the free text comments boxes are used for this study.

Descriptive statistics were used to describe the sample
using SPSS Release 22. Framework analysis was used to
analyse the qualitative data. Framework analysis was devel-
oped through social policy research and can be considered
a thematic analytical approach that provides a structured
output [14]. The framework for analysis was developed based
on the domains from the Delphi study [11]. The domains
of “defining CBE,” “intended users,” and “potential benefits”
were selected for the analysis framework following initial
open coding of a sample of data. Two researchers checked
the initial coding and returned to the data to ensure the
frameworkwas appropriate.Thiswas then discussed and then
the rest of the transcripts were coded using the agreed codes
[15]. This was carried out by one researcher (HHH) and then
checked independently for agreement by a second researcher
(KR). Ethical approval for the questionnaire was granted by
the University of Manchester Committee on the Ethics of
Research on Human Beings.

3. Results

378 participants delivered mostly seated exercise classes; age
ranged from 22 to 90; 329 (87%) participants were women;
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Table 1: Explanations of training qualifications.

Qualifications Description∗

EXTEND Provides gentle movement to music for older people and for anyone of any age with
a disability.

Later Life Training,
Postural Stability Instructor
(PSI)

Provides a range of professionals with the skills to deliver effective and fun exercise
opportunities, which include strength and balance exercises for older people with a
fear or history of falls.

YMCA/YFIT Can specialise in exercise to music, CBE, weights, or circuit training suitable for
older adults.

Later Life Training, Otago Exercise Programme
Leader

Provides evidence based home exercise and small group exercise options based on
strength and balance exercises to prevent falls and injuries and improve cognition
amongst older people.

Later Life Training,
Chair Based Exercise Leaders (CBE) CBE Programme for Older Adults and Disabled Older Adults

Fitness League

Training as a Fitness League teacher will provide you with a YMCA Award Level 3
Certificate in Teaching Exercise, Movement and Dance and the EMDP (Fitness
League) Level 3 Certificate in Teaching Exercise, Movement and Dance to Adults
(Bagot Stack). No further information.

KFA
Noncompetitive exercise, movement and dance based sessions. Aimed to enhance
daily life and to maintain a good level of posture, mobility, and coordination. Ideal
for the active retired.

Medau

Working with a variety of music and rhythms, Medau movement encourages the
body to move with energy, strength, stamina, suppleness, and coordination.
Focusing on correct posture and body alignment, Medau movement has a natural,
flowing quality, whilst at the same time being dynamic, lifting the spirits, and
increasing confidence.

Laban See KFA. KFA based on Laban principles. No other information available.

BACR (L4) Enables the instructor to safely prescribe and deliver an exercise programme for
individuals with cardiovascular disease.

∗Description provided by the provider.

Table 2: Type and location of classes.

Type and location
Number of

instructors, full
sample,𝑁 = 378

Number of
instructors,

subsample,𝑁 = 223
(%)

50% seated classes 168 (44.4%) 73 (32.7%)
75% seated classes 161 (42.6%) 65 (29.1%)
Fully seated classes 174 (46%) 75 (33.6%)
Community
venues 191 (50.5%) 113 (50.7%)

Leisure centre/gym 37 (9.8%) 18 (8.1%)
Sheltered housing 113 (29.9%) 50 (22.4%)
Residential home 92 (24.3%) 34 (15.2%)
Nursing home 48 (12.7%) 29 (13%)
EMI home∗ 34 (9%) 24 (10.8%)
National Health
Service (NHS)
venue

44 (11.6%) 0 (0%)

Day centre 21 (5.5%) 0 (0%)
∗Elderly mentally infirm.
Note. Instructors could deliver more than one type of class in more than one
location.

a subsample of 223 instructors chose to provide free text
responses, with 155 instructors choosing to provide no

qualitative comments. In terms of location, the classes were
delivered in a range of different settings indicating that the
delivery of mostly seated exercise is widespread across a
range of populations (Table 2). Instructors who delivered
mostly seated exercise classes (and therefore CBE) also had
a variety of different qualifications, often multiple qualifica-
tions (Table 3). In both tables, information is displayed for
the full sample of instructors and the subsample who gave
free text responses to give an indication of the broad depth
of qualification of instructors and delivery settings for those
delivering mostly seated classes. The qualitative themes aris-
ing from the survey (Figure 1) are reported under each rele-
vant domain from the CBE Delphi consensus [11] and from
this point mostly seated classes are described as CBE.

4. Domain One: Defining CBE

Delphi Statement. CBE should be considered as part of a
continuum of exercise for frail older people where progress
is encouraged.

Instructors explored why they delivered CBE and how it
fits within the exercise pathway and classes provided. Firstly,
they talked about using CBE as a starting point for older
people, a place where older people could be introduced to
exercise: “I think mostly seated exercise groups are good
to introduce patients into exercise” (male, aged 29, PSI
Instructor). It could then be used as part of a pathway to
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Domain 1
Defining chair based 

exercise

Domain 2
Intended users

Domain 3
Potential benefits of CBE

Physical improvements

(iii) Mobility/joints (N = 12)

(ii) Activities of daily living (N = 6)

(i) Muscle strength (N = 9)

Emotional and mental 
benefits

Social interaction (N = 17)

Mood and wellbeing (N = 15)

Inappropriate participants
Independent living participants

N = 11

Appropriate participants

Dementia = 6
Those in wheelchairs/who cannot stand, N = 5

Hospital setting, N = 18

The very frail, N = 5

Barriers to progression

Safety (N = 10)

Resistance from participants (N = 10)
A starting point

(N = 56)

Figure 1: Themes (𝑁 = the number of times the theme occurred).

Table 3: Instructors training qualifications.

Instructors training
Number of
instructors,
𝑁 = 378

∗

Number of
instructors,

subsample,𝑁 = 223
(%)

EXTEND 237 (62.7%) 149 (66.8%)
Later Life Training,
Postural Stability
Instructor
(PSI)

82 (21.7%) 41 (18.4%)

YMCA/YFIT 28 (7.4%) 15 (6.7%)
Later Life Training,
Otago Exercise
Programme Leader

29 (7.7%) 14 (6.3%)

Later Life Training,
Chair Based Exercise
Leaders (CBE)

29 (7.7%) 8 (3.6%)

Fitness League 31 (8.2%) 7 (3%)
KFA 13 (3.4%) 9 (4%)
Medau 3 (0.8%) 2 (1%)
Laban 2 (0.5%) 1 (0.5%)
BACR (L4) 9 (2.4%) 2 (1%)
∗Most instructors had multiple qualifications.

other more active classes: “Our rehabilitation level class is
viewed as a stepping stone for patients to improve to a level
where participation in a ‘prehab’ level or LLT structure class
can occur” (female, aged 33, PSI Physiotherapist). Instructors
used a variety of techniques to progress exercises in a CBE
class and to make it more challenging.They encouraged their
participants to stand using the chair for support: “we do

encourage exercise behind chairs and perhaps holding hands
in circles, and so forth to boost balance confidence” (female,
aged 77, EXTEND).

However, there were barriers to progressing exercises
within the classes and some older people were happy to
remain in a CBE class and remain predominantly seated:
“I expected to get greater desire for progression but found
that in some schemes the people who came were focussed
on maintaining low levels of activity” (female, aged 60, PSI
Instructor, Occupational Therapist). Sometimes, CBE was
delivered for safety reasons; this was because participants
neededmore support to stand: “I have a few participants who
could well benefit from ambulatory exercise, BUT they need
one-to-one carer support to help them and keep them safe”
(female, aged 74, EXTEND). It could also be too challenging
for the instructor to deliver a class to a range of different
participants with differing needs: “it is too complex to roll
out standing and seated in the same class” (female, aged 51,
EXTEND).

5. Domain Two: Intended Users

Delphi Statement. This is used with older people with an
activity limitation who cannot participate in other forms of
exercise.

Instructors were very much in agreement with this
statement when discussing who they felt CBE classes were
most appropriate for. They suggested that CBE classes were
appropriate for the very frail: “The majority of my clients are
quite frail both physically and mentally and though exercises
are important to them, I believe that the mental stimulation
and interaction with other people is equally important”
(female, aged 63, EXTEND). When delivering exercise to
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very frail people, they suggested a slightly different approach
which also focussed on meeting cognitive needs as well as
physical needs.

CBE was found to be particularly useful in a hospital
setting: “I use the mostly seated exercise group in an acute
elderly ward” (female, aged 49, Physiotherapist, PSI). Instruc-
tors also delivered CBE classes with wheelchair users and
people with disabilities who could not stand: “I prefer to do
seated exercise as I have a lot of service users with different
disabilities and some are in wheelchairs. . .my service users
seem to enjoy and feel safe with seated” (female, aged 51,
EXTEND). Instructors said that they delivered CBE to those
with dementia: “My classes are mainly held during our day
centre setting for people living with dementia” (female, aged
66, EXTEND).

They felt that CBE provided themwith the opportunity to
use a variety of different equipment and approaches to engage
people and this was a particularly important tool to engage
those with dementia: “My class is 60–90 (years) mostly
suffering from dementia, we exercise, we sing, they talk and
they like using the equipment. Balls, scarves, battons [sic] and
strength bands. We dance” (female, aged 67, EXTEND).They
also delivered CBE in long-term care and said that although
the older people attending the class could not stand therewere
still benefits to their upper body: “In residential homes where
the clients are mainly seated it is essential to keep the upper
body as mobile and strong as possible, I taught 2 ladies in
wheelchairs and they came for the upper body work” (female,
aged 44, EXTEND).

Not only did instructors talk about who CBE was suitable
for, but also they discussed who they felt it was not suitable
for and how older people did not always benefit from a
CBE class. Instructors felt that local council’s and health
services could encourage older people to participate in CBE
even though they should be accessing something which was
more challenging: “Some mostly seated classes are delivered
because the organisers think that is the appropriate level for
older adults exercise. This even happens at Borough Council
level. I am constantly explaining to those who should know
better that this type of class is not appropriate/should not
be first choice for those who live independently and have to
manage on their feet on a day to day basis” (male, aged 51,
YMCA and PSI).

At times, instructors said that older people were offered
CBE for perceived safety reasons or ignorance of the evidence
base even though they would get more from amore challeng-
ing and active class.

6. Domain Three: Potential Benefits of CBE

Delphi Statement. If tailored appropriately, CBE can be bene-
ficial in improving the following:

Emotional and Mental Improvements

Mood and wellbeing
Social interaction

Instructors acknowledged that CBE would not always
bring condition specific benefits to older adults who had

certain conditions, for example, those whowere at risk of falls
as it could not challenge balance and for those with heart
problems requiring more intensive aerobic exercise. How-
ever, they did point out the important benefits that the classes
could have for older people, in particular for mood and well-
being across both community settings and long-term care.
This was based on self-report from older people in the classes
and observed improvements in participants by instructors.
Instructors did not report that they routinely carried out for-
mal assessments of function. There was a great emphasis on
fun: “We try to make sure that all participants have exercised
their laughter muscles” (male, aged 55, YMCA). However,
instructors said that they thought this fun also provided older
people with the opportunity to improve coordination and
memory: “we develop hand-eye-co-ordination and memory
skills using agility ladder(s) on floor occasionally; and with
ball passing games which have rapidly become one of the
favourite parts of the classes” (male, aged 55, YMCA). Linked
to mood and wellbeing was the opportunity the classes gave
for social interaction. This was seen by instructors as a very
important element of CBE classes: “This can be the highlight
of someone’s week attending and socialising in your chair
sessions” (female, aged 48, YMCA/YFIT).

Physical Improvements

(i) Muscle strength
(ii) Certain activities of daily living
(iii) Certain personal activities of daily living
(iv) Mobility around joints

Instructors did say that participants could gain physical
benefits and improvements from CBE as well as emotional
and mental benefits: “As an observation the benefits are
improved range of movement (ROM’s), social interaction,
mental stimulation and general health benefits. Improved
strength, stamina and progression of individuals” (female,
aged 47, EXTEND).

They mentioned CBE as a way to physically build up to
more challenging exercises: “if the individual cannot spend
close to an hour standing and exercising, then this allows
them to build up strength and stamina” (female, aged 33, PSI
andCBE).They talked about howCBE could help older adults
with activities of daily living: “Seated exercises can actually
make a difference to people’s lives - for example, getting into
and out of the bath becomes easier” (female, aged 45, YMCA,
CBE and Otago). They also reported feedback from older
people about the things that they could now achieve since
they started attending the class. Even those who could not
stand at all or do any leg work could still improve their
mobility and ease the pain in their joints: “many attend for
other reasons including shoulder/trunk mobility and a good
class will provide these things as well. . .” (female, aged 44,
EXTEND). CBE could be particularly helpful for arthritis
in the joints: “especially the hips, ankles and the fingers,
I’ve seen remarkable progression with the fingers” (female,
aged 46, Health Professional, EXTEND). Instructors pointed
out that sometimes a more active class could overlook the
smaller joints such as those in the fingerswhich could get very
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painful. CBE classes could include a particular focus on joint
mobility.

7. Discussion

To our knowledge, this is the first exploration of instructor
perspectives and expert views on CBE. We present data from
instructors delivering exercise programmes in a wide range
of settings and with a wide range of qualifications suggesting
that CBE is delivered in a variety of different settings to
different types of participants regardless of training.There are
specific CBE training programmes, but then there are also
a wide range of other training programmes which include
CBE.

The importance of progressive exercise programmes for
older people identified by both experts and instructors is
supported by the principles and physiology of exercise for
older people [16]. Previous work exploring the attitudes
of exercise instructors in this sample identified differences
between qualification and attitudes and instructors with an
EXTENDqualification demonstrated amore positive attitude
towards seated programmes [12]. However, the qualitative
feedback provided in this part of the study suggests that there
is consensus across most instructors about the delivery of
CBE regardless of training or background.

The importance of progression from seated to standing
programmeswas stressed by instructors and experts. CBEhas
the potential to introduce older people gently to exercise and
increase their motivation and self-efficacy. However, chal-
lenges to progression were raised by instructors working with
frail older people and therewas a consensus across instructors
that the class should be tailored to the individual. Previous
research looking at both general and condition specific
exercise delivery suggests that provision should be person
centred and adapted to the individual [17, 18]. It is important
that training providers of CBE courses or programmes which
include CBE equip their instructors to progress participants
and that exercise service providers ensure that a continuum
of exercise is provided to enable progression.

Instructors raised issues with CBE being considered a
safe, default choice of exercise for older people when it
may not be appropriate. This was echoed by experts who
identified that CBE should be used for older people with an
activity limitation who are unable to take part in standing
programmes [11]. Primary research evaluating the benefits
of CBE has on occasion included independent community
dwelling older people [19] who are not the target population
of the intervention which may limit the findings for older
people unable to take part in standing programmes.

The benefits of CBE have been suggested to encompass
both physical andmental health by instructors and experts. It
is interesting that it was predominantly nonclinical instruc-
tors who discussed the social and mental benefits of CBE.
The reasons for this should be further explored but previous
research suggests that it could be because health professionals
are focused on more objective functional outcomes and have
more limited time to facilitate interaction [12, 20]. Pub-
lished evidence for CBE is limited and demonstrates a lack
of significant benefits of programmes; however, outcomes

encompass physical and mental health [7] and suggest that
CBE is delivered in a range of settings for a variety of reasons.
Our study supports this finding and illustrates the range of
different settings CBE is delivered in.

When considering the evidence forCBE, it is important to
note the differences between robust trial evidence and qual-
itative studies and how data from trials at times contradicts
instructor’s reported experiences. Instructors identified a
range of benefits they had observed and their participants had
reported as a result of CBE classes. However, there is a lack of
clear evidence from randomised controlled trials and other
quantitative study designs to support these experiences and
instructors did not report objectively measuring outcomes,
for example, through functional assessment such as Timed
Up and Go [21]. Instructors and experts suggested potential
improvements in activities of daily living which is supported
in the findings reported by McMurdo and Rennie [22] and
Venturelli et al. [23]. Contradictory evidence is however
reported in other studies of CBE [24–26] with no significant
improvements in activities of daily living reported. There is
contradictory evidence to support improvements in mus-
cle strength following CBE with significant improvements
reported in care home populations [27] and community
dwelling older women [28]. In contrast, a larger well-
conducted randomised controlled trial by Latham et al. [26]
identified no significant improvement in muscle strength
following a seated progressive resistance exercise programme.
The lack of clarity over the outcomes of CBE is an area that
warrants further consideration. The reduction of pain was
identified by instructors in this exploration which was not
supported by the expert views. There is a lack of evidence for
CBE and the management of pain with no RCTs identified
addressing this outcome and other quantitative study designs
reporting no significant reduction in pain following CBE
[29].

Instructors suggested that CBE is particularly beneficial
for those who are frail and particularly the long-term care
setting. However, there has been some argument that exer-
cises need to continue to be challenging or they can actually
increase older person’s chance of a fall [30]. We therefore
need to be careful offering only CBE to all frailer older people
and older people in long-term care. Previous studies illustrate
that, even in the very old, significant improvements in
strength can be achieved with quite challenging programmes
[31] and this supports the argument that exercises should be
tailored and progressive [32].

This is an exploratory study using qualitative data and
therefore is limited in the conclusions that can be drawn. In
the questionnaire, participants were asked to discuss their
mostly seated exercise classes, and the term CBE was not
specified.The variation between the levels of standing under-
taken in sessionsmay limit the reliability of the exploration of
this study. However, the definition of mostly seated exercise
classes fits within the definition of CBE. Defining CBE has
been identified as a challenge in both the survey and the
Delphi study.

Instructors with a Level 3 older adults exercise qualifi-
cation were recruited to the study because this is the level
acceptable to health services and local councils. However,
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there are some instructorswhomaydeliver a very prescriptive
CBE programme with a Level 2 qualification who could have
been excluded from the study and their experiences could
differ. It is also possible that the respondents who completed
the questionnaire but did not express comments had different
views from those who did (e.g., there were no instructors in
our responding sample who delivered exercise programmes
in NHS venues), and this has to be taken into consideration.
However, we do believe that the data does present a wide
range of views.

We acknowledge that some of the findings from this
work are exploratory and are based primarily on qualitative
exploratory research. Although this study adds to our under-
standing of CBE, the methods cannot objectively determine
the health benefits of CBE which would need to be evaluated
through a robust randomised controlled trial design.

8. Conclusion

Instructors’ perspectives largely support the expert consensus
on CBE. CBE has an important role to play in a continuum
of exercise and may be more suitable for frailer older
people. However, it is important that all exercise delivered is
tailored and CBE may need to be delivered by experienced
instructors or therapists to ensure that it can be delivered at
the appropriate level for the individual. From an instructors
perspective, CBE has important social benefits even if for
some populations the physical benefits are more limited.
Future studies are required to further establish the benefits
of CBE and its appropriate use.

Recommendations

(i) CBE should not be seen as a default option for all older
adults and instead should be appropriately targeted
for older adults that are unable to take part in standing
programmes.

(ii) Progression within programmes should be encour-
aged and tailored to individual need.

(iii) Training providers of qualifications in CBE or pro-
grammes including CBE should ensure instruc-
tors/therapists have the skills and confidence to
progress their exercise participants

(iv) Organisations offering CBE classes should also pro-
vide further exercise opportunities for older adults
where they can progress.

(v) There is a requirement for well-designed studies to
explore the physical, mental, and social benefits of
CBE in a range of different older populations.
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Cognitive decline impacts older adults, particularly their independence. The goal of this project was to increase understanding of
how short-term, everyday lifestyle options, including physical activity, help an older adult sustain cognitive independence. Using
a secondary analysis of lifestyle choices, we drew on a dataset of 4,620 community-dwelling elders in the US, assessed at baseline
and one year later using 2 valid and reliable tools, the interRAI Community Health Assessment and the interRAI Wellness tool.
Decline or no decline on the Cognitive Performance Scale was the dependent variable. We examined sustaining one’s status on
this measure over a one-year period in relation to key dimensions of wellness through intellectual, physical, emotional, social,
and spiritual variables. Engaging in physical activity, formal exercise, and specific recreational activities had a favorable effect on
short-term cognitive decline. Involvement with computers, crossword puzzles, handicrafts, and formal education courses also were
protective factors. The physical and intellectual domains of wellness are prominent aspects in protection from cognitive decline.
Inherent in these two domains are mutable factors suitable for targeted efforts to promote older adult health and well-being.

1. Introduction

Cognitive decline is the most feared consequence of aging
[1]. The loss of the ability to think clearly and process
information correctly may change how older adults inter-
face with almost all aspects of their environment, thereby
impacting their independence and self-perception. As the
older adult population increases, more attention is directed
toward holistic health andwellness choices thatmight sustain
a person’s cognitive status and support successful aging
[2–6]. “Physical fitness” and “brain fitness” solutions have
emerged as potentially valuable strategies for maintaining
and improving cognitive functioning among older adults [7].

The goal of this project is to better understand how the
short-term, everyday lifestyle options available to an older

adult help to sustain cognitive independence as assessed by
the widely used Cognitive Performance Scale (CPS) [8]. This
scale is grounded on the person’s ability to plan everyday tasks
and to engage in meaningful communication with others. It
has been shown to have a high correlation with the Mini
Mental State Examination [8] and has been widely used
[9–11]. Furthermore, the dimensions assessed by the CPS
are quite relevant to older adults’ continued control over
everyday activities.

2. Factors Influencing Cognitive Decline

We examined cognitive decline from the perspective of inde-
pendent variables arising from the dimensions of wellness
model [12]. These include measures relative to physical,
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intellectual, emotional, social, occupational/leisure, and spir-
itual wellness. For several “dimensions,” the literature already
supports an association between cognitive health protection
and early lifestyle choices made by the person [13]. These
choices are in addition to the person’s avoidance of specific
conditions.Much of this research, however, is based on earlier
life choices. Perhaps equally important, there are indications
that even an aged person can initiate lifestyle changes that
may help to sustain their current level of cognitive perfor-
mance [14–16].

The amount of time and intensity of engagement in
physical exercise/activity throughout the lifespan are related
to cognitive health [14, 17–19]. In one prospective study,
persons who had exercised three or more times per week
earlier in life were found to be less likely to develop dementia
as they aged [20]. Results from Dik and colleagues [18]
demonstrated a similar lifetime protective role. Of particular
interest, Angevaren and colleagues [17] found that those who
increased or maintained the intensity of physical activity
earlier in life were more likely to demonstrate a stronger
cognitive performance when older as compared to those who
engaged in a diminishing intensity of physical activity. The
same relationship has been found among older individuals
participating in the Rush Memory and Aging Project, a
prospective observational cohort study. A higher level of
daily physical activity among older persons was associated
with a reduced risk of Alzheimer’s disease [13]. Similarly,
beneficial effects on memory function were found among
older people after a six-month intervention of medium
and even low-intensity physical activity versus control [21].
Aerobic exercise when combined with strength and flexibility
training demonstrated benefits in cognitive function that
was enhanced if the exercise involved other tasks such as
coordination and scheduling [22].

Intellectual wellness demonstrated through an earlier life
participation in cognitively stimulating activities or purpose-
ful cognitive training appears to have a favorable effect on
cognitive health [23, 24]. In a cross-sectional analysis of a
sample of 145 persons between the ages of 70 and 91, Gilhooly
et al. [23] found that stimulating activities such as computer
games, crossword puzzles, and reading reduced the risk of
cognitive health decline among those with limited formal
education. Lachman et al. [24] reported similar results. Park
and colleagues found engaging in productive activities and
learning new, challenging skills improved episodic memory
[25].

Socializing via activities based on the exchange of exist-
ing knowledge, for example, cooking, playing games, and
watching movies, does not improve cognitive performance
[25]. Emotional wellness and social engagement patterns in
younger years have not been examined sufficiently to support
their value as a predictor of cognitive health as compared
to intellectual and physical wellness variables. Forstmeier
and Maercker found that adults’ lifetime motivational ability,
choosing between alternative goals, and working toward
achieving a chosen goal are associated with better cognitive
health in old age [26]. By comparison, Wilson and col-
leagues (2007) carried out a twelve-year longitudinal study
of individuals with high neuroticism scores at baseline and

reported that 42% of these persons were more likely to
develop cognitive impairment when compared to individuals
with low neuroticism scores. Additionally, the risk of mild
cognitive impairment increased by 6% for each depressive
symptom [27].

Köhler et al. also found that depressive symptoms can
increase the risk of cognitive decline [28]. In a cohort of 479
adults over age 60, those who demonstrated a high number
of depressive symptoms at baseline were at significantly
greater risk of developing cognitive impairment at a six-
year follow-up as compared to those with no or fewer
depressive symptoms. In another longitudinal analysis,Wang
and colleagues found that persons with low neuroticism and
high extraversion at baseline demonstrated the lowest risk for
developing dementia at six-year follow-up [29].

The dimensions of physical wellness and social engage-
ment and their inherent complexity lead one to consider
the quantity and quality of sleep, cognitive stimulation, and
brain exercises in relation to overall wellness. An association
between sleep and cognition appears to exist. In one study
examining change in cognition over six months, poor sleep
quality was associated with cognitive decline [30]. Kociuba et
al. (2010) reported similar findings [31]. In a population based
cohort study of 4,010 adults, using data collected at baseline
and 8.5 years later, Loerbroks et al. found that increases
in nocturnal sleep duration were associated with cognitive
impairment [32]. Similar results regarding the relationship
between sleep duration and cognition were reported by
Anguera and colleagues [33]. Other work points to quality
of sleep. In the Bronx Aging Study, frequent interruptions of
sleep and low sleep efficacy influenced cognitive performance
[34] and nonrestorative sleep and excessive daytime sleepi-
ness were identified as predictors of dementia [35].

Spiritual wellness is best defined as having purpose in
life and a value system [12]. At a seven-year follow-up, older
adults with high purpose in life were 2.4 times more likely
to remain free of Alzheimer’s disease and mild cognitive
impairment as compared to adults with a low purpose in life
[36] but findings in this area are not well substantiated.

The primary purpose of the research reported in this
paper is to further understand how everyday intellectual,
physical, and spiritual lifestyle choices by the older adult as
well as the absence of life complications (e.g., depression)
influence a short-term, one-year difference in sustaining
cognitive ability as measured by the cognitive performance
scale (CPS).

3. Material and Methods

The COLLAGE consortium in the US provided the settings
for this project. As a nonprofit, national group of senior
housing environments, it offers a comprehensive assessment
system drawing on tools from the interRAI suite [9, 37, 38].

Conducting a secondary analysis of lifestyle choices to
help explain sustaining cognitive status over a relatively short
period of time, one year, we drew on a dataset that includes
4,620 community residing elders in independent housing
sites in 24 US states. As residents of housing environments
that belong to the COLLAGE consortium, all older adults
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were offered the opportunity to participate in the COLLAGE
program and be assessed at baseline and one year later using
two of interRAI’s tools: the interRAI Community Health
Assessment and interRAI Wellness tool [39]. Deidentified
research copies of these data are maintained by interRAI and
the study received approval from Institutional Review Board
(IRB), Hebrew SeniorLife, Institute for Aging Research.

Assessors trained in the use of the interRAI instruments
completed all assessments. The data collection occurs in the
course of a conversation between the assessor and the elder
and may include an informed family member as needed.
The assessor training occurred separately at each site, but in
each instance, the procedures followed models specified by
interRAI [39]. Therefore, the reliability of the available data
elements can be presumed to be quite good and consistent
with data reported previously [9, 37, 38].

3.1. Cognitive Performance Scale. The dependent, outcome
variable is cognitive decline of anymagnitude over a one-year
period, asmeasured by theCognitive Performance Scale.This
measure of cognitive ability consists of a subset of questions
relative to decision making and communication [8].The CPS
scale has been shown to be a valid measure of cognitive status
and has a strong relationship with the Mini Mental State
Examination summary score [10]. The CPS has also been
shown to be a key predictor of a person’s current performance
status as well as risk of change in the months to come
[40, 41].

Because we focused on factors that might help to sustain
cognitive ability over a limited, one-year time frame, we
dichotomized the scale scores to decline or no decline for
use as the dependent variable. We examined the association
between sustaining one’s cognitive status over a one-year
period and the intellectual, physical, emotional, social, and
spiritual variables within the assessment tools.

The goal was to identify factors associated with main-
taining one’s current cognitive status. Cognition in older
adults is complex and affected by a multitude of factors. By
examining assessment data from those who maintain their
level of cognitive ability and those who decline in a one-year
period, we seek to uncover potentially short-term,modifiable
factors that may make a difference.

3.2. Domains of Wellness. Hettler’s Domains of Wellness [12]
served as the organizing framework for the independent
variables. Table 1 lists the independent variables used within
each wellness domain. They reflect both wellness actions
that the person can initiate (e.g., riding a bike or doing a
crossword puzzle) and wellness passive states that the person
experiences or is able to sustain in his/her daily life (e.g.,
sleeping through the night or not experiencing anxiety).

3.3. Data Analysis. All statistical analyses were completed
using IBM SPSS Statistics 23 and all results with 𝑝 < 0.05
were considered statistically significant. The analyses in each
wellness domain proceeded through a multistep process.
Baseline independent variables in each domain (scored in
the most appropriate dichotomy format) were first assessed
against the CPS-based cognitive decline dependent measure.

Table 1: Wellness domain and associated assessment item.

Wellness domain Assessment item

Physical, sleeping
Difficulty falling asleep
Obtaining too much sleep
Not obtaining enough sleep

Physical, exercise

Leaving house over the last 3 days
Total hours of exercise or
physical activity in last 3 days
Exercise-related activity
involvement

Biking
Pilates, yoga, Tai Chi
Swimming/aqua fitness
Hiking

Intellectual
wellness/cognitive
leisure

Computer activities
Crossword puzzles
Crafts or arts
Educational courses
Reading

Emotional wellness

Interest or pleasure in things you
normally enjoy
Not anxious, restless, or uneasy
Not sad, depressed, or hopeless
Stress does not have a negative
effect on quality of life
Feel valued
Life satisfaction

Social/leisure wellness

Not lonely
Have close friends in community
Can count on friends for
companionship
Can count on friends for daily
support
Pursue involvement in life of
community

Spiritual Find meaning in day-to-day life
Feel spiritual needs are being met

Where significant, the univariate odds ratio (OR) is presented
to gage the strength of the relationship.

Stepwise logistic regression was used for significant
independent variables in each wellness domain to identify
the resident characteristics within that domain that best
identified older adults who are unlikely to experience cog-
nitive decline. This step indicates whether each item in a
wellness domain plays a protective role or whether there
is an underlying single latent factor at work. Finally, we
assessed three key baseline measures related to cognitive
performance as possible controlling covariates to enter into
themodels: being not independent in decisionmaking; short-
term memory problem; and being not independent in being
understood by others. The introduction of these covariates
helps to ensure that the findings for each wellness domain
were not a simple reflection of a person’s baseline cognitive
and communication status.
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Table 2: Physical activity and CPS decline.

Item %
participation

% not
participate with
CPS2 decline

% participate
with CPS2
decline

Univariate odds
ratio (all sig

at .05 or higher)

Multivariate
odds ratio Mult Sig Mult 95%

Con Int

Three or more
hours of physical
activity in past 3
days

45.0 14.0 9.5 .648 .670 .000 .553–.811

Out 3 times in past
3 days 75.9 14.8 11.1 .718

Participation in
exercise program
in last 3 days

22.3 13.0 8.6 .635

Biking 6.7 12.4 6.2 .464 .599 .037 .369–.970
Pilates, yoga, Tai
Chi 10.4 12.4 8.4 .643

Swimming 13.6 12.6 8.3 .625 .687 .016 .507–.931
Hiking or walking 39.2 13.9 8.9 .604 .717 .001 .585–.879

4. Results

The older adults in the independent housing sample (COL-
LAGE) came from 24 of the 50 US states and had their
baseline assessment carried out between 2004 and 2013.Their
average age was 81 years. In terms of basic demographics,
91% were white, 69% were female, 50% were married,
and 54% lived alone. All elders resided in independent
housing.

Functionally and cognitively, most sample members were
independent at the time of the baseline assessment. From
a functional perspective, 97% walked without the help of
others and 90% could prepare a meal without assistance. The
cognitive picture shows an equally independent population.
Seventy-nine percent had a CPS of zero (intact cognition),
91% were independent in decision making, 84% had no
problem with short-term memory, and 92% could fully
understand others with whom they communicated. Over
the one-year period between the baseline and follow-up
assessment, 12% of the sample experienced a decline in
cognition as measured by the CPS. For those who declined,
the average CPS score declined by 1.9 points and of these
persons 33%went down by one point, 49% by two points, and
18% by three or more points.

4.1. Physical Wellness Domain. Within this domain we first
assessed problems with sleep, having difficulty falling asleep,
obtaining too much sleep, and not having enough sleep, and,
in each instance, thesemeasures were not significantly related
to a decline in cognitive performance.

We next examined baseline physical factors (Table 2)
that might contribute to cognitive decline over the ensuing
year. All seven of the individual activity and exercise physical
wellness items were significantly related to cognitive perfor-
mance change; those who engaged in these activities were
less likely to experience cognitive loss (Table 2). Participation
in biking, Pilates, yoga, and Tai Chi, swimming, hiking, or
walking all had odds ratios less than one (thus they played a
protective role with respect to subsequent cognitive decline).

In addition, participating in 3 or more hours of exercise or
physical activity in the last 3 days, participating in a formal
exercise program in the last 3 days, and going outside at least
3 times in the last 3 days were all associated significantly
with protection from cognitive decline. Multiple logistic
regression results, with the addition of the baseline cognitive
and communication covariates (both of which are themselves
significantly related to cognitive decline, with odds ratios of
1.43 for memory and 1.78 for communication), suggest that
four of the seven items (3 or more hours of physical activity,
swimming, biking, and hiking/walking) continued to play
a protective role after all factors in this domain plus the
covariates were considered.

4.2. Intellectual Wellness Domain. The respondents reported
their participation in five activities considered intellectually
stimulating (Table 3). All demonstrated a significant univari-
ate relationship and apparent protective influence on cog-
nitive decline. These activities were computer interactions,
crossword puzzles, arts and crafts, reading, and enrollment
in educational courses. All showed odds ratios less than
one (representing protective factors) with reading having the
lowest ratio of 0.498. Multiple logistic regression results, with
the addition of the baseline cognition and communication
covariates, suggest that two of the five cognitively stimu-
lating activities, computer activities, and reading played a
protective role even after the other cognitive activities were
considered.

4.3. Emotional Wellness Domain. Of the six individual emo-
tional variables (Table 4), five had a significant protective
effect on cognitive decline. The typical elders living in the
community responded most positively in these areas and
when they did, this sense of emotional wellness was a
positive factor in sustaining cognitive independence. In the
multivariate regression, with the addition of the baseline
cognitive and communication covariates, two of the items
remained significant, delighted/pleased with life and interest
and pleasure in usual activities.
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Table 3: Intellectual wellness.

Item % participation
% participation
with no CPS2

decline

% participation
with CPS2
decline

Univariate odds
ratio

Multivariate
odds ratio Mul Sig Mul 96% Con

Int

Computer activities 46.3 12.5 7.3 .550 .593 .000 .446–.788
Crossword puzzles 70.3 12.2 8.8 .699
Crafts or arts 29.3 10.8 8.4 .751
Education courses 35.3 11.3 7.9 .670
Reading 85.4 16.3 8.8 .498 .607 .003 .438–.841

Table 4: Emotional wellness and life continuity.

Item % participation
% participation
with no CPS2

decline

% participation
with CPS2
decline

Univariate odds
ratio

Multivariate
odds ratio Mul Sig Mul 95%

Con Int

Interest or pleasure in
usual activities 88.4 15.9 11.5 .682 .636 .009 .454–.891

Pleasure in usual
activities 96.2 14.2 11.9 .NS

Not anxious 91.4 16.2 11.6 .676
Not sad 92.1 19.2 11.6 .630
Delighted/pleased
with life 64.7 12.3 9.0 .700 .771 .049 .596–.998

Feels valued 95.9 16.7 9.7 .537

4.4. Social/Leisure Wellness Domain. Among the five social/
leisure items, two appear to have a protective effect on
cognitive decline in this study population, and both are
significant in the univariate and multivariate models. A self-
report of not feeling lonely (multivariate OR = .685, rates
of 15.6 versus 11.3) and reports pursuing involvement in
everyday life (multivariate OR = .576, rates of 15.3 versus 9.4)
were protective of cognitive decline.

4.5. Spiritual Wellness Domain. Of the two measures in this
wellness domain, both applied to about 95% of all persons.
Ninety-six percent reported finding meaning in day-to-day
life, while 95% said their spiritual needs are met. Only the
latter played a protective role with respect to cognitive decline
(multivariate OR = .467, rates of 18.4 versus 9.5).

5. Discussion

Over a one-year period, 12% of the elders in the sample of
community residing elders experienced a loss in cognitive
performance. Based onmeasures reflective of theDimensions
of Wellness model [12], a number of factors appeared to
play a protective role for those sample members who did
not decline. From our analyses, the physical and intellec-
tual domains dominated in their association with cognitive
decline. We positioned sleep within the physical domain.
The reported results from previous studies regarding the
relationship between sleep and cognitive decline showed
some association [30–35]. In our analysis, there was no
apparent relationship between sleep problems and a decline
in cognitive performance thus showing some consistency
with previous research.

Engaging in physical activity, formal exercise programs,
and specific recreational activities such as biking, walking,
and Pilates all had a protective effect on short-term cognitive
decline. There are numerous studies between physical activ-
ity and current cognition performance affected by present
and earlier lifestyle activities [17–20, 42]. A meta-analysis
examining the relationship between physical activity and
Alzheimer’s disease reported multiple neurotrophic factors
resulting from physical activity had a protective cognitive
effect [43]. Our results were consistent with previous work
and showed physical activity to have a strong protective effect
on cognitive decline. James et al. [44] found elders whose
lifespan was constricted to their homes were more likely
to develop Alzheimer’s disease. In our preliminary analysis,
going outside the home 3 or more times in the past 3 days
was protective of cognitive decline.

Our work also demonstrated the impact of intellectual
wellness on cognitive decline. Active participation with
computers, crossword puzzles, arts and crafts, and formal
education courses all were protective factors. Others have
found that participation in these activities in later years may
compensate for limited formal education [20, 24, 25]. Not
surprisingly, memory and communication problems were
associated with increased risk for cognitive decline.

The remaining four dimensions of wellness demonstrated
some limited associations with cognitive decline. Feeling
valued, not feeling sad, feeling depressed, or feeling hopeless
and expressing satisfaction with life as a whole were all
protective of cognitive decline. Köhler et al. [28] found that
older adults with depressive symptoms were more likely to
develop cognitive impairment and an increased number of
depressive symptoms increased the risk for cognitive decline.
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Wald [45] reported on the correlation between social isola-
tion and dementia and there are several studies supporting
the importance of personal and community relationships
and social integration. In contrast, our results indicated only
one element, not feeling lonely, was protective of cognitive
decline. Finally, of the two measures of spirituality evaluated,
feeling that one’s spiritual needs were met played a protective
role.

6. Limitations

There are many recognized causes for loss of cognitive func-
tion. These include structural changes in the brain, such as a
brain tumor or a large subdural hematoma. More commonly,
the gradual loss of high level functioning is attributed to
Alzheimer’s disease or another dementing illness. Yet even
Alzheimer’s disease is poorly understood; it remains uncer-
tain whether the recognized changes in the brain associated
with this condition are due to a single cause. Were there
more than one cause, preventative measures might be more
successful at some times rather than others.

The study sample was comprised of older adults residing
in senior communities who were members of the COLLAGE
consortium.Thus, all sample members were residing in some
type of independent senior housing, be it a continuing care
retirement community or below market housing.The sample
did not include older adults who continue to live in privately
owned homes or apartments.

We completed a secondary analysis of data gathered as a
comprehensive set of measures on disease state, clinical com-
plications, cognition, function, mood, social supports, envi-
ronmental conditions, medication use, and health services
use and extracted relevant factors. There was no opportunity
to tailor questions specifically within each wellness domain.
We did not examine data collection dates and therefore did
not account for seasonal variations that could impact some
influencing factors such as going out of home or participating
in select, typically outdoor recreational activities such as
biking or hiking.

7. Conclusions

Cognition and cognitive decline among older adults is a
complex process. We presented our examination of cognitive
decline within the context of a wellness model using Hettler’s
Dimensions of Wellness [12] and identified specific, daily
activities that may provide protection from cognitive decline
in the short-term. The Physical and Intellectual Dimensions
ofWellnesswere prominent aspects in protection from cogni-
tive decline but factors from the other dimensions, emotional,
social/leisure, and spiritual, also offer some promise. While
increase in physical activity previously has been shown to
be beneficial, our results demonstrate specifically 3 or more
hours of physical activity in 3 days, swimming, biking, and
hiking/walking provided protection from cognitive decline.
Similarly, intellectual stimulation is accepted as a reasonable
preventivemeasure and ourwork singled out computer activ-
ities and reading as most beneficial. The other dimensions
of wellness shed light on the emotional and social aspects

of cognitive decline. Older adults in our sample were less
likely to experience decline if they reported feeling delighted
with their life and maintained interest and pleasure in their
usual activities. Pursuing involvement in everyday life and
not feeling lonely also were protective of decline. Finally,
elders who reported their spiritual needs were met were less
likely to experience cognitive decline.

Inherent in all of the dimensions are several mutable
factors, amenable to targeted interventions to prevent or limit
cognitive decline. These mutable factors offer a guide for
older adults and their care providers in selecting targeted
interventions to prevent decline.

The importance of attempting to decrease the rate of
decline is highlighted by the expected rapid increase in
the number of the elderly worldwide [46]. Even a modest
decrease in the rate of decline of mental function would
benefit even larger numbers of persons in the near future.
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