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Abstract

Societies are progressively aging, and those aged >80 years represent the most rapidly
expanding population segment. However, this process is associated with an increased
incidence of the so-called ‘age-related conditions’, including a greater risk of functional
decline that is further exacerbated during some situations such as hospitalization or in
patients with chronic diseases. How to counteract aging-induced functional decline is
therefore a major challenge for modern medicine. Under this context, the present project
aimed to explore the physiological mechanisms underlying aging- and disuse-induced
functional decline, as well as to analyze the role of physical exercise as a preventive
strategy. Through a compendium of narrative reviews, clinical trials and systematic
reviews with meta-analysis, the present project shows how lifelong exercise can attenuate
the functional decline commonly observed with aging. Moreover, the benefits of
inhospital physical exercise — or the application of exercise mimetics such as
neuromuscular electrical stimulation when voluntary exercise is not feasible — in older
adults at risk of functional decline such as those hospitalized with an acute medical
condition or those who suffer from a chronic disease such as end-stage renal disease are
also proven. Although further research is needed to determine the optimal exercise dose
attending to the individual patients’ characteristic to maximize responsiveness, the
present findings highlight the effectiveness of physical exercise in preventing aging-
induced functional decline and support its routine implementation in daily life and

particularly during disuse situations.






Resumen

La sociedad estd envejeciendo progresivamente, y los mayores de 80 afios son
actualmente el segmento de la poblacion que mas rapido crece. Sin embargo, este proceso
estd asociado a una mayor incidencia de las denominadas ‘enfermedades asociadas a la
edad’, incluyendo un mayor riesgo de deterioro funcional que se ve ain mas exacerbado
ante situaciones como la hospitalizacion o en pacientes con patologias cronicas.
Contrarrestar el deterioro funcional asociado a la edad es por lo tanto uno de los
principales retos para la medicina moderna. Ante este contexto, el presente proyecto tratd
de explorar los mecanismos fisioldgicos subyacentes al deterioro funcional asociado a la
edad y al desuso, asi como analizar el papel del ejercicio fisico como estrategia
preventiva. A través de un compendio de revisiones narrativas, ensayos clinicos y
revisiones sistematicas con meta-analisis, el presente proyecto muestra que realizar
ejercicio durante toda la vida puede atenuar el deterioro funcional cominmente observado
con la edad. Ademaés, los beneficios del ejercicio fisico intra-hospitalario — o de la
aplicacion de herramientas alternativas como la electroestimulacién muscular cuando el
ejercicio voluntario no es factible — son también demostrados. Aunque es necesaria una
mayor evidencia para determinar la dosis 6ptima de ejercicio dependiendo de las
caracteristicas individuales de cada paciente para maximizar el ratio de respuesta, estos
hallazgos resaltan la eficacia del ejercicio fisico para prevenir el deterioro funcional
asociado a la edad y apoyan su inclusion rutinaria en el dia a dia y especialmente durante

situaciones de desuso.
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Introduction

Our aging world and the associated health consequences

Societies are progressively aging. It has been estimated that the proportion of elderly
individuals (i.e., those aged > 65 years) worldwide increased approximately from 9% in
1990 to 12% in 2013, and is expected to reach more than 20% (around 2 billion people in
total) by 2050.%2 This increase is particularly relevant for those aged 80-85 years, which

is expected to more than triple between 2015 and 2050.%2

However, an increase in lifespan does not necessarily mean a greater health-span, and
indeed the incidence of the so-called ‘age-related conditions’ has grown in the last
decades. One of the major age-related conditions is sarcopenia (defined as an excessive
loss of muscle mass and strength with aging), which is present in approximately 21% of
those aged 85 years and above.®> Moreover, frailty, a multidimensional geriatric syndrome
that, similarly to sarcopenia, refers to a decline in muscle mass and strength but also in
multiple physiological systems (e.g., endocrine, immune),* is also a worryingly prevalent
condition (affecting >65% of those aged 90 years and above).®> These conditions have a
major relevance as they are associated with an increased morbimortality and an impaired
quality of life,%5® also increasing hospitalizations costs and the financial burden for
health systems.®? For this reason, the development of strategies aimed at improving the
so-called intrinsic capacity (defined as the composite of physical and mental capacities

of an individual) is a priority to promote healthy aging.*

The importance of exercise to attenuate aging-related functional decline

The exponential decline of physical function — as exemplified, for instance, through
decreases in maximum oxygen consumption (VOzmax, i.e., the maximum integrative

ability of the organism to obtain and use oxygen),'2 widely considered the gold standard
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measurement of cardiorespiratory fitness'® — that occurs with aging is a major contributor
to loss of functionality.** In this regard, although aging has been traditionally associated
with an exponential decline in physical function, this association might be confounded by
many factors, notably the increasingly inactive lifestyle that often accompanies the aging
process in the general population. Indeed, at least 1 of every 4 individuals perform less
than the minimum WHO-recommended amount of physical activity, which is further
aggravated during aging'® Maintaining high levels of physical activity through the
lifespan might be a necessary condition to attenuate the age- and inactivity-related decline
in physiological function.®” Thus, masters athletes (i.e., individuals > 40 years old who
still actively participate in sports competitions) have been proposed as a paradigm of
healthy aging because most are able to maintain high levels of exercise and show a
remarkable physical and physiological function compared to their sedentary peers.'82°
Analyzing whether master athletes are able to attenuate aging-related functional decline
could therefore provide valuable information regarding the role of lifelong exercise for

healthy aging.

The importance of exercise in situations associated with an exacerbation of aging-related

functional decline

Apart from the unavoidable progressive decline of intrinsic capacity with aging, some
situations such as hospitalization periods and chronic diseases can further exacerbate this
decline.?! Older adults’ physical activity levels are commonly low, which is further
aggravated with these conditions (thus provoking a condition known as ‘muscle
disuse’).222* For instance, it has been reported that hospitalised older adults spend most

of the time in bed even if they are able to walk independently,? with nearly 75% of them
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do not walking at all during hospitalisation.?® These low physical activity levels can have
important detrimental consequences for older adults. For instance, ten days of bed rest
have been reported to result in a reduced muscle mass, strength and functional ability in
older adults,?’ but even shorter periods seem enough to induce these detrimental effects
in these and other health markers (e.g., activation of catabolic pathways and increased
proteolysis).?®2° Indeed, one of the main consequences associated with hospitalization
periods is the so-called ‘hospital-associated disability’ (HAD), defined as the loss of the
ability to independently perform one or more basic activities of daily living (ADL, e.g.,
bathing, dressing, toileting, transferring from a bed or chair, feeding) during
hospitalization.*® This condition affects approximately one third of hospitalized older
adults,® and is associated with an increased risk of disability, institutionalisation and
short- and long-term mortality.3>2* Moreover, hospitalization-induced disuse situations
have been reported to negatively affect glycemic control in older adults,*38 as well as to
increase the risk of cognitive decline and dementia.>® Given that physical activity level
during hospitalization — as assessed through an objective method such as triaxial
accelerometry — has been identified as a predictor of HAD,?>* the promotion of
inhospital exercise programs might be a potentially effective strategy for the prevention

of functional decline in these patients.

Similarly to what occurs during periods of acute hospitalization, there are some chronic
diseases that are associated with an exacerbation of the aging-related functional decline.
This is the case of patients with end-stage renal disease (ESRD) treated with
hemodialysis. The prevalence of ESRD patients treated with hemodialysis is rapidly
growing worldwide — especially among older adults —,*° and it is estimated to increase by
11-18% until 2030.** Hemodialysis patients usually present an impaired functional

capacity,** being the latter and important prognostic factor of mortality in this
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population.*~4® Among other mechanisms (notably a pro-inflammatory status, as well as
the presence of comorbidities such as diabetes, malnutrition or anemia), it has been
observed that the low levels of physical activity performed by hemodialysis patients —
particularly during treatment days —° might explain, at least partly, their poor functional

capacity.>

In summary, the low levels of physical activity usually performed by older adults,
particularly by acutely hospitalized ones or by those with chronic diseases such as ESRD
might be one of the causes of their physical deterioration. For this reason, physical
exercise programs could be a potentially effective strategy for the prevention of aging-

induced functional decline, particularly in situations of muscle disuse.
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Hypotheses and Objectives

Hypothesis

We hypothesized that lifelong exercise — as exemplified by masters athletes — would be
associated with an attenuated functional decline with aging. Moreover, we hypothesized
that supervised inhospital physical exercise programs — or the use of other passive
interventions such as NMES if voluntary exercise is not feasible — would be an effective
strategy for preventing functional decline in frail populations such as older adults
hospitalized with an acute medical condition or affected by a chronic disease such as

ESRD.

Objectives

The present project aimed to:

- Examine the physiological mechanisms underlying aging- and disuse-induced

functional decline, and the potential benefits of physical exercise for its prevention.

- Assess the effect of lifelong exercise to prevent aging-induced functional decline.

- Examine the effectiveness of different physical strategies — including voluntary exercise
and other potential passive alternatives for patients unable to perform voluntary exercise

— for preventing disuse-induced functional decline in older adults.

- Assess the effects of an inhospital exercise programs in older adults hospitalized with
an acute medical condition, as well determine potential factors modulating individual

responsiveness to this program.

- Assess the effects of intradialytic exercise programs — or the application of passive
strategies such as neuromuscular electrical stimulation (NMES) — to counteract functional

decline in patients with ESRD.
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Materials and Methods

This Doctoral Thesis is a compendium of 8 papers (including narrative reviews, clinical
trials and systematic reviews with meta-analysis) published in international journals
indexed in the Journal Citation Report. The methods of the studies are explained in detail
in the papers, which are included in the Results section. The references of these papers

are:

- Valenzuela PL, Castillo-Garcia A, Morales JS, Izquierdo M, Serra-Rexach JA, Santos-
Lozano A, Lucia A (2019) Physical exercise in the oldest old. Comprehensive

Physiology. 9 (4): 1281-1304. IF (2019): 6.604. Q1 (6/81).

- Valenzuela PL, Maffiuletti N, Joyner MJ, Lucia A, Lepers R (2020) Lifelong
Endurance Exercise as a Countermeasure Against Age-Related VOamax Decline:
Physiological Overview and Insights from Masters Athletes. Sports Medicine. 50 (4):

703-716. IF (2019): 8.551. Q1 (2/85).

- Valenzuela PL, Morales JS, Pareja-Galeano H, Izquierdo M, Emanuele E, de la Villa
P, Lucia A (2018) Physical strategies to prevent disuse-induced functional decline in the

elderly. Ageing Research Reviews. 47:80-88. IF (2018): 10.390. Q1 (2/53).

- Valenzuela PL, de Alba A, Pedrero-Chamizo R, Morales JS, Cobo F, Botella A,
Gonzélez-Gross M, Pérez M, Lucia A, Marin-L6pez, MT (2018) Intradialytic Exercise:

One Size Doesn’t Fit All. Frontiers in Physiology. 9: 844. IF (2018): 3.2. Q2 (25/81).

- Valenzuela PL, Morales JS, Ruilope LM, de la Villa P, Santos-Lozano A, Lucia A
(2020) Intradialytic neuromuscular electrical stimulation improves functional capacity
and muscle strength in people receiving haemodialysis: a systematic review. Journal of

Physiotherapy. 66 (2):89-96. IF (2019): 5.440. Q1 (1/139).

- Valenzuela PL, Morales JS, Castillo-Garcia A, Mayordomo-Cava J, Garcia-Hermoso

A, lzquierdo M, Serra-Rexach JA, Lucia A (2020) Effects of exercise interventions on
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the functional status of acutely hospitalised older adults: A systematic review and meta-

analysis. Ageing Research Reviews. 61:101076. IF (2019): 10.616. Q1 (1/51).

- Ortiz-Alonso J, Bustamante-Ara N, Valenzuela PL, Vidan-Astiz M, Rodriguez-Romo
G, Mayordomo-Cava J, Javier-Gonzalez M, Hidalgo-Gamarra M, Lopez-Tatis M,
Valadés-Malagén MI, Santos-Lozano A, Lucia A, Serra-Rexach JA (2020) Effect of a
Simple Exercise Program on Hospitalization-Associated Disability in Older Patients: A

Randomized Controlled Trial. JAMDA. 21 (4): 531-537. IF (2019): 4.367. Q1 (8/51).

- Valenzuela PL, Ortiz-Alonso J, Bustamante-Ara N, Vidan-Astiz M, Rodriguez-Romo
G, Mayordomo-Cava J, Javier-Gonzalez M, Hidalgo-Gamarra M, LOpez-Tatis M,
Valadés-Malagdn MI, Santos-Lozano A, Lucia A, Serra-Rexach JA (2020) Individual
Responsiveness to Physical Exercise Intervention in Acutely Hospitalized Older Adults.

Journal of Clinical Medicine. 9 (3). IF (2019): 3.303. Q1 (36/165).
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Results

Mechanisms underlying aging- and disuse-related deterioration and potential exercise

benefits

In order to summarize the evidence on the mechanisms underlying aging- and disuse-
related deterioration, as well as the potential role of physical exercise for its prevention,
we performed a narrative review published in Comprehensive Physiology (impact factor:
6.246, position: 5/81, category: Physiology]).%? In this review we show that aging is
associated with an increased risk for intrinsic capacity decline, which is largely a result
of a multisystem deterioration including changes at the endocrine, neuromuscular,
metabolic, and cardiorespiratory level. However, exercise can be effective in reducing
this aging-related deterioration, being also beneficial in already frail elders. A

representative scheme is shown as Figure 1.
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Figure 1. Summary of the multi-systemic physiological mechanisms associated with

aging-induced functional decline.
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Physical Exercise in the Oldest Old

Pedro L. Valenzuela,'? Adrién Castillo-Garcia,® Javier S. Morales,* Mikel Izquierdo,”°

José A. Serra-Rexach,®” Alejandro Santos-Lozano,® and Alejandro Lucia

*4,5

ABSTRACT

Societies are progressively aging, with the oldest old (i.e., those aged >80-85 years) being the
most rapidly expanding population segment. However, advanced aging comes at a price, as it is
associated with an increased incidence of the so-called age-related conditions, including a greater
risk for loss of functional independence. How to combat sarcopenia, frailty, and overall intrinsic
capacity decline in the elderly is a major challenge for modern medicine, and exercise appears to
be a potential solution. In this article, we first summarize the physiological mechanisms underlying
the age-related deterioration in intrinsic capacity, particularly regarding those phenotypes related
to functional decline. The main methods available for the physical assessment of the oldest old
are then described, and finally the multisystem benefits that exercise (or “exercise mimetics” in
those situations in which volitional exercise is not feasible) can provide to this population segment
are reviewed. In summary, lifetime physical exercise can help to attenuate the loss of many of the
properties affected by aging, especially when the latter is accompanied by an inactive lifestyle
and benefits can also be obtained in frail individuals who start exercising at an advanced age.
Multicomponent programs combining mainly aerobic and resistance training should be included
in the oldest old, particularly during disuse situations such as hospitalization. However, evidence
is still needed to support the effectiveness of passive physical strategies including neuromuscular
electrical stimulation or vibration for the prevention of disuse-induced negative adaptations in those
oldest old people who are unable to do physical exercise. © 2019 American Physiological Society.

Compr Physiol 9:1281-1304, 2019.

Didactic Synopsis

Maijor teaching points

1. Aging is associated with an increased risk for intrinsic
capacity decline, which is largely a result of a multisys-
tem deterioration including changes at the endocrine,
neuromuscular, metabolic, and cardiorespiratory level.

2. Lifetime physical exercise can help to maintain (or
at least attenuate the loss of) many of the properties
(notably, muscle mass, functional ability, cardiorespira-
tory function) affected by aging and especially by inactive

aging.

3. Exercise programs are also beneficial in frail elders,
including institutionalized or hospitalized individuals.

4. Multicomponent exercise programs (especially if com-
bining aerobic and resistance training) provide multiple
systemic benefits, including improvements in neuro-
muscular, endocrine, cardiovascular, cardiorespiratory,
metabolic, and cognitive function.

5. Exercise interventions—or alternatively, passive strategies
such as neuromuscular electrical stimulation if volitional
exercise is not feasible—should be implemented during
disuse situations such as hospitalization.

Volume 9, October 2019

Introduction

Societies are progressively aging. It has been estimated that
the proportion of elderly individuals (i.e., those aged >65
years) worldwide increased approximately from 9% in 1990
to 12% in 2013 and is expected to reach more than 20%
(around 2 billion people in total) by 2050 (123, 243). Further,
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the oldest old, that is, those aged 80 to 85 years and older,
are the most rapidly expanding population segment, which is
expected to increase more than threefold between 2015 and
2050 (123) (Figure 1). However, an increase in life span does
not necessarily mean a greater health span, and indeed, the
incidence of the so-called age-related conditions has grown in
the last decades. For instance, dementia, the loss of cognitive
functioning and behavioral abilities that occurs with aging,
affects approximately one quarter of the oldest old, and its
incidence is expected to keep growing (173). Sarcopenia,
defined as an excessive loss of muscle mass and strength
with aging (see below for more details), is also present in
about 21% of those aged 85 years and above (82). Moreover,
frailty, a multidimensional geriatric syndrome that, similarly
to sarcopenia, refers to a decline in muscle mass and strength
but also in multiple physiological systems (e.g., endocrine,
immune) (41), is also a worryingly prevalent condition
(affecting >65% of those aged 90 years and above) (102).
In this respect, the development of strategies for improving
the so-called intrinsic capacity (defined as the composite of
physical and mental capacities of an individual) is a priority
to promote healthy aging (19).

This article aims to (i) summarize the physiological mech-
anisms underlying the age-related deterioration in intrinsic
capacity, particularly those related to functional decline;
(ii) describe the main methods available for the physical
assessment of the oldest old; and (iii) review the multisystem
benefits that physical exercise can provide in this population
segment in several situations, including hospitalization.
Of note, in this article, the term “oldest old” is used to
refer specifically to those people aged 80 to 85 years or
above (when applicable), whereas the broader term “elder-
ly”’/*elder” (or occasionally “older adults”) is used for those
individuals aged >65 years. Age ranges of study participants
are specified when applicable.

1282

Mechanisms Underlying Age-related
Deterioration

Several candidate hallmarks have been proposed as the main
contributors to the aging process in mammals [for a review,
see Lopez-Otin et al. (170)] (Figure 2). Primary hallmarks,
which include alterations in nuclear and mitochondrial
deoxyribonucleic acid (DNA), telomere loss, epigenetic
drift, and defective proteostasis, are all negative processes
that progressively hasten aging. In contrast, the effects of
antagonistic hallmarks depend on their intensity. This is
the case for senescence (i.e., cell degeneration and death),
which at low levels protects the organism from diseases such
as cancer but that in excess can promote aging, generation
of reactive oxygen species (ROS), which mediate cell sig-
naling and survival but can also induce cellular damage,
or nutrient-sensing and anabolism, which in excess and
maintained chronically can become pathological, notably
during cancer. Finally, integrative hallmarks are those that
directly affect tissue homeostasis and function, including
stem cell exhaustion (i.e., loss of regenerative potential) and
altered intercellular communication (e.g., impaired endocrine
or neuronal signaling). These “overall” aging hallmarks
result in several chronic changes at the multisystem level
that eventually promote functional decline and muscle loss
(Figure 3).

Cardiorespiratory function

Aging gradually reduces cardiorespiratory function [com-
monly assessed by measuring an individual’s peak oxygen
consumption (VO,,.,) reached during incremental exercise
involving large muscle mass (treadmill brisk walking/running,
cycle-ergometry testing)].

Volume 9, October 2019
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Figure 2 Hallmarks of aging proposed by Lépez-Otin et al. (170). Abbreviations: AMPK, AMP-activated protein kinase; DNA, deoxyribonu-
cleic acid; GH, growth hormone; IGF-1, insulin-like growth factor T; IL, interleukin; miRNA, micro ribonucleic acid; mtDNA, mitochondrial
DNA; mTOR, mammalian target of rapamycin; NK, natural killer; NLRP3, NOD-like receptor protein 3; PGC-1, peroxisome proliferator-
activated receptor gamma coactivator 1; PTMs, posttranslational modifications; ROS, reactive oxygen species; SIRT, sirtuin; Glut 4; glucose
transporter type 4; TERT, human telomerase reverse transcriptase; TNF, tumor necrosis factor.

Changes at the respiratory, cardiovascular, and muscle
level can affect VO, . Pulmonary function becomes pro-
gressively compromised with aging [for a review, see Aalami
et al. (2) and Lowery et al. (172)]. An increase in chest wall
stiffness together with a decrease in the strength of respira-
tory muscles (diaphragm, abdominal muscles) results in a
decreased forced expiratory volume (147), and the arterial
partial pressure of oxygen decreases progressively due to
age-induced ventilation-perfusion mismatch (265). More-
over, the cumulative surface area available for gas exchange
(i.e., alveolar surface area) decreases during aging due to
alterations in the lung internal geometry (280).

Several changes at the cardiovascular level can also in part
explain the age-related decline in VO, [for a review, see
Aalami et al. (2) and Lye and Donnellan (174)]. Regarding
cardiac structural changes, aging is associated with increases
in left ventricular (LV) wall thickness, which is attributed
to myocyte hypertrophy (albeit with a progressive loss in
their number) together with an accumulation of interstitial
connective tissue and amyloid deposits (174). Aging is also
associated with increased fibrosis and calcification of the car-
diac valves, loss of myocytes in the sinoatrial node, increased
stiffness of peripheral and central arteries, and increases in
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the number of sites for lipid deposition at the vascular level
(with subsequent reductions in laminar blood flow) (174).
Further, the elderly typically present with a reduced cardiac
output (11) and early diastolic filling and higher LV diastolic
pressures, together with reduced p-adrenergic responsiveness
(with subsequent decreases in maximum heart rate) and
reduced capillary density [in both cardiac (174) and skeletal
muscle (113)] and coronary reserve (174). Finally, aging is
accompanied by an impaired mitochondrial biogenesis and
function (55), which may also compromise VO, through
decreases in muscles’ ability to extract and use oxygen.

Neuromuscular system

Muscle mass decreases at a rate of 1% to 2% per year above
the age of 50, and even greater declines are observed in mus-
cle strength, which decreases by approximately 1.5% per year
between ages 50% and 60% and 3% thereafter (119). More-
over, skeletal muscle power (i.e., the capacity of the muscle to
produce both forceful and rapid contractions) declines more
rapidly than muscle strength during aging (231).

Regarding muscle mass loss, changes in muscle protein
turnover seem to be the eventual underlying mechanisms (see
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Figure 3 Main physiological changes leading to loss of muscle mass and functional decline in the oldest old. Abbreviations:
CRP, C-reactive protein; FSH, follicle stimulating hormone; GH, growth hormone; IGF-1, insulin-like growth factor; IL, interleukin;
LH, luteinizing hormone; TFG-B, transforming growth factor B; TNFa, tumor necrosis factor a.

below for details). However, several other factors contribute
to the age-related loss of muscle function (see Larsson et al.
(157) for areview), which include quantitative and qualitative
changes in muscle mass (i.e., not only loss of total muscle
mass but also reduced muscle strength per unit muscle mass),
together with alterations in neuromuscular function (1).

At the neuromuscular level, aging is accompanied by a loss
of a-motoneurons and incomplete reinnervation of previously
denervated muscle fibers (1, 157). Indeed, a 39% decrease
in the number of motor units of the tibialis anterior mus-
cle has been reported in older compared to young individuals
(aged 66 vs. 27 years, respectively), with a further decline in
subjects aged 82 years (i.e., 61% reduction compared to the
young adults) (187). Moreover, aging results in a decreased
rate of axonal (or “axoplasmic”) transport (i.e., the transport
of proteins and other molecules to and from the neuron) and
conduction velocity (157); and decreases in voluntary activa-
tion (146), motor unit firing rate (295) and in the excitability
of spinal pathways (as reflected by a decreased H-reflex) (145)
have also been reported in the elderly.

Structural muscle changes contribute to the loss of muscle
function. Some studies have observed that aging is usually
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associated with intramuscular infiltration of noncontractile
tissue (i.e., fat and collagen) (143, 302), which might result
in a decreased specific force (i.e., force production capacity
related to the quantity of muscle mass). Moreover, there
is compelling evidence that aging results in muscle fiber
atrophy, especially in fast-twitch fibers (206), as well as in
a fast to slow shift in muscle fiber phenotype that in turn
leads to a decreased maximal force and power production
capacity (46, 77). However, disuse periods, which can be
frequent in the oldest old (particularly during hospitaliza-
tion/institutionalization), also result in a decline in muscle
mass and function but promote the opposite effect to aging
on muscle fiber type, that is, a slow to fast shift (46). Finally,
some muscle architectural properties may also vary with
aging. For instance, muscle thickness and pennation angle
decrease as we age, at least in some muscles such as vastus
lateralis (151, 152). The lower muscle volume observed in
some muscles (e.g., gastrocnemius medialis) of older indi-
viduals compared to their younger controls might not only
be due to the fact that the former have fewer and/or thinner
muscle fibers (and therefore lower muscle cross-sectional
area) but also to an age-associated reduction in fascicle length
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(202, 278), which, in turn, can lead to a further loss in muscle
force generation and shortening velocity (and, consequently,
in power production capacity). In contrast, no changes in
fascicle length have been observed with aging in the vastus
lateralis, triceps brachii, or gastrocnemius muscles of women
aged (from ages 20 to 79 years) (151).

Hormonal function

Aging is related to several changes in endocrine function
[for a review, see Lamberts et al. (154)] that might also
contribute to the age-associated loss of muscle mass and
strength in the elderly, including decreased circulating levels
of growth hormone (GH) and insulin-growth factor (IGF)-1
(65, 121, 142) together with decreases in GH-releasing
hormone and somatostatin (199). Of note, the GH/IGF-
1 axis activates the phosphatidylinositol 3 kinase/protein
kinase B (AKT) pathway, thereby increasing muscle protein
synthesis (MPS) through activation of mammalian target
of rapamycin (mTOR) signaling while decreasing muscle
protein breakdown (MPB) via inactivation of forkhead box
O (FOXO) transcription factors (287). Aging also results
in decreases in serum testosterone and adrenal androgens
(a phenomenon known as “andropause” in men) (90, 249).
Testosterone increases muscle mass and function through
its stimulating effect on protein synthesis and intramus-
cular IGF-1 mRNA, and also through a decreasing effect
on the inhibitory IGF binding protein 4 (137). A cross-
sectional study with subjects aged 70 to 102 years showed
an inverse relationship between total testosterone levels
and muscle strength and physical performance (215), and
low free testosterone levels have been related to a greater
incidence of sarcopenia in men and women (303, 304). In
turn, menopause results in an abrupt decrease in ovarian
estrogen production together with a concomitant increase in
the levels of luteinizing and follicle stimulating hormones,
which increases the risk for loss of bone mineral density in
women (233). On the other hand, several mechanisms might
support a role of estrogens in muscle anabolism, including
conversion of these hormones into testosterone, inhibitory
effect on catabolic cytokines [e.g., interleukin (IL)I, IL-
6, tumor necrosis factor (TNF)-a], and stimulation of
GH secretion (137).

Cytokine milieu

Aging is characterized by immune changes with subsequent
cytokine dysregulation, that is, decreases in anti-inflammatory
cytokines (e.g., IL-10, transforming growth factor-f) and
increases in pro-inflammatory cytokines (e.g., IL-1a, IL-6,
TNF-a) or in nuclear factor kB [NF-xB] signaling, which
results in a chronic low-grade inflammatory status known
as “inflammaging” (229). Several processes trigger these
pro-inflammatory pathways, including age-related redox
imbalance, senescence, and impaired autophagy (229).
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A modification in the cytokine milieu and the subsequent
pro-inflammatory status contribute to several of the deleteri-
ous changes associated with the aging process [for a review,
see Michaud et al. and Rea et al. (188, 229)]. Inflammation,
and particularly TNF-a, is related to an increased muscle
catabolism (232). Several studies have shown that higher
blood levels of IL-6, C-reactive protein (CRP), and TNF-«
are related to greater declines in muscle mass and strength in
the elderly, suggesting a potential association with sarcopenia
(246, 247). A pro-inflammatory status (as reflected by higher
levels of CRP, IL-1, IL-6 and TNF-a) is also associated with
an increased risk of osteoporosis (5, 149, 306). Moreover,
an increased production of these pro-inflammatory cytokines
is related to a greater risk of vascular and neurological
conditions (188).

Mitochondrial dysfunction and oxidative stress

Aging is accompanied by a decline in mitochondrial function
(216), with subsequent decreases and increases in mitochon-
drial respiratory capacity and ROS generation, respectively
[for a review, see Sun et al. (275)]. Although moderate levels
of ROS play an essential role in cellular function regulation,
an uncontrolled production (together with the age-related
reduction in antioxidant buffering mechanisms) contributes
to the aging process through a higher oxidative stress (167).
Excess levels of oxidative stress are indeed involved in several
aging-related processes such as senescence and inflamma-
tion (275). For instance, higher levels of oxidative stress (as
reflected by greater concentrations of serum protein carbonyl)
are associated with higher levels of the pro-inflammatory
cytokine IL-6 (75). Moreover, high concentrations of serum
protein carbonyl are associated with lower levels of muscle
strength, severe walking disability, and overall increased
mortality risk in elderly individuals (125, 251, 252).

Myogenic capacity

Muscle fibers are large multinucleated cells, and each
myonucleus controls a given volume of cytoplasm known as
myonuclear domain. It has been traditionally accepted that
the myonuclear domain remains constant independently of
muscle changes, that is, new myonuclei arise from satellite
cells during muscle hypertrophy, whereas some myonuclei
are lost by apoptosis during atrophy (120). However, the
notion of a constant myonuclear domain has been ques-
tioned in the last decade (116, 200). Some studies in animal
models have shown that the age-related decrease in muscle
size is accompanied by a reduction (albeit of lower relative
magnitude) in the number of myonuclei, with subsequent
decreases in myonuclear domain (38). Other authors sug-
gest that myonuclear changes might be dependent on the
muscle fiber phenotype, with an age-related decrease in the
myonuclear domain for those muscles with a predominant
slow-twitch phenotype such as the soleus muscle but no
change in fast-twitch muscles such as the plantaris (34).
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Moreover, the paradigm of a constant myonuclear domain
has also been questioned by some studies using animal
disuse models. For instance, Bruusgaard and Gundersen
(39) observed no myonuclei loss despite a marked reduction
(by ~50%) in fiber cross-sectional area and no reductions
in nuclear number or DNA content in a model of muscle
atrophy despite marked decreases (75%-80%) in muscle
mass and cross-sectional area, resulting in an approximately
85% reduction of the myonuclear domain (250). Moreover,
aging has been related to a decrease in satellite cells in
humans, but also to a higher number of myonuclei per muscle
area (136). Thus, the myonuclear domain and the number of
satellite cells decrease with aging, which suggests a decline
in myonuclear efficiency and a loss of regenerative function.

Protein turnover

Although numerous mechanisms can contribute to muscle
wasting during aging, muscle atrophy eventually results
from a mismatch between MPS and MPB, with nutrition and
physical exercise being the main mediators of the balance
between MPS and MPB. Specifically, the intake of dietary
protein and physical exercise are powerful stimuli for MPS
promotion (14), whereas insulin seems to suppress MPB
(111).

The magnitude of the differences in basal MPS or MPB
between healthy young and elderly individuals does not seem
high enough to support a role in the muscle loss that occurs
with aging (292), although it must be noted that an excessive
pro-inflammatory status (e.g., during disease in frail elderly)
might considerably rise basal MPB (72). However, a lower
increase in MPS in response to nutrition (i.e., amino acid
ingestion) and exercise is observed in the elderly compared
to their younger peers (71, 153), a phenomenon known as
“anabolic resistance”. In addition, the former present with a
blunted inhibition of MPB in response to insulin (298), which
together with the impaired MPS response to nutrition and
exercise contribute to age-related muscle atrophy.

It has been proposed that the aforementioned “anabolic
resistance” phenomenon could be explained, at least partly,
by both a suboptimal protein intake and an inactive lifestyle,
which are frequent in this population segment (41, 257). For
instance, two weeks of reduced mobility (i.e., by decreas-
ing the number of steps by 76%) are enough to reduce
postprandial MPS, insulin sensitivity, and muscle mass
in healthy elderly individuals (33). Other physiological
mechanisms—although yet to be confirmed—such as an
impaired nutrient digestion/absorption and blood flow have
also been proposed to contribute to a lower amino acid
delivery to the muscle, which together with an impairment
in mTOR pathway signaling, reduced ribosomal biogen-
esis and satellite cell content (and subsequently reduced
myogenic capacity) and increased ROS production and pro-
inflammatory status, might contribute to the imbalance in
protein turnover that is commonly observed with aging [for a
review, see Wilkinson et al. (299)].
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Although aging is associated with a progressive degener-
ation of intrinsic capacity, the timely recognition of this
phenomenon might enable implementation of interventions
aiming at preventing (or at least attenuating) it. This section
aims to provide the reader with information on the methods
that are currently available for assessing the major compo-
nents related to the physical domain of intrinsic capacity,
which might also serve to analyze the effectiveness of
interventions.

Muscle strength

The assessment of handgrip strength is arguably the most
widely used (40) as well as the simplest and cheapest option
for the evaluation of muscle strength in the oldest old, and
specific recommendations for its standardized measurement
are available elsewhere (236). According to the European
Working Group on Sarcopenia in Older People (EWGSOP),
grip strength values below 27 and 16 kg are considered low
for men and women, respectively (70). Elderly people with
low handgrip strength present with a worse intrinsic capacity
and a greater risk of hospitalization than their stronger coun-
terparts (228). This test has proven a good predictor of overall
mortality in the general population (103) and particularly in
the oldest old (166), being related to a higher incidence of
both cardiovascular disease (CVD) and non-CVD mortality
as well as to functional limitations (163). Meta-analytic
evidence supports the validity of handgrip strength for the
prediction of decline in cognition, mobility, functional status,
and mortality in community-dwelling older people (234).

Other tests such as the leg or bench press test can also be
used for the assessment of muscle strength in the oldest old
(40). In turn, isometric torque methods for assessing upper
or lower limb strength allow the measurement of peak forces
and rate of force development and are useful in the research
context (97). However, other more practical methods might be
more feasible in the clinical setting, such as the chair stand test
(20). This test, also considered a test of physical performance
(20), is recommended by the EWGSOP for the assessment of
muscle strength (70) and measures the amount of time needed
for patients to rise from a seated position, return to the seated
position, and rise again a specific number of times (usually
five in the geriatric context) without using their arms. This
test shows a strong correlation with the gait ability of elderly
patients and is a valid predictor (cutoff score of 17 s for 5 rep-
etitions) of lower limb limitation, death, and hospitalization
events (52).

Muscle mass

Magnetic resonance imaging (MRI) and computed tomogra-
phy (CT) are considered the gold standards for the assessment
of muscle mass, but their feasibility in primary care is more
questionable owing to economical and practical reasons (i.e.,
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high equipment costs, lack of portability, and requirement of
highly trained personnel) (20, 70). In this respect, dual-energy
X-ray absorptiometry (DXA) has been proposed as a valid,
low-radiation alternative for the routine clinical assessment
of muscle mass in the elderly (20, 290). Thresholds of 20 and
15 kg (when unadjusted) or 7 and 6 kg/m? (when adjusted for
height?) of appendicular lean mass (i.e., the sum of the muscle
mass of the four limbs) have been proposed as cutoff points
for sarcopenia in men and women, respectively (70).

Bioelectrical impedance analysis (BIA) is an affordable
method that requires no specialized staff and overcomes
one of the main limitations of DXA, that is, its lack of
portability. This technique estimates the quantity of fat and
lean body mass based on the analysis of tissue electrical
resistance. However, it relies on conversion equations based
on population-specific reference values obtained with DXA
(110). It is therefore important to standardize the assess-
ment methodology and to define cutoff values for diagnostic
purposes in each population (109, 110). In this regard, the
EWGSOP (70) recommends the use of raw measures pro-
duced by BIA devices and their standardization with the
cross-validated equation of Sergi et al. (254), which is spe-
cific for older (6085 years) Caucasian adults. Yet, whether
this equation is also valid in those aged >85 years remains
unknown.

Another method that has been proposed when DXA is
not available is anthropometrical assessment (20), which is
the most widely used method in clinical practice accord-
ing to a recent international survey showing that, among
those clinicians who assess muscle mass in elderly patients,
58% use anthropometric data, 46% DXA, 23% BIA, and
<20% ultrasonography, MRI, or CT (40). Although several
anthropometric measures are available for routine assessment
(notably, body mass index, calf or mid-upper arm circum-
ference, skinfold thickness), calf circumference is the most
popular one (40). Anthropometrical measurements are not
accurate indicators of muscle mass (282), but a lower size of
the calf (cutoff point <31 cm for calf circumference) is asso-
ciated with a lower frailty index and more severe functional
performance decrements in the oldest old (156), and for this
reason it has been proposed as a useful diagnostic method in
the absence of more complex methods (i.e., DXA, BIA, or
MRYI) (20, 70).

Finally, among several other methods available for the
assessment of muscle mass/quality [for a review, see Tosato
et al. (282)], muscle ultrasonography is emerging as a promis-
ing alternative (70, 282). According to a recent systematic
review, muscle ultrasonography provides valid and reliable
information on the muscle size of elderly individuals (205).
The assessment of thigh muscles by means of ultrasonog-
raphy has proven to predict the risk of functional decline,
rehospitalization, and death in patients aged approximately
80 years on average, including those who are unable to
walk (115), which highlights the tool’s potential in bedridden
hospitalized elderly patients. Moreover, recommendations for
standardizing its measurement in elders have been recently
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proposed (214). Thus, ultrasonography appears as a valid,
noninvasive, and practical tool for the assessment of muscle
mass in the geriatric context (281).

Physical performance

Although muscle mass and strength are important health phe-
notypes at all ages and particularly during aging, physical per-
formance has been defined as an integrative indicator of an
individual’s health status (70).

Several tests are available for the assessment of physical
performance in the oldest old, including gait speed, the timed
up and go (TUG) test, stair climbing, the short physical
performance battery (SPPB), and others (40). The assessment
of gait speed is the most popular method (i.e., used by 62%
of clinicians according to a recent international survey) (40).
This test is usually conducted over 4 m, needs no special
equipment (just a stopwatch), and is recommended as a diag-
nostic tool for sarcopenia with a cutoff point of 0.8 m/s (70). A
systematic review identified gait speed as a prognostic factor
for disability, cognitive impairment, institutionalization, falls,
and mortality in community-dwelling older people (138),
and a pooled analysis including 34,485 community-dwelling
elders confirmed its relationship with mortality (272). Thus,
gait speed has been proposed as a quick, inexpensive, and
reliable measure that should be included in comprehensive
geriatric assessment (213).

The SPPB, which measures performance in three different
tests (repeated chair stand test, time needed to walk a distance
of 4m two times, and a hierarchical standing balance test)
with a 0 to 12 sum-score for all three tests combined (117), is
also one of the most popular tests for assessing old people in
both clinical and research settings (20). According to a recent
meta-analysis that included 17 studies, the SPPB has proven a
good predictor of all-cause mortality (211), and a prospective
study that included 542 older adults showed its validity for
identifying individuals at high risk of lower body functional
limitations (285). Moreover, this test can be performed in hos-
pitalized older patients (93), allowing the identification of the
patients at high risk of poor outcomes (i.e., rehospitalization
and death) after hospital discharge (291). Further, the SPPB is
one of the tests proposed by the EWGSOP for the assessment
of sarcopenia (with a cutoff score <8) (70).

The TUG test, in which patients have to rise from a chair,
walk 3 m, turn around, walk back, and sit down again (222),
is also recommended for assessing physical performance and
sarcopenia (cutoff >20s) (70), and a recent study confirmed
its validity as a mortality predictor in patients aged approx-
imately 77 years on average (23). However, the assessment
of gait speed has proven more representative of the whole
motor ability of frail patients than the TUG (150). Other tests
available for the assessment of the oldest old are the 6-min
walk distance (6MWD) or the 400-m walk test, which can be
used to determine aerobic capacity (20) and are also feasi-
ble for the assessment of sarcopenia (cutoff >6 min for the
completion of 400 m), or the stair climb power test, which has
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proven valid to identify leg power impairments (18). Of note,
although the aforementioned physical performance tests are
feasible in the clinical setting and can predict negative out-
comes, some of them have down sides in terms of routine eval-
uation, such as the need of long corridors (for the 6 MWD and
400-m walk test) or the fact that they can be time-consuming
(e.g., ~10min for the SPPB). For this reason, the EWGSOP
advises the assessment of gait speed for the routine evaluation
of physical performance in the clinical setting (70).

Functional ability in activities of daily living

Functional decline in the oldest old can affect their ability to
perform basic activities of daily living (ADLs) (181). ADL
function has proven an independent risk factor of mortality
and hospitalization in the elderly, as well as of duration of
hospitalization and number of medical visits (124, 191, 201,
203). Moreover, the loss of ADL function during hospital-
ization is associated with a wide range of negative outcomes
at discharge including long-term disability, rehospitalization,
institutionalization, and mortality (32, 96, 131).

There are different methods for the assessment of ADL
function, but the Katz scale and the Barthel index are arguably
the most popular ones. The Katz ADL scale includes six items
(eating, transferring from bed to chair, walking, using the
toilet, bathing, and dressing), each of which is scored with
0 (=unable to perform the activity without complete help),
0.5 or 1.0 (=able to perform the activity with little help or
without any help, respectively); then, the six individual items
are summed resulting in a 0 to 6 score for each individual
(140). In turn, the Barthel index assesses patients’ indepen-
dence to perform ten basic ADLs [eating, transferring from
bed to chair, using the toilet, bathing/showering, personal
hygiene (e.g., tooth brushing, shaving), dressing, walking,
stair climbing, and bowel and bladder control] over the pre-
vious 24 to 48 h based on self-report, collateral information,
and direct observation (179). Performance in these domains
is rated by the level of assistance needed, with some ADLs
weighting more than others (e.g., transferring and mobility
score up to 15 points, whereas bathing scores just up to 5
points) and yielding a maximum total score of 100 points
(179). It has been suggested that the Barthel index might
offer a more nuanced picture of disability and is able to detect
more subtle changes in functioning than the Katz index (122).
Moreover, the former has been proposed as a good option
for ADL assessment in long-term care because patients’ dis-
ability is usually more severe and stable, whereas the Barthel
index might be better suited to more acute settings such as
hospitalization periods (122). However, both the Katz scale
and the Barthel index have limited sensitiveness to measure
small impairments or improvements in ADL function (i.e.,
“floor” and “ceiling” effect, respectively) (122). For this
reason, a complementary index that assesses independence in
eight more complex activities (i.e., using the phone, grocery
shopping, preparing meals, housekeeping, laundering, using
transportation, taking medications, and managing finances),

1288

Comprehensive Physiology

known as “instrumental ADL”, is available to measure less
severe levels of disability (160).

Sarcopenia

The term sarcopenia [from the Greek, “sarx” (flesh) and
“penia” (loss)] was originally proposed by Irwin Rosenberg
to describe the age-related decrease in muscle mass (239).
However, this definition has evolved over the last decades
and now refers to a condition characterized by decreases in
both muscle mass and function, and in the last European
Consensus on definition and diagnosis of sarcopenia, muscle
strength comes to the forefront as the main determinant (70).

It is estimated that sarcopenia affects approximately 5% to
13% of people aged 60 to 70 years, and the incidence reaches
11% to 50% for those aged 80 or above (119, 162). This con-
dition increases the risk of falls (26) and results in impaired
physical performance and reduced ability to perform ADLs
(181), which, in turn, leads to a loss of independence and
need for long-term care (9, 245). Moreover, it is associated
with an increased risk for cardiometabolic and respiratory dis-
eases (16, 31), cognitive impairment (53), and mortality (155).
Sarcopenia also poses an important economic burden, as it
increases the economic costs of hospitalization (266) as well
as the overall health-care costs (190, 269).

The algorithm for diagnosing sarcopenia and quantifying
its severity according to the EWGSOP is shown in Figure 4.
The SARC-F, a self-reported five-item questionnaire in which
patients express their limitations in muscle strength and their
ability to walk, rise from a chair, and climb stairs, as well as
their experiences with falls, is recommended to identify indi-
viduals with probable sarcopenia (181). Thereafter, in order to
confirm the presence of sarcopenia, deficits in muscle strength
can be assessed with the handgrip strength test (cutoff values
<27 and 16 kg for men and women, respectively) or repeated
chair stand measures (>15s for 5 rises), whereas low mus-
cle quality/quantity (<7.0 and 6.0 kg m? of appendicular lean
mass for men and women, respectively) can be assessed by
DXA, BIA, MRI, or CT. Low muscle strength and mass would
already confirm the presence of sarcopenia, but several physi-
cal performance tests including the SPPB (<8 points) or walk-
ing 400m in >6m can be used for the diagnosis of severe
sarcopenia (70).

Frailty

Frailty, defined as “a medical syndrome with multiple
causes and contributors that is characterized by dimin-
ished strength, endurance, and reduced physiologic function
that increases an individual’s vulnerability for developing
increased dependency and/or death”, has been identified as
the most problematic expression of population aging (60,
194). Although this condition seems to overlap, at least partly,
with sarcopenia, they are not synonyms: indeed, sarcopenia is
a contributor to the development of physical frailty, whereas
the latter is a much broader concept than sarcopenia. Thus,
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Figure 4  Algorithm for the diagnosis of sarcopenia and for the quantification of its severity proposed by
the European Working Group on Sarcopenia in Older People (70), and available tests for its assessment.

SPPB, short physical performance battery.

frailty is a multidimensional geriatric syndrome that refers to
a decline in the physiological reserve of several systems (e.g.,
endocrine, immune, musculoskeletal) and results in negative
consequences to physical, cognitive, and social dimensions
(60) (Figure 5).

There are several methods for the diagnosis of frailty, but
the Cardiovascular Health Study Frailty Screening Measure
(99), also known as “frailty phenotype”, is probably the most
widely used. In this questionnaire, those individuals who
meet three or more of the following criteria are considered
frail: (i) weakness as measured by low handgrip strength
(<~30 and 18kg for men and women, respectively); (ii)
slowness (low walking speed, i.e., time to walk 15 ft at usual
pace > 6-7 s); (iii) low level of physical activity (i.e., hardly
ever performing very energetic activities or even moderately
energetic activities, equivalent to <383 and 270 kcal/week for
men and women, respectively); (iv) low energy (self-reported
exhaustion); and (v) unintentional weight loss (>4.5kg
in the previous year) [for specific details, see Fried et al.
(99)]. Examples of some other popular validated methods
for frailty assessment are the frailty index (134), the FRAIL
questionnaire (195), the Clinical Frailty Scale (237), and the
Gérontopdle Frailty Screening Tool (273). Given the wide
heterogeneity in the definitions of frailty, the incidence of this
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condition has been reported to vary from 4% to 59% among
people aged >65 years (63). In any case, it is important to
note that the prevalence of frailty rises exponentially with
age, for instance, increasing from 6.5% in individuals aged
60 to 69 years to 65% in those aged 90 and above (102).

Exercise for the Oldest Old

The sooner the beﬂer, but never too late

How we should preserve functional reserve across multiple
systems to combat frailty and disability at an advanced age is a
major challenge for modern medicine, which, at least up until
now, cannot be resolved using drugs or drug combinations. In
this respect, exercise appears as a potential solution (Figure 6).

There is strong scientific evidence that regular phys-
ical exercise throughout the life span is associated with
healthy aging (74). As confirmed by a recent meta-analysis,
chronically trained master athletes (both in endurance or
strength/power sports) preserve their physical function at
an advanced age (~70 years on average) (186). Moreover,
almost no evidences of age-related degeneration in muscle
properties (i.e., no changes in muscle size, fiber type or mito-
chondrial protein content) were observed in adults aged 55 to
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Figure 5 Overview of the relationship between sarcopenia, frailty,
and overall functional decline in the elderly.

79 years who had maintained high levels of aerobic exercise
(cycling) during their lifetime (223). It has also been recently
reported that lifelong aerobic exercise (50+ years) in people
aged 70 and above attenuates VO, decline and prevents
age-related reductions in muscle capillarization and aerobic
enzyme activity, with these individuals having a skeletal
muscle metabolic status similar to that of young exercisers
and better than that of age-matched nonexercisers (112).
Lifetime aerobic exercise has also been reported to mediate
several aspects of senescence in immune cells (83). Thus,
lifetime exercise is able to maintain many of the properties
that are commonly affected by aging when accompanied by
an inactive lifestyle (Figure 7).

Exercise is also beneficial for old people who are already
physically impaired. A meta-analysis of 18 studies showed
that physical exercise therapy improves mobility and physi-
cal functioning in community-dwelling elders who are physi-
cally frail and/or have physical disability and/or multimorbid-
ity, with high-intensity programs eliciting the greatest gains
(293). Meta-analytic evidence also supports the benefits of
exercise on gait speed, balance, overall physical performance,
and ADL function in frail elderly people (59, 108). Physical
exercise appears as a potential intervention to preserve physi-
ological reserve at the multisystem level (Figure 8). However,
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the type or magnitude of the benefits might differ depending
on the type of exercise performed (Figure 9).

Main types of exercise
Resistance training

Resistance exercise training (RET) is based on movements
performed against a specific external force, which is gradu-
ally increased, usually weight lifting but also exercising with
resistance training machines or elastic bands. Several physio-
logical mechanisms can explain, at least partly, the benefits of
RET for the elderly [for a review, see Lavin et al. (159)]. This
training modality elicits the activation of anabolic signaling
pathways (e.g., Akt/mTOR pathway)—thereby stimulating
MPS (73)—by increasing mechanical and metabolic stress
(248, 305), which given the age-related impairment in protein
turnover (see above for details) might help to attenuate the
loss of muscle mass. Although RET induces hypertrophy
across all fiber types its effect is more pronounced in fast-
twitch fibers (24), which otherwise are more affected by
aging-induced atrophy than slow-twitch ones (see above).
RET interventions have also been proven to provide benefits
at the neural level by reducing the rate of motor unit activation
(i.e., myoelectrical activity) needed to perform a given task
(128, 217), which together with the aforementioned benefits
on muscle mass results in improved physical function. As a
consequence, long-term participation in RET overall prevents
age-related losses of muscle mass and strength as well as of
bone mass [for review see Chodzko-Zajko et al. (57)].

A number of studies have confirmed the effectiveness of
RET for the prevention of muscle wasting in the elderly,
improving muscle strength through increases in both muscle
volume and neural drive (91, 196, 230). RET [8-12 week
training at 20%—70% of one-repetition maximum (1RM)] has
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been proven to increase muscle strength in institutionalized
frail nonagenarians (43, 44, 255), and a recent meta-analysis
showed the effectiveness of RET for improving muscle
strength and power, as well as functional outcomes in
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physically frail oldest old people (aged 87 years on average)
(171). Of note, no expensive materials are essentially needed
for the implementation of RET programs in the elderly; for
instance, the use of elastic bands has been reported to improve
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muscle strength and balance in institutionalized elders aged
approximately 70 to 75 years on average (56, 197).

On the other hand, despite the importance of muscle
strength preservation in the elderly, in this population seg-
ment loss of muscle power is a stronger predictor of functional
disability than loss of muscle strength (231). In this respect,
RET interventions including “high-speed” exercises (or at
least the intention of moving fast) have proven feasible even
in institutionalized oldest old frail individuals (mean age
~90 years) (43, 44) and seem to be more effective for the
improvement of lower body muscle power and functionality
in elders than traditional “low-speed” RET programs (227,
270, 283).

Aerobic exercise training

Aerobic exercise training (AET) is usually based on dynamic
exercises of moderate intensity (~70% of VO, or ~80%
of peak heart rate) involving large muscle groups [e.g.,
walking or brisk walking/jogging (in young participants)
or cycle-ergometer training]. This exercise modality has
been proven to counteract a major negative effect of aging,
mitochondrial dysfunction (50) (see above), and although
there are many overlapping pathways involved in the benefits
of AET, a key player is the peroxisome proliferator-activated
receptor y coactivator la (PGC-1a) (132, 139). A recent
preclinical study showed that decreases in PGC-la expres-
sion mediate the muscle degeneration that normally occurs
with aging, whereas increasing PGC-1a expression—which
can be achieved with AET—seems to alleviate age-related
muscle degeneration (105). The enhancing effect of AET
on mitochondrial function results in improvements not only
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in oxidative capacity but also in redox status, which is of
paramount importance during aging (see above) (29, 224).
Moreover, AET increases the levels of heat shock proteins, a
group of molecular chaperones that help to prevent skeletal
muscle wasting through an improvement in MPS, inhibi-
tion of key atrophy signaling pathways (i.e., FOXO3a and
NF-«xB), and repair of damaged proteins (89, 253).

AET also induces several benefits on cardiovascular func-
tion (67). This training modality promotes skeletal muscle
capillarization—which, as mentioned above, is impaired
in the elderly—through increases in the mRNA and pro-
tein levels of vascular endothelial growth factor (104). It
also improves endothelial function via increases in nitric
oxide production and through the activation of PGC-la (42,
279)—which exerts anti-inflammatory, antiatherogenic, and
anti-inflammatory effects (e.g., it promotes the storage of fatty
acids in adipose tissue thereby reducing their release to the
blood) (54)—with subsequent protection against atheroscle-
rotic heart disease and vascular aging (47). Moreover, AET
attenuates aging-related autonomic dysfunction by increasing
vagal tone to the heart while reducing sympathetic activity
(193, 263), which might also contribute to lower CVD risk
(263).

As a result of the aforementioned improvements in oxida-
tive capacity and cardiovascular function, AET is considered
the most effective type of exercise for the improvement of
cardiorespiratory function (as typically reflected by increases
in VOypeq) (57). Six months of AET enhanced VO, by
approximately 19% in both young (24-32 years) and older
individuals (60-82 years), together with increases in LV
mass and early diastolic filling at rest and during exercise

Volume 9, October 2019



Comprehensive Physiology

(164). A 16-week AET program (3 sessions per week of
cycle-ergometer exercise at 50%—85% of Vo, ) increased
VO,pea (by ~16%) in adults aged 62 years on average while
also inducing plasma volume expansion and improving LV
systolic function (shortening and ejection fraction) (220). A
1-year AET program consisting of four sessions per week
at 60% to 80% of VO, with brief high-intensity efforts
proved beneficial for improving VO, (by ~26%) in indi-
viduals with a mean age of 64 years and also induced an
increase in LV systolic function (86). Other studies have
also shown the effectiveness of AET for increasing VO,q.¢
in people aged 60 to 82 years (268, 271), and, indeed, this
training modality seems to induce greater increases in VO,pq,x
in older adults compared to RET (133).

Other Exercise Benefits

Benefits of exercise against neurodegeneration

There is evidence that regular physical exercise or PA in
general is needed to maintain brain health over the life
span (212). Of note, PA is defined as any bodily movement
produced by skeletal muscles that requires energy expendi-
ture, whereas exercise usually involves more planned and
structured activities (e.g., AET or RET). A meta-analysis of
prospective studies found that physically active nondemented
individuals had a 35% to 38% lower risk of cognitive decline
than their inactive counterparts (264). Meta-analytic evi-
dence also confirms the benefits of PA on some of the most
common neurodegenerative conditions, notably Parkinson’s
disease (95, 258) and Alzheimer’s disease (244). Further, PA
has proven to attenuate cognitive function decline even in
elderly individuals (mean age of 80 years) who already have
dementia (114).

Although more research is needed regarding the specific
mechanisms underlying exercise beneficial effects against
age-induced neurodegeneration, some have been proposed.
Exercise has been related to lower levels of biomarkers related
to Alzheimer’s disease such as plasma and brain B-amyloid
(35, 165). Moreover, regular PA prevents the decreases that
occur as we age on hippocampal volume (92), one of the
major sites of neuroplasticity. A recent study showed that
inducing hippocampal neurogenesis per se (whether phar-
macologically or genetically) did not confer any benefit over
markers of Alzheimer’s disease in an animal model (58).
By contrast, increases in hippocampal neurogenesis along
with exercise-induced increases in the levels of brain-derived
neurotrophic factor (BDNF) and reductions in $-amyloid load
led to improvements in memory (58). Thus, hippocampal
neurogenesis seems to ameliorate cognitive decline but only
in the presence of an optimal brain environment (i.e., in the
presence of neurotrophic factors such as BDNF) such as that
induced by physical exercise (58).

In addition, contracting muscles produce a number of
myokines (i.e., cytokines or small peptides that are released
to the bloodstream), which in turn can induce several health
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benefits in the central nervous system (212), such as an
improved neurotrophism (76). Particularly, BDNF levels are
elevated by aerobic exercise in both healthy and demented
individuals (61, 126). Exercise also seems to reduce pro-
inflammatory conditions in the brain (66), which is important
because inflammation is one of the pathophysiological
mechanisms involved in the development of numerous neu-
rodegenerative conditions such as Alzheimer’s disease (161).
Exercise also decreases oxidative stress in the long term (260),
which is exacerbated in Alzheimer’s disease and seems to
play an important role in the etiology of this condition (240).
Finally, regular physical exercise might attenuate the inci-
dence of traditional CVD risk factors such as obesity, high
blood pressure, hyperglycemia, and hypercholesterolemia,
which in turn are associated with risk of Alzheimer’s
disease (226).

Benefits of exercise against cardiovascular diseases

Age is an independent CVD risk factor (301). The incidence
of CVD has been estimated to increase from approximately
40% to 70% to 75% and 79% to 86% in those aged 40 to 59,
60 to 79, and >80 years, respectively (168). In this respect, it
is important to note that CVD is currently the leading cause of
mortality worldwide, with coronary heart disease and stroke
accounting for approximately two-thirds of CVD deaths
(168); and attending to the 2016 update of the American
Heart Association, about two thirds of CVD deaths occur in
people aged >75 years (198). Moreover, CVD seems to be
associated with a higher risk of frailty (204) and imposes
a tremendous burden in terms of mortality, disability, and
health-care costs (301).

Several age-related conditions explain, at least partly, the
greater incidence of CVD in the elderly compared to younger
population segments, notably the increased stiffness of large
vessels and the reductions in cardiac output (see above for fur-
ther details in aging-related effects on the cardiovascular sys-
tem) (174). However, physical exercise appears as an effective
strategy for the prevention of CVD [for a review, see Fiuza-
Luces et al. (94)].

Physical exercise attenuates the age-related decrease
in VO, (see above for further details on the effects of
exercise on cardiorespiratory function), which is of major
clinical importance as cardiorespiratory fitness is a strong
predictor of mortality and CVD risk (148, 182). Moreover,
the above-mentioned exercise effects on body composition
would also be beneficial given the role of obesity (particularly
visceral fat mass accumulation) as a risk factor for CVD (78,
88). Low muscle strength, which can be prevented with RET
(see above), has also been associated with a greater incidence
of CVD (10), and indeed a recent prospective study with
0.5 million participants aged 40 to 69 years showed that a
lower handgrip strength was related to a greater likelihood of
CVD risk and CVD and all-cause mortality during a 7-year
follow-up (51). Similarly, low muscle mass levels, which
can also be increased by RET even at advanced ages (57),
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have been associated with a higher risk of CVD and overall
mortality in older adults (267).

Finally, other benefits of physical exercise that seem to
mediate the reduction in CVD risk are its antiatherogenic
effects (by improving vascular endothelial function and pro-
moting structural vascular adaptations such as enlargement of
conduit arteries, increases in the collagen and elastin content
of atherosclerotic plaques, and development of collateral
coronary vessels), the promotion of a healthy autonomic
balance (increasing vagal tone to the heart thereby prevent-
ing malignant arrhythmias), and cardioprotection against
ischemia—reperfusion injury (94). Moreover, the role of the
working skeletal muscle as an endocrine organ able to secrete
a myriad of myokines (e.g., irisin, IL-6, IL-15, fibroblast
growth factor-21, and follistatin-related protein 1) with bene-
ficial cardiovascular effects such as decreased inflammation,
and improved metabolic homeostasis, thermogenesis or
vasodilatation should not be disregarded (94).

Exercise in Disuse Situations

The levels of PA are usually low in the elderly, which is aggra-
vated by the fact that numerous conditions common to this
population segment can further increase their level of inac-
tivity, particularly during hospitalization. Hospitalized elders
spend indeed most of the time in bed even if they are able to
walk independently (37), and nearly 75% of them do not walk
at all during hospitalization (45).

Although muscle mass loss and functional decline are
intrinsic features of aging, they can be also acutely exacer-
bated during disuse conditions (22). For instance, 10 days
of bed rest result in a marked reduction in muscle mass and
strength, walking speed, and functional ability in elderly
people (mean age ~70 years) (62), and even shorter disuse
periods are sufficient to elicit important negative conse-
quences in these individuals, including a marked loss of
muscle mass and strength, a suppression of MPS, and a slight
increase in proteolytic markers (79, 277). Disuse situations
such as hospitalization also affect glucose homeostasis in
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the elderly (25, 81, 184, 294). Moreover, hospitalization is
associated with a greater risk of cognitive decline and incident
dementia in nondemented elders (85). Further, the functional
and cognitive decline that occurs during hospitalization peri-
ods can lead to the so-called hospital-associated disability,
defined as the loss of ability to perform at least one basic
ADL (i.e., bathing, dressing, rising from bed or a chair, using
the toilet, eating, or walking across a room) independently
at discharge (69). This condition occurs in more than one
third of hospitalized adults over 70 years, especially in the
presence of low mobility during hospital stay (68, 106, 107,
307, 308), and is associated with a wide range of negative
outcomes, including long-term disability, institutionalization,
or death (32, 96, 131).

Mechanisms underlying disuse-induced functional
decline

The physiological mechanisms underlying disuse-related
muscle wasting remain to be clearly elucidated, but sev-
eral hypotheses have been proposed, notably mitochondrial
dysfunction with subsequent increased ROS production,
reduction in myogenic capacity (i.e., diminished total satel-
lite cell content and function), and systemic inflammation
(225, 274). Of note, while we wait for eventual mechanisms
to be clearly identified, it should be kept in mind that muscle
wasting is eventually a consequence of an imbalance between
MPS and MPB [for a review, see Rudrappa et al. (242)]. In
this respect, decreases in MPS seem to be the main determi-
nants of muscle wasting during simple disuse situations (e.g.,
bed rest, limb immobilization, or physical inactivity) (218),
but some “hypercatabolic” conditions (e.g., cancer-related
cachexia, sepsis, burns, or critical illness that might lead to
hypercortisolemia, hypoandrogenemia, or hypercytokinemia)
can also induce an activation of proteolytic pathways (i.e.,
autophagy, ubiquitin-proteasome, or calpain and caspase
systems) (30, 218, 219) (Figure 10). The disuse-induced sup-
pression of anabolic signaling pathways—which is usually of
higher magnitude in older than in young individuals—added
to the abovementioned age-related anabolic resistance would
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Figure 10 Relationship between muscle protein synthesis (MPS) and breakdown (MPB) in different conditions, and potential factors that influence

this relationship.
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maximize the deleterious effects of disuse per se. Lastly,
disuse situations have also been reported to result in insulin
resistance (25, 81), which would contribute to a reduced post-
prandial anabolic response and might potentially increase
MPB during disuse situations (13). However, the effects of
insulin resistance on MPB remain unknown (242).

Interventions to prevent functional decline during
disuse situations

Different systematic reviews have concluded that exercise
interventions are feasible and effective for the improvement
of physical function in hospitalized elderly patients, with a
meta-analysis of 17 trials showing that inhospital exercise
programs improve functional status at discharge and reduce
the likelihood of admission to nursing homes and mortality in
geriatric patients (15). The inclusion of a simple intervention
such as walking can maintain prehospitalization mobility in
elderly individuals (mean age 75-80 years) (36, 209). How-
ever, the combination of walking together with strengthening
exercises seems to provide greater benefits on functional
ability (183, 259). Indeed, compared with usual hospital care,
the inclusion of a program consisting of walking and stretch-
ing/strengthening exercises (e.g., leg lifts/swings, toe/heel
raises) has been associated with a better ADL function at
one month postdischarge in patients aged approximately 80
years on average (259). Further, a recent clinical trial showed
that performing a multicomponent exercise program (com-
bining walking, balance, and resistance exercises) during
acute hospitalization (median duration of hospital stay of
approximately 5days) provided significant benefits in the
functional ability of oldest old patients (mean age 87 years)
during acute hospitalization (183).

Several physical interventions, including voluntary
exercise or passive methods in case volitional exercise is
not feasible, can be applied to prevent the functional decline
associated with common disuse situations in the elderly such
as hospitalization or bed rest (Figure 11) (284).

Resistance exercise training

RET is feasible in some disuse situations. A practical
RET intervention including “conventional” exercises (e.g.,
single/bilateral leg extension, plantar/dorsiflexion) proved
feasible during bed rest in elderly, acutely ill hospitalized
patients aged 82 years on average (180). [sometric exercises
(e.g., isometric leg press), which can be also performed
during bed rest by institutionalized/hospitalized elderly
patients, have proven effective for the prevention of mus-
cle mass and strength losses (7, 141). Similarly, dynamic
exercises (e.g., dynamic leg press) performed in bed are
effective to prevent loss of muscle mass and strength during
disuse periods (6, 8) and can attenuate the associated loss
of bone mineral density (256). In turn, simple exercises are
also feasible with elastic bands attached to the hospital bed,
which can result in high levels of muscle activity (289) and
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eventually in improvements of muscle strength and balance
in institutionalized elderly subjects (56, 197).

Aerobic exercise training

Although aging gradually decreases cardiorespiratory and
oxidative capacity (see above for details), disuse situations
elicit further, abrupt decreases (48). Notably, a longitudinal
study demonstrated that 3 weeks of bed rest lead to a greater
decline in VOy,qy than 30 years of aging (185).

Given the abovementioned AET benefits on oxidative
capacity and redox status, this training modality might reduce
some of the negative consequences of disuse. AET has indeed
proven to accelerate the recovery of functional capacity and
strength in both young (20-27 years) and older adults (60-75
years) with leg immobilization (288). AET may be performed
in hospital rooms or nursing homes with simple exercises
such as step-ups, leg/arm stationary cycling, or walking along
a corridor. In fact, a randomized controlled trial showed
that this type of exercise can improve the muscle strength
and functional capacity of critically ill adult patients [n =36
(mean age 57 years) and n =31 (56 years) in the control and
intervention group, respectively]. Performing AET in supine
position with a cycle ergometer or a treadmill placed in a
vertical position can avoid cardiovascular deterioration in
subjects submitted to 15 days of bed rest (296).

Blood flow restriction

Blood flow restriction (BFR), which is accomplished by
inflating a cuff around the proximal part of a limb to a pres-
sure that blocks venous blood return but not arterial inflow
into the muscle rises anabolic hormones as a result of an
increased metabolic stress (130, 276), ultimately facilitating
MPS (101, 297). Meta-analytic evidence supports the effec-
tiveness of BFR for increasing muscle mass and strength
in the general population (169, 262), and the combination
of low-load RET and BFR has proven effective for the
prevention of muscle loss and weakness after one month of
unilateral lower limb suspension in young/middle-aged adults
(aged 18-50 years) (64). For this reason, it has been proposed
that this strategy might also maximize training-induced
adaptations when high-intensity RET is not feasible, such as
in hospitalized/institutionalized elderly patients (284).

The combination of BFR and low-intensity exercise has
proven to stimulate anabolic signaling pathways and improve
muscle mass and strength in elderly subjects (100, 208, 300).
Moreover, similar muscle mass gains have been observed in
older individuals (~60-85 years) with high-intensity RET
alone compared to low-intensity RET performed with BFR
(286). Recent meta-analytical evidence shows indeed that
the combination of BFR together with low-intensity RET
(using elastic bands or weightlifting at <20% of 1RM, or
low-intensity AET) is more effective than low-intensity RET
alone for increasing muscle strength in clinical populations at
risk of muscle wasting, such as the elderly (127). In addition,
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Physical interventions to prevent disuse-induced adaptations. Abbreviations: BFR, blood flow restriction; NMES, neu-

romuscular electrical stimulation; Voo, peak oxygen consumption.

BFR combined with light AET (e.g., walking) improves
muscle size, strength, and functional ability in elderly people
(3) and also enhances vascular compliance in this population
(129, 208), which markedly decreases with aging and/or bed
rest (27). Thus, although more evidence is needed regard-
ing its effects in the oldest old, BFR in conjunction with
low-intensity exercise training (AET or RET) is an effective
strategy for attenuating muscle wasting and functional ability
in those situations in which high-intensity exercise is not
feasible.

Neuromuscular electrical stimulation

Neuromuscular electrical stimulation (NMES) generates
involuntary muscle contractions through the application
of high-intensity, intermittent electrical stimuli to skeletal
muscles and is able to stimulate the same signaling pathways
as those activated by voluntary exercise (12). In addition,

1296

electrically evoked contractions can activate corticomotor
pathways similar to those activated by voluntary exercise (28,
98). For these reasons, there is biological rationale to support
the use of NMES in those individuals who cannot perform
volitional exercise (176, 210).

NMES has proven to counteract age-related muscle and
functional decline in older people (144), with beneficial
effects on muscle strength and functional ability also reported
in prefrail and long-stay hospitalized people with a mean
age >82 years (178, 189). A recent systematic review con-
cluded that this strategy is effective for improving muscle
mass/strength in adults at risk of muscle weakness with
advanced disease (135). NMES has also proven beneficial
during disuse situations in the general population, by increas-
ing MPS while attenuating the loss of muscle mass, strength,
and oxidative enzymatic capacity during bed rest and limb
immobilization (80, 84). In addition, NMES has been reported
to attenuate the loss of muscle mass and strength in adults
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and elderly critically ill patients (177). Thus, there is growing
evidence that NMES might be potentially effective during
disuse situations, but further evidence is needed in oldest old
patients.

Vibration

Vibration [i.e., application of a mechanical oscillation to the
whole body (using a vibration platform) or some parts of it
(using smaller vibrating devices)] has been proposed as a
training modality with potential benefits in different clinical
populations, including the frail elderly (235). This strategy
promotes bone anabolism (241) and elicits involuntary mus-
cle contractions through the activation of stretch reflexes
(4, 87), which would make it useful during disuse situations.

Local vibration applied to the quadriceps muscles can help
to prevent age-related loss of muscular strength, as confirmed
in individuals aged 65 to 85 years (221). Moreover, per-
forming exercise in combination with whole-body vibration
(WBV) results in a higher increase in anabolic hormones
(e.g., IGF-1) in elderly subjects than the same exercise alone
(49). Moreover, WBV has proven safe, feasible, and effec-
tive for improving balance and mobility in nursing home
residents aged approximately 80 years (17), and different
systematic reviews and meta-analyses have concluded that
WBYV is effective to enhance muscle strength and balance
in the elderly (158, 238, 261). Meta-analytic evidence also
supports the role of this strategy for preventing bone loss in
the lumbar spine of elderly women (175, 207), and it has
been suggested that vibration might be more effective than
walking to improve balance and hip bone mineral density in
postmenopausal women (118). Thus, the vibratory stimulus
alone or especially in combination with volitional exercise
provides several benefits in the elderly. However, as most
studies have applied both stimuli synchronously, in some
cases it is difficult to discern the effects of vibration per se.
Some studies have analyzed whether the addition of vibration
to RET could provide additional benefits during immobiliza-
tion periods compared to immobilization alone, and although
the benefits on muscle mass are similar (192), the addition
of vibration might provide greater benefits in terms of bone
mineral density (21).

Conclusions

The oldest old are at high risk of intrinsic capacity decline
(e.g., physical and cognitive impairment) with subsequent
loss of independence. Age-related deterioration results from
several physiological changes at the multisystemic level
including endocrine, neuromuscular, metabolic, and car-
diorespiratory impairment. In this respect, physical exercise
provides multisystemic benefits and appears therefore as a
means to counteract, at least partly, age decline in the phys-
iological reserve of several systems/organs. Indeed, lifetime
physical exercise can help to preserve (or at least attenuate
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the loss of) many of the properties affected by aging (e.g.,
cardiorespiratory fitness, muscle mass and strength, func-
tional ability) and especially by inactive aging. Furthermore,
benefits can also be obtained in the oldest old, including those
who are frail, institutionalized, or hospitalized. Although
more research is needed in this specific population segment,
multicomponent exercise programs combining AET and RET
should be routinely included in the lifestyle of the oldest old,
particularly during disuse situations such as hospitalization.
Finally, although different passive physical strategies such
as NMES or vibration are available as a promising approach
when volitional exercise is not feasible, more evidence is still
needed to support their implementation.
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Results

Effects of lifelong exercise on aging-induced physical fitness decline

In order to assess the effect of lifelong exercise on aging-induced functional decline, we
compiled evidence on the VO2max Values reported in athletes across different ages (from
young up to centenarian athletes) compared to the age-matched general population. We
also reviewed the main physiological mechanisms underlying lifelong endurance exercise
benefits on age-related VO2max decline. We show that VOamax decreases with aging, but
lifelong physical exercise exerts a myriad of benefits (i.e., enhanced or at least preserved
levels of pulmonary/cardiovascular function, blood oxygen carrying capacity, skeletal
muscle capillary density and oxidative capacity) which in turn seem to attenuate the rate
of aging-related VVO2max decline. This narrative review was published in Sports Medicine
(impact factor: 7.583, position: 2/83, category: Sports medicine),> and a representative

scheme is available as Figure 2.

Trained older adult Untrained older adult
Pulmonary function

FEVi v
Gas exchange ¥

Cardiac function

Diastolic function |
Systolic function |
Stroke volume |
Cardiac output
HRmax ¥

Vascular function

Endothelial function ¥
Arterial stiffness *
Sympatholysis

Vasodilatory capacity v

02 transport capacity

Blood volume ¥
a-v 0. diff ¥
Hemoglobin v

( ) Muscle properties

p / \ . Capillary density +
o, e . . .
Oxidative capacity +

Figure 2. Summary of the physiological benefits of lifelong endurance exercise for the

prevention of aging-induced decline in physical fitness (maximum oxygen uptake).
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Abstract

Maximum oxygen consumption (VO,,.. ) is not only an indicator of endurance performance, but also a strong predictor of
cardiovascular disease and mortality. This physiological parameter is known to decrease with aging. In turn, physical exer-
cise might attenuate the rate of aging-related decline in VO, ., which in light of the global population aging is of major
clinical relevance, especially at advanced ages. In this narrative review, we summarize the evidence available from masters
athletes about the role of lifelong endurance exercise on aging-related VO,, ., decline, with examples of the highest VO,,..
values reported in the scientific literature for athletes across different ages (e.g., 35 ml-kg™'-min~"! in a centenarian cyclist).
These data suggest that a linear decrease in VO, . might be possible if physical exercise loads are kept consistently high
through the entire life span, with VO, . values remaining higher than those of the general population across all ages. We
also summarize the main physiological changes that occur with inactive aging at different system levels—pulmonary and
cardiovascular function, blood O, carrying capacity, skeletal muscle capillary density and oxidative capacity—and nega-
tively influence VO,,,., and review how lifelong exercise can attenuate or even prevent most—but apparently not all (e.g.,
maximum heart rate decline)—of them. In summary, although aging seems to be invariably associated with a progressive
decline in VO,, . , maintaining high levels of physical exercise along the life span slows the multi-systemic deterioration
that is commonly observed in inactive individuals, thereby attenuating age-related VO, decline.

Key Points

Masters athletes are considered a paradigm of healthy
aging because they are able to maintain high levels of
exercise at advanced ages and show remarkable physical/
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1 Introduction

Maximum oxygen consumption (VO,,,.), that is, the
maximum integrative ability of the organism to transfer
oxygen (O,) from the atmosphere to be utilized by the
mitochondria of working muscles [1], is widely consid-
ered the gold standard measurement of cardiorespiratory
fitness [2]. VO, is well known to decrease with aging
[3], and the rate of decline further accelerates at advanced
ages [4]. Besides being a main limiting factor of endur-
ance performance [1], VO,,,, is a strong cardiovascu-
lar and all-cause mortality predictor [5-7]. Moreover,
the exponential decline of physical fitness—including
VO,,.x~—that occurs with aging is a major contributor
to loss of functionality and frailty [8], with the latter
condition affecting one to two of every four individuals
aged > 85 years and thus being considered a major health
problem [9]. Thus, attenuation of aging-related VO,,,.
decline is of clinical relevance.

The age-related decrease in physical/physiological
function is currently exacerbated by the growing epidemic
of inactivity, with at least one of every four individuals
performing less than the minimum WHO-recommended
amount of physical activity (PA) (= 150 min per week of
moderate—vigorous PA, such as walking/brisk walking)
[10]. Maintaining high levels of PA through the life span
seems to be a necessary condition to attenuate the age-
and inactivity-related decline in physiological function
[11, 12]. Regular endurance exercise (e.g., running) is
probably the most effective strategy for enhancing or pre-
serving VO, levels over time, and there is evidence that
this strategy can be beneficial even at the most advanced
ages [13]. In this regard, masters endurance athletes (i.e.,
individuals > 40 years old who still actively participate in
sports competitions) have been proposed as a paradigm of
healthy aging because most are able to maintain high lev-
els of endurance exercise and show a remarkable physical
and physiological function compared to their sedentary
peers [14-16].

In this narrative review, we summarize the evidence
available on the impact of lifelong endurance exercise
as a countermeasure against age-related VO,,.,. decline,
supporting these benefits with cross-sectional data of the
highest VO,, .. values reported in athletes across different
ages compared to the age-matched general population. We
also review the main physiological mechanisms underlying
lifelong endurance exercise benefits on age-related VO,,,..
decline.

2 Lifelong Endurance Exercise
as a Countermeasure Against VO, ..
Decline: Epidemiological Evidence
in Masters Athletes

There are data supporting that endurance exercise levels
might modulate the relationship between aging and VO,
[17]. A classic study by Dehn and Bruce [18] reported that
trained individuals present with an attenuated age-related
decline in VO,,,,, compared to their untrained peers. There
is, however, controversy on this topic, with meta-analytical
evidence showing either no differences in VO,, .. decline
between endurance-trained and inactive men [19], or even
a greater decline in the former [20]. Other studies reported
that, although endurance-trained older adults had a higher
absolute (I-min~") and relative VO, (ml-kg™'-min~!) than
their inactive peers at any age, the rate of VO, decline
with aging (expressed in ml-kg~!-min~!-year™!, but not as
a %) was also greater in the former [21, 22]. However,
inactive individuals presented with a progressive reduction
in VO,,.x across all ages, whereas endurance-trained ath-
letes did not show this decline until a more advanced age
(~50 years) [22].

The relative reduction in PA levels with aging is greater
in trained than in untrained individuals, and this has been
proposed as one of the main factors underlying the dif-
ferences in the rate of VO, decline [14]. Several stud-
ies have proposed that the decrease in VO,,,,, with aging
is modulated by age-related decreases in training levels
[21-24]. For instance, in a longitudinal study of individuals
aged ~ 64 years, Katzel et al. [24] observed that those par-
ticipants who stopped training during the following ~9 years
lost on average 4.6% of VO,,,.. per year, whereas those who
maintained high levels of exercise during this period only
lost 0.3% per year. These findings are in line with classical
longitudinal studies reporting a greater VO, decline in
inactive older adults compared to masters endurance athletes
who had maintained their training levels during a follow-up
period [25, 26]. Thus, although performing physical exercise
during youth and adulthood might help to reach older ages
with a remarkable VO, . level compared to sedentary indi-
viduals, keeping exercise levels high later in life—including
at the most advanced ages—seems to be a necessary condi-
tion to attenuate the usual age-related VO,,.,, decline.

Confirming the benefits of exercise on VO, at
advanced ages, a recent study reported that individuals
aged ~72 to 74 years who had exercised regularly (~5 days/
week) over the past~ 52 years had a 44% higher VO, than
their inactive peers [27]. Trappe et al. [28] showed that even
at the most advanced ages (> 80 years) lifelong exercisers
(> 50 years of endurance exercise) presented with a mark-
edly higher VO,,,,, than their inactive counterparts (~38
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vs ~21 ml-kg~!-min~!, respectively). The research group of
Levine and co-workers has also consistently demonstrated
that older adults (> 65 years) who maintain high levels of
endurance exercise during 20-25 years or more attenuate
or even prevent the age-related VO, . decline compared
to those who remain inactive during an equivalent time
period [29-33]. Meta-analytical evidence has confirmed
that masters athletes (mean age > 55 years) have higher
VO,,.x Values than their inactive counterparts and similar
values to those of untrained healthy young controls [34, 35].
In this regard, there seems to be a dose—response relation-
ship between the levels of lifelong physical exercise (i.e., in
terms of intensity, volume, or frequency [number of weekly
sessions] of training) and the benefits on VO,,,,.. Carrick-
Ranson et al. [32] and Hieda et al. [33] found that those
individuals (mean age 68—71 years) who performed physical
exercise more frequently during the past 25 years (>4 to 5
sessions per week) had the highest VO,, .. values, whereas
no differences in VO, were found between inactive indi-
viduals and those who performed 2 to 3 sessions of exercise
per week. Thus, increasing training levels by manipulating
either training frequency or particularly training volume
(distance or time completed in each session) and/or intensity
(e.g., watts, speed) might be factors modulating the benefits
of lifelong exercise on VO,,,,, [36, 37].

3 VO,,,.x Records in Masters Athletes

Masters athletes of different ages present with a higher
VO,,.. than age-matched inactive individuals, which
supports the beneficial role of lifelong physical exercise
to attenuate the age-related VO,,,, decline at advanced
ages, particularly if physical training levels are kept con-
sistently high. As shown in Fig. 1, which displays the
highest VO,,,,, values found in the scientific literature
for athletes of different ages, lifelong endurance exer-
cise can result in VO, values 20-40% higher than the
95th percentile of the age-reference values provided by
the American College of Sports Medicine [38]. Levels of
VO, .. >90 ml-kg~"-min~! have been reported for some
young male elite athletes [39, 40], who probably present
with the highest VO,, ., values ever reported. In turn,
VO,,... levels well above the average reference values for
younger healthy individuals [38] have been reported for
runners aged 47-62 years (63-76 ml-kg~'-min~"!) [41-43]
and markedly high VO, ., levels can still be present in
older adults, as reflected by several studies reporting val-
ues between 50 and 59 ml-kg~!-min~"! for individuals aged
70-80 years [41, 42, 44, 45]. Of note, a remarkably high
VO,, .. value of 42.3 ml-kg!-min~! has been recently
reported in an 83-year old female masters athlete, the
highest value ever recorded for women older than 80 years

100 +
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Fig.1 Highest maximum oxygen consumption (VO,,,.) val-
ues reported in the scientific literature for athletes of different ages
(black circles). The solid line represents the 50th percentile of VO,
according to the normative values provided by the American Col-
lege of Sports Medicine [38], and the dotted lines represent the 5th
and 95th percentiles. As reference values were only available up to
the age of 65-75 years, reference values from that age were estimated
through linear extrapolation. VO,,,,, individual data were obtained
from the following references [28, 3945, 47, 136]

[46]. Moreover, VO, values of 37 ml-kg™!-min~"! and

35 ml-kg~!-min~!, which correspond to the expected value
for individuals aged 35-45 years [38], have been reported
during cycle-ergometer testing in endurance athletes aged
91 and 103 years, respectively [28, 47].

It is traditionally believed that an exponential decline
in physical/physiological function occurs with aging, par-
ticularly after 70-80 years of age (known as ‘break point’)
[15]. For instance, longitudinal data from the masters ath-
lete Ed Whitlock (first person > 70 years old to run a sub
3-h marathon) suggests that despite having an estimated
VO,,,.. value of ~50 ml-kg~!-min~" at 80 years, he showed
an accelerated decline in running performance after age
80 (he died at age 86 from prostate cancer) [48]. How-
ever, the values presented in Fig. 1 suggest that a linear
decline in VO, with aging is theoretically possible even
at the most advanced ages (e.g., 100 years). Indeed, when
trying to fit these VO,, .. values to an exponential and a
linear function, the resulting fit is worse for the former
(R*=0.96 vs 0.99, respectively). The possible existence
of a linear decline in VO,,,,, with aging has also been
inferred by the authors of a cross-sectional study per-
formed in highly active individuals (cyclists) aged up to
79 years [49]. Interestingly, if our data were fitted with an
exponential equation the results would suggest a greater
decline at younger ages than at advanced ones, which is
in contrast to what is traditionally thought [15]. In this
line, cross-sectional VO, values from more than 4000
individuals aged between 20 and 79 years showed a VO,, .
decline of 10% per decade [50], which would result in an
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exponential decline in this parameter when expressed in
absolute values (l-min_l). Further research is, however,
needed to confirm if the aforementioned rate of decline
is observed in later years of life (i.e., above age 80). The
trend observed in VO, . records reported here also sug-
gests a faster decline in masters athletes than in the gen-
eral population (at least when compared with normative
values). It remains to be elucidated whether an eventual
faster aging-related VO,,,,, decline in masters athletes
compared to inactive people is caused by greater relative
reductions in exercise levels over time in the former—as
some longitudinal studies have proposed [21, 23, 24] —or
alternatively, to a greater relative physiological deteriora-
tion independent of training status.

It must be noted that our analysis has some limitations, as
it is cross-sectional, based on a thorough but not systematic
search, and does not take into account several potential con-
founding factors (e.g., socio-economic status, or presence
of diseases that aggravate physiological decline). Although
VO,,,.. levels might show a theoretical linear decline with
aging, there is no evidence from longitudinal studies to sup-
port that the occurrence of an age-related ‘break point’ in
VO,,,.x can be actually prevented with regular exercise, par-
ticularly at the most advanced ages. Moreover, the paucity
of longitudinal studies hinders drawing solid conclusions
on how does lifelong exercise actually modulate the inher-
ent age-related decline in VO,, . . In this regard, it may be
hypothesized that masters athletes already had high VO,,,.
values at baseline (i.e., before engaging in training), or that
they have a higher responsiveness or lower sensitivity to
training and inactivity, respectively, compared to the gen-
eral population. In this context, a recent case study showed
that a 59-year-old world record marathon holder for his age
group (and former Olympic-class runner) had retained a very
high VO, value, 65.4 ml-kg™"-min~'—which is in fact, the
highest known for his age—despite a 16-year break in train-
ing after he retired from competition at 32 years old [43].
It has been however reported that keeping exercise levels
high is overall necessary to reduce the rate of age-related
VO, decline [21, 23, 24]. Also noteworthy is that, even
in the case of a linear decline in VO, with aging, a more
abrupt decline might still be found in other variables (e.g.,
muscle mass or strength) at advanced ages, which would
lead to an exponential decline in overall physical perfor-
mance. Notwithstanding, the present results suggest that the
‘break point’ in VO, .. might be, at least partly, delayed if
physical exercise loads are kept high across all ages, thereby
reducing the risk of having very poor VO,, .. levels at the
end of the life span.

Besides the controversial issue of the actual influence of
genetics on VO, . trainability [51-53], there are several
‘modifiable’ physiological mechanisms by which lifelong
physical exercise might attenuate the normal age-related

VO,,.x decline. As reviewed by Wagner [54], the O, path-
way from the atmosphere to the mitochondria includes sev-
eral steps (known as the ‘oxygen transport cascade’): con-
vective O, transport from air to lung, diffusive O, transport
from lung to blood, convective O, transport in blood from
lungs to muscle, and O, diffusion from the microcirculation
to the tissues and particularly to the mitochondria. In the
following section, we will briefly discuss the main physi-
ological systems/factors involved in the different steps of the
0, transport cascade and thus ultimately influencing VO,
how they are affected by the aging process, and the benefi-
cial effects of lifelong exercise (Fig. 2).

4 Physiological Factors Mediating Lifelong
Exercise BenefitsonVO,, ..

4.1 Pulmonary Function
4.1.1 Aging Effects

The convective transport of O, from the atmosphere to
the lung is mostly mediated by pulmonary function. The
latter becomes progressively compromised with aging
[55, 56]. An increase in chest wall stiffness together
with an impaired strength of ventilatory muscles result
in decreased dynamic lung volumes (e.g., as assessed
through the forced expiratory volume in one second
[FEV,]) [57]. Aging also results in a progressive decline
in the arterial partial pressure of O, due to age-induced
ventilation-perfusion mismatch [58], with the alveolar sur-
face area decreasing due to alterations in the lung internal
geometry [59]. The aforementioned age-induced changes
impair maximal ventilatory capacity and pulmonary gas
exchange, and thus can also affect VO,,,,, [60]. Although
pulmonary function is not widely considered a major limit-
ing factor of VO,,,,, in healthy young individuals, a com-
promised pulmonary function seems to be associated, at
least partly, with an impaired VO,,,,,. Some authors have
reported a relationship between VO, and pulmonary
function—as measured by FEV,—but just until a given
threshold value above which pulmonary function does not
seem to limit VO, .. anymore [61]. It is important to note,
however, that the identified threshold values were within
the normal limits of lung function for elders, which sug-
gests that pulmonary function might be a limiting factor
of VO,,... in healthy older adults. A recent study reported
that FEV, values might affect VO, .. even in healthy
young and middle-aged individuals, with both variables
being positively associated in subjects with FEV, values
above the lower limit of normality [62]. Of note, the rea-
son why an aging-related reduction in FEV | might partly
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Fig.2 Effects of aging on the factors affecting maximal oxygen con-
sumption in lifelong exercisers and in untrained individuals. Images
in circles represent increased fibrosis at the cardiac level and reduced
hemoglobin levels, muscle capillary density and oxidative capacity
in untrained individuals, all of which are at least partly attenuated by

contribute to also reduce VO, values could be that it can
reflect mechanical constraints—i.e., the lungs lose elastic
recoil, the thorax wall gets stiffer and more restricted—to
maximal ventilation capacity during exertion [62]. In turn,
because maximal pulmonary ventilation, together with the
difference between inspired and expired fractional O,, is
the main factor in the computation of VO, .. by metabolic
carts, even small changes in this variable can affect the
final VO,,,,, value.

Some studies have used oxygen—helium mixture (HeO,
or ‘heliox’) to reduce the resistive load against ventilation
during exercise, which could potentially enhance pulmo-
nary function—and thus theoretically improve VO,, ...
In sedentary older adults, breathing heliox increased the
ventilatory response to maximal exercise and tidal volume
compared to breathing room air, and this was accompanied
by a slight increase in performance (time to exhaustion)
during incremental exercise [63]. The same ventilatory
responses have been observed in trained older adults and
young individuals, but without performance benefits [64,
65]. It must be noted, however, that none of the afore-
mentioned studies assessed changes in VO, and thus
it remains unknown whether reductions in pulmonary

Cardiac function

Diastolic function |,
Systolic function {
Stroke volume |
Cardiac output |,

HRmax ¥

lifelong endurance exercise. a-v O, diff arteriovenous oxygen differ-
ence, HR,,,, maximum heart rate, FEV, forced expiratory volume in
1 s. Arrows indicate increments (1) or reductions (|) with lifelong
exercise or sedentary behaviors. ? indicates that no consistent benefits
of lifelong exercise have been reported

resistive loads can eventually improve VO, ... However,
evidence to date overall suggests that pulmonary function
might be a limiting factor of VO, , at least in those indi-
viduals in which the former is compromised.

4.1.2 Training Effects

Although there is scarce evidence on the effectiveness of
exercise training interventions to prevent the age-related
decline in pulmonary function [66], some studies have
shown that high levels of endurance exercise can partly
attenuate this decline. A recent study in two monozygotic
twins aged 52 years found that, although one of them had
performed endurance training for more than 30 years and
had aVO,, .. ~30% higher compared to his inactive brother,
no differences were found in pulmonary function [67]. How-
ever, it can be argued that these individuals were not old
enough to show age-related deteriorations in pulmonary
function. Johnson et al. [68] observed that fit older adults
aged 63-77 years (VO,,,,, of ~44 ml-kg~"-min~" and a train-
ing frequency > 2 times per week) presented with values of
vital capacity, total lung capacity, and maximal voluntary
ventilation that were 110% of those predicted for their age
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and height. Yet, a longitudinal study performed in highly
active individuals aged 67-73 years found that lifelong exer-
cise training did not prevent the decline in resting lung vol-
umes and FEV, that accompany the normal aging process
[69]. However, the latter data were not compared with those
of a control group of age-matched inactive subjects.

In turn, a cross-sectional association between PA lev-
els and pulmonary function—as measured by FEV ,—has
been found in individuals aged 45-74 years [70]. Moreover,
higher levels of vigorous PA were associated with a lower
annual relative decline in FEV, during a subsequent follow-
up [70]. Pelkonen et al. [71] observed in individuals aged
40-59 years that those who performed the highest levels of
PA during a 25-year follow-up lost less pulmonary function
than those who remained less active. More recent research
has shown that, although age was inversely associated with
pulmonary function in both masters athletes (35-86 years)
and age-matched inactive controls, the former had a 9%
higher FEV, [72]. However, these results were not explained
by differences in maximal ventilatory pressure (i.e., ven-
tilatory muscle strength), which suggests that other ‘non-
muscular’ factors might account for the better pulmonary
function observed in masters athletes. Thus, maintaining
high levels of physical exercise in the long-term appears
to overall attenuate—albeit not prevent—the expected age-
related decline in pulmonary function, which in turn would
have a beneficial effect on VO,,.,.. In this regard, however,
it must be noted that exercise-induced arterial hypoxemia
(EIAH), which is overall rare in older adults [73], is quite
prevalent among not only elite masters athletes [74] but also
older adults with very high cardiorespiratory fitness [69].
Together with other factors (such as aging-induced reduc-
tion in capillary blood volume or perfusion heterogeneity),
relative alveolar hypoventilation is a potential contributing
factor for very fit old individuals [73, 74].

4.1.3 Key Areas Where More Information is Needed

The relationship between pulmonary function and VO,,,.
in healthy individuals remains unclear, and future studies
should confirm if the reductions observed with aging in the
former can negatively influence VO,,,., especially in those
in whom pulmonary function deterioration does not reach
pathological limits. Assessing the effects of specific venti-
latory muscle training—which has been proven to increase
inspiratory muscle function in older adults [75] —on EIAH
and VO,, ., could shed some light on this topic. Evidence
is also still warranted to elucidate the effects of lifelong
physical exercise on pulmonary function, particularly at the
most advanced ages. In this regard, even centenarian athletes
might improve their pulmonary function (maximal ventila-
tion, respiratory frequency and tidal volume) and VO,,,.
with proper training [47]. Thus, although previous studies

have suggested that some degree of deterioration in pulmo-
nary function is inevitable with aging, future research should
assess if factors such as training frequency or intensity can
influence the benefits of physical exercise on pulmonary
function, with higher training loads potentially preventing
pulmonary functional decline.

4.2 Cardiovascular System
4.2.1 Aging Effects

Together with pulmonary function, the cardiovascular
system and particularly maximal cardiac output (Omax)
has been traditionally proposed as one of the major limit-
ing factors of VO, [76]. The two factors that determine
Omax are maximum stroke volume (SV,,,,) and heart rate
(HR,,,,), and although some controversy exists, SV .. is
usually viewed as the main limiting factor of VO, , at least
in healthy young individuals [77].

Several age-related changes at the cardiovascular level can
explain, at least partly, the aging decline in VO, [55, 78].
With regard to cardiac structural changes, aging is associated
with increases in left ventricular (LV) wall thickness, which
results from an accumulation of interstitial connective tissue
and amyloid deposits as well as from myocyte hypertrophy
(albeit there is also a progressive loss in their number, par-
ticularly in the sinoatrial node) [78]. These changes result in
lower LV compliance and end-diastolic filling compared to
younger individuals, which in turn reduce SV, [29, 79].
On the other hand, aging is associated with a reduction in
HR, ., which seems to be the consequence of an impaired
B-adrenergic responsiveness and neurodegeneration [80].
Although as mentioned above SV, is usually identified as
the main limiting factor of VO,,,,, at the heart level, a reduc-
tion in HR,,, could also potentially reduce Qpax and conse-
quently VO,, .. [3]. Aging is also associated with increases
in fibrosis and calcification of the cardiac valves, stiffness of
peripheral and central arteries, and the number of sites for
lipid deposition at the vascular level, which leads to a reduced
laminar blood flow and thus to a lower O, supply to other tis-
sues (e.g., contracting muscles) [78, 81]. Moreover, in young
individuals the increased sympathetic vasoconstrictor activ-
ity that occurs with exercise is counteracted (a phenomenon
known as functional ‘sympatholysis’) to redistribute blood
flow to contracting muscles [82]. By contrast, older adults
have a reduced vasodilatory capacity and an impaired func-
tional sympatholysis during exercise, which might compro-
mise O, supply and reduce VO, [83]. It has been recently
reported that the impaired vasodilatory capacity and func-
tional sympatholysis observed in the older people might be
due, at least partly, to a reduction in the deformability of red
blood cells, which is associated with an impaired release of

max
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ATP—a vasoactive molecule that stimulates vasodilatation—
in response to hemoglobin deoxygenation [84].

4.2.2 Training Effects

There is strong evidence that lifelong exercise can attenuate
the age-related deterioration of many of the cardiovascular
properties that influence VO,,,.. Meta-analytical evidence
shows that masters athletes (mean age > 55 years) present
with Opax Vvalues that are higher than those of non-athletes
of similar age and similar to those of young healthy con-
trols [35]. Some authors have reported that masters athletes
aged 68—70 years present with a preserved LV compliance,
diastolic function (i.e., myocardial filling and relaxation)
and SV compared to age-matched inactive peers, with these
variables being similar to those of young healthy controls
[29, 30]. Howden et al. [85] recently reported that, although
there were no age- or training-related differences in LV ejec-
tion fraction, older adults (~ 68 years) who had performed
lifelong endurance exercise showed a preserved LV systolic
longitudinal strain (a marker of systolic function) compared
to their inactive peers. Interestingly, these differences dis-
appeared when variations in LV end-diastolic volume were
taken into account, which suggests that lifelong exercise pre-
vents the normal age-related reduction in LV systolic func-
tion by improving LV diastolic filling [85].

Although lifelong endurance exercise is overall beneficial
to attenuate the decline in LV compliance and diastolic func-
tion, research has demonstrated that there is a dose—response
relationship—and a threshold—for these benefits. Bhella
et al. [31] observed that those older adults (> 64 years)
who had exercised more frequently during the past 25 years
(i.e., >4 to 5 sessions/week) showed a higher LV compliance
and distensibility than their inactive peers. Interestingly, no
differences in LV compliance and distensibility were found
between individuals who had exercised less frequently (<3
sessions per week) and the inactive group, but VO, values
rose linearly with increasing exercise frequency [31]. The
same research group showed that those who had performed
4-5 sessions/week during the past 25 years—but not those
who had exercised <3 times per week—presented with a
more favorable ventricular-arterial coupling (i.e., dynamic
Starling mechanism) and a higher LV end-diastolic volume,
SV .x 20d O ax than those who had remained inactive [32,
33]. Following the same trend, only those subjects who had
exercised >4 times per week showed a higher VO,,,. than
their sedentary counterparts [32].

In contrast to its aforementioned benefits on LV com-
pliance, lifelong exercise does not appear to counteract
the decline in HR,, that typically accompanies the aging
process. For instance, Heath et al. [42] suggested that age-
related reductions in HR,, were the factor mediating the
differences in VO, between trained endurance masters

athletes and young athletes; indeed, both groups presented
with similar values of LV volume and mass (both being
larger than in untrained individuals) but an age-related
reduction in HR,, was observed in the former. Similarly,
Hagberg et al. [86] found that although trained masters ath-
letes presented with a preserved SV, ., compared to young
competitive athletes, the Qyax and thus the VO,,,. of the
former were lower due to areduced HR,, (with a reduction
rate similar to that of their inactive counterparts). Research
in masters athletes has shown that HR . decreases with
aging regardless of training volume, although this reduction
does not seem to be related to the change in VO, [87].
Carrick-Ranson et al. [32] also observed no differences in
HR,,, between masters athletes who had performed lifelong
exercise (> 25 years with 4-5 sessions/week) and inactive
individuals. Nybo et al. [88] observed a yearly reduction in
HR, . of ~ 1 beat-min~! in an Olympic athlete who was fol-
lowed for 20 years since he was a 19-year-old. However, this
reduction in HR,,, was compensated for by a proportional
increase in O, pulse (i.e., the ratio of VO, (mL-min™")
to HR,,,, (beats-min~") which expresses the volume of O,
ejected from the ventricles with each cardiac beat) at maxi-
mal intensities, resulting in a steady VO, and performance
level [88]. Thus, exercise does not seem to exert an influence
on the HR . decrease that commonly occurs with aging.
On the other hand, lifelong physical exercise can pre-
vent the age-related decline in endothelial function. Some
authors have found that trained older adults had an impaired
endothelial function compared to their younger counterparts.
Proctor et al. [89] observed a lower leg blood flow and vas-
cular conductance during exercise in trained older adults
(55-68 years) with ~ 18 years of experience in endurance
exercise (~6 h per week) compared to young trained individ-
uals. However, the authors did not assess an additional group
of inactive older adults. In this regard, several studies have
found that although aging is associated with an increased
arterial stiffness, those individuals who perform lifelong
exercise present with a lower arterial stiffness and a more
preserved endothelium flow-mediated dilation compared to
their inactive peers, both being markers related to VO,,,.
[81, 90]. The aforementioned benefits are supported by meta-
analytical evidence that masters athletes present with an
increased flow-mediated dilation compared to age-matched
controls [91]. Shibata et al. [92] recently reported in indi-
viduals aged > 60 years that those who had trained >4 to 5
sessions/week at high intensities during the last> 25 years—
but not those who had trained less—had a lower central arte-
rial stiffness than their inactive counterparts, although lower
training doses (2-3 sessions/week) were enough to observe
benefits in carotid artery stiffness and central blood pressure
[92]. Moreover, Mortensen et al. [83] showed that lifelong
endurance exercise (> 5 h of training per week during the last
30 years in individuals aged ~ 66 years) preserved functional
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sympatholysis and attenuated the age-related deterioration
in endothelial function and vasodilatory capacity, which
could result in an improved blood flow and O, supply to
working muscles. Groot et al. [93] observed that older adults
(mean age of 71-72 years) who performed more than either
30 or 60 min/day of moderate-vigorous PA, respectively,
had a preserved vasodilatory capacity compared with their
sedentary age-matched controls. Moreover, the VO, of
both active groups was higher compared not only to their
sedentary age-matched peers but also to a group of sedentary
young subjects [93]. In line with these benefits on vasodila-
tory capacity, it has been reported that the bioavailability
of nitric oxide is reduced in inactive older adults whereas
lifelong exercise prevents this aging-induced change [94].
In summary, lifelong exercise attenuates the degeneration
that occurs in inactive people with aging at both cardiac
and vascular level, with subsequent benefits in O, supply
and VO,,,,.. However, lifelong exercise does not seem to
attenuate the normal age-reduction in HR ..

4.2.3 Key Areas Where More Information is Needed

Evidence on the benefits of lifelong endurance training on
SV hax and vascular health is quite clear, suggesting that it
may attenuate or even prevent the deterioration in LV dias-
tolic filling, LV systolic function, and endothelial function
provided a sufficient training frequency/load is applied.
There is, however, scarce evidence on whether these benefi-
cial effects are also present at advanced ages (e.g., in those
aged 80-85 years and above). There is also controversy on
the influence of HR,, on VO, ., with some studies in
young subjects suggesting that the former is not a limiting
factor [95] while others conducted in older individuals sug-
gesting that the age-related reduction in HR,, is the main
factor mediating the corresponding VO, decline [42, 86].
In this regard, by replicating the protocol of Munch et al. in
older adults [95] it could be analyzed whether increasing
HR,,.. above physiological values via atrial pacing could
help to increase VO,, .., which would shed some light on the
actual role of HR,,, on VO, in this population.

4.3 Blood Characteristics and Oxygen Carrying

Capacity

43.1 Aging Effects

Convective O, transport in blood from lungs to muscles is
another major step in the oxygen transport cascade. The abil-
ity to carry O, to working muscles, which is mostly medi-
ated by the hemoglobin concentration of the blood, plays
a major role in VO, . . Reductions (e.g., in blood donors
or anemic patients) or increases (e.g., blood transfusion) in
hemoglobin concentration result in an almost proportional

change in VO, [96, 97]. Changes in total hemoglobin
mass have been suggested to influence VO,,,,, through an
increase in the O, carrying capacity of the blood, but also
through the associated rise in blood volume and subsequent
increase in Opax [97]. On the other hand, aging is inversely
associated with hemoglobin levels [98], and indeed there is
a high prevalence (>20%) of anemia among older adults,
particularly in the ‘oldest old’ [99]. Although the causes
of anemia are multifactorial, iron deficiency, renal insuf-
ficiency, chronic inflammation and drug interactions have
been proposed as potential factors for impaired erythropoie-
sis with aging [99].

4.3.2 Training Effects

Controversy exists regarding the effects of exercise training
on blood O, carrying capacity, and the evidence available on
its effects in older adults is scarce. However, considering the
existing evidence in healthy younger adults, physical exer-
cise might also improve O, carrying capacity at advanced
ages. Exercise training interventions have been reported to
stimulate erythropoiesis, reticulocytosis and blood volume
expansion in young individuals—mainly because of an
increased plasma volume—and although hemoglobin con-
centration decreases during training due to hemodilution,
total hemoglobin mass increases [100]. Later studies have
also reported increases in total hemoglobin mass, red blood
cell count and total blood volume with endurance training
both at sea level and at altitude in young subjects [101].

On the other hand, it can be hypothesized that lifelong
physical exercise might be indirectly beneficial for O, sup-
ply in older adults by virtue of its protective effects against
chronic inflammation and oxidative stress, both of which are
prevalent among inactive older adults (a phenomenon known
as ‘inflammaging’) [102] and can negatively affect eryth-
ropoiesis [99]. Chronic physical exercise has indeed been
proven to attenuate systemic inflammation in older adults,
as reflected by decreases in pro-inflammatory markers such
as interleukin-6 and C-reactive protein [103]. Although the
mechanisms underlying the relationship between inflamma-
tion and anemia remain to be elucidated, it has been pro-
posed that excessive levels of inflammation might reduce
erythropoietin release, the sensitivity to this hormone, and
consequently the proliferation and differentiation of eryth-
roid precursors, also promoting hepcidin synthesis (which
reduces iron absorption) and decreasing erythrocyte survival
[104, 105].

4.3.3 Key Areas Where More Information is Needed

Although there is biological rationale to support a poten-
tial beneficial effect of lifelong endurance training on O,
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carrying capacity, longitudinal studies similar to those ana-
lyzing the effects at the cardiovascular level are needed. The
documented benefits of endurance exercise training on the
hemoglobin mass of young healthy subjects must be cor-
roborated in older people, and particularly in the oldest old,
who have an increased risk of anemia [99].

4.4 Muscle Capillary Density and Aerobic Enzyme
Activity

4.4.1 Aging Effects

Once in the muscle, the ability to extract O, (i.e., diffusive
O, transport from blood to mitochondria) and to be utilized
by mitochondria has been suggested to be the last but essen-
tial step for an optimal cardiorespiratory capacity [106]. In
this respect, aging is associated with a reduced muscle capil-
lary density [107] as well as with an impaired mitochondrial
biogenesis and function [108]. Coley et al. [109] observed
that the reduction in muscle oxidative capacity—as reflected
by an impaired recovery of muscle creatine phosphate con-
tent after exercise—in older adults occurred along with a
reduction in the muscle mitochondrial content and oxidative
capacity. A reduced local blood flow to contracting muscles
was also observed in older adults compared to their younger
counterparts, which seems to be partly due to functional
impairments in microvascularization [110, 111]. Classical
studies reported a relationship between muscle capillary
density, mitochondrial density and ‘relative’ VO, (i.e.,
expressed relative to body mass, in ml-kg™!-min~!) [112,
113], with increases in the latter occurring along with an
enhanced capillary density and oxidative enzyme activity
[113, 114]. More recently there has been debate on whether
the diffusion rate of O, from micro-vessels into skeletal
muscle is actually a limiting factor of VO, [115, 116].
Gifford et al. [117] suggested that among untrained individu-
als VO,,,,, would be limited by mitochondrial O, demand
whereas among trained individuals VO, would be lim-
ited by O, supply despite the presence of a larger mitochon-
drial respiratory reserve capacity [117]. It has been how-
ever recently reported that muscle oxidative capacity was
strongly related to relative VO, in individuals with a wide
range of VO,,,, values (from 9.8 to 79.0 ml-kg~'-min™"),
including both trained individuals and patients with chronic
heart failure [118]. In the same line, Esposito et al. observed
that improvements in muscle capillary density and mito-
chondrial density lead to an increased VO,,,,, in patients
with low physical fitness even in the absence of changes
in Omax- [119]. Other authors have found a relationship
between muscle oxidative capacity—as assessed through
the determination of mitochondrial volume density and cit-
rate synthase activity-, and relative (ml-kg~'-min~") but not
‘absolute’ (I-min~') VO, . [120, 121]. Thus, the delivery

of O, to skeletal muscle and its utilization by muscle mito-
chondria should perhaps be viewed as an integrated system,
with changes in any step potentially affecting the function of
the others [122]. For instance, it has been recently reported
that the reductions in VO,,, observed with aging are asso-
ciated with a reduction in muscle oxidative capacity, but
this association seemed to be mediated by the level of rest-
ing muscle perfusion [123]. Layec et al. observed that in
sedentary older adults ischemic exercise-induced reactive
hyperemia resulted in a greater muscle capillary blood flow
and convective O, delivery, which led to an improved tissue
oxygenation and mitochondrial function [124]. These find-
ings were in line with those reported by Wray et al., who
observed that increasing muscle perfusion in elderly sub-
jects through the ingestion of an antioxidant cocktail led to
a concomitant increase in muscle oxidative capacity [125].
Of note, no improvements in muscle perfusion or muscle
oxidative capacity were observed in young subjects [125].
Thus, impairments in both muscle oxidative capacity and
muscle perfusion together with a potential deterioration of
previous steps in the O, transport cascade seem to play a role
in age-related VO,,,,, reductions [123]. Particularly, these
impairments at the muscle level would result in a reduced
arteriovenous O, difference (a-vO,diff) with aging and con-
sequently a lower extraction and utilization of O, by the
muscle tissue [126, 127].

4.4.2 Training Effects

Endurance exercise has been reported to increase muscle
capillary density and oxidative enzymatic activity [114].
Although there are many overlapping pathways involved in
these benefits, a key player is the peroxisome proliferator
activated receptor y coactivator 1o (commonly abbreviated
as ‘PGC-1a’), which promotes mitochondrial biogenesis
[128, 129], together with increases in the levels of vascular
endothelial growth factor, a signal protein that stimulates
angiogenesis [130]. Moreover, lifelong exercise can help to
prevent the reduction in muscle capillary density and oxi-
dative capacity that occurs with aging in inactive people.
Iversen et al. [131] observed that trained older adults aged
65-75 years who had been engaged in endurance sports
for the last 20-50 years had a 40% higher muscle oxidative
enzymatic activity and 27% higher muscle capillarization
than their untrained counterparts. In line with the aforemen-
tioned findings, a recent study [27] showed that older adults
aged ~72 to 74 years who had performed lifelong exercise
(~5 days/week during the previous~ 52 years) had similar
levels of muscle capillarization and aerobic enzyme activity
in the vastus lateralis to trained individuals aged ~ 25 years
(which in turn were 20-90% greater than those of inactive
older adults). Other authors also reported a very minor
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degree of age-related decline in muscle properties (including
mitochondrial protein content) in cyclists aged 55-79 years
who had been training for the last~26 years, although a
small inverse relationship was found between aging and
capillary density in male, but not female, subjects [132];
of note, capillary density was related to training volume in
both female and male participants. The benefits of lifelong
physical exercise on muscle oxidative capacity seem to be
present even at the most advanced ages, as reflected by the
42-54% higher activity of muscle oxidative enzymes found
in octogenarian athletes who had performed endurance exer-
cise for > 50 years compared to an age-matched group of
inactive individuals [28].

The abovementioned training benefits on muscle capillary
density and muscle oxidative capacity would overall result in
an attenuated decline of a-vO,diff with aging. Some studies
have indeed reported a higher a-vO,diff in endurance-trained
older adults than in their sedentary counterparts, with the
former in fact presenting similar values to those of young
individuals [32, 127]. For instance, Carrick-Ranson et al.
observed that subjects aged ~ 68 years who had performed
endurance exercise regularly during the previous 25 years—
and in fact even those doing less than 3 sessions/week—
showed a higher a-vO,diff than those who had remained
inactive during an equivalent time period [32]. Thus, life-
long exercise helps to prevent the age-related deterioration
in skeletal muscle capillary density and oxidative capacity,
which would result in an enhanced extraction and utilization
of O,, and consequently in an improved VO, ...

4.4.3 Key Areas Where More Information is Needed

Lifelong endurance exercise seems effective to prevent or
at least attenuate the age-related decline in muscle capillary
density and oxidative capacity. However, as with other fac-
tors affecting VO,,,,., evidence is lacking on whether these
benefits are also present at the most advanced ages. Moreo-
ver, despite the potential important role of capillary den-
sity and oxidative capacity in VO, as the last step of the
oxygen transport cascade, some debate has been raised on
the actual influence of these factors [115]. In this respect, a
systematic review of 70 studies found that relative increases
in VO,,,,, with training were overall associated with the
changes observed in muscle oxidative capacity [121]. This
association, however, was not significant when analyzing
older subjects separately, which suggests that there might
be other confounding factors (e.g., impairments in previous
steps of the O, transport cascade) affecting VO, in old
people [121].

5 Limitations and Perspectives

The evidence about the benefits of exercise at the most
advanced ages (> 80 years) is rather scarce. Although anec-
dotal data in very old masters athletes would indicate that
it is possible to retain a remarkable physical function with
proper physical training, these preliminary findings should
be confirmed in adequately-powered studies with large
cohorts—including also non-athletes in order to assess gen-
eralizability to the general population. On the other hand,
further research is needed to elucidate the main training-
related variables driving exercise benefits on VO, . . Indeed,
most reports refer to training frequency (i.e., days per week)
as a modulator of these benefits, but other less studied vari-
ables such as training volume or intensity are likely to play a
major role. Of note is also the fact that we have consistently
used the term VO, throughout our review even though a
less valid surrogate, peak oxygen uptake (VOzpeak, that is, the
peak value of VO, recorded during maximal exercise testing
even when an actual plateau in VO, values or other criteria
of maximality were not fulfilled) was the parameter that was
actually reported in numerous studies discussed here. Using
VO, peq might lead to an underestimation of actual VO,
values in some individuals, particularly those who are naive
to the test, less motivated, or who are less fit (such as, e.g.,
patient populations) [133]. Future studies should optimize
methodological procedures to ensure an appropriate assess-
ment of VO,

Finally, the bulk of scientific evidence in the field comes
from studies conducted in men only. Preliminary evidence
suggests that oldest old women can also retain high VO,
levels with lifelong exercise training [46]. Women usually
present with lower values of relative and absolute VO,, ..
than men [134], and although they might also show some
different physiological adaptations (e.g., lower rates of
increase in cardiac mass, SV, or VO,,... after one year
of endurance training) [135], evidence suggests that the
age-related reduction in VO, observed in women is also
modulated by reductions in training volume [21]. Research
is nevertheless warranted to determine potential between-sex
differences in the effects of lifelong exercise on the age-
related VO, ., decline.

6 Conclusions

Although aging has been traditionally associated with an
exponential decline in VO, and overall physical function,
this association might be confounded by many factors, nota-
bly the increasingly inactive lifestyle that often accompanies
the aging process in the general population. Although more
longitudinal studies are needed, particularly in non-athletes,
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current data from masters athletes suggest that the rate of
age-related decline in VO,,,, might be modulated by the
amount of physical exercise performed over life, with higher
levels exerting a marked protective function against the ulti-
mately inevitable aging-induced deterioration in most of the
physiological mechanisms that influence VO, ., (i.e., pul-
monary and cardiovascular function, blood oxygen trans-
port capacity, skeletal muscle capillary density and oxida-
tive capacity) (Fig. 2). Future longitudinal studies should,
however, confirm this hypothesis as well as the actual role of
age-related, non-pathological reductions in some physiologi-
cal factors (e.g., pulmonary function and HR,,,) in VO,, ..
decline. Overall, given the clinical importance of reaching
an advanced age with a preserved functional capacity, the
evidence available supports the need for maintaining high
levels of physical exercise across all ages, including at an
advanced age.
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Results

Physical strategies for the prevention of disuse-induced functional decline in older adults
With the aim of examining the effectiveness of different physical strategies — including
voluntary exercise and other potential passive alternatives for patients unable to voluntary
exercise — in preventing disuse-induced functional decline in older adults, we performed
a narrative review that was published in Ageing Research Reviews (impact factor: 10.390,
position: position 2/53, category: Geriatrics).>* A summary of the physical strategies that
can be used to prevent disuse-induced functional decline in older adults is available in

Figure 3.

PHYSICAL INTERVENTIONS TO PREVENT
DISUSE-INDUCED ADAPTATION
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Figure 3. Summary of physical strategies that can be applied for the prevention of disuse-

induced functional decline in older adults.
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ARTICLE INFO ABSTRACT

Keywords: Disuse situations can have serious adverse health consequences in the elderly, including mainly functional
Skeletal muscle impairment with subsequent increase in the risk of falls or morbimortality. The present review provides clin-
Rehabilitation icians and care givers with detailed and practical information on the feasibility and effectiveness of physical
Ageing . strategies that are currently available to prevent or attenuate the functional decline that occurs secondarily to
ﬁ;ﬂ;;;’;ﬁszs disuse situations in the elderly, notably in the hospital setting. In this context, active approaches such as re-
Bed rest sistance exercises and maximal voluntary contractions, which can be performed both isometrically and dyna-

mically, are feasible during most immobilization situations including in hospitalized old people and represent
powerful tools for the prevention of muscle atrophy. Aerobic exercise should also be prescribed whenever
possible to reduce the loss of cardiovascular capacity associated with disuse periods. Other feasible strategies for
patients who are unwilling or unable to perform volitional exercise comprise neuromuscular electrical stimu-
lation, vibration, and blood flow restriction. However, they should ideally be applied synchronously with vo-
luntary exercise to obtain synergistic benefits.

1. Introduction

Maintaining functional ability or the so-called ‘intrinsic capacity’
(defined as the composite of physical and mental capacities of an in-
dividual) has recently been identified as the main goal to promote
healthy ageing (Beard et al., 2016; Rodriguez-Manas and Fried, 2015).
In this regard, physical inactivity, notably bed rest, is a key factor
contributing to the onset of functional ability decline in the elderly. Ten
days of bed rest result in a marked reduction in muscle mass and
strength, walking speed, and functional ability in old individuals (Coker
et al., 2015), all these changes being related to a higher risk of health-
related adverse events and mortality (Cooper et al., 2011, 2010; Ruiz
et al., 2008; Srikanthan and Karlamangla, 2014). Although a loss of
muscle mass, force, power, aerobic capacity and functional ability has

been reported in both young and old subjects in response to bed rest
periods, the magnitude of these alterations is comparatively greater in
the latter, together with a slower return to pre-disuse conditions (Pisot
et al., 2016). Even very short disuse periods, of only 5 days, are suffi-
cient to elicit important negative consequences in old people, including
a marked loss of muscle mass and strength, a suppression of protein
synthesis and a slight increase in proteolytic markers (Dirks et al.,
2014a; Tanner et al., 2015).

Muscle disuse has major clinical consequences. Almost half of the
elderly patients hospitalized for a nondisabling condition suffer from a
functional decline at discharge (which is maintained even after 1 month
of follow-up) (Zisberg et al., 2011). Muscle disuse is associated with a
worsened metabolic health (Wall et al., 2013), reduced glucose toler-
ance, and increased insulin resistance (Dirks et al., 2016). Furthermore,
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disuse-induced loss of muscle mass and strength affects postural mus-
cles (Ikezoe et al., 2012), ultimately increasing the risk of falls and
fractures (von Haehling et al., 2010). Elderly patients with lower
muscle mass and strength are more likely to have longer hospital stays,
and are at higher risk for readmission in the months following dis-
charge, eventually resulting in increased hospitalization costs (Gani
et al.,, 2016). In old people undergoing major abdominal surgery, sar-
copenia is associated with a higher rate of death and postoperative
complications (Gani et al., 2016; Gariballa and Alessa, 2013),

Physical activity levels in older adults are generally too low and
sometimes almost null, especially during institutionalization or hospi-
talization (Nelson et al., 2007). Hospitalized older patients, including
those able to walk independently, spend most of their hospital time in
bed (Brown et al., 2009; Martinez-Velilla et al., 2013). This is an im-
portant fact because, in addition to deteriorating their functional status,
bed rest increases the risk for cognitive decline and dementia in the
elderly (Ehlenbach et al., 2010). Callen et al. (Callen et al., 2004) ob-
served that nearly 75% of elderly subjects did not walk at all during
hospitalization-with a median daily walking time as short as 5.5 min.
Other studies reported that hospitalized elderly patients spend just
~5% of their daily time standing or walking (Pedersen et al., 2013;
Villumsen et al., 2015). In this context, a recent systematic review in-
cluding 17 randomized controlled trials found that the introduction of
an exercise program for acutely hospitalized elderly patients is feasible
and cost-effective, providing benefits in functional outcomes both after
discharge and even one year later (Martinez-Velilla et al., 2016).

Although the physiopathology underlying the interplay of ageing
and disuse-related muscle wasting remains to be clearly elucidated,
several mechanisms have been postulated, notably reduction in myo-
genic capacity (Suetta et al., 2013), mitochondrial dysfunction with a
subsequent increase in reactive oxygen species (Powers et al., 2012)
and inflammation (Dalle et al., 2017). Regardless of the specific con-
tribution of the aforementioned factors, muscle wasting eventually re-
sults from an imbalance between muscle protein synthesis and break-
down (Bodine, 2013). The pro-inflammatory state and physical
inactivity that accompany disuse periods seem to lead to the activation
of skeletal muscle proteolytic pathways (i.e., autophagy and the ubi-
quitin-proteasome, and the calpain and caspase systems), but especially
to a suppression of anabolic signaling pathways (Bodine, 2013; Phillips
et al., 2009). Moreover, ageing has been related to skeletal muscle
‘anabolic resistance’, which in turn could be due to the suboptimal
protein intake and sedentary behavior of this population segment (Shad
et al., 2016). Disuse periods result in a further increase in anabolic
resistance that is of greater magnitude in older than in young in-
dividuals (Biolo et al., 2017). Thus, the promotion of anabolic strategies
such as physical activity and optimal amino acid/protein intake is
mandatory in every population, but especially in the elderly one (Shad
et al., 2016).

Several non-pharmacological strategies are available to prevent
disuse-induced functional ability decline in the elderly. Nutritional in-
terventions including protein supplementation have received the most
attention for this purpose (Robinson et al., 2017; Wall and van Loon,
2013). Although nutrition plays a pivotal role in the prevention of
functional decline in this population, the role of physical strategies such
as exercise or the so-called ‘exercise mimetics’ should not be dis-
regarded. The purpose of this review is to provide clinicians and care
givers with updated information on the feasibility and effectiveness of
those physical strategies that are currently available to prevent or at-
tenuate the functional decline that occurs secondarily to disuse situa-
tions in the elderly (see Fig. 1 for a summary).
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2. Physical strategies for the prevention of disuse-induced
functional ability decline

2.1. Resistance training

Resistance training (RT) is a main strategy for improving physical
function and preventing acute sarcopenia in elderly adults (Cadore
et al., 2014c), as it can induce substantial gains in muscle mass and
strength and provides a protective effect against several of the cellular
and molecular changes associated with muscle wasting (Reeves et al.,
2006). RT elicits the activation of anabolic signaling pathways (such as
the mammalian target of rapamycin) by increasing mechanical and
metabolic stress (Schoenfeld, 2013; Zanchi and Lancha, 2008), and
promotes hypertrophy through an increased muscle protein synthesis
(Damas et al., 2015).

A number of studies have demonstrated the potential of RT for
preventing muscle wasting in elderly people, and improving their
muscle strength mainly through increases in muscle volume and neural
drive (Ferri et al., 2003; Morse et al., 2005; Reeves et al., 2004). Sup-
porting the effectiveness of this strategy, a recent systematic review
showed that RT performed alone or in combination with other different
exercise modalities (e.g., balance exercises) exerts positive effects on
muscle mass (3.4-7.5%) and strength (6.6-37%), functional ability, and
risk of falls (4.7-58.1%) in physically frail elderly adults (Lopez et al.,
2017). We previously reported that even short-duration (8-12 weeks)
and light- to moderate-intensity (20-70% of one-repetition maximum,
1RM) RT-based exercise interventions can increase muscle strength in
institutionalized nonagenarians (Cadore et al., 2014a, b; Serra-Rexach
et al., 2011). For instance, significant improvements in 1RM leg press
(17% on average) were observed in the intervention group after short-
duration (8 weeks) training (Serra-Rexach et al., 2011).

Different RT modalities (e.g, isokinetic or isoinertial exercises) have
been investigated in relation to their effectiveness for preventing
disuse-induced muscle atrophy (Alkner and Tesch, 2004; Bamman
et al., 1997) although their feasibility in the practical clinical context
remains to be demonstrated. In contrast, a practical RT intervention
performed in bed and including ‘conventional’ exercises (e.g., single/
bilateral leg extension, plantar/dorsiflexion) has proven feasible even
shortly after hospitalization in elderly, acutely ill hospitalized patients
(Mallery et al., 2003). Isometric exercises (e.g., isometric leg press) can
also be performed during bed rest by institutionalized and hospitalized
elderly patients, and have proven effective for preventing loss of
strength and muscle cross-sectional area (Akima et al., 2000; Kawakami
et al., 2001). Similarly, dynamic exercises (e.g., dynamic leg press)
performed in bed are beneficial to prevent loss of muscle mass and
strength during disuse periods (Akima et al., 2001, 2003), and can also
attenuate the associated loss of bone mineral density (Shackelford et al.,
2004).

Even more important than preventing loss of muscle strength (i.e.,
force output) in the elderly is to prevent loss of muscle power (i.e., work
output per unit of time), because the latter decreases at a greater rate
with ageing and is a more powerful predictor of functional disability
(Reid and Fielding, 2012). RT programs aimed at improving muscle
power (ie., including ‘high-speed ‘resistance exercises) are more ef-
fective for the improvement of lower-body muscle power and func-
tionality than more traditional (‘low-speed’) programs (Ramirez-
Campillo et al., 2014; Steib et al., 2010; Straight et al., 2016; Tschopp
et al., 2011), and have proven feasible even in institutionalized oldest
old frail individuals (Cadore et al., 2014a, b). For instance, 12 weeks of
‘explosive’ RT (8-10 repetitions at 40-60% of the 1RM and at the
highest possible speed) in combination with balance exercises and gait
retraining resulted in substantial gains in muscle power output
(96-116%), strength (24-144%), muscle cross-sectional area and
functional outcomes in frail institutionalized nonagenarians (Cadore
et al., 2014a). Thus, although isometric or low-speed RT can be effec-
tive options for the prevention of acute sarcopenia in institutionalized
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Fig. 1. Main adaptations in response to disuse situations and potential physical countermeasures. Abbreviations: AET, aerobic training; BFR, blood flow restriction;
HSP, heat shock proteins; MVCC, maximal voluntary co-contraction; NMES, neuromuscular electrical stimulation; RT, resistance training; VO,max, maximal oxygen

uptake.

or hospitalized elderly patients, ‘high-speed ‘dynamic RT (with the
concentric phase being performed as fast as possible) should be pre-
ferably recommended (Cadore and Izquierdo, 2018; Cadore et al.,
2018).

In summary, traditional RT and especially muscle power training
are effective options for retaining or even improving functional ability
in the elderly population, including the oldest old and hospitalized or
institutionalized individuals (Cadore and Izquierdo, 2018). RT pro-
grams should be ideally performed at least three times per week, with
three sets of 8 to 12 repetitions at an intensity of 30%—-40% of 1RM at
the start of the program and progressing to 80% of 1RM by the end of it
(Cadore et al., 2013). These interventions can be implemented in hos-
pital rooms or nursing homes using machines, free weights or the own
body as resistance (e.g., raising from the chair as fast as possible).
Specific RT programs can be designed even for elderly, acutely ill,
hospitalized patients during bed rest (Mallery et al., 2003). In this
context, simple exercises are feasible with elastic (‘thera’) bands at-
tached to a hospital bed (targeting a rate of perceived load of 8 on a
0-10 scale, which can be modified by varying band resistance and
range of motion) and result in high levels of muscle activity (Vinstrup
et al., 2017). In fact, RT interventions using elastic bands (8-12 weeks,
2-5 days/week and 8-12 repetitions per session) have proven effective
for the improvement of muscle strength and balance in institutionalized
elderly subjects (Cho and An, 2014; Motalebi et al., 2018).

2.2. Endurance (‘aerobic’) training

Ageing gradually reduces maximum oxygen consumption (com-
monly abbreviated as “VOsmax [OF VOgzpear] and assessed during incre-
mental exercise testing involving large muscle mass [brisk walking/
running, bicycling]). Age reductions in VOy,,« are primarily linked to a
decrease in cardiac output (Astrand et al., 1973) and low mitochondrial
biogenesis and function (Gomez-Cabrera et al., 2012), but disuse
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situations elicit further, abrupt decreases in this variable (Capelli et al.,
2006). A longitudinal study demonstrated that 3 weeks of bed rest re-
sult in a greater decline in VOy,,x than 30 years of ageing (McGuire
et al., 2001). Consequently, strategies aiming at improving VOop.x in
elderly subjects and especially at attenuating its reduction during disuse
situations should be part of the exercise routine.

Aerobic exercise training (AET) elicits the activation of signaling
pathways involved in the improvement of oxidative capacity and mi-
tochondrial biogenesis (Wiggs, 2015). This training modality also fa-
vors an endogenous antioxidant response (Powers et al., 2011) and
increases the levels of heat shock proteins (HSPs), a group of molecular
chaperones that facilitate protein synthesis and the repair of damaged
proteins (Feder and Hofmann, 1999; Lawler et al., 2006; Senf et al.,
2008). AET has been shown to elicit several benefits in non-im-
mobilized elderly subjects (Cadore et al., 2013), including higher in-
creases in VOypax and peak working capacity during cycle-ergometer
(Hagberg et al., 1989; Izquierdo et al., 2004) or treadmill exercise
testing than those observed with RT (Hagberg et al., 1989; Izquierdo
et al., 2004). In young (20-27 years) and older adults (60-75 years)
with leg immobilization, AET can accelerate the recovery of functional
capacity (by 33% and 20%, respectively) and strength (34% and 17%)
(Vigelsg et al., 2015).

Although 5-10min of AET might suffice during the first weeks,
training duration should be progressively increased to a minimum of
15-30 min per day. Intensity should ideally start at 40-50% of max-
imum heart rate and gradually progress to reach 70-80% of maximum
heart rate (Cadore et al., 2014c). AET may be performed in hospital
rooms or geriatric residences with simple exercises such as step-ups,
leg/arm stationary cycling or walking along a corridor, and it has also
proven feasible and effective during bed rest. Performing AET in supine
position with a cycle ergometer or a treadmill placed in a vertical po-
sition can be sufficient to avoid cardiovascular deterioration in subjects
submitted to 15 days of bed rest (Watenpaugh et al., 2000). This type of
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exercise has also been reported to improve the muscle strength (by
~30%) and functional capacity of critically ill patients (Burtin et al.,
2009).

2.3. Maximal voluntary co-contraction

Maximal voluntary co-contraction (MVCC), also known as ‘antago-
nist resisted training’, comprises the simultaneous volitional contrac-
tion of antagonistic muscle groups. Because the opposite resistive forces
exerted by the contracted muscles nullify each other, no external loads
or even articular movements are required. Thus, MVCC training can be
easily applied in any context, and is especially suitable for immobilized
patients (Jaafar, 2016).

MVCC training elicits important levels of muscle activation
(~40-70% of the maximal voluntary contraction [MVC]) in healthy
subjects (Maeo et al., 2013; Serrau et al., 2012). Albeit of lower mag-
nitude than those produced by an isometric contraction against external
opposition (Serrau et al., 2012), these activation levels are sufficient to
induce beneficial muscular adaptations. Performing isometric MVCC
with the elbow placed at 90 degrees (e.g., 5 sets of 10 repetitions of 4-
second muscle co-contractions) has been shown to improve muscle
mass and strength (Driss et al., 2014; Maeo et al., 2014a, b). For in-
stance, Maeo et al. (2014a, 2014b) found a 15% and 46% increase in
the MVC of elbow flexors and extensors, respectively, and an increased
muscle thickness of these muscle groups (4% for both) after 12 weeks of
MVCC training, whereas no gains were observed in the control group
(Maeo et al., 2014b). MacKenzie et al. (2010) found that 6 weeks of
dynamic MVCC (elbow flexion and extensions lasting 4 s each) with one
arm increased elbow flexion (5.8%) and extension (8.5%) strength
compared to the contra-lateral inactive control arm (0.5 and 4.5%
change, respectively) (MacKenzie et al., 2010). Moreover, biceps and
triceps muscle activation in response to a MVC increased more in the
trained (30.1 and 61.1%, respectively) than in the untrained arm (9.2
and 1.1%, respectively). Recent evidence indicates that MVCC training
is as effective as high-load dynamic RT (70% of 1RM) for increasing
muscle mass in untrained subjects, although the latter would induce
greater gains (improvements of 2.3 vs. 1.0kg in 1RM) in muscle
strength (Counts et al., 2016).

Despite the lack of specific evidence supporting the effectiveness of
MVCC in elderly patients or disuse situations, the aforementioned
promising results prompt further studies on the clinical utility of this
strategy for preventing muscle atrophy during bed rest or limb im-
mobilization. As with isometric RT, there is a traditional concern about
potential negative acute effects of MVCC on blood pressure (Chrysant,
1978). Notwithstanding, isometric contractions have proven effective
for the management of hypertension (Inder et al., 2016). It is also im-
portant to note that muscular activation level during MVCC may de-
pend on the difference in maximal strength between agonistic and an-
tagonistic muscles. For this reason, this strategy might be ineffective if
there is a great imbalance in strength between muscles, as occurs in
some leg muscles (e.g, plantar flexor and extensors) (Maeo and
Kanehisa, 2014).

2.4. Blood flow restriction

Although elderly individuals should ideally perform high-intensity
RT to maximize training-induced adaptations, this form of training may
not be feasible for some hospitalized or institutionalized frail elderly
patients. Blood flow restriction (BFR, also known as KAATSU) is ac-
complished by inflating a cuff around the proximal part of the target
limb to a pressure that blocks venous blood return but not arterial in-
flow into the muscle (Loenneke et al., 2012b). This strategy induces an
increase in anabolic hormones as a result of an increased metabolic
stress (Inagaki et al., 2011; Takano et al., 2005), ultimately facilitating
protein synthesis (Fujita et al., 2007; Wernbom et al., 2013) and in-
creasing HSP levels (Kawada and Ishii, 2005).
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Meta-analytical evidence supports the effectiveness of BFR for in-
creasing muscle mass and strength (Loenneke et al., 2012c; Slysz et al.,
2016). In accordance with the potential benefits of this strategy for
institutionalized and hospitalized elderly patients, a meta-analysis
concluded that the application of BFR together with low-intensity ex-
ercise (e.g, RT with elastic bands or < 20% of 1RM, or low-intensity
AET) is more effective than low-intensity exercise alone for increasing
muscle strength in clinical populations at risk of muscle wasting, such
as the elderly (Hughes et al., 2017). The combination of BFR and low
intensity exercise has also proven effective to stimulate anabolic sig-
naling pathways and improve muscle mass/strength in elderly subjects
(Fry et al., 2010; Ozaki et al., 2011; Yasuda et al., 2014). Further, si-
milar gains in lower-limb muscle mass have been observed in older
individuals with high-intensity RT alone than with low-intensity RT
performed with BFR (Vechin et al., 2015), albeit gains in muscle
strength were lower with the latter (Karabulut et al., 2010; Vechin
et al., 2015). Low-load RT combined with BFR is also effective for the
prevention of muscle loss and weakness after 30 days of unilateral
lower limb suspension (Cook et al., 2010). BFR combined with light
AET (walking, cycling) improves vascular compliance in the elderly
(lida et al., 2011; Ozaki et al., 2011), which is an important finding
because this variable markedly decreases with ageing or bed rest
(Bleeker et al., 2004). In addition, it improves muscle size, strength and
functional ability to a greater extent than a higher volume of AET
without BFR (Abe et al., 2010).

BFR seems to be especially useful when applied simultaneously with
physical exercise (Loenneke et al., 2012c). BFR in conjunction with low
intensity exercise may be a feasible and effective training strategy for
attenuating muscle wasting and functional ability (Abe et al., 2010) in
those subjects with greater difficulties to perform high intensity ex-
ercise. Notwithstanding, some benefits (reductions in muscle mass/
strength loss) have also been observed with BFR alone (ie.,, without
exercise) in young subjects during knee immobilization (Kubota et al.,
2011, 2008; Takarada et al., 2000), which suggests that BFR could also
be a promising strategy to be applied in any situation, or in people who
are unable to perform volitional exercise.

Some methodological issues must be however remarked. The BFR
stimulus should be individualized and progressively increased by ad-
justing the restrictive pressure or the cuff width (Scott et al., 2015).
Wider cuffs (6-13.5 cm) are recommended for the legs than for the arms
(3-6 cm), although it is also of note that wider cuffs achieve occlusion
at lower pressures (Scott et al., 2015). BFR pressure should be high
enough to occlude venous return, yet without impairing arterial inflow.
The optimal pressure varies between individuals depending on different
factors, notably limb girth (with larger limbs requiring higher pres-
sure). A BFR pressure corresponding to 50-80% of the arterial occlusion
pressure has been recommended (Scott et al., 2015). However, other
practical methods such as targeting a score of 7 on a perceived pressure
scale ranging from 0 to 10 (with O indicating no pressure and 10 in-
dicating intense pressure) could be a less accurate but feasible option in
some clinical settings (Wilson et al., 2013). It would be advisable to
perform a progression from the application of BFR alone (during the
first stages of bed rest) to its application in conjunction with light AET
(20 min of walking or cycling) or low-load RT (3-5 sets at 20-40% of
1RM, targeting a total of 50-80 repetitions per exercise, with inter-set
rests of 30-45s in which occlusion is maintained) to maximize adap-
tations (Loenneke et al., 2012a; Scott et al., 2015).

2.5. Neuromuscular electrical stimulation

Neuromuscular electrical stimulation (NMES) consists of the appli-
cation of high-intensity and intermittent electrical stimuli to generate
involuntary muscle contractions. This strategy has been proposed as an
“exercise simulator”, with i) low-frequency NMES activating the same
signaling pathway as AET and ii) high-frequency NMES activating the
same signaling pathway as RT (Atherton et al., 2005). NMES induces a
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synchronic recruitment of muscle fibers independently of their con-
tractile/metabolic phenotype, and as such high loads are not needed to
recruit type II, glycolytic fibers (Bickel et al., 2011). Although it is
generally thought that NMES bypasses the central nervous system, the
electrically-evoked contraction activates corticomotor pathways that
are similar to those activated by voluntary contractions (Blickenstorfer
et al., 2009; Francis et al., 2009). In fact, NMES increases electromyo-
graphic activity and neural activation (Maffiuletti et al., 2002). Vo-
luntary physical exercise should be performed whenever possible.
However, NMES has the potential to be used for rehabilitation pur-
poses, especially in those individuals who cannot perform volitional
exercise — including frail older adults and hospitalized patients
(Caggiano et al., 1994; Maffiuletti et al., 2018; Paillard, 2018).

Several studies have reported that NMES exerts beneficial effects on
muscle strength and functionality in different clinical populations (e.g,
pre-frail and long-stay hospitalized elderly individuals) (Maggioni
et al., 2010; Mignardot et al., 2015). A recent systematic review showed
that NMES is an effective strategy to improve muscle mass/strength in
adults with advanced disease and muscle weakness (Jones et al., 2016).
NMES has also proven to attenuate the functional decline associated
with ageing, ultimately improving muscle mass/strength and perfor-
mance in functional tests that are indicative of frailty and risk of falls
(Kern et al., 2014). Moreover, NMES has been shown effective to pre-
vent the reduction of muscle mass and strength after lower-limb injuries
(Delitto et al., 1988; Gibson et al., 1988; Taradaj et al., 2013), as well as
to increase muscle protein synthesis and attenuate the loss of muscle
mass/strength and oxidative enzymatic capacity during disuse situa-
tions such as bed rest or limb immobilization (Dirks et al., 2014bj;
Duvoisin et al., 1989). NMES has also been recently reported to mitigate
the loss of muscle mass and strength in critically ill patients (Maffiuletti
et al., 2013), including those with consciousness disturbances (e.g.,
coma, stroke brain injury) (Hirose et al., 2013).

In addition to muscle mass and strength, NMES can also increase
endurance performance in clinical populations (Veldman et al., 2016),
resulting in an amelioration of muscular oxidative capacity (Erickson
et al., 2016; Ryan et al., 2013) and VO,max (Lee et al., 2012; Vaquero
et al., 1998). Finally, and similar to endurance training, NMES seems to
increase antioxidant capacity (Gondin et al.,, 2011), being therefore
potentially useful to reduce the redox imbalance elicited by disuse
periods (Pellegrino et al., 2011).

Some practical recommendations have been made in order to
achieve a higher effectiveness of NMES for preserving muscle mass and
function in the clinical context (Maffiuletti et al., 2018). NMES sessions
used for the prevention of muscle weakness and wasting typically last
30-60 min (Maffiuletti et al., 2013). It has been proposed that stimu-
lation frequencies and pulse (biphasic rectangular pulses) durations
should range between 50-75 Hz and 100-400 ps, respectively, and the
intensity applied should be the highest tolerable to maximize force
production (ie., ~25-50% of MVC, although expressing the NMES-
evoked force as a fraction of MVC force is not always appropriate,
especially in weak patients) as there is a dose-response relationship
between NMES training intensity and NMES effectiveness (Maffiuletti
et al., 2018). A high volume (i.e., every day, or even several times per
day) of NMES is recommended in patients with pronounced activation
deficits (e.g., early after knee surgery), but a low-volume (i.e., alternate
days) high-intensity approach should be adopted to target muscle hy-
pertrophy once neural deficits have resolved (Maffiuletti et al., 2018).
Although NMES is usually delivered passively, it can also be applied
superimposed onto voluntary physical exercise, potentially resulting in
higher motor unit recruitment in comparison with the latter alone.
There is controversy with regards to fit people, but superimposed NMES
seems more effective than voluntary exercise alone in untrained sub-
jects or clinical populations (Paillard et al., 2005).

In summary, although voluntary physical activity (e.g., RT) is likely
to be the most effective intervention to improve muscle function (Suetta
et al., 2008, 2004), it may not be feasible for specific populations (frail
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older adults) or situations (bed rest, limb immobilization, general
weakness). In this context, NMES training appears as a feasible, effec-
tive strategy to combat muscle disuse atrophy (Dirks et al., 2017;
Maffiuletti et al., 2018; Paillard, 2018).

2.6. Vibration

This strategy consists of applying a mechanical oscillation (i.e.,
periodic alteration of force, acceleration and displacement) from a vi-
bration device to either the whole body (while standing on a vibratory
platform) or some parts of it (local vibration applied superficially over
the targeted areas) (Rittweger, 2010). The potential of vibration to
increase muscle mass and performance in healthy subjects has been
previously discussed (Nordlund and Thorstensson, 2007). Notably, this
technique has gained popularity in geriatric rehabilitation during the
last decade. Vibration may promote bone anabolism (Rubin et al.,
2001) and evoke an involuntary muscle contraction through the acti-
vation of stretch reflexes (Abercromby et al., 2007; Falempin and In-
Albon, 1999). Consequently, this strategy could be useful to mitigate
muscle and bone loss occurring during immobilization periods or in
subjects with difficulties performing volitional exercise (such as the
elderly).

Whole-body vibration is a safe and feasible strategy to improve
balance and mobility in nursing home residents (Bautmans et al.,
2005). Recent evidence also shows its safety and feasibility in critically
ill patients, resulting in an increased energy expenditure (Wollersheim
et al., 2017). Interestingly, a higher increase in anabolic hormones (e.g.,
insulin growth factor-1) has been observed in elderly subjects per-
forming exercise in combination with whole-body vibration compared
to the same exercise alone (Cardinale et al., 2010). In addition, 12
weeks of local vibration (one to three 15-minute sessions per week at
300 Hz) applied to the quadriceps muscles has been demonstrated to
counteract loss of muscular strength (140-180% increase in isometric
strength of the knee extensor muscles) associated with sarcopenia in
elderly people (Pietrangelo et al., 2009). Different systematic reviews
and meta-analyses have concluded that whole-body vibration is effec-
tive to enhance muscle strength, postural control and balance in this
population (Lau et al., 2011; Rogan et al., 2017; Sitja-Rabert et al.,
2012). However, the benefits may not be as remarkable as those ob-
served with conventional voluntary exercise (Sitja-Rabert et al., 2012).
Meta-analytical evidence also supports the role of this strategy for the
prevention of bone loss in the lumbar spine of elderly women (Ma et al.,
2016; Oliveira et al., 2016). In addition, it has been shown to reduce the
negative changes at a spinal level occurring during 90 days of bed rest
in young subjects (Holguin et al., 2009), and could be more effective
than walking to improve balance and hip bone mineral density in el-
derly women (Gusi et al., 2006).

Although whole-body vibration training has proven overall safe,
ineffective or unnecessary large exposures should be avoided to prevent
potential detrimental effects in older people (such as low back pain)
(Brooke-Wavell and Mansfield, 2009). Most studies have applied three
or more sessions per week of a few bouts lasting between one and two
minutes and with frequencies of 20-45Hz (Rittweger, 2010). Some
evidence suggests that a higher myoelectric activity could be achieved
with higher amplitudes (4 mm) and frequencies (60 Hz) (Krol et al.,
2011). It has been proposed that, in order to avoid excessive resonance,
frequencies around or below 5Hz should be avoided, and caution
should be taken with frequencies below 20 Hz (Rittweger, 2010). Vi-
bration transmission can also be reduced by decreasing vibration am-
plitude and flexing the knees or alternating sides instead of applying
synchronous vibration (Rittweger, 2010). There is, however, no evi-
dence as to the optimal vibration protocol.

The combination of vibration and RT can provide several benefits in
frail elderly subjects and during disuse situations, including an at-
tenuation in loss of bone mass or muscle mass/strength (Rittweger,
2010). However, as most studies applied both stimuli synchronously, it
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is difficult to assess the effect of the vibration method individually.
Some authors have analyzed whether the addition of vibration to RT
during immobilization periods could provide additional benefits com-
pared to RT alone. Although the benefits observed on muscle atrophy
with the former could be similar to those obtained with RT alone
(Miokovic et al., 2014), additional benefits could be observed in terms
of bone mineral density when the vibratory stimulus and RT are com-
bined (Belavy et al., 2011). This strategy should therefore be considered
in frail elderly subjects—especially in combination with voluntary RT.

3. Conclusion

Conditions leading to inactivity (e.g, hospitalization, acute illness)
exacerbate the natural process of sarcopenia in elderly people and re-
sult in functional decline, which has important clinical consequences. In
this context, physical activity programs play a pivotal role for attenu-
ating or preventing functional decline, and should therefore be routi-
nely included in at-risk populations such as institutionalized and hos-
pitalized old patients.

RT appears as the most powerful stimulus for the prevention of bone
loss, neuromuscular degeneration and overall functional decline in the
elderly. Although traditional RT has proven effective, muscle power
training (i.e., RT performed dynamically and at high speeds) should be
preferably performed when possible. Benefits can also be obtained with
RT performed isometrically, which makes it easily applicable during
immobilization periods. Although more research in the elderly is
needed, MVCC training could provide remarkable benefits and does not
require external loads or even articular movement. Notwithstanding,
RT should be ideally accompanied by AET, which can be also performed
during bed rest.

Although voluntary exercise should be performed whenever pos-
sible, its application may be more problematic in some specific condi-
tion such as limb immobilization or general weakness. In these cases,
NMES or vibration appear like suitable alternative strategies.
Nevertheless, as far as possible it would be advisable to perform a
progression of the applied stimuli and ultimately apply all of these
strategies in conjunction with voluntary exercise.
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Results

Effect of exercise on hospitalization-associated disability in older patients

With the aim of assessing the effects of an inhospital exercise programs in older adults
hospitalized with an acute medical condition, we performed a randomized controlled trial
that was published in The Journal of American Medical Directors Association (impact
factor: 4.899, position 6/53, category: Geriatrics).>® Our findings show that a simple
exercise program solely consisting of walking and rising from a chair is safe and can
reduce the risk of HAD in hospitalized older adults. A graphical abstract of this trial is

shown in Figure 4.

Effect of a Simple Exercise Program on Hospitalization-Associated Disability
in Older Patients: A Randomized Controlled Trial

Population Control group Results
- Mean age 88 years 125 subjects Exercise decreases risk of hospitaliza-
e . . tion-associated disability
* Hospitalized with an acute medical 3 P
condition. ﬁ N J.iai] With referenceto 2 With reference to
L ') A weeks before admission
* Mean hospitalization of 7 days. ! % admission
) Experimental group
143 subjects -64% -71%
~20 min of exercise per day
N i.e., risi i i
u -] (i.e., rising frt?m a chair and walking)
I N '
] = ‘ \
] H \ w N[ OR0.36 OR 0.29
i i H (IC95%, 0.17-0.76)  (IC 95%, 0.10 - 0.89)
B | P

Conclusion
A simple inpatient exercise program decreases risk of HAD in acutely hospitalized, very old patients.

Figure 4. Summary of the effects of inhospital exercise in acutely hospitalized older

adults.
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ABSTRACT

Keywords: Objective: Hospitalization-associated disability [HAD, ie, the loss of ability to perform >1 basic activities
Activities of daily living of daily living (ADLs) independently at discharge] is a frequent condition among older patients. The
functional decline present study assessed whether a simple inpatient exercise program decreases HAD incidence in acutely
physical activity hospitalized very old patients.
tglv(e)r;;littr;lci;:tsizsnsment Design: In this randomized controlled trial (Activity in Geriatric Acute Care) participants were assigned to
intervention a control or intervention group and were assessed at baseline, admission, discharge, and 3 months
thereafter.
Setting and Participants: In total, 268 patients (mean age 88 years, range 75—102) admitted to an acute
care for older patients unit of a public hospital were randomized to a control (n = 125) or intervention
(exercise) group (n = 143).
Methods: Both groups received usual care, and patients in the intervention group also performed simple
supervised exercises (walking and rising from a chair, for a total duration of ~20 minutes/day). We
measured ADL function (Katz index) and incident HAD at discharge and after 3 months (primary
outcome) and Short Physical Performance Battery, ambulatory capacity, number of falls, rehospitaliza-
tion, and death during a 3-month follow-up (secondary outcomes).
Results: Median duration of hospitalization was 7 days (interquartile range 4 days). The intervention
group had a lower risk of HAD with reference to both baseline [odds ratio (OR) 0.36; 95% confidence
interval (CI) 0.17—0.76, P =.007] and admission (OR 0.29; 95% CI 0.10—0.89, P =.030). A trend toward an
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improved ADL function at discharge vs admission was found in the intervention group compared with
controls (OR 0.32; 95% CI -0.04 to 0.68; P =.083). No between-group differences were noted for the other

endpoints (all P > .05).

Conclusion and Implications: A simple inpatient exercise program decreases risk of HAD in acutely hos-

pitalized, very old patients.
© 2019 AMDA — The Society for Post-Acute and Long-Term Care Medicine.

Hospitalization-associated disability [HAD, ie, loss of the ability to
perform one or more basic activities of daily living (ADLs) indepen-
dently at discharge] occurs in more than one-third of hospitalized
older adults." This condition is associated with long-term disability,
institutionalization, and death,”” and therefore its prevention should
be a priority.

Hospitalized older patients spend most of the time in bed, even if
they are able to walk independently,® and the majority (73%) do not
walk at all during hospitalization.” Several physical strategies can be
applied to prevent the functional decline associated with periods of
restricted mobility such as those imposed by hospitalization, but
physical exercise appears to be the most effective.!!! Exercise in-
terventions have proven feasible and safe in acutely hospitalized older
medical patients and are effective to improve their functional status at
discharge as well as to reduce the length and cost of hospital
stays.'>~'* It has been recommended that hospitalized older people
should perform multicomponent exercise programs, ie, combining
walking and resistance exercises.'> However, this type of intervention
usually involves complex exercises and requires the purchase of
weight-training equipment, which might hinder its routine imple-
mentation in some acute care of older patient (ACE) units.

The aim of this study was to determine the effects of an inpatient
exercise program including simple physical exercises for patients
admitted to an ACE unit on ability to perform ADLs independently
(herein, ADL function) and incident HAD at discharge and at 3 months
postdischarge (primary endpoints) as well as performance on the
Short Physical Performance Battery (SPPB), independent-walking
ability [functional ambulatory classification (FAC)], and number of
falls, rehospitalization, and mortality risk during the 3 months
following discharge (secondary endpoints).

Methods
Study Design

This clinical trial (NCT01374893) complied with the recommen-
dations of the Consolidated Standards of Reporting Trials (CONSORT)
statement.'” Patients (>75 years) admitted to our ACE unit from June
2012 to June 2014 were considered eligible to participate in the study.
During these 2 years, the patients were eligible to be included in the
control or intervention group in a time-dependent manner (ie, using
4- or 8-week blocks), to avoid the co-presence of patients from both
groups in the unit, such that the patients were blinded to actual group
assignment. We then excluded those who were nonambulatory or
dependent in all basic ADLs at baseline (ie, 2 weeks before admission,
as assessed by retrospective interview), had unstable cardiovascular
disease or any other major medical condition contraindicating exer-
cise, terminal illness, severe dementia [ie, >8 errors in the Spanish
version of the short portable mental status questionnaire (SPMSQ),
also known as the Pfeiffer test],'® an expected length of hospitalization
<3 days, were transferred from another hospital unit, or had a
scheduled admission (which was usually associated with a length of
hospitalization <3 days). Only those hospitalized for 3 or more days
and alive at discharge were included. The Institutional Review Board
approved the protocol, and written informed consent was obtained

from patients. When it was not possible to obtain the informed con-
sent directly from a patient because of medical reasons (eg, impaired
cognitive function), proxy consent was obtained from their relatives.
All procedures were performed in accordance with the ethical stan-
dards laid down in the 1964 Declaration of Helsinki and its later
amendments. Both groups received standard care in our ACE unit."”

Intervention

The intervention started the day after admission, was performed
on weekdays and included 1 to 3 sessions per day (total
duration, ~ 20 minutes/day). It consisted solely of rising from a seated
to an upright position (using armrests/assistance if necessary) in the
patient’s room and supervised walking exercises along the corridor of
the ward. Standing and walking exercises were separated by a rest
period of up to 5 minutes. A detailed description of the exercises is
shown in Table 1, and representative examples are available as
Supplementary Video 1 and Supplementary Video 2. All the exercise
sessions were supervised by a fitness specialist (N.A. or G.R.), and
training loads were recorded in a notebook.

Endpoints

The research staff included nurses, medical residents, and the
aforementioned fitness specialists, who were in charge of supervising
each session. Those involved in outcome assessment were not
involved in supervising the intervention. However, assessors and care
providers were not blinded to the assigned intervention.

ADL function and FAC at baseline (ie, 2 weeks before admission)
were assessed in a retrospective interview. Together with SPPB, ADL
function and FAC were also assessed at admission and discharge.
Finally, ADL function and FAC, as well as mortality and number of falls
during the 3-month follow-up, were assessed by telephone interview
at 3 months postdischarge.

ADL function was assessed using the Katz index of independence in
ADL, which includes 6 ADLs (eating, transferring from bed to chair,
walking, using the toilet, bathing, and dressing), each of which is
scored with 0 or 1 depending on whether the participant is able to
perform the activity with or without help, respectively.'® Then, the 6
individual items are summed, resulting in a total 0 to 6 score. HAD was
considered as a dichotomous variable attending to whether the pa-
tient had lost or not the ability to perform 1 or more ADLs indepen-
dently, and was assessed at discharge and 3 months later.!

Ambulatory capacity was assessed using the modified FAC, which
classifies patients in 5 different categories attending to their level of
dependence during walking; a score of 0 was assigned if the patient
cannot walk, 1 if the patient requires continuous manual contact to
support the body, 2 for light or intermittent manual contact to assist
balance, 3 for independent but supervised ambulation, and 4 for in-
dependent ambulation on level surfaces or stairs.'” The modified FAC
has demonstrated good reliability and validity in older people (eg,
patients with hip fracture®® or stroke patients?'*%). We also assessed
the loss of independent, nonsupervised ambulation (ie, FAC score
<4)" at discharge and 3 months later.
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Table 1
Exercise Intervention (Total Duration ~20 Minutes/Day)

Exercise Modality Description Dose

Frequency: 1 to a maximum of 3 sessions/d, only during weekdays (starting with 1 session
and with number of sessions gradually increasing depending on the patient’s physical
capacity); 30-min rest between consecutive sessions.

Volume: from 1 to a maximum of 3 sets (depending on the patients’ physical capacity) of

up to a maximum of 10 repetitions for each session; 2-min rest between sets.

Sit-to-stand Supervised rising from a seated .
to an upright position, using
assistance (armrest of an external
person) if needed. .
Walking Supervised walking on the corridor, .

using assistance (mobility aids such
as walkers, or an external person) if needed.

Frequency: Same as above.
e Volume: from 3 to a maximum of 10 min (depending on the patient’s physical capacity)
per session, with resting periods if needed.

The SPPB, which has shown to validly assess lower extremity
function in older persons across a broad spectrum of function levels,>*
was assessed as a marker of physical performance capacity. The SPPB
measures performance in 3 different tests (repeated chair stand test,
time needed to walk a distance of 4 meters 2 times, and a hierarchical
standing balance test), which are scored from 0 to 4, with a 0-to-12
sum-score for all 3 tests combined.”>

Although the original protocol specified a change in SPPB score as
the primary endpoint,”” an interim analysis after 4 months revealed
that 94% (intervention) and 84% (controls) of patients had an SPPB
score <6 on a 0—12 scale, masking a potential intervention effect.
Accordingly, we considered that the intervention effects would not be

noticeable in a test such as the SPPB given the very low physical
performance capacity of the study participants, whereas ability to
perform basic ADLs might be more responsive to the intervention in
this patient group. Thus, HAD was established as the primary
endpoint.

Statistical Analysis

Prior (unpublished) data obtained in 604 patients showed that 33%
of the patients admitted to our ACE unit improved in 1 or more ADLs
from admission to discharge. As we hoped to increase this rate by 15%
with the intervention (up to 48%), we estimated a sample of 260 or

Patients aged >75 years admitted to our
ACE unit assessed for eligibility

(n=1110)
’—( Allocation ]—‘

CONTROL PERIODS (n= 449) INTERVENTION PERIODS (n= 661)
- Signed consent (n=131) - Signed consent (n=150)
- Excluded (n=318) - Excluded (n=511)
» Fully dependent at baseline (n=77) » Fully dependent at baseline (n=140)
« Unstable clinical condition (n=77) » Unstable clinical condition (n=97)
» Severe dementia (n=46) » Severe dementia (n=79)
» Length of stay < 3 days (n=43) » Length of stay < 3 days (n=72)
* End-stage illness (n=6) » End-stage illness (n=17)
* Transferred from other unit (n=21) * Transferred from other unit (n=38)
* Scheduled admission or readmission * Scheduled admission or readmission

(n=23) (n=30)
» Died prior to assessment (n=4) * Died prior to assessment (n=3)
* Declined to participate (n=21) * Declined to participate (n=35)

i [ Follow-Up J l

Lost to follow-up (n=6) Lost to follow-up (n=7)

* Died (n=2) * Died (n=3)

* Declined to continue (n=3) * Declined to continue (n=4)

* AMI (n=1)

Control group [ Analysis ] Intervention group
(n=125) (n=143)

Fig. 1. Flowchart of study participants. AMI, acute myocardial infarction.
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more patients to detect a significant intervention effect on incident
HAD (power = 80%, o. = 0.05).

Data are presented as means + standard deviation. Normal dis-
tribution (Shapiro-Wilk test) and homoscedasticity (Levene test) of
the data were checked before any statistical treatment. Groups were
compared at both baseline and admission using Student independent
t tests or 2 tests for continuous or dichotomous variables, respec-
tively. Between-group differences in continuous endpoint measures
were assessed by comparing the intra-individual score differences
from baseline/admission to discharge in the 2 groups. Analysis of
covariance was used for comparing the mean intra-individual differ-
ences in continuous endpoint measures between the 2 groups, with
adjustment by baseline/admission values in order to control for im-
balances.’* Between- and within-group differences in nonparametric
endpoint measures were analyzed using the Mann-Whitney U test
and the Wilcoxon signed-rank test, respectively. Binary logistic
regression was used to compare the risk of HAD, independent
ambulation, rehospitalization, and death between groups. Survival
analysis (crude and adjusted Kaplan-Meier) was performed during the
3-month follow-up. Incidence rate ratio (calculated with negative
binomial regression) was used to compare the number of falls be-
tween groups. We did not impute missing data and, thus, only avail-
able data was used for analysis for each specific variable. All statistical
analyses were conducted using a statistical software package (SPSS
23.0, IBM, NY) with a = 0.05.

Results

A flow diagram of study participants is shown in Figure 1. From a
total of 1110 patients admitted to our ACE unit during the study
period, 281 met all inclusion criteria and volunteered to participate. Of
these, 131 and 150 were assigned to the control and the intervention
group, respectively. Finally, 268 patients (n = 125 and 143 for control
and intervention, respectively) completed the study and could be
included in the analysis. No between-group differences were found at
the start of the study for most sociodemographic/clinical variables, but
the intervention group presented with a higher incidence of dementia
and fall history, and these patients were overall more dependent in
ADL function at baseline and admission (Table 2).

The median length of hospitalization was 7 days [interquartile
range (IQR) 4], with no between-group differences (P = .246). Partic-
ipants in the intervention group performed a median of 3 training
days (IQR 2) and 2 training sessions per day (IQR 2), with an average
total exercise time per day of ~20 minutes [for each session, the
median duration of the walking part was 5 minutes (IQR 4, range 0 to
10), and patients performed a mean of 9 (standard deviation 6, range
0 to 30) sit-to-stands]. No adverse effects or falls were recorded during
the intervention. Five (3.5%) patients did not exercise because they
had a rapid, severe functional decline shortly after admission.

The effects of the exercise intervention on ADL function, SPPB, and
FAC are shown in Table 3. A decline in ADL function from baseline to
both discharge and 3 months later was observed in the 2 groups
(P < .001), with no significant between-group differences. Yet, in
adjusted analyses, only the intervention group significantly improved
ADL function from admission to both discharge and 3 months post-
discharge (P < .001), with a quasi-significant (P = .083) difference
between groups for the change from admission to discharge. Results
for each specific ADL are shown in Supplementary Table 1. No
between-group differences were noted for the changes in FAC or SPPB
score. However, only the intervention group significantly improved
the SPPB score from admission to discharge (P =.013). Results for each
specific test of the SPPB are shown in Supplementary Table 2.

Compared with controls, patients in the intervention group had a
significantly lower incidence of HAD at discharge with reference to
both baseline and admission, even when adjusting for clinical

Table 2
Main Characteristics by Group

Variables Control Intervention P value
(n=125) (n=143)
Age (mean + SD), y 88 +5 88+5 .88
Women 54% 60% .28
Body mass index (mean =+ SD), kg/m? 26.0+ 64 26.1+93 .95
Living at home 93% 91% .57
Charlson comorbidity index (mean +SD) 6.8+ 19 6.7+ 1.7 .88
Geriatric syndromes
Dementia 12% 27% .003
Depression 18% 32% .010
Falls 16% 36% <.001
Chronic pain 30% 35% 43
Malnutrition 14% 22% .085
Urinary incontinence 39% 49% 11
Frailty phenotype* 65% 74% .097
Incident delirium 18% 28% .81
Polypharmacy (>7) 55% 58% .64
Main admission diagnosis 39
Respiratory 26% 34%
Circulatory 30% 26%
Renal/urologic 15% 8%
Central nervous system 7% 13%
Digestive 7% 8%
ADL function at baseline (mean + SD) 46+17 40+18 012
FAC at baseline (median, IQR) 4(0) 4(1) 15
Independent ambulation at 76% 68% 14
baseline'
ADL function at admission (mean =SD) 3.1 £2.0 2320 <.001
FAC at admission (median, IQR) 3(2) 2(3) 14
Independent ambulation 40% 31% 13
at admission'
SPPB (mean =+ SD) score at admission 38+29 32+25 .078

Length of hospitalization 7 (5) 6(4) 25
(median [IQR]), d

SD, standard deviation.
Significant differences between groups (P < .05) are in bold.
Baseline data corresponded to 2 weeks before admission, as assessed by retro-
spective interview. ADL function was assessed with the Katz index of independence
in ADLs, which uses a total 0 to 6 score and includes the following 6 basic ADLs:
bathing, dressing, transferring, toileting, continence, and feeding.

*Frailty was defined as having >3 of 5 Fried criteria.””

fIndependent ambulation was considered in the event of a FAC = 4.'°

characteristics and functional performance at admission (Table 4). No
between-group differences were found in HAD measured at 3 months
postdischarge in adjusted analyses, although there was a trend
(P =.058) toward a lower incidence of HAD with reference to baseline
in the intervention group. The proportion of patients diagnosed with
HAD with reference to admission was significantly lower in the
intervention group at discharge and 3 months postdischarge (P =.012
and .046, respectively). The proportion of patients with HAD with
reference to baseline did also differ between groups at discharge
(P =.034), but not 3 months later (P =.114). Also, no intervention effect
was noted for risk of rehospitalization or number of falls during the
3-month follow-up (Table 4). A nonsignificant trend toward a lower
mortality risk was observed in the intervention group (Table 4), with
crude and adjusted Kaplan-Meier analysis confirming this trend
(P =.084 and .085, respectively).

Discussion

The present study shows that performing simple inpatient exer-
cises (walking and rising from a chair) considerably decreases (by
~70%) the risk of HAD in acutely hospitalized frail, very old patients
and tends to improve their functional ability. HAD is a frequent con-
dition among hospitalized older adults. Indeed, in our study, 58% and
21% of the patients in the control group suffered HAD at discharge
with reference to baseline and admission, respectively. Because HAD



Table 3
Effects of the Exercise Intervention on the Change in ADL Function, Ambulatory Capacity, and Physical Performance Capacity
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Median/Mean Change

Control Group

Intervention Group

Unadjusted Difference
Between Groups
Mean (95% CI)

Adjusted Difference”
Between Groups
Mean (95% CI)

ADL function (Katz index)

From baseline to discharge, mean (SD) -1.26 (1.72)' —-1.03 (1.96)' 0.23 (-0.22, 0.68) 0.03 (—-0.40, 0.45)
P =316 P =.905
From admission to discharge, mean (SD) 0.17 (1.61) 0.73 (1.52) 0.56 (0.18, 0.94) 0.32 (—0.04, 0.68)
P =.004 P=.083
From baseline to 3 mo postdischarge, mean (SD) -1.31(1.86)' -0.85 (1.92)' 0.46 (—0.05, 0.96) 0.27 (-0.21, 0.76)
P=.074 P =265
From admission to 3 mo postdischarge, mean (SD) 0.17 (2.03) 0.88 (1.89) 0.71 (0.19, 1.23) 0.39 (-0.09, 0.87)
P =.007 P=.114
FAC
From baseline to discharge, median (IQR) 0(2) 0(1) 0.04 (-0.23,0.31) -
P =.556
From admission to discharge, median (IQR) 0(1) 0(1) 0.11 (-0.16, 0.39) -
P=.153
From baseline to 3 mo postdischarge, median, (IQR) 0(1) 0(1) —0.09 (—0.44, 0.27) -
P=.130
From admission to 3 mo postdischarge, median (IQR) 0(2) 0(1) —-0.03 (-0.46, 0.41) -
P=.558
SPPB
From admission to discharge, mean (SD) 0.30 (2.17) 0.38 (1.75)' 0.09 (-0.40, 0.57) —0.06 (—0.53, 0.41)

P=.732 P =.796

Significant P values are in bold.
SPPB was not measured at baseline or at 3 months postdischarge. Within group differences in ADL function and performance in the SPPB were computed using Student paired t
tests. Differences in FAC were computed using nonparametric tests (Mann Whitney U test and signed-rank test for unpaired and paired data, respectively), and could not be
adjusted due to their nonparametric nature.

*Adjusted for baseline or admission values of the respective outcome measure.

fSignificant within-group differences (P < .001).

iSignificant within-group differences (P < .05).

Table 4
Effects of Hospitalization on Study Endpoints

Control Group (n = 25) Exercise Group (n = 143) Binary Logistic Regression/Negative Binomial

Regression®

N with Actual N with Actual Cases (%)

Data for Analyses
for Each Endpoint

Cases (%)

Data for Analyses
for Each Endpoint

Crude (95% CI)

Adjusted (95% CI)’

At discharge

P = .086

HAD with reference to baseline 125 58 143 45 OR 0.59 (0.37, 0.96) OR 0.36 (0.17, 0.76)
P=.035 P =.007

HAD with reference to admission 125 21 143 10 OR 0.41 (0.21, 0.83) OR 0.29 (0.10, 0.89)
P=.013 P =.030

Dependent ambulation® 125 50 143 61 OR 1.53 (0.94, 2.48) OR 0.62 (0.25, 1.54)
P =.087 P =302

3-mo postdischarge

HAD with reference to baseline 100 59 124 48 OR 0.65 (0.38, 1.11) OR 0.44 (0.19, 1.03)
P=.114 P =.058

HAD with reference to admission 100 28 124 17 OR 0.52 (0.27, 0.99) OR 0.59 (0.21, 1.61)
P =.048 P =.301

Dependent ambulation 94 45 123 58 OR 1.69 (0.98, 2.90) OR 0.77 (0.34, 1.76)
P =.057 P =.541

Rehospitalization 125 22 143 24 OR 1.12 (0.64, 1.98) OR 1.48 (0.57, 3.84)
P =.689 P =423

Number of falls 106 - 125 - IRR: 0.98 (0.87, 1.08) IRR: 0.98 (0.86, 1.14)
P=.678 P=.678

Mortality 125 10 143 4 OR 0.41 (0.15, 1.13) OR 0.09 (0.01, 1.32)

P=.078

CI, confidence interval; IRR, incidence rate ratio; OR, odds ratio.
Significant (P < .05) OR values are in bold.

*The control group was used as reference for regression analyses; except for number of falls (analyzed with negative binomial regression), binary logistic regression was
used for the remainder of endpoints.

fAdjusted for sex, age, body mass index, living or not at home, Charlson index, polypharmacy (>7), comorbidities, cause of hospitalization (admission diagnosis), and
physical function at admission (including Katz score, independent ambulation or not, and SPPB score). In the case of HAD from baseline, analyses were adjusted to physical
function at the same time point.

YHAD refers to the loss of ability to perform 1 or more basic ADLs independently at discharge.

‘Dependent ambulation was considered in the event of a FAC <4."°

IThe number of falls was 0.19 =+ 0.75 (median 0, range 0—6) and 0.17 + 0.96 (median 0, range 0—10) for the control and intervention group, respectively.
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has major negative consequences for patients and caregivers,' our
results support the routine implementation of these exercises during
the acute hospitalization of older patients.

Results of different systematic reviews indicate that inpatient ex-
ercise programs are safe and overall effective in hospitalized older
patients.!”'* However, not all types of exercise interventions are
easily feasible in this population owing to a frequently limited
mobility capacity. Walking during hospital stay has proven to main-
tain prehospitalization mobility, but conflicting results have been re-
ported regarding its benefits on ADL function.’®?” By contrast, the
combination of walking with lower limb strengthening exercises can
provide greater benefits on functional ability.”®?° Indeed, walking
combined with stretching/strengthening exercises (eg, leg lifts/
swings, toe/heel raises) is associated with a better ADL function at
1-month postdischarge.’® A recent study reported that a combination
of walking, balance, and resistance exercises during a median of 5 days
provided significant benefits in the functional ability and cognitive
function of older patients during acute hospitalization.””~>' But, the
aforementioned intervention was more complex than the present
protocol and required specific weight-training equipment,”® which
might hinder routine implementation in some ACE units.

Although sedentary behaviors (such as those commonly observed
in hospitalized patients)® are associated with an increased incidence
of frailty in older adults, the inclusion of a low amount of physical
activity moderates (or even completely offsets if performed for
>27 minutes) this relationship,> which reinforces the need of
increasing physical activity levels regardless of the specific exercise
performed. In further support of the effectiveness of simple exercises
against sedentary behaviors and the consequent functional decline,
Harvey et al*® recently reported that encouraging frequent but small
bouts of exercise (ie, rising from a chair) might suffice to reduce
functional decline in frail sheltered housing residents. It is reasonable
to hypothesize that, as in healthy older adults, a dose-response rela-
tionship likely exists between training intensity and exercise bene-
fits.>* However, our results suggest that walking and standing up from
a chair (gradually increasing exercise loads by increasing the total
number of repetitions and providing external help during the move-
ment, if needed) might induce clinically meaningful benefits in the
case of frail older patients such as those studied here. That said, this
type of intervention requires close supervision and, thus, an additional
time involvement of the hospital staff with respect to their daily duties
or reliance on external staff, as described here (ie, fitness specialists).

Several potential limitations should be considered. The losses
during the follow-up (up to ~20% of participants for some endpoints
such as FAC) should be borne in mind as a limitation. Also, our study is
a single-center study performed in a very old and frail population (ie,
the proportion of participants who were fully independent in all the 6
ADLs at baseline was only 35%), which could limit the generalizability
of our findings to younger or more functional patients. The small
proportion ( ~25%) of the total number of hospitalized patients in our
ACE unit who participated in our study possibly (partly because of the
strict inclusion criteria) lends further support to the idea that the
present results might not be necessarily applicable to acutely hospi-
talized old patients in general. On the other hand, no intervention
effects were noted on relevant clinical measures at follow-up,
including falls or rehospitalization. Finally, groups differed in func-
tional and mental status at baseline/admission as well as in fall
history, which might have potentially biased the study outcomes.
Owing to their greater functional independence at baseline, patients
in the control group might indeed have tended to more rapidly
recover their “normal” physical status during hospitalization even in
the absence of an exercise intervention. In this respect, however, the
benefits of our intervention on incident HAD remained significant
even after adjusting for clinical and functional variables at baseline or
admission.

Although the intervention was effective to reduce HAD risk and did
not require investment in weight-training equipment, the additional
time commitment needed from the hospital staff to supervise the
exercise sessions (or, alternatively, the need to rely on external staff
such as fitness specialists, as we did here) are issues that should be
addressed in future research, for instance, in studies aiming to assess
the cost effectiveness of the present type of intervention.

Conclusions and Implications

A simple inpatient exercise program solely consisting of walking
and rising from a chair (median duration of the intervention only
3 days, ~20 minutes/day) decreases the incidence of HAD in acutely
hospitalized, very old patients and tends to enhance their ADL func-
tion. Further research is needed to analyze the cost-effectiveness of
this type of intervention (in terms of staff resources) and its general-
izability. However, given the clinical relevance of HAD, our results
support the routine implementation of these exercises during the
acute hospitalization of older patients.
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Supplementary Table 1
Effects of the Exercise Intervention on ADL Function: Subanalyses for Each of the 6 Specific ADLs Assessed With the Katz Index of Independence in ADLs

ADL From Baseline to Discharge From Admission to Discharge From Baseline to 3 Mo From Admission to 3 Mo

Control Intervention P value Control Intervention P value Control Intervention P value Control Intervention P value

(n=125), (n=143), (n=125), (n=143), (n=100), (n=124), (n=100), (n=124),

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Bathing 31 (25) 30 (21) 457 6(5) 3(3) 312 27 (27) 24 (19) 175 7(7) 3(2) 115
Dressing 40 (32) 38 (27) 329 11 (9) 5(3) .068 24 (24) 25 (20) 490 9(9) 4(3) .066
Toileting 35(28) 45 (31) .536 10 (8) 8 (6) 433 28 (28) 27 (22) 282 10(10) 5(4) .076
Transferring 33 (28) 41 (29) 678 10(8) 7(5) 298 23 (23) 24 (19) .505 11(11) 6(5) .083
Continence 26 (21) 21 (15) 189 16 (13) 5(4) .005 27 (27) 28 (23) 445 22 (22) 14 (11) .030
Feeding 12 (10) 13(9) .886 7 (6) 4(3) 249 16 (16) 20 (16) 979 13 (13) 13 (10) .559

Data represent the number (%) of participants in each group who lost the capacity to perform a specific activity independently. Differences between groups were computed
using y? tests (or Fisher exact test when more than 20% of cells had expected frequencies <5). Significant P values are in bold.

Supplementary Table 2
Effects of the Exercise Intervention on the SPPB: Subanalyses for Each of the 3 Tests of the SPPB

Individual Test Control Intervention Unadjusted Difference Adjusted Difference'
Admission Discharge Change* Admission Discharge Change* f:;;eﬁgsgrg;ps Il?/[eet;/\rllegl;rg;;ps
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) : °
Balance 1.49 (1.29) 1.60 (1.34) 0.11 (1.21) 1.29 (1.26) 1.49 (1.29) 0.20 (1.14)’ 0.09 (-0.21, 0.38) 0.01 (-0.26, 0.28)
P=.554 P =937
Gait ability 1.63 (1.28) 1.68 (1.21) 0.04 (1.00) 1.44 (1.03) 1.52 (0.99) 0.08 (0.84) 0.04 (-0.18, 0.25) -0.03 (-0.22, 0.17)
P=.734
Leg strength 0.75 (1.09) 0.89 (1.11) 0.14 (0.87) 0.46 (0.80) 0.56 (0.91) 0.10 (0.75) —0.04 (-0.25, 0.16) -0.13 (-0.32, 0.07)
P = .682 P=.194

Each test (balance, gait ability, and leg strength) is scored from 0 to 4, with a 0 to 12 sum-score for all 3 tests combined yielding the total SPPB score.
*Computed using paired Student t-tests.
fAdjusted for the performance attained in the respective test at admission.
‘Significant compared to admission (P = .043).



Results

Individual responsiveness to physical exercise in acutely hospitalized older adults

With the aim of analyzing potential factors modulating individual responsiveness to
inhospital exercise programs in older adults we performed a secondary analysis of the
abovementioned clinical trial. This study was published in the Journal of Clinical
Medicine (impact factor: 5,688, position 15/160, category: General medicine).>® Our
findings show that although exercise is overall effective for preventing HAD in older
adults, a small proportion of patients present with this condition despite participating in
the exercise program (known as ‘adverse responders’), resulting in an impaired functional
ability, physical performance and a greater risk of falls in the middle-term. Factors such
as a longer hospital stay and a better functional and health status at baseline increased the

odds of being adverse responder. A graphical abstract of this study is shown in Figure 5.

Individual Responsiveness to Physical Exercise Intervention in Acutely
Hospitalized Older Adults

Population Response to exercise Adverse responders

« Factors associated with a greater risk of
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Conclusion

Although in-hospital physical exercise was overall beneficial for the prevention of hospitalization-associated disability in older
adults, patients with a better functional and health status at admission and that stayed longer in the hospital were more likely
to present functional decline despite performing the exercise program.

Figure 5. Rate of responsiveness to inhospital exercise in older adults, and factors

associated with exercise responsiveness.
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Abstract: We analyzed inter-individual variability in response to exercise among acutely hospitalized
oldest-old adults. In this ancillary analysis of a randomized controlled trial, 268 patients (mean age
88 years) were assigned to a control (n = 125, usual care) or intervention group (n = 143, supervised
exercise, i.e., walking and rising from a chair [1-3 sessions/day]). Intervention group patients
were categorized as responders, non-responders, or adverse responders (improved, no change, or
impaired function in activities of daily living [ADL, Katz index] from hospital admission to discharge,
respectively). We analyzed the association between responsiveness to exercise and variables assessed
at baseline (2 weeks pre-admission), admission, during hospitalization, at discharge, and during a
subsequent 3-month follow-up. An impaired ADL function and worse nutritional status at admission
were associated to a greater responsiveness, whereas a better ADL function at admission, longer
hospitalization and lower comorbidity index were associated with a poorer response (p < 0.05).
Adverse responders had worse outcomes at discharge and during the follow-up (e.g., impaired
physical performance and greater fall number) (p < 0.05). Although exercise intervention helps to
prevent ADL function decline in hospitalized oldest-old people, a number of them—particularly
those with a better functional/health status at admission and longer hospitalization—are at higher
risk of being adverse responders, which can have negative short/middle-term consequences.

Keywords: hospital-associated disability; elders; functional ability; activities of daily living; training
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1. Introduction

Hospitalization can have important negative consequences in older adults, notably an impaired
capacity to perform activities of daily living (ADLs) independently. One of three hospitalized older
adults suffers from hospital-associated disability (HAD), defined as the loss of the ability to perform
one or more basic ADLs independently upon discharge compared to admission [1]. In turn, HAD is
associated with several negative outcomes in the middle-long term, including a higher risk of nursing
home admission [2], hospital readmission [3] and mortality [4]. Further, only ~30% of patients with
this condition recover their pre-admission functional levels after one year [5].

The development of strategies aiming at preventing HAD should therefore be a priority [1,6].
In this context, although a number of factors can increase the risk of HAD [7-9], lack of physical
activity during hospitalization seems particularly important. A recent study reported a mean daily
non-sedentary time—that is, excluding sitting or lying in bed—of only one hour in hospitalized older
adults, which in turn was associated with a greater HAD risk [10]. Strong evidence supports the
beneficial role of in-hospital exercise programs to attenuate functional decline in older patients [11-13].

The study of the individual variability in response to exercise training is an emerging topic,
especially in the context of “personalized medicine”. Indeed, a considerable inter-individual variability
is typically observed in the response to a given exercise intervention. Thus, some individuals show no
benefits—or even negative adaptations—(i.e., “non-responders” or “adverse responders”, respectively)
after training programs that result overall beneficial in statistical terms [14]. However, scarce data are
available in old adults, particularly in the “oldest old” people (i.e., >85 years) compared to younger
individuals. In this regard, in a recent randomized controlled trial (RCT) from our group, a simple
exercise intervention was found to be safe and to significantly reduce the prevalence of HAD in acutely
hospitalized oldest old people (aged 88 years on average) compared to usual care [15]. Yet, 45% and
10% of the patients in the exercise group were discharged with an impaired ADL function compared to
baseline and admission, respectively [15].

Whether the individual responses to exercise interventions in very old hospitalized people depend
on some specific patients’ characteristics (e.g., age, diagnosis at admission) remains unknown. This is
an important question because, given the negative consequences of HAD [6], identifying potential
factors predicting lack of response—and especially an adverse one—might allow us to target ‘high-risk’
patients. Moreover, previous research in hospitalized older adults has shown that a poor response to
exercise is associated to negative outcomes (notably, increased mortality) after hospitalization [16].
Thus, the analysis of inter-individual variability might help to identify those people who might benefit
from more targeted or personalized exercise interventions in order to prevent the negative functional
consequences of hospitalization.

It was therefore the purpose of this ancillary analysis of our recent RCT [15] to analyze
inter-individual variability in response to a physical exercise intervention in acutely hospitalized
older adults as well as the potential predictors of the different types of responses. We also analyzed
the short and middle term functional and health consequences of the different types of responses.
Attending to the results reported by our group in other clinical populations [17,18], we hypothesized
that a poorer response would be observed in those individuals with a greatest physical fitness before
hospitalization. Moreover, following recent data from Saez de Asteasu et al. [16], we hypothesized that
adverse responders would present with poorer outcomes (e.g., impaired physical performance) at both
discharge and during post-hospitalization follow-up.

2. Material and Methods

2.1. Study Design

The details of our recent RCT are shown elsewhere [15]. Briefly, acutely hospitalized older adults
were randomized to a control (usual care) or intervention group (usual care + supervised exercise). For
the present study, only patients in the intervention group were assessed, and categorized as either
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responders (positive change), non-responders (no change), or adverse responders (negative change).
We analysed the association between responsiveness to the exercise intervention, and different variables
assessed at baseline (i.e., two weeks before admission) and admission, and during hospitalization.

The study was approved by the local Ethics Committee (Hospital Universitario Gregorio Marafién,
Madrid, Spain; reference # 107/11; approved on 3 May 2011), and written informed consent was
obtained from patients. When it was not possible to obtain the informed consent directly from a patient
due to medical reasons (e.g., impaired cognitive function), proxy consent was obtained from their
relatives. All procedures were performed in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.

2.2. Participants

Patients (>75 years) admitted to our Acute Care for Elders unit were considered eligible to
participate, excluding those who met the following criteria: non-ambulatory or dependent in all basic
ADLs at baseline (i.e., two weeks before admission, as assessed by retrospective interview); having
unstable cardiovascular disease (or any other major medical condition contraindicating exercise),
terminal illness, or severe dementia (i.e., >8 errors in the Spanish version of the short portable mental
status questionnaire [SPMSQ)], also known as Pfeiffer’s test) [19]; expected length of hospitalisation
<3 days; being transferred from another hospital unit; or having a scheduled admission (which was
usually associated with a length of hospitalisation <3 days) [15]. All participants received the standard
care in our unit (including the standard diet adapted to their disease [notably, diabetes and renal
insufficiency] and specific necessities).

2.3. Intervention

Besides receiving standard care in our unit, patients in the intervention group participated in
a supervised in-hospital exercise programme. Exercise sessions (Monday to Friday, from one to
three sessions per day [depending on the patient’s physical capacity] conducted on both mornings
and afternoons) consisted of rising from a seated to an upright position (using armrests/assistance
if necessary) and walking exercises. For the former, exercise loads increased individually and
progressively from one to three sets of up to 10 repetitions, with a two-minute rest between sets.
When patients could complete the prescribed training session (e.g., one set of 10 repetitions) in two
consecutive days, a new set was added, up to a maximum of three sets of 10 repetitions per session.
Total walking time progressed from three to 10 min (with resting periods if needed, depending on the
patient’s condition) along the corridor of the ward with assistance if necessary. Standing and walking
exercises were separated by a rest period of up to five minutes. All exercise sessions were supervised
by fitness specialists.

2.4. Responsiveness Analysis

ADL function was assessed with the Katz index, which measures patients’ ability to independently
perform six basic ADLs (eating, transferring from bed to chair, walking, using the toilet, bathing, and
dressing), each of which is scored with zero or one depending on whether the participant is able
to perform the activity with or without help, respectively [20]. Nurses who were not involved in
supervising the intervention were in charge of the assessment of ADL function. However, assessors
and care providers were not blinded to the assigned intervention.

Responsiveness was defined attending to clinically meaningful changes, which in the case of
ADL function was considered as gaining or losing the ability to independently perform one or more
ADLs from hospital admission to discharge. Thus, participants were considered responders (gaining
one or more ADLs from hospital admission to discharge), non-responders (no change in any ADL
from hospital admission to discharge), or adverse responders (losing one or more ADLs from hospital
admission to discharge).
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2.5. Outcomes

We analysed the association between exercise responsiveness and different variables assessed
at baseline (i.e., two weeks before admission, as assessed retrospectively through a standardized
interview with patients or their caregivers), at admission, and during hospitalization. These variables
included demographic (age, sex) and clinical characteristics (diagnosis at admission, presence of other
geriatric syndromes [dementia, depression, falls, chronic pain, malnutrition, urinary incontinence,
frailty phenotype, incident delirium], comorbidities [assessed by means of the Charlson comorbidity
index] [21], polypharmacy [taking > 7 drugs] or frailty [having >3 of the 5 Fried’s criteria]) [22]. The
association between responsiveness and ADL function, ambulatory capacity (assessed by means of the
modified Functional Ambulatory Categories [FAC]) [23] and physical performance (measured with the
Short Physical Performance Battery [SPPB]) [24] at baseline or admission was also assessed; as well as
the association between responsiveness, and the length of hospital stay and exercise loads (frequency
[number of training days] and volume [i.e., total number of sit-ups and walking time]).

We also assessed the association of responsiveness to the intervention with ADL function, FAC
and SPPB at discharge and after a 3-month follow-up-except for SPPB, which could not be assessed at
follow-up; as well as with mortality and number of falls during the 3-month follow-up (registered by
telephone interview).

2.6. Statistical Analysis

The exact details for the determination of the optimal sample size are available elsewhere [15].
Based on previous (unpublished) data obtained in our ACE unit, we determined that 33% of the patients
improved their ADL from admission to discharge—and could be therefore considered responders.
Based on previous reports [16-18], we aimed to achieve a rate of responsiveness of ~50%, and we
therefore estimated a minimum sample of 138 participants for the intervention group (power = 95%,
o =0.05).

Data are presented as mean + standard deviation (SD) unless otherwise stated. Chi-squared tests
and one-way analyses of variance (ANOVA) were performed to assess differences between responders,
non-responders and adverse responders to the intervention for dichotomous and continuous outcomes,
respectively. The likelihood of responsiveness to the intervention attending to different variables
assessed at baseline, admission or during hospitalization was determined using univariate logistic
regression analyses. Multivariate logistic regression model was fitted for those variables showing a
p-value < 0.157 in the univariate analyses [25]. We also analyzed the association between responsiveness
and different outcomes at discharge and during the subsequent 3-month follow-up using binary logistic
regression (for dichotomous outcomes) or linear regression (for continuous outcomes). All statistical
analyses were conducted using a statistical software package (SPSS 23.0, IBM, NY) with o = 0.05.

3. Results

The characteristics of the participants in the intervention group are summarized in Table 1. They
had a mean age of 88 + 5 years (range 75-102). The median length of hospitalisation was 7 days
(interquartile range [IQR] 4), with no differences between responder groups, albeit with a non-significant
trend (p = 0.085) towards a longer hospital stay in adverse responders. No between-group differences
were found for demographic or clinical variables at admission (all p > 0.05, Table 1). However,
responders had a greater loss of ADL function from baseline to admission and a lower ADL function at
admission than both non-responders (p = 0.018 and p = 0.010, respectively) and adverse responders
(p = 0.088 and 0.005) (Table 1).
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Table 1. Main characteristics of responders, non-responders or adverse responders to the exercise
intervention attending to the change (i.e., improvement, no change or decrease, respectively)
in functional ability (i.e., ability to perform activities of daily living [ADLs] independently)
during hospitalization.

Variable Responder (N = 69) Non-Responder (N = 60) Adverse Responder (N = 14)
Age (years; mean [SD]) 88 (5) 88 (5) 88 (5)
Sex (female) (%) 60.9% 58.3% 64.3%
Body mass index (kg:m~2; mean [SD]) 26.3 (5.4) 25.6 (4.6) 25.3 (5.9)
Charlson comorbidity index (mean 6.8 (17) 6.8 (1.6) 5.7 (1.1)
[SD])
Polypharmacy (27) (%) 55.1 65.0 429
Geriatric syndromes at admission (%)
Dementia 21.7 28.3 429
Depression 29.0 35.0 35.7
Falls 304 41.7 429
Chronic pain 319 35.0 50.0
Malnutrition 14.5 30.0 214
Urinary incontinence 464 51.7 50.0
Frailty phenotype 68.1 66.7 78.6
Incident delirium 18.8 21.7 14.3
Main admission diagnosis (n [%])
Respiratory 24.6 33.3 28.6
Circulatory 7.2 5.0 7.1
Renal/urologic 11.6 13.3 7.1
Central nervous system 11.6 10 14.3
ADL function at baseline (mean [SD]) 3.9 (1.8) 4.0(1.9) 45(1.5)
FAC score at baseline (mean [SD]) 3.5(0.9) 3.4(0.9) 3.2(1.1)
ADL function at admission (mean 17(1.8) 27 @21)* 34(1.3)
[SDI)
FAC score at admission (mean [SD]) 2.2 (1.3) 2.5(1.4) 2.7 (14)
SPPB score at admission (mean [SD]) 3.1(2.3) 35(2.7) 25(2.1)
Length of hospitalization (days 645) 60 8075)
Training days (median [IQR]) 3(2) 2(2) 3(3)
Daily walking volume (minutes; 156) 169) 1301
Total walking volume (minutes; mean 47 (35) 4137 46 (39)
[SD])
Daily number of sit-ups (mean [SD]) 29 (20) 27 (19) 23 (24)
Total number of sit-ups (mean [SD]) 90 (77) 74 (71) 84 (71)

Abbreviations: FAC, functional ambulation category; IQR, interquartile range; SD, standard deviation; SPPB, short
physical performance battery. Significant p-values are in bold. Significantly different from responders: * p < 0.05,
**p <0.01.

Multivariate logistic regression analyses showed that ADL function at admission was negatively
associated with the odds of being a responder, whereas malnutrition was positively associated (Figure 1
and Table S1). On the other hand, both ADL function at admission and the length of hospitalization
were positively associated with the likelihood of being an adverse responder, whereas a negative
association was found for dementia and Charlson comorbidity index.
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Figure 1. Significant (p < 0.05) associations between: (i) demographic and clinical variables at baseline
(i.e., two weeks before hospitalization) or upon hospital admission; and (ii) the response of functional
ability (i.e., ability to perform activities of daily living [ADLs] independently) to the exercise intervention
(i.e., responder [improvement], non-responder [no change] or adverse responder [decrease]). Data
are shown as odds ratio (OR) along with 95% confidence interval (CI), and were computed through
multivariate logistic regression analyses (fitted for those variables showing a p-value < 0.157 in

univariate analyses).

Being a responder was positively associated with ADL function as well as with ambulatory capacity
and physical performance at discharge, whereas the opposite was observed for adverse responders
(Figure 2 and Table S2). Moreover, being an adverse responder was positively associated with the
number of falls sustained during the 3-month follow-up after discharge, although no association
was observed for other outcomes such as ADL function, ambulatory capacity, re-hospitalization or
mortality during the follow-up.
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Figure 2. Significant (p < 0.05) association between: (i) the response of functional ability (i.e., ability to
perform activities of daily living [ADL] independently) to the exercise intervention (i.e., responder,
non-responder or adverse responder to exercise (i.e., responder [improvement], non-responder [no
change] or adverse responder [decrease]); and (ii) different outcomes at discharge or during a 3-month
follow-up. Data were analysed using linear regression and are expressed as 3 along with 95%
confidence intervals (CI). No significant associations were found for non-responders. Abbreviations:
FAC, functional ambulatory category; SPPB, short physical performance battery.

4. Discussion

The present study shows that, although a physical exercise intervention was safe and overall
reduced the prevalence of HAD in acutely hospitalized older adults, a high proportion of patients
showed no improvement (~40%) or even an impairment (~10%) in ADL function during hospitalization
despite receiving the aforementioned intervention. A lack of response—or even a negative one—to
exercise was particularly evident in those patients with longer in-hospital stays and a better health (i.e.,
less comorbidities) and functional status (i.e., greater ADL function) before hospitalization. Conversely,
a better response was found in those patients who had a lower ADL function at hospital admission or
had malnutrition. Identification of potential predictors of a poor, and especially adverse, response
to the intervention is of clinical relevance. Indeed, an adverse response was associated to poorer
outcomes at both discharge (impaired ADL function, ambulatory capacity and physical performance)
and during the 3-month follow-up (i.e., greater number of falls).

Although our exercise program proved to be overall beneficial to ADL function, which is in line
with previous research [11,12,26-28], 52% of the participants in the intervention group did not improve
their ADL function during hospitalization or were even discharged with an impaired ADL function
compared to hospital admission. Similar results have been recently reported for hospitalized oldest
old adults (mean age 87 years) by Saez de Asteasu et al. [16]. These authors found that 15%, 49% and
38% of the participants in the exercise group obtained no benefits (or even a deterioration) in some
functional outcomes (physical performance, gait velocity, and muscle strength) despite the intervention
being safe and overall beneficial compared to usual care. Thus, our results provide additional evidence
in support of the beneficial effects of physical exercise for oldest old people and particularly for those
who are hospitalized—which include improvements not only in muscle mass/strength, but also in
cardiorespiratory fitness, in inflammatory and hormonal status, or cognitive function [29]. However,
taken together, previous [16] and present results support that there is a considerable individual
variability in the response to an in-hospital intervention for very old patients.

The present study also shows that, except for those with dementia—who had a lower likelihood
of being adverse responders—patients with a better functional/health status at admission seemed to
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suffer from a greater functional decline during hospitalization despite participating in our exercise
program. Conversely, their peers with a poorer functional status seemed to be those benefiting more
from the program. In line with our findings, Jones et al. [30] recently observed that although an exercise
intervention was overall not effective for the improvement of ADL function in hospitalized older adults,
patients with a low baseline functional status benefited from the intervention. Previous research from
our group has also reported greater benefits in those individuals with a poorer fitness level at baseline
in other clinical populations including children with cancer [17] or haemodialysis patients [18].

The sedentary lifestyle that characterizes hospitalized older adults could contribute to the marked
functional decline that they usually suffer, particularly during long hospital stays. Indeed, different
studies have reported that hospitalised older adults spend most of the time in bed even when they
are able to walk independently [31,32], with the levels of inactivity being related to the risk of
HAD [10]. Increasing activity levels should therefore be a priority, especially in those patients with
a better functional status at admission, with the latter theoretically allowing to maintain a more
active lifestyle during the whole hospital stay. In the present study, we applied a simple exercise
intervention solely consisting of walking and rising from a chair, which might not represent a stimulus
high enough for the fittest patients. Thus, we could hypothesize that the response to the exercise
intervention might have had a ceiling effect, with those patients with greater fitness levels needing
more demanding interventions (i.e., longer and/or more intense programs) to obtain meaningful
benefits. In this context, multi-component exercise interventions applying greater volumes or higher
intensities (e.g., resistance training with fast or ‘explosive’ movements) might be more effective in
these fitter patients, as previously reported for older adults who were overall fitter at baseline than
our participants [29,33,34]. A number of studies have previously reported that implementation of
higher training loads can enhance responsiveness in individuals who were classified a priori as
non-responders [35,36]. Moreover, increasing exercise intensity has been reported to result in a greater
release of muscle-derived factors (also known as “myokines”, e.g., fibroblast growth factor, follistatin)
that are known to induce positive cardiometabolic effects (e.g., enhanced glucose homeostasis and lipid
utilization) and facilitate muscle anabolism [37]. In the same line, compared with moderate-intensity
exercise, a higher exercise intensity provides larger benefits on other variables such as blood pressure,
glucose control and aerobic fitness [38]. Thus, future research should determine the safety and
effectiveness at the individual level of tailored in-hospital exercise interventions for oldest old people
of higher intensity than the one applied here.

Another relevant finding was that adverse responders presented with impaired functional
capacity (lower ADL function, ambulatory capacity and physical performance) at discharge and a
greater incidence of falls during the 3-month follow-up. Of note, lower levels of both ADL function
and physical performance at discharge have been associated with negative outcomes (long-term
functional impairment, institutionalization, re-hospitalisation, death) after acute hospitalisation in old
people [6,39,40]. Moreover, Saez de Asteasu et al. [16] recently reported that those participants who
were adverse responders for physical performance (SPPB) tended to have a higher risk of mortality
during a one-year follow-up after hospitalization. Taken together, present and previous results [16]
overall support the negative consequences of HAD in hospitalized older adults, and highlight the need
for maximizing exercise responsiveness in this patient population.

Some limitations must be acknowledged. We analyzed responsiveness for a single outcome
such as ADL function because our exercise intervention provided no significant benefits in other
functional measures such as SPPB or FAC [15]. Future research should confirm if other types of exercise
interventions (e.g., involving multicomponent exercises) can provide benefits for these variables.
Different procedures have been used in the literature for the determination of responsiveness that
could not be applied in the context of our study. Responsiveness has been considered by other authors
as an improvement greater than the technical standard error of measurement or greater than the
between-day variability—or both—for the outcome measure/s in question, which should control for the
random error of measurement [17,18,41]. However, responsiveness can also be determined attending
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to whether the observed changes are clinically relevant [41]. In this regard, given the relevance of ADL
function per se, in the present study we determined responsiveness based on clinically meaningful
changes, that is, attending to the changes in the ability to independently perform ADLs. Our findings
in fact confirm the clinical relevance of ADL function per se, as adverse-responders presented with
poorer outcomes at both discharge and during the follow-up. On the other hand, it must be noted
that participants, assessors, and care providers were not blinded to the intervention assigned to each
participant, which can be considered as a limitation of our study. Finally, we did not assess some
important variables such as nutritional intake (notably, of proteins), emotional status, or physical
activity levels outside the exercise intervention—all of which can influence the functional response to
hospitalization—and thus our analyses were not controlled for these potential confounders. Future
research should assess the influence of these variables on the risk of a poor response to in-hospital
exercise in the oldest old.

5. Conclusions

Although in-hospital physical exercise was safe and overall beneficial for the prevention of HAD
in acutely hospitalized older adults, there was individual variability in the responses of ADL function
to the intervention. Patients with a worse functional status at admission were likely to respond more
positively to the exercise program. By contrast, those who stayed longer in the hospital and who had
a better ADL function and less comorbidities at admission—except dementia—were more likely to
suffer from HAD despite performing the exercise program. The latter group of patients should be
potentially targeted, in terms of ensuring that exercise loads are sufficiently high and of promoting a
lifestyle as active as possible during hospitalization.
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Results

Effects of exercise on the functional status of acutely hospitalized older adults

With the aim of compiling the evidence on the effectiveness of inhospital exercise
programs for preventing functional decline in older adults admitted with an acute medical
condition, we performed a systematic review and meta-analysis that was published in
Ageing Research Reviews (impact factor 10.390, position 2/53, category: Geriatrics).’
Our findings show that exercise interventions improve functional ability and physical
performance at discharge, also providing benefits on the middle-term (1-3 months post-

discharge). A graphical abstract of this study is shown in Figure 6.

Exercise interventions in acutely hospitalized older adults:
A systematic review and meta-analysis

STUDIES MAIN FINDINGS
15 studies from 12 RCTs (n=1748 participants) % Functional independence at % Physical performance
discharge® and 1-3 months at discharge
POPULATION post-discharge® (SMD=0.57, 95%CI=0.18-0.95)
Older adults (~67 to 88 years) hospitalized for an 2(SMD=0.64, 95%Cl=0.19-1.08)

acute medical condition during ~4 to ~13 days 5(SMD=0.29, 95%CI=0.13-0.43)
=0.49, oLI=0. A

|||!
HEuEEaEn

EXERCISE INTERVENTION

5-7 days per week, 15-30 minutes per session
Mobility, resistance or multicomponent exercise

e.g., walking e.g., sit to stand e.g., personal toileting e.g., gait speed

CONCLUSION In-hospital exercise interventions are safe and effective for improving functional independence
and physical performance in acutely hospitalized older adults.

Figure 6. Summary of the effects of physical exercise interventions on the functional

status of acutely hospitalized older adults.
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ABSTRACT

Background: Acute hospitalisation can have adverse effects in older adults, notably functional decline. We aimed
to summarize evidence on the effects of exercise interventions in acutely hospitalised older adults.

Methods: Relevant articles were systematically searched (PubMed, Web of Science, Rehabilitation & Sports
Medicine Source, and EMBASE) until 19" March 2020. Randomized controlled trials (RCTs) of in-hospital ex-
ercise interventions versus usual care conducted in older adults (> 60yrs) hospitalised for an acute medical
condition were included. Methodological quality of the studies was assessed with the PEDro scale. Primary
outcomes included functional independence and physical performance. Intervention effects were also assessed
for other major outcomes (length of hospital stay, incidence of readmission, and mortality). A meta-analysis was
conducted when =3 studies analysed the same outcome.

Results: Fifteen studies from 12 RCTs (n = 1748) were included. Methodological quality of the studies was
overall high. None of the studies reported any adverse event related to the intervention. Exercise interventions
improved functional independence at discharge (standardized mean difference [SMD] = 0.64, 95% confidence
interval = 0.19-1.08) and 1-3 months post-discharge (SMD = 0.29, 95%CI = 0.13-0.43), as well as physical
performance (SMD = 0.57, 95%CI = 0.18-0.95). No between-group differences were found for length of
hospital stay or risk of readmission or mortality (all p > 0.05).

Conclusions: In-hospital supervised exercise interventions seem overall safe and effective for improving — or
attenuating the decline of — functional independence and physical performance in acutely hospitalised older
adults. The clinical relevance of these findings remains to be confirmed in future research.

1. Introduction

to perform one or more basic activities of daily living [ADL]) (Loyd
et al., 2019), which is associated with an increased risk of disability,

Periods of hospitalisation as a consequence of acute medical illness
are associated with several negative health consequences in older
adults, even when the illness that necessitated the hospitalisation is
successfully treated. Indeed, approximately one-third of older adults
experience the so-called hospital-associated functional decline (HAFD)
or hospitalisation-associated disability (defined as the loss of the ability

institutionalisation and mortality (Boyd et al., 2008; Fortinsky et al.,
1999; Inouye et al., 1998). Hospitalisation periods are also associated
with an increased risk of cognitive decline and dementia (Ehlenbach
et al., 2010). Thus, the development of strategies aiming at reducing the
adverse effects of acute hospitalisation in older patients should be a
priority (Covinsky et al., 2011).
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The generally low levels of physical activity performed by hospi-
talised older adults seem to play a major role in the negative health
consequences associated with hospitalization (Agmon et al.,, 2017;
Pavon et al., 2019; Zisberg et al., 2011). Hospitalised older adults spend
most of the time in bed even if they are able to walk independently
(Brown et al., 2009), and nearly 75% of them do not walk at all during
hospitalisation (Callen et al., 2004). It has been proposed that exercise
interventions might be a safe and effective strategy to enhance func-
tional status in hospitalised older patients (e.g., rehabilitation programs
in medically stable geriatric patients) (Bachmann et al., 2010;
Heldmann et al., 2019; Kosse et al., 2013; Martinez-Velilla et al., 2016).
For instance, meta-analytical evidence supports the benefits of exercise
interventions on the functional status of medically stable patients (i.e.,
in the post-acute or rehabilitation setting) and on other clinical out-
comes such as risk of nursing home admission and mortality (Bachmann
et al., 2010; McKelvie et al., 2018). There is also evidence of a benefit of
exercise interventions on functional independence and physical per-
formance in older adults admitted for an acute medical condition
(Martinez-Velilla et al., 2019; Ortiz-Alonso et al., 2020; Saez de Asteasu
et al.,, 2019a) and some qualitative reviews have summarized these
findings (Kanach et al., 2018; Martinez-Velilla et al., 2016). However,
to our knowledge there is no meta-analytic evidence supporting the
effectiveness of in-hospital exercise interventions for the improvement
of functional status in this patient population, or for their effect on
other major outcomes such as length of hospital stay, incidence of
readmission, or mortality.

The present systematic review and meta-analysis of randomized
controlled trials (RCTs) aimed to summarize evidence on the effects of
exercise interventions in acutely hospitalised older adults compared
with usual care, with a particular focus on functional independence and
physical performance, as well as on other clinical outcomes including
length of hospital stay, incidence of readmission, and mortality.

2. Methods

The conduct and reporting of the present systematic review and
meta-analysis conform to the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA).

2.1. Systematic search

Relevant English-language articles were identified by title and ab-
stract in the electronic databases PubMed, Web of Science,
Rehabilitation & Sports Medicine Source, and EMBASE (all available
documents until 19™ March 2020) using the following strategy: (“older
adults” OR “older patients” OR elderly OR elders OR geriatric* OR
“very old” OR eldest OR oldest OR frail OR senior OR octogenarian OR
nonagenarian OR centenarian) AND (hospital* OR “acute care” OR
inpatient) AND (exercise* OR “physical therapy” OR rehabilitation OR
training OR mobilization OR ambulat*) AND (random* OR control* OR
"usual care"). The electronic search was supplemented with a manual
review of reference lists from relevant publications to locate additional
publications. Gray literature (e.g, abstracts, conference proceedings
and editorials) was excluded.

2.2. Study selection and data extraction

Two authors (J.S.M. and J.M-C) independently performed the sys-
tematic search, and eventual disagreements were resolved through
discussion with a third author (P.L.V.). Citations were first retrieved
and preliminarily screened by title and abstract, and the full-texts of
those studies that met the inclusion criteria were assessed. Each author
provided a separate list with the studies selected at each stage, as well
as with those to be finally included in the review. Studies were eligible
for inclusion if they met all following criteria: a) were RCTs; b) were
conducted in older adults (age > 60 years) hospitalised for an acute

Ageing Research Reviews 61 (2020) 101076

condition (e.g., mainly cardiovascular complications such as heart
failure, and pulmonary complications such as exacerbations of chronic
obstructive pulmonary disease and pneumonia); ¢) had a control group
of patients who received usual care; d) had a group that received usual
care and, in addition, was included in an in-hospital physical exercise
intervention (exercise group); e) assessed at least one endpoint related
to functional independence or physical performance. Studies including
patients hospitalised due to orthopaedic surgery in general, knee/hip
replacement, falls, stroke, or injuries (e.g., fractures) as well as those
conducted in a post-acute or rehabilitation unit were excluded. The
control and exercise groups should receive the same treatment/condi-
tions except for the physical exercise intervention (e.g., studies asses-
sing the effectiveness of physical exercise together with other inter-
ventions such as cognitive, nutritional or psychological ones were
excluded). In order to isolate the effects of in-hospital exercise, in those
studies that included a follow-up the exercise intervention should be
finished at discharge.

Two authors (A.C.G. and J.S.M.) independently extracted the fol-
lowing data from each study: number of participants within each group,
participants’ characteristics, intervention characteristics, main end-
points, measurement methods, and main results. Main outcomes’ data
were extracted as mean and standard deviation (SD) for continuous
variables or as sample size and number of events for dichotomous ones.
Disagreements were resolved through discussion with a third reviewer
(P.L.V.). If the aforementioned data were not available, we contacted
the corresponding author of the study in question. We also contacted
authors when necessary to clarify any uncertainty or to request addi-
tional data.

2.3. Quality assessment

The methodological quality of the included studies was assessed
with the PEDro scale, which is based on the Delphi list (Verhagen et al.,
1998). Two authors (A.C.G and J.S.M.) independently scored the stu-
dies, and disagreements were resolved through discussion with a third
author (P.L.V.). A 0-10 total score was determined by counting the
number of criteria satisfied by each study (see footnote in Table 1 for a
brief description of criteria). Study quality was rated as poor (PEDro
score <3), fair (4-5) or high (> 5).

2.4. Statistical analyses

We performed a meta-analysis when a minimum of three studies
compared the effects of exercise over the control group for a given
endpoint. When different studies from the same RCT assessed the same
endpoint, only the larger one (i.e., the one including more participants)
was used for analyses. The pooled standardized mean difference (SMD,
post- minus pre-intervention data) and odds ratio (OR) between inter-
ventions were computed together with 95% confidence interval (CI)
using a random effects model. Absolute mean differences (AMD) were
computed when all studies reported a given endpoint using the same
units (e.g., length of stay in days). A conservative correlation coefficient
(Pearson’s r-value) of 0.7 between pre- and post-intervention data was
used for the computation of the within-group SD (Rosenthal, 1991),
which is in line with that observed in this patient population (Ortiz-
Alonso et al., 2020). Sensitivity analyses with an r-value of 0.2 and 0.5
were then performed when a significant result was found. Begg’s test
was used to determine the presence of publication bias, and the Q and I?
statistics were used to assess heterogeneity across studies. The level of
significance was set at 0.05. All statistical analyses were performed
using the statistical software package Comprehensive Meta-analyis 2.0
(Biostat; Englewood, NJ).
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Records identified through
database searching (n =10784)

Identification

Additional records identified through

other sources (n = 0)

Records excluded by title and abstract

Screening

— A 4

(n = 10742)

Full-text articles assessed
for eligibility (n = 42)

Full-text articles excluded with reasons
(n=27):

- Participants not meeting inclusion criteria (n

=4).
- All groups performed some type of exercise
intervention (n = 3).

Eligibility

- Assessed the effectiveness of other
interventions together with exercise (n = 3).
- Was conducted on a non-acute setting (e.g.,
rehabilitation, sub-acute ward) (n = 7).

- The intervention was conducted after

Studies included in the
analyses (n = 15)

discharge (n = 3).
- Did not include a physical exercise
intervention (n = 1).
- Was not a randomized controlled trial (n =
4)

Included

- Was a feasibility study and measured no
functional outcomes (n = 2).

Fig. 1. Flow chart of literature search.

3. Results
3.1. Studies’ selection

From the retrieved articles, 15 studies from 12 RCTs including 2618
patients were included in the systematic review (Fig. 1) (Blanc-Bisson
et al., 2008; Braun et al., 2019; Brown et al., 2016; Hu et al., 2020;
Jones et al., 2006; Killey and Watt, 2006; Martinez-Velilla et al., 2019;
McCullagh et al., 2020; Ortiz-Alonso et al., 2020; Séez de Asteasu et al.,
2019b, 2019a, 2020; Siebens et al., 2000; Torres-Sanchez et al., 2017;
Troosters et al., 2010). The characteristics of the included studies are
summarized in Table 1. Three studies (Sdez de Asteasu et al., 2019a,
2019b, 2020) were secondary analyses of another RCT (Martinez-
Velilla et al., 2019), and thus only the original RCT was used to cal-
culate the total number of subjects (1748 patients after removing sec-
ondary analyses).

3.2. Quality assessment and publication bias

The quality of the included RCTs was overall high (median PEDro
score = 7, range 3-8; Table 2). Two studies were deemed to have poor
methodological quality (Blanc-Bisson et al., 2008; Killey and Watt,
2006), two had fair quality (Ortiz-Alonso et al., 2020; Troosters et al.,
2010), and the remainder were considered to present a high quality
(Brown et al., 2016; Hu et al., 2020; Jones et al., 2006; Martinez-Velilla
et al., 2019; McCullagh et al., 2020; Séez de Asteasu et al., 2020, 2019b,

2019a; Siebens et al., 2000; Torres-Sanchez et al., 2017).
3.3. Participants’ characteristics

The included RCTs involved between 35 and 370 participants
(median = 100) whose average age ranged between 67 and 88 years
(Table 1). All studies included both male and female participants. Most
studies included participants hospitalised for different medical condi-
tions (e.g, respiratory, cardiovascular, renal/urologic, central nervous
system or digestive conditions). However, two studies (Torres-Sanchez
et al., 2017; Troosters et al., 2010) were solely conducted in patients
admitted for an exacerbation of chronic obstructive pulmonary disease.
The average length of stay was between 4 and 13 days (median = 8).

3.4. Interventions’ characteristics

Exercise interventions were supervised, lasted 15-30 minutes, and
were performed 5-7 days per week. In nine of the 12 RCTs, interven-
tions were performed more than once daily (up to three times per day).
Four RCTs included only mobility/endurance exercises (e.g., walking,
pedalling) (Brown et al., 2016; Hu et al., 2020; Killey and Watt, 2006;
Torres-Sanchez et al., 2017), two RCTs included only resistance ex-
ercises (e.g., isometric exercises, dynamic exercises against an external
load) (Blanc-Bisson et al., 2008; Troosters et al., 2010), and the re-
maining six RCTs applied a multicomponent intervention including
both walking and resistance exercises (Braun et al., 2019; Jones et al.,
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Table 2

Quality of the studies included in the systematic review
Items
Authors (year) 1 2 3 4 6 7 8 9 10 11 Total Score*
Blanc-Bisson et al. (2008) + - - + - - - + + - 3
Braun et al. (2019) + + + + - + + + + + 8
Brown et al. (2016) + + + + - + + + + + 8
Hu et al. (2020) + + + + - - + - + + 6
Jones et al. (2006) + + - - - + + + + + 6
Killey & Watt (2006) + - - + - - - ? + + 3
Martinez-Velilla et al. (2019) + + + + - + + + + + 8
McCullagh et al. (2020) + + + + - + + + + + 8
Ortiz-Alonso et al. (2020) + + - - - - + - + + 4
Séez de Asteasu et al. (2019a) + + + + - + + + + + 8
Sédez de Asteasu et al. (2019b) + + + + - + + + + + 8
Saez de Asteasu et al. (2020) + + + + - + + + + + 8
Siebens et al. (2000) + + - + - + + + + + 7
Torres-Sanchez et al. (2017) + + + + - + + + + + 8
Troosters et al. (2010) + + + - - - - ? + + 4

Column numbers correspond to the following criteria on the PEDro scale:
1. eligibility criteria were specified

- allocation was concealed

- groups were similar at baseline

- subjects were blinded

- therapists who administered the treatment were blinded

- assessors were blinded

- measures of key outcomes were obtained from more than 85% of subjects
- data were analysed by intention to treat

10 _ statistical comparisons between groups were conducted

11 _ point measures and measures of variability were provided.

2
3
4
5
6
7
8
9

- subjects were randomly allocated to groups (or, in a crossover study, subjects were randomly allocated an order in which treatments were received)

*A total score out of 10 is determined from the number of criteria that are satisfied, except that scale item 1 is not used to generate the total score.
* Indicates the criterion was clearly satisfied; - indicates that it was not;? indicates that it is not clear if the criterion was satisfied.

2006; Martinez-Velilla et al., 2019; McCullagh et al., 2020; Ortiz-
Alonso et al., 2020; Siebens et al., 2000).

3.5. Endpoints

3.5.1. Adverse events

Nine of the 12 included RCTs registered the incidence of adverse
events related to the exercise intervention (e.g, asthma exacerbation,
dizziness, falls, musculoskeletal injuries), and none reported any ad-
verse event (Braun et al., 2019; Brown et al., 2016; Jones et al., 2006;
Killey and Watt, 2006; Martinez-Velilla et al., 2019; McCullagh et al.,
2020; Ortiz-Alonso et al., 2020; Siebens et al., 2000; Torres-Sanchez
et al., 2017).

3.5.2. Functional independence

Eight studies assessed patients’ functional independence on instru-
mental (Siebens et al., 2000) or basic ADLs using either the Katz (Blanc-
Bisson et al., 2008; Brown et al., 2016; Hu et al., 2020; Ortiz-Alonso
et al., 2020) or Barthel index (Killey and Watt, 2006; Jones et al., 2006;
Martinez-Velilla et al., 2019). Of these, seven (Blanc-Bisson et al., 2008;
Brown et al., 2016; Hu et al., 2020; Jones et al., 2006; Killey and Watt,
2006; Martinez-Velilla et al., 2019; Ortiz-Alonso et al., 2020) assessed
patients’ ability to independently perform ADL at admission and dis-
charge — although data from two of them (Blanc-Bisson et al., 2008;
Jones et al., 2006) could not be obtained despite contacting the authors.
Overall, exercise interventions improved ADL function over usual care
(n = 870, SMD = 0.64, p = 0.005, Fig. 2A), with low heterogeneity (Q
= 6.489, I = 38%) and no sign of publication bias (p = 0.403). This
effect remained significant in sensitivity analyses (r = 0.5, SMD =
0.50, p = 0.007; r = 0.2, SMD = 0.39, p = 0.010). Of note, one study
(Jones et al., 2006) found an increased ADL function after the exercise
intervention only in those patients with a lower baseline functional
status.

Four studies (Brown et al., 2016; Hu et al., 2020; Ortiz-Alonso et al.,

2020; Siebens et al., 2000) compared ADL function after hospitalisation
(1-3 months after discharge) to that at baseline (e.g., 2 weeks before
admission). Pooled analyses showed that exercise improved ADL
function over usual care (n = 744, SMD = 0.28, p < 0.001, Fig. 2B),
with no evidence of heterogeneity (Q = 2.639, I> = 0%) or publication
bias (p = 0.500). This effect remained in sensitivity analyses (r = 0.5,
SMD = 0.22,p = 0.005; r = 0.2, SMD = 0.18, p = 0.023).

3.5.3. Physical performance

Ten studies (Braun et al., 2019; Hu et al., 2020; Jones et al., 2006;
Killey and Watt, 2006; Martinez-Velilla et al., 2019; McCullagh et al.,
2020; Ortiz-Alonso et al., 2020; Sdez de Asteasu et al., 2019b; Torres-
Sanchez et al., 2017; Troosters et al., 2010) assessed endpoints related
to physical performance (i.e.,, short physical performance battery
[SPPB], 5-sit-to-stand [5STS] test, timed up and go [TUG] test, 6-
minute walking distance [6MWD] test, distance able to be walked).
After removing sub-studies (Sdez de Asteasu et al., 2019b), results
showed that exercise resulted in an enhanced physical performance (n
= 1052, SMD = 0.57, p = 0.004, Fig. 2C), with no signs of hetero-
geneity (Q = 4.869, I? = 0%) or publications bias (p = 0.382). This
effect remained significant in sensitivity analyses (r = 0.5, SMD =
0.45, p = 0.004; r = 0.2, SMD = 0.36, p = 0.005). Data from two
studies (Jones et al., 2006; Troosters et al., 2010), which also found an
increased physical performance (as measured with the TUG and 6MWD
tests) with the exercise intervention, could not be obtained and there-
fore these studies were not included in the analysis.

Six studies (Blanc-Bisson et al., 2008; Martinez-Velilla et al., 2019;
Saez de Asteasu et al., 2020, 2019b; Torres-Sanchez et al., 2017;
Troosters et al., 2010) assessed markers of maximal voluntary muscle
strength. Four studies (Sdez de Asteasu et al., 2020, 2019b; Torres-
Sanchez et al., 2017; Troosters et al., 2010) assessed different markers
of lower and upper-limb maximal voluntary strength (i.e., isometric
strength or 1-repetition maximum [1-RM]), and all of them found a
beneficial effect of exercise over usual care. However, these results
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A) Functional Independence at discharge

Study name

Brown et al.
Ortiz-Alonso et al.
Killey et al.
Martinez-Velilla et al.
Huetal.

Statistics for each study

Std diff Lower Upper Relative

inmeans  limit limit p-Value weight
1.76 130 222 0.000 18.83
0.36 0.12 060 0.004 22.10
0.67 0.14 1.21 0.014 17.54
0.46 026 067 0.000 22.50
0.03 -0.42 048 0.904 19.03
0.64 0.19 1.08  0.005

B) Functional Independence 1-3 months post-discharge

Study name

Brown et al.
Ortiz-Alonso et al.
Siebens et al.

Hu et al.

Statistics for each study

C) Physical performance at discharge

Study name

Braunetal.

Huetal

Killey et al.
Martinez-Velilla et al.
McCullaghet al.
Ortiz-Alonso et al.

Torres Sanhcezet al.

Std diff Lower Upper Relative
inmeans  limit limt p-Value weight
0.00 -0.39 039 1.000 15.32
0.30 0.03 056  0.027 33.56
0.32 0.08 057 0.009 39.77
0.45 -0.00 0.91 0.052 11.35
0.28 0.13 043 0.000
Statistics for each study
Std diff Lower Upper Relative
inmeans  limit limit p-Value weight
0.61 -0.07 128 0.079 11.35
0.04 -041 049 0877 14.13
0.64 0.10 1.18 0.020 13.00
0.98 077 120 0.000 16.60
0.52 022 082 0.001 15.82
0.00 -0.24 024 1.000 16.40
1.28 072 185 0.000 12.71
0.57 0.18 095 0.004
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Std diff in means and 95% CI

1+
1
_D_
-3.00 -1.50 0.00 1.50 3.00
Control Intervention
Std diff in means and 95% CI
1y
-2.00 -1.00 0.00 1.00 2.00
Control Intervention
Std diff in means and 95% CI
—_
1}
|1+
{1}
—{
200 -1.00 0.00 1.00 2.00
Control Intervention

Fig. 2. Effects of exercise interventions in hospitalised older adults on functional independence (the ability to independently perform activities of daily living)
measured at discharge (panel A) and 1-3 months post-discharge (panel B), as well as on physical performance measured at discharge (panel C).

could not be meta-analysed because the data of one study (Troosters
et al., 2010) were not available, and two pertained to the same RCT
(Saez de Asteasu et al., 2020, 2019b). Three studies assessed handgrip
strength (Blanc-Bisson et al., 2008; Hu et al., 2020; Martinez-Velilla

et al., 2019), of which two found a significant beneficial effect of the
exercise intervention (Hu et al., 2020; Martinez-Velilla et al., 2019).

Two studies from the same original RCT reported benefits on the
muscle power output generated with leg-press exercise at submaximal
loads (30 to 75% of 1-RM) as well as in the 5STS test (Sdez de Asteasu
et al., 2020, 2019b).
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A) Length of hospital stay

Study name Statistics for each study Difference in means and 95% Cl

Difference Lower Upper Relative

inmeans limit limit p-Value weight
Braunetal. 0.60 -166 286 0603 5.20 m,
Brown etal. 1.00 029 229 0.130 10.99 {7}
Huetal 0.35 -135 205 0686 7.90 {}
Jones etal. 0.00 -162 162 1.000 8.39
Martinez-Velilla et al. 0.00 -060 060 1.000 19.02
McCullagh et al. 0.00 -138 138 1.000 10.26
Ortiz-Alonso et al. -0.70 -185 045 0.233 12.37
Siebens et al. 1.50 024 324 0.090 767 —
Troosters etal. 0.00 214 214 1.000 567
Torres-Sanchez et al. 2.09 0.96 3.22 0.000 12.55
0.46 012 1.04 0123

400 -2.00 0.00 2.00 4.00

Control Intervention
B) Risk of re-hospitalisation
Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper Relative
ratio  limit limit p-Value weight

Martinez-Velilaetal. 0.92 0.53 1.61 0.778 33.70

McCullagh et al. 225 113 449 0.021 25.04 ‘Eﬂ*
Ortiz-Alonso et al. 1.12  0.64 1.98 0.689 32.63

Troosters et al. 1.55 0.41 5.78 0.516 8.64 | ‘J

1.29 0.86 1.93  0.226

01 02 05 1 2 10
Control Intervention
C) Risk of mortality
Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper Relative
ratio  limit limit p-Value weight
Martinez-Velilaetal. 1.25 065 242 0504 33.48 —
McCullagh et al. 038 0.13 1.12 0.080 19.97 {1
Ortiz-Alonso et al. 041 015 1.13 0.086 21.81 {1
Siebens et al. 1.01  0.41 2.51 0.975 2473 —
0.74 040 1.35 0.320

01 02 05 1 2 5 10

Control I ntervention

Fig. 3. Effects of exercise interventions in hospitalised older adults on the length of hospital stay (panel A) and on the risk of re-hospitalisation 3-6 months after
discharge (panel B) and mortality 1-3 months after discharge (panel C).
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3.5.4. Cognitive and psychological measures

Three studies (pertaining to the same RCT) (Martinez-Velilla et al.,
2019; Saez de Asteasu et al., 2019b, 2019a) assessed different cogni-
tion-related measures. The exercise intervention proved beneficial for
enhancing cognition (executive function and verbal fluency domains)
as measured by the mini-mental state examination, performance on a
dual-task gait velocity test, the Trail Making Test Part A, and a verbal
fluency test (Martinez-Velilla et al., 2019; Séez de Asteasu et al., 2019b,
2019a). Benefits were also observed on the incidence of depression
symptoms (as measured with the Yesavage Geriatric Depression Scale)
compared with usual care, but no benefits were reported for incident
delirium (Martinez-Velilla et al., 2019).

Three studies (Hu et al., 2020; Martinez-Velilla et al., 2019;
McCullagh et al., 2020) assessed quality of life at discharge by means of
the EuroQol-5 Dimension visual analogue scale (VAS), and their pooled
analyses showed no significant benefits of the exercise intervention
compared with usual care (n = 636, AMD = 6.4 points, 95%CI=-
2.1-14.9,p = 0.138; Q = 1.335, I? = 0%, Begg’s p = 0.500). One of
these studies found benefits during the follow-up, but not at discharge
(McCullagh et al., 2020), and another found benefits on the EuroQol-5
questionnaire, but not on the VAS (Hu et al., 2020). Another study
(Siebens et al., 2000) found no differences between groups in overall
health perception measured by means of the RAND General Health
Scale.

3.5.5. Physical activity levels and mobility-related measures

Two studies (McCullagh et al., 2020; Torres-Sanchez et al., 2017)
reported that the exercise intervention resulted in an increased number
of steps (measured through accelerometry) per day during hospitali-
sation compared with the control group. Another study (Brown et al.,
2016) observed that the exercise intervention resulted in higher scores
in the life-space assessment (assessed by means of the University of
Alabama at Birmingham Life-Space Assessment, which measures com-
munity mobility) after hospitalisation (i.e., 1 month after discharge)
compared with the control group. However, no differences were re-
ported between groups for basic ambulation (ie., the proportion of
participants who required assistance, used a cane or walker, or could
walk independently, assessed by means of the Functional Independence
Measure), community mobility (ie., frequency of leaving the neigh-
bourhood), or for the National Health Interview Survey Physical Ac-
tivity Scale in another study (Siebens et al., 2000). Similarly, one study
(Ortiz-Alonso et al., 2020) observed no benefits of an exercise inter-
vention over the control group on the Functional Ambulation Category
(FAQ), and another pilot study (Braun et al., 2019) found no significant
benefits on FAC, the de Morton Mobility Index, or the Hierarchical
Assessment of Balance and Mobility.

3.5.6. Blood variables

One study (Troosters et al., 2010) reported reductions in in-
flammatory markers (ie.,, C-reactive protein and white blood cell
counts) as well as increases in testosterone and insulin growth factor-1
from admission to discharge, with no differences between the inter-
vention and control groups.

3.5.7. Anthropometrical variables

Only one study (Blanc-Bisson et al., 2008) analysed the effects of
exercise interventions on anthropometrical variables (i.e., calf and arm
circumference, and triceps skin fold), finding no differences compared
with the control group.

3.5.8. Length of stay

Ten studies (Braun et al., 2019; Brown et al., 2016; Hu et al., 2020;
Jones et al., 2006; Martinez-Velilla et al., 2019; McCullagh et al., 2020;
Ortiz-Alonso et al., 2020; Siebens et al., 2000; Torres-Sanchez et al.,
2017; Troosters et al., 2010) compared the length of stay of the exercise
and control groups and no overall differences were found (n = 1616,
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AMD = 0.46 days, p = 0.123, Fig. 3A), with little evidence of het-
erogeneity (Q = 16.762, I*> = 46%) and no signs of publication bias (p
= 0.186).

3.5.9. Falls

Six studies assessed falls during hospitalization (Brown et al., 2016;
Jones et al., 2006; Killey and Watt, 2006; Martinez-Velilla et al., 2019;
McCullagh et al., 2020; Ortiz-Alonso et al., 2020), with r pooled ana-
lysis showing no significant differences between interventions (n =
1148, OR = 1.14, 95%CI = 0.36-3.57,p = 0.82; Q = 4.75; 12 = 6.4%;
Begg’s p = 0.403). Two studies assessed the self-reported incidence of
falls during a 3-month follow-up, with one reporting a lower incidence
in the intervention group (McCullagh et al., 2020) and the other re-
porting no significant differences (Ortiz-Alonso et al., 2020).

3.5.10. Re-hospitalisation

Four studies (Martinez-Velilla et al., 2019; McCullagh et al., 2020;
Ortiz-Alonso et al., 2020; Troosters et al., 2010) assessed the incidence
of readmission during the 3-6 months post-discharge period, and no
differences were found between groups (n = 863, OR = 1.29, 95%CI
= 0.86-1.93, p = 0.226, Fig. 3B), with no evidence of heterogeneity (Q
= 2.874, 1> = 0%) or publication bias (p = 0.154).

3.5.11. Mortality

Four studies (Martinez-Velilla et al., 2019; McCullagh et al., 2020;
Ortiz-Alonso et al., 2020; Siebens et al., 2000) assessed the incidence of
mortality 1-3 months after discharge and no significant differences
were found between the exercise and control groups (n = 1127, OR =
0.74, 95%CI = 0.40-1.35, p = 0.320, Fig. 3C), with no evidence of
heterogeneity (Q = 2.931, I> = 0%) but signs of publication bias (p =
0.045).

4. Discussion

In this systematic review and meta-analysis of RCTs, in-hospital
supervised exercise interventions appeared to be safe — as reflected by
the lack of adverse events and of between-group differences in the in-
cidence of falls — and effective for improving patients’ functional in-
dependence and physical performance compared to usual care. In turn,
no differences were observed between groups for quality of life at dis-
charge, the length of hospital stay, or for the risk of readmission or
mortality. Of note, these results were based on evidence that can be
considered, on average, of high quality (i.e., PEDro score =6 for each of
the different outcomes we assessed) (Table 3). However, no meta-
analytical evidence could be obtained for the benefits of exercise on
muscle strength, mobility (e.g., physical activity levels or ambulatory
capacity), cognitive (e.g, incident delirium), anthropometrical (e.g.,
muscle mass) or blood parameters (e.g., inflammatory markers).

Our finding that inpatient exercise interventions significantly en-
hance the ability to independently perform ADL at discharge and 1-3
months post-discharge over usual care in acutely hospitalised patients is
potentially relevant, particularly given that HAFD is frequent among
hospitalised older adults (Loyd et al., 2019) and has major negative
consequences for patients (e.g., higher risk of long-term disability, in-
stitutionalisation and mortality) and their caregivers (Covinsky et al.,
2011; Valenzuela et al., 2020). Moreover, exercise resulted in a higher
lower-extremity physical performance at discharge, which has proven
to be a strong predictor of better outcomes (i.e., lower risk of functional
decline, re-hospitalisation and death) after acute hospitalisation in this
patient population (Corsonello et al., 2012; Volpato et al., 2011).
Overall, these results suggest that exercise might reduce the incidence
of functional decline in this patient population, and reinforce the rou-
tine implementation of exercises during the acute hospitalisation of
older patients.

It must be noted that although physical exercise appeared to be
overall effective for the improvement of functional independence, not
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Table 3
Summary of pooled results.
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Outcome Number of studies

(number of participants)

Results
(effect estimate [95%CI])

Studies’ quality
(mean PEDro score [range])

Functional independence at discharge 5(n = 870)
Functional independence 1-3 months post-discharge 4 (n = 744)
Physical performance at discharge 7 (n = 1,052)
Quality of life at discharge (EQ-5D VAS score) 3 (n = 636)
Length of hospital stay (days) 10 (n = 1,616)
Falls during hospitalization 6 (n = 1,148)
Risk of re-hospitalization 3-6 months post-discharge 4 (n = 863)
Mortality 1-3 months post-discharge 4 (n = 1,127)

SMD = 0.64 (0.19, 1.08) 6(3,8)
SMD = 0.28 (0.13, 0.43) 6 (4, 8)
SMD = 0.57 (0.18, 0.95) 6 (3, 8)
AMD = 6.4 (-2.1, 14.9) 7 (6, 8)
AMD = 0.46 (-0.12, 1.04) 7 (4, 8)
OR = 1.14 (0.36, 3.57) 6 (3, 8)
OR = 1.29 (0.86, 1.93) 6 (4, 8)
OR = 0.74 (0.40, 1.35) 74,8

Abbreviations: AMD, absolute mean difference; CI, confidence interval; EQ-5D VAS, EuroQol-5 Dimension visual analogue scale; OR, odds ratio; SMD, standardized

mean difference.

all types of exercise interventions might provide the same effects.
Walking and other mobility exercises have been reported as beneficial
for maintaining pre-admission mobility levels and for the improvement
of ADL function (Cohen et al., 2019; Killey and Watt, 2006; Padula
et al., 2009). However, Brown et al. (2016) and Hu et al. (2020) found
no benefits on ADL function with a program solely consisting of mo-
bility exercises. In this regard, it has been suggested that multi-
component interventions including both mobility and strengthening
exercises might provide greater benefits on functional ability (Martinez-
Velilla et al., 2016), which is supported by different RCTs (Martinez-
Velilla et al., 2019; Ortiz-Alonso et al., 2020; Siebens et al., 2000).
Indeed, simple multicomponent interventions solely consisting of
walking and rising from a chair have proven effective to decrease the
incidence of HAFD in acutely hospitalised very old patients — particu-
larly in those with the worst functional status at admission — (Ortiz-
Alonso et al., 2020; Valenzuela et al., 2020), and even some passive
physical strategies can be applied when participants cannot perform
volitional exercise (Valenzuela et al., 2019, 2018). Several options are
therefore available that might ease the routine implementation of ex-
ercise interventions in the clinical setting.

Beyond the benefits on ADL function, exercise might potentially
exert several other benefits in hospitalised patients. Short disuse si-
tuations such as those elicited by hospitalisation can exacerbate the
age-related deterioration that occurs in multiple organic systems (Bell
et al., 2016), including loss of muscle mass and strength (Coker et al.,
2015; Dirks et al., 2014; Tanner et al., 2015) as well as impairment in
glucose homeostasis (Biensg et al., 2012; Dirks et al., 2016; McGlory
et al., 2017; Wall et al., 2013). The inclusion of relatively little amounts
of physical activity/exercise during hospitalisation might offset some of
these negative adaptations (Manas et al., 2019), but further research is
needed to support this hypothesis. Preliminary evidence also suggests
that exercise might be an effective strategy for the prevention of cog-
nitive decline in hospitalised older adults (Martinez-Velilla et al., 2019;
Séez de Asteasu et al., 2019a). These benefits would be of major im-
portance given the high risk of cognitive decline associated with hos-
pitalisation in this patient population (Ehlenbach et al., 2010; Wilson
et al., 2012). However, there is currently not enough evidence to sup-
port the benefits of exercise interventions in this regard. Moreover,
further research is needed regarding the effects — whether negative or
positive — of exercise interventions on other important outcomes not
assessed here nor in the studies that we analysed such as pain or dis-
comfort perception, as well as on drug side effects.

Given the observed benefits on functional independence and phy-
sical performance, it can also be hypothesized that exercise would re-
sult in a shorter hospitalisation stay, with consequent economic im-
plications. However, none of the included studies found differences
between groups for this endpoint. Moreover, no benefits were observed
1-6 months after discharge for other clinical endpoints such as read-
mission and mortality risk. Thus, although exercise interventions might
be beneficial for the prevention of functional decline, they seem to exert

10

no noticeable influence on other relevant clinical endpoints compared
with usual care.

A major strength of the present meta-analysis is that, to our
knowledge, it is the first to analyse the effects of exercise interventions
in acutely hospitalised older adults. Bachman et al. (2010) did provide
meta-analytical evidence on the effects of exercise interventions in
older adults in the clinical setting, but patients were medically stable
(including post-acute and rehabilitation units) and exercise programs
were performed as a rehabilitation tool after conditions such as bone
fractures. Although a recent systematic review provided a qualitative
synthesis (i.e., with no meta-analysis) of the effects of physical exercise
for hospitalised older adults, lower-quality original studies (non-ran-
domized or controlled trials) were included, and not only in-hospital,
but also home-based and outpatient physical exercise interventions
were analysed (Kanach et al., 2018). In turn, in the present meta-ana-
lysis we set strict inclusion/exclusion criteria in order to focus on acute
medical conditions and to isolate the effect of in-hospital exercise per se
— independently of other concomitant interventions (e.g, the mobili-
zation programs used in acute elder units).

Some limitations must however be acknowledged. The limited
number of available studies and the heterogeneity found across studies
in terms of included populations (e.g., age, conditions) and interven-
tions (e.g., mobility exercises, multicomponent intervention) precluded
us from performing sub-analyses attending to these variables. Further
research is needed to compare the effectiveness of different types of
exercise interventions in this patient population, as well as to corro-
borate whether similar beneficial effects can be found in patients with
different characteristics — in terms of functional status and clinical
conditions (e.g., including pain, fatigue, or discomfort). Moreover,
whether the benefits and safety observed here for supervised inter-
ventions also apply to non-supervised interventions remains unknown.
The inconsistency in the endpoints assessed by each study (e.g., func-
tional independence, physical performance, strength) and the methods
used for their assessment (e.g, SPPB, TUG, 6MWD) also hindered the
meta-analysis, which would be partly solved if a core-set of outcome
measures was developed in this field of research. Indeed, because the
included studies used different markers for the assessment of a given
outcome, our meta-analysis results were presented as standardized
differences, which precludes us from drawing strong conclusions on
their actual clinical importance (i.e., if the benefits surpass the minimal
clinically important difference). Finally, data from some studies could
not be obtained despite contacting the corresponding authors, and thus
these studies could not be included in the quantitative analyses, which
might be regarded as a potential bias.

5. Conclusions
In-hospital supervised exercise interventions appear to be safe and

effective for improving — or attenuating the decline of - functional in-
dependence and physical performance in older adults hospitalised for
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Results

Effects of intradialytic exercise in patients receiving hemodialysis

In order to assess the effectiveness of an intradialytic exercise program for counteracting
functional decline in patients with ESRD, we performed a clinical trial that was published
in Frontiers in Physiology (impact factor 3.201, position 25/81, category: Physiology).®
Our findings show that intradialytic exercise is overall effective for improving functional
capacity and muscle strength, although a meaningful proportion of patients (>50%,
particularly those with a better physical performance at baseline) did not benefit from the

exercise program. A graphical abstract of this study is shown in Figure 7.

Effects of an intradialytic exercise program

Hemodialysis patients Results Non-responders
* Mean age of 68 years Gminute 10-repetition  Handgrip Patients with a better physical performance
o 14 weeks walking test  sit-to-stand test  strength at baseline were those who showed the
fewer improvements.
% responders
Control group ) =7 o G r
40 subjects g walking test o, ® 30%
Experimental group E %

Handgrip
strength

10-repetition )“»_) l
sit-to-stand test \ o
27 subjects o= m j; ﬁ; 48%
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Conclusion

Physical exercise performed during hemodialysis sessions improves functional capacity and muscle strength, although it is particularly
effective in the weakest patients. More intense interventions might be necessary in patients with a better physical status.

Endurance and resistance exercise
during hemodialysis sessions (pedaling
and with weights/elastic bands).

Figure 7. Summary of effects of an intradialytic exercise program in patients with end-

stage renal disease.
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Purpose: Hemodialysis patients commonly have impaired physical performance and
mental health. We studied the effects of an intradialytic exercise program on these
variables.

Methods: 27 patients (33% women; 68 + 13 years) were enrolled in a 14-week
intradialytic endurance-resistance training program (‘exercise’ group, 40 programmed
sessions per patient); 40 hemodialysis patients (28% women; 68 + 11 years) performing
no exercise during the same time length were used as controls. Endpoints included
physical performance (6-min walk test [BMWT], 10-repetition sit to stand [STS-10]
and handgrip strength), emotional status (Beck’s depression inventory and State-Trait
Anxiety Inventory), and mental and physical component scores of the short-from (SF)-12
Health Survey.

Results: There were no differences (p > 0.05) between groups at baseline for sex
distribution, or mean age, body mass index and time spent on dialysis. Exercise benefits
were observed for BMWT (11 and —3% for the exercise and control groups, respectively;
p < 0.001), STS-10 performance time (—22 and 6%; p < 0.001) and handgrip
strength (4 and —4%; p < 0.02). No significant benefits (p > 0.05) were observed for
emotional status endpoints or SF-12 component scores. Despite significant benefits
on physical performance, the proportion of clinically meaningful responders was low
(<50%). Responsiveness was dependent on baseline physical performance (p < 0.05)
but not on age or sex (p > 0.05).

Conclusion: A 14-week intradialytic training program induced significant improvements
on physical performance. However, the rate of clinically meaningful responders observed
in the present study was low, being the level of responsiveness dependent on baseline
physical status. Efforts to individualize exercise prescription are needed in clinical
practice.

Keywords: hemodialysis, end-stage renal disease, chronic kidney disease, physical activity, training, mental
health
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INTRODUCTION

The prevalence of patients with end-stage renal disease is
rapidly growing, especially among the elderly population and
patients with comorbidities (particularly diabetes mellitus and
hypertension) (Szczech and Lazar, 2004). Consequently, more
than two million people are expected to be treated by dialysis for
end-stage renal disease by 2030 (Szczech and Lazar, 2004).

Despite important progress in hemodialysis techniques and
in the treatment of its associated comorbidities, patients have a
much higher morbimortality risk than their healthy counterparts
(Foley et al., 1998; Szczech and Lazar, 2004). Dialysis is associated
with a deterioration of physical function and mental status.
Muscle function (Leal et al., 2011b) and exercise capacity (Painter,
2005) are significantly lower in hemodialysis patients, presenting
a peak oxygen consumption that is considerably lower (>50%)
compared to their healthy sedentary peers (Painter, 2005).
Emotional disorders such as anxiety and depression are prevalent
among dialysis patients (Dziubek et al., 2016; King-Wing Ma and
Kam-Tao Li, 2016), negatively affecting their social, financial and
psychological well-being, as well as their quality of life (QoL)
(Christensen and Ehlers, 2002).

Physical fitness is one of the strongest predictors of survival
in dialysis patients, with low levels of physical activity and
impaired physical performance being associated with increased
mortality risk in this population (O'Hare et al., 2003; Sietsema
et al., 2004; Stack et al., 2005; Roshanravan et al., 2013; Torino
et al., 2014; Morishita et al., 2017). In addition, lower QoL and
mental health are also strongly associated with higher risk of
death and hospitalization (Knight et al., 2003; Mapes et al., 2003).
Therefore, maintaining their physical and mental status closer to
their healthy counterparts is of major importance.

Meta-analytical evidence supports the benefits of intradialytic
exercise programs for the improvement of several health-related
outcomes such as physical performance or mental health (Smart
and Steele, 2011; Chung et al., 2017). Yet, exercise benefits in
dialytic patients are typically reported under the assumption that
the group average represents the response of most individuals.
However, a wide interindividual variability can be observed in
the human response to a similar training program, which results
in subjects being classified as responders (those who achieve
clinically meaningful benefits) or non-responders (those who
experience a worsening or remain unchanged) (Mann et al.,
2014). The aim of this study was to analyze the effects of a 14-
week intradialytic combined exercise (endurance + resistance)
training program on patients mental and health status. In
addition, we assessed the influence of baseline phenotype on
the training response as well as individual variability in training
responses to the study endpoints.

MATERIALS AND METHODS
Participants and Study Design

End-stage-renal disease patients undergoing hemodialysis
were recruited for the study. Subjects were excluded if they
presented one or more of the following conditions: myocardial

infarction in the 6 weeks prior to the start of the exercise
program, unstable angina, cerebrovascular disease or a high
risk for recurrence, musculoskeletal or respiratory (e.g., chronic
obstructive pulmonary disease) alterations, uncontrolled
hypertension, peripheral vascular disease, active liver disease,
osteoporosis, cardiac ejection fraction <45%, blood hemoglobin
concentration <10 g/dL, or problematic vascular access
(immature arteriovenous fistulas, high risk for extravasation). All
participants had the procedures explained and provided written
informed consent to participate in the study. The present study
was approved by the institutional review board (P141115303,
Fundacion Universitaria Hospital de Alcorcén, Madrid, Spain).
The study took place between January 2015 and May 2016.
Patients in the ‘exercise’ group had to participate in a 14-
week intradialytic training program, whereas those of the
‘control’ group had to maintain their regular lifestyle during
this time period without direct intervention from the personnel
of this investigation. From a total of 235 patients undergoing
hemodialysis in different dialysis centers, two cohorts of 86 and
74 patients met the inclusion criteria to participate as ‘exercise’
and ‘control’ group, respectively. From these, 12 and 31 patients,
respectively, did not participate. Reasons not to participate
were receiving a transplant, leaving the center, not signing the
informed consent form after having the study explained to them,
and not being interested. For the rest of patients, only those who
performed at least two physical tests and two psychological tests
at baseline were enrolled in the study. Finally, 27 and 40 patients
were included in the exercise and control group, respectively.
Participants’ descriptive data are presented in Table 1.

Exercise Intervention

The intradialytic training intervention consisted of 14 weeks of
combined endurance and resistance exercises. Training sessions
were conducted at three different dialysis centers but were
supervised by the same experienced fitness instructors. Training
sessions were performed three times per week and lasted
approximately 60 min. A total of 40 training sessions were
planned per subject during the intervention portion of the
study.

Training sessions started with a warm-up consisting of
respiratory and joint mobility exercises. During the main part
of the sessions, both resistance and endurance exercises were
performed. Resistance exercises included ankle plantarflexion
and dorsiflexion, combined knee and hip flexion and extension,
hip abduction and adduction, and abdominal exercises. These

TABLE 1 | Descriptive baseline characteristics of the participants.

Control Exercise p-value
Women (%) 28 33 0.79
Age (years) 68 + 11 68 + 13 0.92
BMI (kg-m~2) 2745 27 £6 0.99
Dialysis prescription (hours-week ™) 11 +1 11 +£1 0.51
Time on dialysis (years) 5+4 7+5 0.08

Data are Mean + SD. Abbreviations: BMI, body mass index.
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exercises were performed using elastic bands, Styrofoam balls and
ankle weights. Endurance exercise consisted of pedaling on a mini
bike for 30 min at an intensity corresponding to 12-14 points in
the Borg’s 6-20 scale (Borg, 1998).

Endpoints

Endpoints were assessed the week before (baseline) and after
(post-intervention) the 14-week intervention. Assessment was
done on dialysis days, with each participant being tested at the
same time of the day (i.e., always in the morning or in the
afternoon, before starting dialysis). Before the testing sessions,
participants were individually instructed on how to perform all
tests with detailed explanations and visual examples. Two testing
sessions per patient were required to perform all the tests at each
time point, one for all physical performance tests and another one
for psychological evaluation. The tests were always performed in
the same order.

Physical Performance

We assessed patients’ performance in the 10-repetition sit to
stand (STS-10), handgrip strength and 6-min walk (6MWT) tests
(performed in this order), which are some of the most popular
fitness tests in dialysis patients (Koufaki and Kouidi, 2010)
and present an excellent test-retest reliability in this population
(Segura-Orti and Martinez-Olmos, 2011).

The STS-10, an index of lower-extremity strength (Csuka
and McCarty, 1985), measures the time (in seconds) required to
perform 10 consecutive repetitions of sitting down and getting
up from a chair. Participants began the test with their arms
crossed on their chest and sitting with their back against the
chair. They were instructed to perform the task “as fast as
possible;” starting and finishing at the sitting position. Time was
measured with a stopwatch (ONstart 100, Geonaute, France)
to the nearest 0.1 s. This test has previously demonstrated a
good test-retest reliability in hemodialysis patients (intra-class
correlation coefficient [ICC] = 0.88) (Segura-Orti and Martinez-
Olmos, 2011).

Maximal isometric handgrip force has been suggested as a
useful tool for the continuous assessment of muscle mass and
function in dialysis patients (Leal et al., 2011a). It was measured
in both hands using a manual dynamometer (T.K.K.5401, Takei
Scientific Instruments, Japan) while participants were in a
standing position, with the arm extended and parallel to the body,
and without moving the wrist. They performed two maximal
repetitions with each hand interspersed with 1-min rest periods
between trials, and the mean of all four trials (combined handgrip
strength) was analyzed. This test has also proven highly reliable in
hemodialysis patients (ICC = 0.95 and 0.96 for the dominant and
non-dominant hand, respectively) (Segura-Orti and Martinez-
Olmos, 2011).

The 6MWT was used as a marker of endurance capacity
(Rikli and Jones, 1998). It was performed on a 17-meter corridor
with marks on every meter, and time was measured with a
chronometer (ONstart 100, Geonaute, France). Participants were
asked to cover the greatest distance possible during 6 min by
walking (not running) continuously and turning around at the
final mark. No verbal encouragement was given during the test;

however, feedback regarding the remaining time was available.
Participants were allowed to rest during the test, and to use any
ambulation aid (e.g., crutches) that they used during daily life.
A very high test-retest reliability has been previously reported for
this test in hemodialysis patients (ICC = 0.94) (Segura-Orti and
Martinez-Olmos, 2011).

Mental and Health Status

Changes in depression symptoms were assessed using the Beck
Depression Inventory (BDI) (Beck et al,, 1996). In this self-
reported questionnaire 21 items are rated on a four-point
severity scale and summed to give a total score, with a higher
score being suggestive of more severe depression. The BDI has
proven a valid depression screening tool in dialysis patients
(Preljevic et al., 2012), being one of the most commonly used
questionnaires to assess this condition in this patient population
(King-Wing Ma and Kam-Tao Li, 2016). This questionnaire has
previously yielded high values of internal consistency (Cronbach’s
a = 0.89), sensitivity (0.82) and specificity (0.87-0.89) in dialysis
patients (Preljevic et al., 2012). Test-retest coeflicients in other
populations have been reported to range from 0.62 (7-week
interval) to 0.93 (1-week interval) (Julian, 2011).

Health-related QoL (HRQoL) was assessed using the Short-
Form 12 (SF-12) health survey, a short version of the SF-36
(Ware and Sherbourne, 1992). A physical (PCS) and a mental
component score (MCS) are calculated from this self-reported
questionnaire. SF-12 has previously proven reliable in a 6-month
longitudinal study performed with dialysis patients (ICC = 0.90
and 0.86 for MCS and PCS, respectively) (Loosman et al., 2015).
Moreover, SF-12 scores are associated with short-term and long-
term mortality in this population (Loosman et al., 2015).

The level of anxiety was assessed using the State-Trait Anxiety
Inventory (STAI) (Spielberger et al, 1970). We specifically
analyzed the anxiety subscale. This test has previously shown
a good internal consistency (Cronbachs o = 0.86-0.95) and
reliability over time (r = 0.65-0.75) (Spielberger et al., 1970;
Julian, 2011).

Statistical Analysis

All the participants assessed at baseline were considered to be
part of the study. Missing individual data at post-intervention
were imputed with the ‘baseline-observation-carried forward’
method, that is, baseline values were used when these data
were missing. The normal distribution (Shapiro-Wilk test) and
homoscedasticity (Levene’s test) of the data were checked before
any statistical treatment. Non-normally distributed data (results
from STAI and BDI) were log-transformed prior to its analysis.
Differences in proportions were evaluated using Pearson’s chi-
squared test. Differences in baseline characteristics were analyzed
using unpaired Student’s t-tests. Endpoints were analyzed by
a two-way mixed ANOVA with time points (baseline and
post-intervention) as the within-subject factor and intervention
groups (control or exercise) as the between-subject factor. The
effect size (partial eta-squared, 12 ) of the significant group x
time interactions was calculated and considered small (>0.01)
moderate (>0.06) or large (>0.14) (Cohen, 1988). Post hoc
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analysis (Bonferroni test) was conducted when a significant
interaction (group x time) effect was found.

The rate of clinically meaningful responders was calculated
in those endpoints in which a beneficial effect of exercise (i.e.,
significant group x time interaction) was found. Responsiveness
was defined as beneficial changes that exceeded two times the
standard error of measurement (SEM) (Hopkins, 2000). The
responsiveness threshold for the physical tests was set at 3 kg,
7.2 s, and 56.8 m for handgrip strength, STS-10 and 6MWT,
respectively, attending to the SEM values previously reported
for these tests in dialysis patients (Segura-Orti and Martinez-
Olmos, 2011). The magnitude of the differences (effect size, ES)
in baseline values between responders and non-responders was
determined through standardized mean differences (Hedges g).
Pearson’s correlation analyses (for physical performance and age)
and Pearson’s chi-square test (for sex) were used to determine the
influence of baseline phenotype on training responsiveness. All
analyses were performed using a statistical Package (SPSS, version
23.0).

RESULTS

There were no significant differences between control and
exercise groups in baseline characteristics (Table 1). All subjects
in the exercise group completed at least 80% of the planned
training sessions. No major adverse events or health-related
issues attributable to exercise were noted.

Four subjects in each group could not complete the baseline
10-STS assessment due to excessive weakness or mobility
limitations (i.e., use of crutches), and therefore the sample
analyzed for this test was of 36 and 23 for the control and the
exercise group, respectively. After the 14-week intervention four
subjects in the control group could not perform the 10-STS

and one subject in this same group could not perform the
psychological tests, and thus we used their baseline values.

No significant changes in physical performance measures
were observed in the control group between baseline and
post-intervention. By contrast, a significant improvement was
observed in the exercise group for 6SMWT (p = 0.006, ES = 0.31),
STS-10 (p < 0.001, ES = 0.59) and combined handgrip strength
(p = 0.027, ES = 0.12). Significant interactions (group x time)
with moderate to large effect sizes were found for all physical
performance measures (Table 2). Post hoc analyses revealed
significant differences between groups at post-intervention for
6MWT (p = 0.005), STS-10 (p < 0.001) and combined handgrip
strength (p = 0.017).

Despite statistically significant benefits, only 30, 46, and 20%
of subjects in the exercise group were clinically meaningful
responders for 6MWT, STS-10 and handgrip strength test,
respectively. Of note, responsiveness was dependent on baseline
physical fitness, that is, participants with lower baseline
physical fitness showed greater improvements. Indeed, significant
differences were found between responders and non-responders
for baseline physical performance (Figure 1), and a significant
inverse relationship was observed between baseline combined
handgrip strength and 6MWT, on one hand, and the relative
performance improvement in these tests, on the other (Figure 2).
There were no significant differences between sexes for the
rate of responders observed in 6MWT (33 and 22% for men
and women, respectively; p = 0.882), STS-10 (53 and 33%,
respectively; p = 0.597) or handgrip strength test (11 and 44%,
respectively; p = 0.141). No significant relationship (p > 0.05)
was observed between age and relative improvement on physical
performance for any test.

Regarding mental status, BDI scores significantly decreased
in the exercise group at post-intervention compared to baseline
(p = 0.006, ES = 0.29), whereas no significant changes were

TABLE 2 | Effects of an intradialytic exercise program on markers of physical and mental health.

End point Group n with baseline data Baseline Post-intervention Change (95% CI) Group x Time effect Effect size (11,2,)a

6MWT (m) Control 40 341 £ 127 330 + 118 —11(-27,5) 0.001 0.160
Exercise 27 380 + 131 422 + 136 42 (13, 70)

STS-10 (s) Control 36 32 + 11 34 +12 2(—1,5) <0.001 0.203
Exercise 23 26 £ 10 21+8 —6 (-8, —4)

Handgrip (kg) Control 40 25+8 24 +8 —-1(-2,0) 0.02 0.084
Exercise 27 28+ 8 29+ 8 10,2

STAI-S Control 40 18+ 13 18+ 12 0(-2,2) 0.10 -
Exercise 27 19+9 17 +£10 -2(-5,2)

BDI Control 40 15+ 183 14 +£10 -1(=3,2) 0.32 -
Exercise 27 10+8 8+7 -2 (=4, -1)

PCS Control 40 61 +£17 66 £ 16 5(0, 10) 0.36 -
Exercise 27 62 + 20 63 + 23 1(-5,8)

MCSs Control 40 70 £ 20 73+ 16 3(-1,8) 0.54 -
Exercise 27 75+ 14 76 + 15 1(-3,5)

Data are mean + SD. Significant p-values are highlighted in bold. Handgrip strength corresponds to the mean of the two arms. Abbreviations: 6MWT, six minute-walk test;
95% ClI, 95% confidence intervals; BDI, Beck’s depression inventory; MCS, mental component summary; PCS, physical component summary; STAI-S, State-Trait Anxiety
Inventory; STS-10, sit to stand test. 4 and 1 subjects of the control group could not perform the STS-10 and the psychological tests, respectively, at post-intervention,
and their baseline values were used. Data from STAI-S and BDI were log-transformed prior to its analysis, but are shown as raw data for the sake of clarity.
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FIGURE 1 | Differences in baseline performance for combined handgrip
strength (A) 10-repetition sit to stand (B) and 6-min walk test (C) between
responders and non-responders to the intradialytic training program.

observed in the control group (Table 2). No significant
differences (p > 0.05) between baseline and post-intervention
were observed for any of the other mental and health status
endpoints in the control or exercise group (Table 2). No
significant interaction (group x time) was found for any of the
mental and health status endpoints (Table 2).

DISCUSSION

The present results show that a 14-week intradialytic training
program including endurance and resistance exercise induced
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FIGURE 2 | Relationship between baseline performance for combined
handgrip strength (A) and 6-min walk distance (B) with the change observed
in these tests after the intradialytic training program. Solid and dashed lines
represent regression line and 90% confidence intervals, respectively.

improvements in mean values of physical performance, which
are significantly lower in this population than in their healthy
counterparts (Painter, 2005; Leal et al, 2011b). Specifically,
significant improvements were observed for the average value of
6MWT, a valid predictor of mortality, cardiovascular events and
hospitalization in dialysis patients (Torino et al., 2014). Exercise
training also resulted in an increased strength of the lower limb
muscles (as reflected by a lower time on average to complete the
STS-10 test), which is important because an impaired physical
performance of the lower extremities is strongly associated
with all-cause mortality in these patients (Roshanravan et al.,
2013). We also found an exercise-training induced improvement
in handgrip strength, with decreases in this variable being
related to a decreased inflammatory status and higher muscle
mass and survival expectancy in this population (Leal et al.,
2011a). Therefore, these results are of major clinical importance,
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as they suggest that an intradialytic exercise program can
attenuate dialysis-associated physical impairment and thus might
also potentially reduce morbimortality risk in these patients
(Morishita et al., 2017).

The effectiveness of intradialytic training programs for the
improvement of physical performance has been previously
demonstrated (Smart and Steele, 2011; Chung et al, 2017).
Although the response to exercise interventions is commonly
described in general terms under the assumption that the
group average represents the response of most individuals
(Mann et al., 2014), it has now been demonstrated that a
considerable individual variability can be observed even in
tightly controlled studies (Yan et al, 2017). In this context,
an interesting finding of the present study is that, despite
significant improvements in mean physical performance, the rate
of clinically meaningful responders was overall low (<50%).
Several hypotheses have been proposed to account for individual
variability in response to exercise training (Mann et al., 2014). In
our study, baseline physical performance - but not participants’
age or sex - partly conditioned the level of responsiveness
to the training program, with the less fit patients at baseline
being those showing greater benefits. These results suggest that
the training stimulus was high enough to induce clinically
meaningful improvements in less fit subjects but not in their
fitter peers. Notwithstanding, even non-responders presented
a lower physical performance at baseline than expected for
their age (Casanova et al., 2011; Massy-Westropp et al., 2011).
Therefore, efforts to enhance responsiveness in these subjects
are needed, which might probably involve applying a higher
training stimulus (e.g., higher intensity or volume) (Mann et al.,
2014).

Although in agreement with our results some studies have
found no changes in variables such as HRQoL or depression
after intradialytic training programs (van Vilsteren et al., 2005;
Parsons et al., 2006), most studies have reported benefits on
these psychological variables (Suh et al., 2002; Levendoglu et al.,
2004; Ouzouni et al, 2009; Dziubek et al, 2016; Frih et al.,
2017). Interestingly, the level of anxiety observed in our patients
was overall low, with only 4% of subjects in the intervention
group presenting a STAI score higher than 40, which is the
proposed cut-off for detecting clinically significant symptoms
of anxiety) (Knight et al., 1983; Julian, 2011). HRQoL was
also surprisingly good, with the observed mean MCS and PCS
being higher than those previously reported in other dialysis
populations (Mapes et al., 2003; Lacson et al., 2010; Frih et al.,
2017). The lack of significant differences in these variables
in our study might have been due to the low prevalence of
psychological disorders in the analyzed sample, which can be
a result of the psychological therapy that all subjects received
since they started dialysis. Nevertheless, a significant reduction
of 23% in mean BDI scores was observed after the exercise
program in the present study, and a reduction of >17.5% has
proven to be the threshold above which depressive individuals
report feeling better (Button et al., 2015). Therefore, the observed
benefits of exercise on depression levels could be of clinical
importance despite no statistically significant differences between
groups.

Considering the importance of physical activity and
performance for dialysis patients (O’Hare et al., 2003; Sietsema
etal., 2004; Stack et al., 2005; Matsuzawa et al., 2012; Roshanravan
et al., 2013) and their low levels of physical activity (Johansen
et al, 2010), promoting physical activity in this population
should be a priority. Intradialytic exercise programs have proven
safe and effective not only for improving physical performance
(Smart and Steele, 2011; Chung et al., 2017) but also dialysis
efficacy (Parsons et al., 2006), and therefore these programs
should be routinely included in clinical practice. Nevertheless,
the present study highlights the need of individualizing training
programs so as to achieve an optimal stimulus for every patient.

Our study has some limitations, including mainly the lack of
subjects’ familiarization sessions with the tests and the fact that
we did not perform a randomized controlled trial. In addition,
several potential confounders which were not considered here
have been proposed to influence inter-individual variability
in response to a training stimulus. Particularly a commonly
overlooked source of error is within-subject variability, with
recent research providing some insights into its importance
(Hecksteden et al., 2015, 2018; Lindholm et al., 2016) and another
ongoing project, the Gene Smart study, currently embracing this
concept (Yan et al., 2017). However, applying the designs that
allow to control for confounders like within-subject variability
(e.g., performing repeated tests both before and after the
intervention, or using a crossover study with repeated training
intervention) might not be feasible in patient populations
such as the present one. While keeping the aforementioned
limitations in mind, a major strength and novelty of our
approach was the individualized analysis of training responses,
which allowed us to estimate the rate of clinically meaningful
responders.

CONCLUSION

A 14-week intradialytic endurance-resistance training program
improved patients’ physical performance on average. Yet,
baseline physical status affected the level of responsiveness to
the training program, with only those patients presenting the
lowest physical fitness at the beginning of the intervention
obtaining clinically meaningful benefits from the training
program. Efforts to individualize exercise prescription are needed
in clinical practice to enhance responsiveness. Future reach might
determine if applying a higher training stimulus (i.e., higher
intensity or volume) in the fitter subjects actually results in a
clinically meaningful response.
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Results

Effects of intradialytic neuromuscular electrical stimulation in people receiving
haemodialysis

With the aim of assessing the effects of the application of NMES during hemodialysis
sessions in patients with ESRD, we performed a systematic review and meta-analysis that
was published in the Journal of Physiotherapy (impact factor 5.551, position 1/65,
category: Rehabilitation). Our findings show that intradialytic NMES is effective for
improving different markers of functional capacity and muscle strength. A graphical

abstract of this study is shown in Figure 8.

Intradialytic neuromuscular electrical stimulation improves functional capacity and
muscle strength in people receiving hemodialysis: a systematic review and meta-analysis

Population Results
. 8 randomized controlled trials Electrical stimulation improves functional capacity variables as well as markers of
muscle strength.

* 221 hemodialysis patients

e o
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Hemodialysis \ ) :
' .‘ e

Experimental group

Hemodialysis 6-minute walking Power during an Knee extension Handgrip strength
& g _f test incremental test strength

electrical stimulation é

Interventions lasting from 8 to 20 431 m t125W t 3,5 kg t2,4 kg
weeks, 2:3 days per week; and 20-60 (IC95%, 13-49) (IC 95%, 3.2-21.9) (IC 95%, 2.3-4.7) (IC 95%, 0.4- 4.4)
minutes per session.

Conclusion

Neuromuscular electrical stimulation applied during hemodialysis sessions is effective for improving functional capacity and muscle
strength.

Figure 8. Summary of the effects of intradialytic neuromuscular electrical stimulation

in patients receiving hemodialysis.
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Questions: Does neuromuscular electrical stimulation (NMES) applied during haemodialysis sessions
improve functional capacity in people with end-stage renal disease? Does NMES used in this way also
improve muscle strength, muscle mass/architecture, psychological outcomes, cardiovascular outcomes and
biochemical variables? Does it have any adverse effects? Design: Systematic review of randomised
controlled trials with meta-analysis. PubMed, Web of Science, Scopus and SPORTDiscus were searched from

inception to 15 October 2019. Participants: Patients receiving haemodialysis for end-stage renal disease.
Intervention: NMES administered during haemodialysis sessions versus control. Qutcomes measures:

e Functional capacity, muscle strength, muscle mass, psychological outcomes, cardiovascular outcomes,

biochemical variables and adverse events. Data analysis: Data were meta-analysed where possible and re-
sults were expressed as the pooled mean difference between groups with a 95% confidence interval. Results:
Eight studies (221 patients) were included in the analysis. Overall, the methodological quality of the studies
was fair to good. NMES improved functional capacity as assessed by the 6-minute walk distance test (MD 31
m, 95% CI 13 to 49) and peak workload attained in incremental exercise (MD 12.5 W, 95% CI 3.2 to 21.9).
NMES increased knee extensor muscle strength (MD 3.5 kg, 95% CI 2.3 to 4.7) and handgrip strength (MD 2.4
kg, 95% CI 0.4 to 4.4). Muscle mass/architecture was not substantially affected. NMES was estimated to be
beneficial for several domains of quality of life in several studies, although most of these estimates were
imprecise. No benefits were found for cardiovascular outcomes. The available data did not establish any clear
effects on cardiovascular outcomes or biochemical variables (dialysis efficiency, urea and creatinine). No
major NMES-related adverse events were observed. Conclusions: NMES is safe, practical and effective for
improving functional capacity and muscle strength in haemodialysis patients. Further research is needed to
confirm the clinical relevance of these findings. Registration: PROSPERO CRD42018107323. [Valenzuela PL,
Morales JS, Ruilope LM, de la Villa P, Santos-Lozano A, Lucia A (2020) Intradialytic neuromuscular
electrical stimulation improves functional capacity and muscle strength in people receiving haemo-
dialysis: a systematic review. Journal of Physiotherapy 66:89-96]

© 2020 Australian Physiotherapy Association. Published by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The number of patients treated with haemodialysis for end-stage
renal disease (ESRD) is increasing rapidly.! Haemodialysis is associ-
ated with a marked deterioration of functional capacity,>* which in
turn is one of the strongest predictors of mortality in this patient
population.*~® Therefore, it is important for these patients to main-
tain an optimal physical state. The level of daily physical activity of
haemodialysis patients is overall lower than that of their healthy
peers,'° especially on dialysis days.'" In this regard, the inclusion of
intradialytic exercise programs has proven to be effective for
improving patients’ functional capacity.’>"'°> However, voluntary

https://doi.org/10.1016/j.jphys.2020.03.006

exercise is not always feasible for these patients because of very poor
physical status in some cases and logistical limitations in general (eg,
some patients may find it difficult to perform exercise while seated in
a semi-recumbent position during haemodialysis sessions).

Several non-pharmacological strategies are used to prevent the
functional decline that accompanies periods of forced physical inac-
tivity, such as those imposed by haemodialysis.'® In this context,
neuromuscular electrical stimulation (NMES), which is the applica-
tion of intermittent electrical stimuli to generate involuntary muscle
contractions, might serve as an ‘exercise mimetic’. Meta-analytical
evidence indicates that NMES is an effective strategy against muscle
weakness in populations at high risk of muscle disuse such as

1836-9553/© 2020 Australian Physiotherapy Association. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Box 1. Inclusion criteria.

Design
e Randomised or quasi-randomised trial
e English or Spanish language
Participants
e People undergoing haemodialysis
Intervention
e Intradialytic neuromuscular electrical stimulation
e Treatment period > 4 weeks
Outcome measures
e Functional capacity
e Muscle strength
Muscle mass/architecture
Psychological outcomes (eg, quality of life)
Cardiovascular outcomes (eg, flow-mediated dilation)
Biochemical variables (eg, dialysis efficiency, urea and
creatinine)
e Adverse events
Comparisons
e Intradialytic neuromuscular electrical stimulation versus no
intervention

critically ill patients or adults with advanced disease.'”'® NMES has
also been proven to improve muscle strength and functionality in
different clinical populations, including pre-frail and long-stay hos-
pitalised elderly individuals.'”~?" Thus, NMES training appears to be a
feasible and effective strategy with which to combat muscle disuse
atrophy and muscle function decline in people with difficulties per-
forming volitional exercise.??~%*

Several studies have also demonstrated that NMES can be per-
formed during haemodialysis sessions.?>~2°

Therefore, the research questions for this systematic review were:

1. Does neuromuscular electrical stimulation (NMES) applied during
haemodialysis sessions improve functional capacity in people with
end-stage renal disease?

2. Does NMES used in this way also improve muscle mass/architec-
ture, quality of life and biochemical variables?

3. Does it have any adverse effects?

Methods

This systematic review is reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
statement.

Identification and selection of studies

PubMed, Web of Science, Scopus and SPORTDiscus were searched
from inception to 15 October 2019 with the search terms: dialy*
AND ("electrical stimulation” OR electrostimulation OR NMES OR
"electro stimulation"). The electronic search was supplemented with
a manual review of reference lists from relevant publications and
reviews to locate additional publications on the subject. Grey litera-
ture (eg, abstracts, conference proceedings and editorials) and re-
views were excluded. Two authors (PLV and JSM) independently
screened the titles and abstracts and then evaluated the full text of
potentially relevant studies. Disagreements were resolved through
discussion with a third author (ASL). Studies were eligible for inclu-
sion if they met the eligibility criteria presented in Box 1. The control
group (ie, haemodialysis patients not receiving NMES) could not
receive any other type of physical strategy (eg, massage, exercise)
during the haemodialysis sessions.

Assessment of characteristics of the studies

Two authors (PLV and JSM) independently extracted the following
data from the studies. Any disagreements were resolved through
discussion with a third author (ASL).

Quality

The methodological quality of the included studies was assessed
with the PEDro scale, which is based on the Delphi list.>° The 10
PEDro scale criteria that contribute to the total score between 0 and
10 are presented in Table 1. Each study’s quality was further
categorised as poor (PEDro score < 3), fair (4 to 5) or good (> 5).

Participants

The following data were extracted from each study, if available:
number of participants within each group, participants’ mean age,
aetiology of ESRD and number of years on haemodialysis.

Intervention

The following NMES intervention characteristics were extracted
from each study: frequency, pulse width, on:off ratio, current, session
duration, number of sessions per week and duration of treatment
period.

Outcome measures

The measurement methods and outcome data (ie, mean and
standard deviation for each group) were extracted for the following
outcome measures from each study, if available: functional capacity
(eg, walking ability), muscle strength, muscle mass/architecture,
psychological outcomes (eg, quality of life), cardiovascular outcomes
(eg, flow-mediated dilation) and biochemical variables (eg, dialysis

Table 1
PEDro scores of included studies.
Study Random Concealed Groups Participant Therapist Assessor < 15% Intention- Between- Point estimate Total
allocation allocation similar at blinding blinding blinding dropouts to-treat group and (0 to 10)
baseline analysis difference variability
reported reported
Dobsak et al Y N Y N N N Y N Y Y 5
(2012)*°
Esteve-Sim6 N N Y N N N Y N Y Y 4
et al (2015)*°
Esteve-Simé N N Y N N N Y N Y Y 4
et al (2017)*
McGregor et Y Y Y N N Y N N Y Y 6
al (2018)°!
Miura et al Y Y Y N N N Y N Y Y 6
(2018)*
Roxo et al Y N Y N N N Y N Y Y 5
(2016)*
Schardong et Y Y Y N N N Y N Y Y 6
al (2017,
201 8)27,'52
Suzuki et al Y Y Y N N Y Y N Y Y 7

(2018)*
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efficiency, urea and creatinine). Data about adverse events were also
extracted. Authors were contacted, when necessary, to clarify any
uncertainty or to request additional data. Although psychological,
cardiovascular and biochemical measures were not registered out-
comes, substantial amounts of data were identified, so they are re-
ported here as non-registered outcomes.

Data analysis

A meta-analysis was performed when at least two studies esti-
mated the effect of NMES by comparing the experimental and control
groups on a given endpoint. The weighted mean difference (WMD)
between interventions (post-intervention minus pre-intervention
data) and 95% CI were computed using a random-effects model.
When studies reported a given endpoint in different and non-
combinable units, the standardised mean difference (SMD) was
used for analyses. The correlation coefficient (Pearson’s r) between
pre-intervention and post-intervention data were entered to
compute the within-group SD. The authors of four papers provided
the requested r-value.?>?%2%31 A conservative r-value of 0.7 was used
when Pearson’s r was unknown, and a sensitivity analysis (r = 0.2, 0.5
or 0.9) was performed to confirm the results. Begg’s test was used to
determine the presence of publication bias (unless the number of
studies analysing the outcome in question was lower than three), and
the Q and I? statistics were used to assess heterogeneity across
studies. The level of significance was set at 0.05. All statistical ana-
lyses were performed using a commercial statistical software
package?.

Results

Flow of studies through the review

From the retrieved articles, eight trials reported in nine papers
and including a total of 221 dialysis participants (118 in the experi-
mental arms) met all inclusion criteria and were included in the
systematic review (Figure 1). Two papers reported data from the
same study,””? and thus only one was used to count the total
number of subjects.

Characteristics of the included studies

Quality

The total PEDro score for each study and the ratings on the 10
criteria that contributed to that total score are presented in Table 1.
All studies were included in the review regardless of their quality.
Two studies had a total score of 6 to 7 (good quality). The sample size
of the included studies was low, with the largest study including 23
participants in the experimental arm.>°

Participants

The characteristics of the included studies are summarised in
Table 2. Most studies analysed male and female participants with a
mean age > 60 years (with a maximum mean value of 73 years),
although two studies analysed subjects whose mean age ranged be-
tween 45 and 55 years.”>>! Participants had been on haemodialysis
for a mean of 2 to 11 years. The major aetiologies of ESRD were
diabetic nephropathy, glomerulonephritis, polycystic kidney disease
and hypertension.

Intervention

The duration of the NMES interventions ranged from 8
weeks?>?73233 10 20 weeks.”® NMES was performed two to three
times per week in all studies and was applied over the quadriceps
muscles, although two studies also stimulated the calf muscles,?5>*
another study stimulated the hamstrings®! and a further study
stimulated the whole legs.>> NMES sessions lasted between 20 and 60
minutes. Rectangular pulses (range 200 to 400 us) were applied in all
cases. Three studies applied a low-frequency stimulation (5 to 20
Hz),262!*3 two studies applied a moderate to high frequency (50 to

Records screened by title
and abstract (n = 786)

.| Excluded after
”| screening (n = 769)

A 4

Records assessed in full text
(n=17)

Papers excluded after assessment

of full text (n = 8)

* not testing NMES (n = 2)

* no control group (n = 2)

» the control group did not
remain passive (n = 2)

+ theintervention lasted < 4
weeks (n = 2)

\ 4

A 4

Papers included in the
review (n = 9)

Trials included in the review
(n=28)

Figure 1. Flow of studies through the review. Papers may have been ineligible for
failing to meet more than one inclusion criteria.
NMES = neuromuscular electrical stimulation.

80 Hz)*>?”>? and three studies progressively increased stimulation
frequency during the intervention period.”®?**% With regard to
stimulation intensity, four studies applied the highest tolerable in-
tensity in each session,>?”*'=>3 one study progressively increased
the intensity up to 60 mA during the intervention period*® and three
studies did not report the stimulation intensity.?8%>*

Effect of intervention

Functional capacity

Outcome data related to functional capacity was reported in all
but two of the included studies.?”~2**"*> NMES improved the 6-
minute walk distance by a mean of 31 m (95% CI 13 to 49), with no
signs of heterogeneity (I> = 0, Q = 1.308) or publication bias (p =
0.500). The meta-analysis for this result is presented in Figure 2, with
a detailed forest plot presented in Figure 3 on the eAddenda. The
sensitivity analysis confirmed the benefits when entering an r-value
of 0.2 (MD 31 m, 95% CI 12 to 50), 0.5 (MD 31 m, 95%CI 13 to 49) or 0.9
(SMD 31 m, 95% CI 16 to 47).

Three studies also analysed performance during different variants
of the sit-to-stand (STS) test, with two measuring the time needed to
perform 10 repetitions (STS-10)?%2?° and the other reporting the
maximum number of repetitions performed in 30 seconds.?” The best
estimate was that NMES improved results on the STS test, with a
standardised mean difference of 0.42. However, this estimate was
associated with considerable uncertainty, with a 95% CI spanning
from -0.04 to 0.87. There were no signs of heterogeneity (I> = 0, Q =
0.05) or publication bias (p = 0.5). The meta-analysis for this result is
presented in Figure 4, with a detailed forest plot presented in Figure 5
on the eAddenda. The sensitivity analysis showed significant benefits
when entering an r-value of 0.9 (SMD 0.50, 95% CI 0.04 to 0.96), but
not with an r-value of 0.2 (SMD 0.36, 95% CI -0.09 to 0.82) or 0.5
(SMD 0.39, 95% CI -0.07 to 0.84). When the two studies that assessed
the STS test using the same procedures (ie, STS-10) were pooled, on
average NMES reduced the time required to complete 10 repetitions
(MD -5.9 seconds) but this estimate was again associated with
important uncertainty (95% Cl -14.5 to 2.7, Q = 0.222 and I = 0).
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Table 2

Summary of included studies.
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Study Design Participants Intervention Outcome measures
Dobsak et al RCT n=21 Exp = NMES: 10 Hz, 200 ps, 20 s on:20 s off e Cycle ergometry Wpeak
ean age (yr) = increasing up to 60 m e 6-MWD
(2012)*° M (yr) i i 60 mA 6
Exp 60, Con 65 60 min X 3/wk X 20 wk e Knee extension strength
Con = no intervention e Quality of life
e Biochemical analyses
steve- n= Xp = :8to z, 5.5 s to 25 min on:0.75 to 1.5 s of * 6-
E: QRCT 38 E NMES: 8 to 90 Hz, 5.5 25 mi 0.75 to 1.5 s off 6-MWD
Simo et al Mean age (yr) = intensity not reported. e STS-10
(2015)*° Exp 73, Con 68 25 to 38 min X 3/wk X 12 wk e Knee extension strength
Con = no intervention ¢ Handgrip strength
e Biochemical analyses
e Muscle area
e Quality of life
steve- n= Xp = :8to z, 5.5 s to 25 min on:0.75 to 1.5 s of * 6-
E: QRCT 20 E NMES: 8 to 90 Hz, 5.5 25 mi 0.75 to 1.5 s off 6-MWD
Sim6 et al Mean age (yr) = intensity not reported. e STS-10
(2017)* Exp 72, Con 66 25 to 38 min X 3/wk X 12 wk o Knee extension strength
Con = no intervention e Handgrip strength
e Biochemical analyses
e Muscle area
cGregor n= Xp = : z, to us, and variable stimulation time e Cycle ergometry Wpea
McG RCT 35 E NMES: 5 Hz, 760 to 857 d variable stimulation ti Cycl Wpeak
et al Mean age (yr) = highest tolerable intensity e Knee extension strength
(2018)*! Exp 52, Con 54 1 hr x 3/wk x 10 wk e Handgrip strength
Con = no intervention e Biochemical analyses
Miura et al RCT n=20 Exp = NMES: 10 Hz < pain threshold, 20 s on:20 s off e Knee extension strength
(2018)* Mean age (yr) = intensity not reported. e Handgrip strength
Exp 69, Con 70 < 1 hr x 2/wk X 12 wk e Biochemical analyses
Con = no intervention
Roxo et al RCT n =40 Exp = NMES: 50 Hz, 350 ps, 2 s on:10 s off e 6-MWD
(2016)*° Mean age (yr) = highest tolerable intensity e Knee extension strength
Exp 46, Con 55 30 min X 3/wk x 8 wk e Biochemical analyses
Con = no intervention
Schardong RCT n=21 Exp = NMES: 80 Hz, 400 ps, 10 s on:50 to 20 s off ¢ 6-MWD
et al (2017, Mean age (yr) = highest tolerable intensity e Knee extension strength
2018)*7*? Exp 59, Con 64 20 to 34 min X 3/wk X 8 wk e Quadriceps architecture
Con = no intervention e DNA damage
Suzuki et al RCT n=26 Exp = NMES: 20 Hz, 250 ps, 5 s on:2 s off e TUG test
(2018)** Mean age (yr) = highest tolerable intensity o Knee extension strength
Exp 66, Con 65 20 min X 3/wk X 8 wk e Quadriceps muscle area
Con = no intervention e Biochemical analyses
e Quality of life

Con = control group, DNA = deoxyribonucleic acid, Exp = experimental group, NMES = neuromuscular electrical stimulation, QRCT = quasi-randomised controlled trial,
RCT = randomised controlled trial, STS = sit-to-stand test, TUG = Timed Up and Go test, Wpeak = peak power, 6-MWD = 6-minute walk distance.

Two studies analysed the effect of NMES on peak workload during
a cycling incremental test, and pooled analyses showed a clear
improvement over the control group (MD 12.5 W, 95% CI 3.2 to 21.9;
Q = 1.000 and I? = 0). Results were similar in sensitivity analyses (for
r=0.2: SMD 14.8 W, 95% Cl 7.5 to 22.0; for r = 0.5: SMD 13.8 W, 95% CI
5.6 to 22.0; and for r = 0.9: SMD 11.3 W, 95% CI 1.5 to 21.0).

One further study®! reported intervention-induced improvements
in the peak oxygen uptake (VOzpeax) attained during an incremental
test compared with the control group (2.0 ml/kg/min, 95% CI 0.3 to
3.7) and another study®® reported improvements in the Timed Up and
Go test (ie, reduction in the time needed to accomplish the test) with
NMES compared with the control group (MD -1.00 seconds, 95% CI
-145 to -0.55).

Muscle strength

Eight studies analysed the effects of NMES on the strength of the
knee extensors.?>~2931:3334 Seven of these studies assessed the
strength of the knee extensors using isometric dynamom-
etry,26-2931:3334 with pooled analysis showing a benefit (MD 3.5 kg,
95% CI 2.3 to 4.7). The meta-analysis for this result is presented in
Figure 6, with a detailed forest plot presented in Figure 7 on the
eAddenda. This effect was still present when entering an r-value of
0.2 (MD 3.4 kg, 95% CI 2.2 to 4.7), 0.5 (MD 3.5 kg, 95% CI 2.3 to 4.7) or
0.9 (MD 3.6 kg, 95% CI 2.6 to 4.6). The other study assessed knee
extensor muscle strength with the one-repetition maximum test and
also estimated that NMES was beneficial compared with no inter-
vention (MD 1.7 kg, 95% CI 1.1 to 2.3).°

Three studies?®?°>* measured handgrip strength. Pooled analysis

showed greater benefit with NMES compared with the control (MD 2.4
kg, 95% CI 0.4 to 4.4). The meta-analysis for this result is presented in
Figure 8, with a detailed forest plot presented in Figure 9 on the eAd-
denda. No heterogeneity (Q = 1.631 and I?> = 0) or publication bias

WMD (95% Cl)

Study Random

Dobsak 2012

Esteve-Sim6 2015
Esteve-Simo6 2017

Roxo 2016 — —
Schardong 2017

Pooled

<>

1
-100 =50 0 50 100
Favourscon (m)

Favours exp

Figure 2. Weighted mean difference (95% CI) of effect of neuromuscular electrical
stimulation on the 6-minute walk distance.
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Figure 4. Standardised mean difference (95% CI) of effect of neuromuscular electrical
stimulation on the sit-to-stand test.

(p = 0.500) were evident. Benefit from NMES was also evident in the
sensitivity analyses (for r = 0.2: MD 2.1 kg, 95% C1 0.2 to 4.0; for r = 0.5:
MD 2.3 kg, 95% C1 0.3 to 4.2; and for r=0.9: MD 2.5 kg, 95% C1 0.4 t0 4.5).
One study found that NMES had a beneficial effect on respiratory
muscle strength, estimating its effect on maximal inspiratory pres-
sure at 12 cmH,0 (95% CI 3 to 21). The mean estimate of the effect on
maximal expiratory pressure was also beneficial (MD 9 cmH,0),
although this was an uncertain estimate (95% CI -1 to 18).°

Muscle mass and architecture

Three studies analysed the quadriceps muscle area, pro-
ducing an unclear estimate of the effect of NMES over the control (MD
3.5 cm?, 95% CI -1.6 to 8.6, 1> = 0, Q = 0.850, and Begg’s test p = 0.500).
One study assessed muscle thickness and architecture by ultraso-
nography, finding an increased pennation angle but no improvements
in muscle thickness.?’

28,29,33

Psychological outcomes

Three studies analysed the effects of NMES on quality of life.
One used the 36-item short-form health survey questionnaire and
estimated the effect of NMES on mental function component score at
6.2 (95%Cl 1.6 to 10.8). This study also estimated that the effect of NMES
on the physical component was beneficial (MD 4.3), although this es-
timate was uncertain (95% CI -0.4 to 9.0).>° Another study assessed

WMD (95% CI)
Random

28,29,33

Study

Dobsak 2012 — -
Esteve-Simo6 2015 —m—
Esteve-Simé6 2017 Hoe
McGregor 2018 — gm
Miura 2018 L
Schardong 2017

Suzuki 2018 S

Pooled ‘
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Figure 6. Weighted mean difference (95% CI) of effect of neuromuscular electrical
stimulation on the strength of the knee extensors.
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Figure 8. Weighted mean difference (95% CI) of effect of neuromuscular electrical
stimulation on handgrip strength.

quality of life with the EuroQoL-5D questionnaire.?” It estimated that
the effect of NMES on the health visual scale was beneficial (MD 8.1),
but this was again associated with uncertainty (95% CI-1.0 to 17.2). This
latter study also estimated that NMES decreases lower limb symptoms
(ie, muscular pain, cramps, tingling, burning/stinging and numbness)
by a mean of 2.7 on the 0 to 25 symptom scale (95% CI 1.2 to 4.2). A
further study used the eight-item short form health survey question-
naire; although the estimated effect of NMES on some domains (such
as physical function) was favourable compared with no intervention,
the estimates were too imprecise to confirm this.>*

Cardiovascular outcomes

Two studies analysed cardiovascular-related outcomes.?”*! Pooled
analysis showed no clear effects on flow-mediated dilation (MD 0.11%,
95% CI -1.29 to 1.52, I? = 0 and Q = 0.001). No other outcome could be
meta-analysed, but no significant effects were reported by the au-
thors of these two studies for any of outcomes they assessed (left
ventricular mass index, ejection fraction or end-diastolic volume, left
atria diameter, blood pressure or pulse wave velocity).

Biochemical outcomes

Six of the nine studies performed biochemical analysis before and
after the intervention.?>?5282933:34 No clear effects were observed in
major biochemical parameters such as Kt/V ratio (MD 0.03, 95% CI-0.19
to 0.26, 1> = 0, Q = 2.189 and Begg’s test p = 0.231) or serum C-reactive
protein (MD -0.03 mg/dl, 95% CI -0.12 to 0.06,1* = 0,Q = 1.908 and Begg’s
test p = 0.500), albumin (MD -0.04, 95% CI -0.15 t0 0.08, 1> =0, Q = 2.796
and Begg's test p = 0.367) and creatinine concentration (SMD 0.26, 95%
C1-0.15 to 0.66, I = 0, Q = 1.449 and Begg’s test p = 0.5).

Adverse events

The prevalence of NMES-related adverse events was reported in
all studies.?”~2°*1-3* Most reported no NMES-related adverse events,
but in one study there were two drop-outs (10% of participants)
caused by intolerance to the NMES intervention.>' In another study
one participant (8%) had leg cramps during an NMES session, which
rapidly disappeared without treatment.>* A further three participants
(23%) reported muscle pain immediately after at least one training
session and recovered without treatment in a few days.>®> One study
examined a recognised adverse effect of haemodialysis: DNA damage.
This study reported reductions in DNA damage associated with the
NMES intervention.>?

Discussion

The main finding of this systematic review is that NMES applied
during haemodialysis visits (30 to 60 minutes, three times per week)
might represent an overall safe and effective strategy for the
improvement of patients’ muscle strength and functional capacity.
Preliminary evidence also indicates that intradialytic NMES could
increase quality of life in this patient population. No substantial
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benefits were observed for muscle mass, or for cardiovascular and
biochemical outcomes.

The potential of NMES to improve muscle strength in clinical
practice has been highlighted previously, particularly in those in-
dividuals with difficulties performing volitional exercise.?’~>* NMES
has been proposed as an ‘exercise mimetic’ because of its ability to
activate the same signalling pathways as those stimulated by
voluntary exercise.>> Moreover, because NMES induces a synchron-
ised recruitment of muscle fibres independent of their contractile/
metabolic phenotype, it can also mimic the effect of high-intensity
exercise in terms of recruitment of ‘fast-twitch’ fibres.>® NMES also
increases muscle oxidative capacity and improves functional endur-
ance, especially in clinical patient populations.”” Although it was
traditionally believed that NMES bypasses the central nervous sys-
tem, it is now established that, similar to voluntary contractions,
electrically evoked muscle contractions elicit the activation of corti-
comotor pathways.*®3° Accordingly, NMES has the potential to pro-
mote beneficial adaptations both at the peripheral and central
nervous system levels, and indeed this strategy has been reported to
improve neural activation.*’

In agreement with previous findings in a variety of clinical pop-
ulations at risk of muscle weakness (critically ill patients, individuals
with advanced disease, pre-frail elderly subjects),””?° the current
results generally indicate that NMES might represent an effective
strategy with which to improve strength and functional ability in
haemodialysis patients. Specificallyy, NMES seemed to improve
6-minute walk distance, peak workload during incremental exercise,
handgrip and lower-limb muscle strength (as reflected by greater knee
extensor muscle strength), with the latter being an important finding
because poor levels of both handgrip and lower-limb strength are
associated with risk of mortality, cardiovascular events and hospital-
isation in haemodialysis patients.”®*"** These results tend to support
the routine implementation of NMES in clinical practice because it
may not only attenuate dialysis-associated physical impairment, but
also reduce patients’ morbimortality risk. It must be noted, however,
that the improvements estimated for the 6-minute walk distance (95%
CI 13 to 49 m) and handgrip strength (95% CI 0.4 to 4.4 kg) are mostly
lower than the minimal detectable change previously reported by
other authors for this patient population (57 to 66 m and 3.0 to 3.4 kg,
respectively).'**> Moreover, the minimal important differences for
other outcomes assessed here (knee extensor muscle strength, peak
workload) remain to be clarified. Thus, in line with the trend previ-
ously observed with voluntary exercise training for haemodialysis
patients,' these results indicate that patients do generally benefit
from NMES, but future research should seek to refine these estimates
in order to determine to what extent the benefits are clinically
worthwhile. Future research could also seek to identify those patients
who are likely to obtain the greatest benefits.

It has been reported that, compared with muscle strength and
functional performance, muscle mass might not be a useful health
marker in haemodialysis patients.***> However, given the importance
of muscle mass for health in all populations*® and its protective role
against cardiometabolic conditions, especially in ageing populations,*’
is important to develop interventions that attenuate muscle wasting in
haemodialysis patients. In this regard, the current results show no
clear benefit of NMES on the promotion of muscle anabolism. Ageing
has been related to skeletal muscle anabolic resistance, and periods of
inactivity (such as those imposed by dialysis) result in further anabolic
impairment.’®%° Given the age of the participants included in this
review (mean of 60+ years in most studies), NMES or other physical
exercise strategies should perhaps be accompanied by an optimal
amino acid intake, in order to effectively promote muscle anabolism in
this population.*®>° Limitations of the measurement methods could
also partly explain the lack of benefits on muscle mass. Indeed, three of
the included studies assessed changes in muscle area through mag-
netic resonance imaging>* or the analysis of limb circumference and
skinfold thickness,?®?° and the other study assessed muscle area by
ultrasonography.?’ Although dialysis patients usually present with
measures of total muscle cross-sectional area (CSA) comparable with

those of healthy peers, their contractile tissue CSA is smaller.”!
Therefore, more accurate methods such as magnetic resonance im-
aging or dual-energy X-ray absorptiometry might be required to
properly discern changes in actual muscle contractile CSA in these
patients. In this regard, NMES increases type Il muscle fibre CSA in
older people,’! and the only study included in the present meta-
analysis that assessed quadriceps’ CSA through magnetic resonance
imaging found significant benefits with NMES over the control
group.”

This review also evaluated whether NMES could induce changes
in dialysis-related biochemical parameters such as Kt/V or serum
C-reactive protein, creatinine and albumin. Physical exercise in-
creases blood flow through the working muscles, thus facilitating the
diffusion of waste products towards the circulatory system. Previous
research has demonstrated that intradialytic exercise improves
haemodialysis efficacy (as reflected by increases in markers of urea
clearance such as Kt/V)'>°2->% and the current review therefore
assessed whether NMES could elicit similar benefits. However, no
significant changes in these parameters were found, which could be
due, at least in part, to the low volume of muscle mass recruited
during NMES (involving only local stimulation of the quadriceps
muscles). We also found no changes in other biochemical markers
such as C-reactive protein, serum creatinine and albumin, which
suggests that NMES does not induce changes in the inflammatory
status or renal function.

Although the present results partly support the routine
implementation of NMES during dialysis sessions, it is acknowledged
that voluntary physical exercise should be performed whenever
possible. The application of NMES superimposed onto voluntary
physical exercise could provide greater benefits than the latter alone
in clinical populations,® and might be an effective strategy for
maximising training stimuli and subsequent muscle adaptations in
patients who can perform volitional exercise.' Future research might
determine the efficacy of NMES superimposed onto voluntary
physical exercise in ESRD patients.

The quality of the included studies was generally fair to good, but
some limitations need to be mentioned. Two studies followed a
quasi-randomised design, and the sample size of all the included
studies was overall low (consistently < 23 participants in the NMES
arm). Moreover, no blinding of participants (which is difficult to
achieve with NMES) or of the researchers in charge of NMES
application and of outcome assessment was performed in most
studies, and therefore a placebo effect and a potential performance
and detection bias cannot be ruled out. Further research, especially
long-term randomised controlled trials, will be needed to confirm the
effectiveness and safety of NMES in dialysis patients.

In conclusion, intradialytic NMES (30 to 60 minutes per session,
two to three times weekly) appears to be a safe and effective strategy
for improving muscle strength and functional capacity in patients
with ESRD. Preliminary evidence also suggests that it may improve
quality of life, but no consistent benefits have been reported for
muscle mass, or cardiovascular and biochemical outcomes (Kt/V and
serum creatinine, urea, albumin and C-reactive protein). These results
partly support the implementation of NMES during dialysis sessions
when volitional exercise cannot be easily performed, but further
research is needed to confirm the clinical relevance of these results.

What was already known on this topic: Haemodialysis is
being used to manage the growing number of people with end-
stage renal disease. Haemodialysis is associated with a marked
deterioration of functional capacity. Voluntary exercise is not
always feasible for these patients.

What this study adds: Intradialytic neuromuscular electrical
stimulation improves functional capacity and muscle strength. It
also appears to improve some aspects of quality of life. No clear
effects on cardiovascular or biochemical outcomes were identi-
fied, but it can be delivered without adverse effects.
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Footnotes: * Comprehensive Meta-analyis 2.0, Biostat, Englewood,
USA.

eAddenda: Figures 3, 5, 7 and 9 can be found online at https://doi.
org/10.1016/j.jphys.2020.03.006.
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Discussion

The present work shows the benefits of lifelong physical exercise for attenuating aging-
induced functional decline in older adults. Moreover, exercise benefits — or those of other
alternative strategies such as NMES when the former is not feasible — were also confirmed
in populations at particular risk of functional decline such as in acutely hospitalized older

adults and in patients with a chronic disease such as ESRD treated with hemodialysis.

Apart from the importance of these findings at the scientific level, these results are of
major clinical relevance. Maintaining functional ability and particularly intrinsic capacity
(i.e., the composite of all the individual’s physical and mental attributes) has been
proposed by the WHO as a priority to promote healthy aging. Indeed, a recent longitudinal
study identified intrinsic capacity as a better predictor of functional ability (i.e., ADL
function) in older adults than multimorbidity.>® In this regard, physical exercise appears
as an effective strategy for improving different components of intrinsic capacity, notably
cognitive function,%%%! psychological variables (e.g., depressive symptoms)®? and
particularly physical performance,®*° as confirmed in the present work. Confirming
these results, a recent trial concluded that physical exercise improves intrinsic capacity in
older adults aged ~73 years.%® Moreover, a recent meta-analysis by our research group
showed that exercise interventions are safe and effective in older adults for improving
physical function and cognitive performance, as well as for reducing falls incidence and
mortality in clinical populations.®® Thus, physical exercise appears as an effective strategy

for the improvement of intrinsic capacity and thus for the promotion of healthy aging.

Our finding of lifelong exercise as a beneficial strategy for the attenuation of aging-related
physical fitness decline — as measured through VO:zmax — is in line with a recent meta-
analysis.®” This physiological marker has proven to be a strong predictor of
cardiovascular and all-cause mortality,®®"° being indeed a better predictor than other

stablished cardiovascular risk factors (e.g., hypertension, smoking).®® In this regard,
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although aging seems to be unavoidably associated with a progressive decline of
VOzmax, * our findings show that lifelong endurance exercise exerts a myriad of benefits
(i.e., enhanced or at least preserved levels of pulmonary/cardiovascular function, blood
oxygen carrying capacity, and skeletal muscle capillary density and oxidative capacity)
which in turn seem to attenuate the rate of aging-related VOzmax decline. Thus, these data
suggest that the exponential decline in VO2max 0bserved with aging might be confounded
by many factors, notably the increasingly inactive lifestyle that often accompanies the
aging process in the general population. Moreover, masters athletes of disciplines other
than endurance (e.g., power sports) have been reported to present with a greater muscle
strength than their sedentary counterparts at an advanced age (>65 years),®” which
supports the need for combining both endurance and resistance training through the
lifespan. Lifelong exercise has also been reported to prevent from the aging-related
degeneration in muscle properties (e.g., shifts in fiber types, reductions in capillarization
and aerobic enzyme activity)’>" and to mediate several aspects of senescence in immune
cells.” There is also meta-analytical evidence from longitudinal studies that regular
physical exercise throughout the lifespan is associated with healthy aging.” Thus,
lifelong exercise appears as a beneficial strategy to attenuate the multi-systemic

degeneration that occurs with aging.

Apart from supporting the benefits of lifelong exercise, the present findings reinforce the
need for promoting physical exercise interventions in clinical situations associated with
an exacerbation of aging-related functional decline, notably hospitalization periods. As
commented above, HAD affects a great proportion (approximately to one out of three) of
hospitalized older adults® and has important consequences for the patients (including a
greater risk of long-term disability, rehospitalization and mortality), their caretakers and

healthcare systems.® In this regard, our clinical trial shows that inhospital physical
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exercise programs can reduce HAD incidence by ~70%.% Moreover, our meta-analyis
confirms that these findings are not occasional, as existing evidence shows clear benefits
of inhospital exercise programs on functional ability and physical performance at both
the short- and long-term (being these benefits significant even three months after
discharge).>” Therefore, the obtained results support the routine inclusion of inhospital

physical exercise in healthcare systems.

In the same line, the present project shows that physical exercise can be feasible even
during hemodialysis sessions, which are commonly associated with a status of complete
rest. Indeed, our results show that intradialityc physical exercise improves different
physical markers such as muscle strength and functional capacity. These results are
clinically relevant, as hemodialysis patients present with marked functional impairments,
being their physical fitness a ~50% worse than that of their healthy peers.** Moreover,
functional capacity (which improved on average 11% in the exercise group) has been
identified as a predictor of cardiovascular events, hospitalization and mortality in
hemodialysis patients,*® and lower-limb physical performance (assessed through test such
as STS-10, which improved by 22% after the exercise intervention and worsened by 6%
in the control group) and handgrip strength (which increased and decreased by 4%,
respectively, in the exercise and control group) have also been described as predictors of
mortality in this patient population.*”"® Therefore, apart from their association with a
better physical fitness, these results reinforce the implementation of physical exercise
during dialysis sessions for the improvement of patients’ overall health and for the

reduction of morbimortality.*°

The present project also shows that, although voluntary exercise appears as the most
effective strategy for preventing disuse-induced functional decline, even patients who

cannot perform voluntary exercise — such as those excessively frail or in intubated
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critically ill patients — could benefit from alternative strategies such as electrostimulation
or blood flow restriction.>* Thus, the results of our meta-analysis show that the passive
application of NMES can improve functional capacity and muscle strength in
hemodialysis patients. These results are in accordance with previous studies that support
the effectiveness of NMES for the prevention of muscle atrophy in patients with
difficulties to perform voluntary exercise such as critically ill patients.”” Therefore,
NMES should be considered as an alternative strategy or as a complementary intervention

to exercise for some patients.

It is important to mention that, although our findings show that physical exercise is overall
beneficial for reducing functional decline, individual analyses highlight that there is some
variability between subjects. Thus, although inhospital physical exercise reduced HAD
incidence in older adults, 10% of the patients were considered adverse responders (that
is, they suffered from HAD despite participating in the exercise program). Similarly, our
study in dialysis patients shows that, although exercise led to an overall improvement of
patients’ physical fitness, less than 50% of the patients could be actually considered
responders. It was observed in both cases that — apart from the negative influence of
hospitalization length — patients with a better functional and health status at baseline
(including a lower number of comorbidities) were those with a greater risk of being non-
responder to exercise. Thus, it could be hypothesized that simple exercises such as those
performed in acutely hospitalized older adults (i.e., walking and rising from a chair during
~20 minutes per day) or those performed with dialysis patients (i.e., strength exercises
with light weights or elastic bands and aerobic exercise with a mini-bike three times per
week) might not be enough to induce improvements in the fittest patients. Indeed,
different studies in older adults suggest that the application of a greater training volume

or intensity (for instance, through performing explosive resistance exercises) could be
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more effective in participants with a better physical status. °>"7° Moreover, it has been
reported that increasing training loads can increase the responsiveness rate in individuals
initially considered as non-responders,2°8! and indeed studies by our group have shown
that increasing training intensity can induce a greater release of myokines (i.e., cytokines
released by skeletal muscles) associated with beneficial cardiometabolic effects and a
greater muscle anabolism.® It is therefore necessary to analyze whether the prescription
of an individualized exercise program attending to the patients’ clinical and physical
characteristics (e.g., by prescribing greater training loads in those patients with a better

physical status at admission) could maximize the obtained benefits.

Although our findings provide support to the role of exercise as an effective strategy for
preventing aging- and disuse-induced functional decline, numerous lines of research
remained to be developed. Firstly, large longitudinal studies are needed to confirm the
benefits of lifelong exercise, and evidence is needed to determine if the benefits observed
for endurance exercise apply to resistance one. Further evidence is also needed to
determine whether certain patients’ characteristics might be potentially associated with
worse outcomes. For instance, current international guidelines discourage the initiation
of rehabilitation programs during hospitalization for inpatients with exacerbation of
chronic obstructive pulmonary disease (COPD) owing to a higher risk of long-term
mortality.® Notwithstanding, the quality of the evidence — supported by the analysis of
only three studies and with the results mostly driven by one of them® — was
acknowledged to be ‘very low’.8% In turn, we recently reported no increase in the risk of
mortality or readmission during a 12-month follow-up together with benefits on patients’
functional capacity and QoL after a tailored exercise intervention in patients admitted
with COPD exacerbations.® Finally, evidence is also needed to determine the most

effective exercise interventions. For instance, although the present results support the
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implementation of NMES during disuse situations, the application of NMES
superimposed onto voluntary physical exercise could provide greater benefits than the
latter alone in clinical populations.®® Future research might determine the efficacy of
NMES superimposed onto voluntary physical exercise for maximizing training stimuli

and subsequent muscle adaptations in patients who can perform volitional exercise.
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Conclusions

In the present project we show that lifelong physical exercise is an effective strategy for
preventing the functional decline that is commonly observed with aging in older adults.
Moreover, the benefits of exercise — or those of other passive strategies such as NMES -
— were confirmed in older adults submitted to disuse situations such as during
hospitalization periods due to an acute medical condition or during hemodialysis sessions
in patients with ESRD. Our results have a marked clinical relevance, especially
considering the negative consequences of functional impairments for older adults, their
caretakers, and healthcare systems in general. Thus, these findings support the routine
implementation of physical exercise programs in daily life and particularly in patients at

risk of functional decline such as during disuse situations.
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