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Due to the demographic changes and the increasing awareness of the role of physical
function, mobility in older age is becoming an important topic. Mobility limitations have
been reported as increasingly prevalent in older persons affecting about 35% of persons
aged 70 and the majority of persons over 85 years. Mobility limitations have been
associated with increased fall risk, hospitalization, a decreased quality of life, and even
mortality. As concepts of mobility are multifactorial and complex, in this narrative review,
definitions, physical factors, and their age-related changes associated with mobility will
be presented. Also, areas of cognitive decline and their impact on mobility, as well
as neuromuscular factors related to mobility will be addressed. Another section will
relate psychological factors such as Fall-related psychological concerns and sedentary
behavior to mobility. Assessment of mobility as well as effective exercise interventions
are only shortly addressed. In the last part, gaps and future work on mobility in older
persons are discussed.
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INTRODUCTION

Due to the demographic changes in the western world, healthy aging becomes an important
issue on the individual as well as on a population level. Between 2015 and 2050, the proportion
of the world’s population over 60 years will increase from 12 to 22% (WHO, 2015). The
WHO defines healthy aging “as the process of developing and maintaining the functional
ability that enables wellbeing in older age” (WHO, 2015). One important component of healthy
aging is mobility. Self-reported mobility limitations are frequent among older persons but
this prevalence varies due to different concepts and models. Nevertheless, mobility limitations
are increasingly commonplace in older persons affecting approximately 35% of persons aged
70 and the majority of persons over 85 years (Cummings et al., 2014; Musich et al., 2018).
Mobility limitations have been associated with an increased fall, disability, hospitalization,
and mortality risk as well as decreased quality of life, and poor psycho-social health next
to declining function (Shumway-Cook et al., 2005; Gill et al., 2006; Hardy et al., 2011; Lee
et al., 2012; Rosso et al., 2013b). Hardy et al. (2011) demonstrated additional health care
costs in older persons with mobility limitations. In older persons with mobility limitations,
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an additional $2773 (95% CI $1443–4102) in total health care
expenditures, an additional $274 (95% CI $30–518) in out-
of-pocket expenditures, and an additional 14 (95% CI 8–20)
hospitalizations per 100 beneficiaries occurred (Hardy et al.,
2011). These numbers demonstrate the need to understand the
mechanism and risk factors for mobility limitations.

It is commonly understood that a low physical activity level
has negative impact on health, and is responsible for many
chronic diseases (Booth et al., 2012, 2017). A low activity level
has been linked to sarcopenia (Freiberger et al., 2011; Marzetti
et al., 2017a), and to mobility limitations (Gill et al., 2012;
Brown and Flood, 2013). With regard to the fact that most
people in the western world over 65 years do not meet the
recommended physical activity level for healthy aging (Hallal
et al., 2012), this area seems mandatory to include in preventing
mobility limitations. Decreasing sedentary behavior or inactivity
by maintaining mobility in older persons is, with regard to
independence, mortality, and health in older persons, a priority
on an individual as well as a population level. In 2009 the
WHO stated that physical inactivity increased the risk for
global mortality by 6% and was one of the four leading risk
factors (WHO, 2018).

Ferrucci and others have even argued that mobility is a
“hallmark of aging” and an important pillar for independent
status (Ferrucci et al., 2016; Brabrand et al., 2018).

As mobility is such an important factor, two important issues
occur: (1) early identification of mobility limitations in older
persons and (2) the installation of effective interventions to
modify or even reverse mobility limitations.

This narrative review will address on a broader base the
mechanism and risk factors for mobility limitations, possible
screening methods, and, briefly, on effective interventions.

DEFINITION OF MOBILITY

Although at present, there is no gold standard definition of
mobility in older persons, in most concepts and models mobility
is understood as “one’s ability to move independently around
their environment” (Mitchell et al., 2018). The theoretical
framework by Webber et al. (2010) takes the different and
complex determinants for mobility into account. Webber defines
mobility “as the ability to move oneself (either independently or
by using assistive devices or transportation) within environments
that expand from one’s home to the neighborhood and to regions
beyond” (Webber et al., 2010). The theoretical framework by
Webber et al. (2010) includes multiple determinants of mobility,
covering transportation/ environmental aspects, cognitive,
physical, financial, psychosocial, cultural, and gendered aspects.
The included determinants demonstrate the need for holistic
approaches in the area of mobility in older persons. As
the interaction of these domains is dynamic over the aging
process, it is mandatory that biology, medicine, and population
science overcome boundaries and work together for a better
understanding of the life course of mobility. Furthermore, the
integration of older persons and their needs is vital for future
mobility research.

As addressed above, mobility includes several domains
ranging from physical, cognitive, and neuromuscular to
psychological domains. On a physical level, gait, balance, and
strength play an important role. In the neuromuscular domain,
changes in the motor units are important, and in the cognitive
domain, age-related changes are relevant as well as psychological
factors such as fall-related psychological concern (FrPC).
Figure 1 displays a conceptual model of these domains on the
concept of mobility.

AGE-RELATED PHYSICAL CHANGES
ASSOCIATED WITH MOBILITY

Age-Related Balance and Gait Changes
Postural control includes two domains: (a) static (balance) and
(b) dynamic (gait) components. In the static condition the
center of mass remains between the base of support whereas
in gait the center of mass as well as the base of support shifts
(Osoba et al., 2019).

Balance Changes With Aging
With aging, postural control in the static condition, or balance,
is influenced by the visual, sensory, and vestibular systems
(Manchester et al., 1989; Choy et al., 2003). The decline of
the sensory system occurs with increasing age and results
in balance instability and gait limitations. Sensory feedback
is necessary for balance control in the light of different
environmental circumstances, e.g., different light situations such
as sun or shadow, or traffic situations, e.g., sound recognition or
localization (Cavazzana et al., 2018). Sensory feedback in static
balance is necessary to reduce sway movement, e.g., in a situation
where the room lights suddenly turn off, the upright position of
the body needs feedback from other sensory systems.

A sensory decline occurs with aging especially for vision and
hearing (Pinto et al., 2017). As declining hearing abilities as well
as impaired vision have a negative impact on mobility, in addition
it also has an impact on quality of life in older persons (Pinto et al.,
2017; Liljas et al., 2020). The study by Pinto et al. (2017) in a US
population demonstrated that no single sensory impairment had
a negative effects on mobility –measured with the Timed-up and
Go test (TUG) – but a global sensory index showed significant
effects on mobility (Pinto et al., 2017).

Gait Changes With Aging
In general, mobility limitations are characterized by temporal or
spatial gait changes in numerous studies. In addition, gait has
been used as a marker for physical function, as a predictor for
falls, and even mortality (Studenski et al., 2011; Herssens et al.,
2018). Gait is a highly complex process that is influenced by
the central/peripheral nervous system, muscular skeletal changes,
and by brain changes, e.g., the basal ganglia or the motor cortical
regions (Montero-Odasso et al., 2012; Herssens et al., 2018; Clark
et al., 2019).

One of the most used variables in aging research is gait
speed (Studenski et al., 2011; Cruz-Jimenez, 2017). Gait speed

Frontiers in Physiology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 881

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00881 September 14, 2020 Time: 18:24 # 3

Freiberger et al. Mobility in Older Persons

FIGURE 1 | Age-related physiological changes with regard to mobility in older community-dwelling Persons.

can be measured in self-selected (often describes as “normal”
or “usual”) gait and in fast gait speed to identify resources.
Other gait variables are stride length or width and cadence
(Herssens et al., 2018).

Early research by Winter et al. (1990) demonstrated a
significant reduction in gait speed due to a shortened stride
length in a study comparing self-selected gait in younger and
healthy older persons. These early findings were later confirmed
by Ko et al. (2010) adding the age-related changes in step
width to the earlier findings. As usual, gait speed had been
related to mortality by showing an 89% increased risk in
mortality in older persons with the slowest gait speed (Liu
et al., 2016). It has been suggested that gait is the “6th vital
sign” in geriatrics (Fritz and Lusardi, 2009). A recent review
by Herssens et al. (2018) confirmed the decrease in step length
and step time, as well as an increase in stance with aging. In
conclusion, evidence now exists that proves that spatio-temporal
parameters in gait decline with age. In contrast, the question
of any gender specific differences in gait changes with aging is
less investigated.

Fast gait speed seems to decline at an earlier age then normal
walking speed (Ko et al., 2010; Ferrucci et al., 2016; Callisaya
et al., 2017). Fast gait speed is needed in daily life, e.g., in a
timely pedestrian crossing. A walking speed of about >1.2 m/s
is needed to cross safely during the green signal lights (Donoghue
et al., 2016; Eggenberger et al., 2017). An Irish TILDA study
demonstrated that one third of the population walked slower than
the required 1.2 m/s (Donoghue et al., 2017) putting these older
persons at stress when crossing a street. Eggenberger et al. (2017)
presented similar findings in their study by showing that 30% of
people in the age group 70–79 years and 73% of persons aged 80
years and older were not able to reach the 1.2 m/s threshold.

In the InCHIANTI study, Ferrucci et al. (2016) demonstrated
that the above mentioned gait changes occurred at different stages
over the life span. In their study cohort, the normal gait speed was
stable in persons up to 65–70 years whereas the fast gait speed
performance started to decline even after the age of 40–50 years.

Another important marker is the walking speed reserve, which
is calculated by the difference between fast to normal gait speed
(Callisaya et al., 2017). In a daily routine, catching the bus or

keeping up with peers can require reserve capacity in gait speed.
The walking speed reserve marker can become more important
in the future. In the study by Callisaya et al. (2017) about 12.8%
of the participants could not increase their gait speed to the level
for a safe road crossing speed.

AGE-RELATED NEUROMUSCULAR
CHANGES ASSOCIATED
WITH MOBILITY

On a muscular level, a change in muscle fiber sizes occurs with
aging (Tieland et al., 2018). It is commonly understood that
the type II fibers (fast twitch) are especially affected – they are
responsible for generating the power in chair-rise performance
(Tieland et al., 2018). Next to the reduction in muscle fiber size,
other age-related changes are coming into the focus, e.g., the role
of motor units (MU).

Motor units are responsible for the organization of neural
control in any muscle. The MUs are composed of a single alpha
motor neuron and the connected muscle fibers (Malafarina et al.,
2012; Drey et al., 2014; Piasecki et al., 2016; Walker et al., 2018).
The number of MUs can be estimated with the motor unit
number index (MUNIX; Drey et al., 2014). At present, in the
neuro-centric approach the loss of MUs is responsible for one
pathophysiologic pathway of sarcopenia (Drey et al., 2014). In
addition, there is an increase in the size of the surviving MUs
(meaning an increased number of innervated muscle fibers per
alpha motor neuron) reported to compensate for the MUs loss
(Drey et al., 2014; Piasecki et al., 2016; Tieland et al., 2018).
The compensation and remodeling process can lead to the re-
innervation by axonal sprouting from other motor neurons
(Tieland et al., 2018). Next to this process, a greater variability
in MU discharge is reported (Tieland et al., 2018; Walker et al.,
2018). A variety of firing rates, in muscles with reduced MU (up
to 30–40%) are reported during maximal isometric contractions
(Tieland et al., 2018).

Clark (2019) demonstrated that neural activation of skeletal
muscle is a key component for muscle weakness. Other processes
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of interest are impaired voluntary muscle activation and/or
increased antagonist activation (Russ et al., 2012; Clark, 2019).

In conclusion, morphological and physiological changes to
MU due to aging is followed by alterations in the discharge
properties of the MU (Russ et al., 2012; Clark, 2019).

Age-Related Changes in Muscle Mass,
Strength, and Power
Muscle performance declines with age (Doherty, 2001;
Goodpaster et al., 2006; Brady et al., 2014; Ferrucci et al.,
2014; Bell et al., 2016). Muscle performance is linked to muscle
mass, muscle strength, and muscle power. Muscle strength is
the ability to generate maximal muscle force whereas muscle
power refers to the product of force and velocity of the muscle
contraction (Reid and Fielding, 2012).

Muscle mass and strength have their peak on average in the
third decade of life and slowly decline afterwards (Goodpaster
et al., 2006; Ferrucci et al., 2016). Changes in muscle mass occur
due to fat infiltration and loss of muscle fibers (Visser et al., 2005).
Interestingly, evidence is accumulating that the loss of muscle
mass and muscle strength deviate with advanced age (Goodpaster
et al., 2006; Chen et al., 2013; Charlier et al., 2015). Muscle
strength declines faster compared to the loss of muscle mass with
a reduction of about 3 vs. 1% in older age (Bell et al., 2016). The
loss of muscle mass can reach about 40% in persons older than
80 years but this decline can be modified by gender and lifestyle
behavior. Furthermore, the national US sample by Chen et al.
(2013) revealed that women have lower muscle mass and lower
strength compared to their male counterparts.

Sarcopenia has formerly been recognized solely as the loss of
muscle mass (Rosenberg, 1997). Due to the evidence that the loss
of muscle mass is not congruent to the loss of muscle strength, the
new definition of sarcopenia includes muscle mass and muscle
quality with strength and gait parameters (Cruz-Jentoft et al.,
2018). Based on the understanding that both muscle mass as
well as strength have an impact on physical function, in the
present sarcopenia definition, gait speed is included as a marker
of physical performance (Cruz-Jentoft et al., 2018). Research
has shown that sarcopenia is related to impairments in physical
function, e.g., mobility limitations, and negative health outcomes
as well as hospitalizations or falls (Cawthon et al., 2009; Brady
et al., 2014; Cruz-Jentoft et al., 2018; Tieland et al., 2018; Cawthon
et al., 2019).

The impact of muscle power on mobility in older age has
been investigated with chair-rise or stair-climbing performance
(Bell et al., 2016). With regard to strength decline, it seems that
muscle power deteriorates on a faster slope. Reid et al. (2014)
demonstrated in a longitudinal study that muscle power in their
study population declined by about 3% per year. The rate of
decline in muscle power seems to be 10% greater than the loss of
muscle strength (Brady et al., 2014). Through research regarding
muscle power and its impact on mobility limitation, a picture
emerged that suggested muscle power (Reid and Fielding, 2012)
has a higher impact on mobility than muscle strength (Bean
et al., 2003, 2010; Trombetti et al., 2016). Research demonstrated
that low leg power leads to a 2 to 3-fold higher risk of mobility

limitation (Bean et al., 2003). Bean et al. (2003) revealed in their
study that leg power was more related to reduced gait speed and
chair-rise times then leg strength.

In conclusion, the role of muscle mass alone in mobility is
less important than the role of muscle strength. Muscle strength
only partly contributes to mobility but it especially contributes if
strength is reduced in the lower extremity and when falling below
a “threshold” it contributes to mobility limitations (Bean et al.,
2003; Ferrucci et al., 2016). The role of muscle power is being
looked at more in the present research. As it seems, muscle power
has an even higher impact on mobility limitations than muscle
strength (Reid and Fielding, 2012) and needs to be looked into
closely when mobility in older age is investigated.

AGE-RELATED CHANGES IN
COGNITION ASSOCIATED TO MOBILITY

In normal cognitive aging, the concepts of fluid and crystalized
abilities describe different patterns of decline. Crystallized
abilities include vocabulary and general knowledge, which
the older person has gathered over their lifespan. With
aging, the crystallized abilities remain stable for a long time
(Harada et al., 2013).

In contrast, the fluid abilities including information
processing speed, reasoning, and problem solving, declines
with advancing age (Harada et al., 2013). The components
of fluid abilities are especially important for mobility and
will be described.

Processing speed starts to decline in the third decade of life,
and continues with a linear decline over a life span (Harada et al.,
2013; Salthouse, 2019). Processing speed is an important element
for mobility, as the information from sensory input needs to be
processed before the motor control system can adequately start.

In contrast to processing speed, attention and memory abilities
show an accentuated decline with advancing age (Salthouse,
2019). The role of attention is especially important regarding
mobility, as it is one important factor in gait. In combination,
low attention followed by slow processing speeds might cause a
hazard situation for balance or gait control.

Another important cognitive ability for balance and gait is
executive function (EF). Executive functioning refers to capacities
allowing an older person to successfully engage in independent,
appropriate, and goal oriented behavior (Harada et al., 2013).
Included in the EF concept are problem-solving abilities, and
planning and organizing actions, which are cognitive elementary
abilities with regard to mobility.

Age-Related Relationship Between Gait
and Cognition
In the last two decades, research has demonstrated that gait
is no longer an “automatically controlled” but a cognitive
influenced process. The first to demonstrate the “stops walking
while talking” paradigm in relationship to falls was Lundin-
Ollson in 1997. The “dual-task costs” arise from the additional
cognitive task during gait performance (Lundin-Ollson et al.,
1997; Verghese et al., 2013).
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Emerging evidence shows that a decline in gait speed can
predict cognitive decline by more than a decade (Verghese et al.,
2013; Kikkert et al., 2016; Dumurgier et al., 2017; Montero-
Odasso et al., 2018). The brain areas for gait control involve
regions responsible for attentional, executive, and visuospatial
functions as well as the cerebellum, basal ganglia, and motor
cortex (Verghese et al., 2013; Holtzer et al., 2014; Kikkert et al.,
2016; Demnitz et al., 2017; Wilson et al., 2019). Evidence is
accumulating that proves there is an overlap between brain
areas related to cognitive and gait decline (Verghese et al.,
2013; Kikkert et al., 2016; Wilson et al., 2019). One of the
important questions at present, originates from the complexity
of cognition. The most investigated areas of cognitive function
are EF (being responsible for planning and performing the
movement), memory, and processing speed. All these cognitive
areas have been related to gait and mobility (Rosso et al.,
2013a,b). In a recent study, De Cock et al. (2019) demonstrated
the relationship of spatiotemporal gait parameters with stages
of cognitive impairments. They showed that the type of the
additional cognitive task is essential to determine future dementia
subtypes (De Cock et al., 2019).

In conclusion, gait and different gait variables are commonly
used for quantifying mobility limitations. In addition, evidence
of the predictive value of gait parameters with regard to cognitive
decline is established (Kikkert et al., 2016).

RISK FACTORS FOR MOBILITY
LIMITATION

Mobility and Chronic Diseases
Several studies have demonstrated that chronic diseases are
a risk factor for mobility limitations (Welmer et al., 2013;
Kujala et al., 2019). In the Twin study by Kujala et al. (2019)
about 23.2% of their participants reported mobility restriction
by a disease. Most commonly were musculoskeletal (60.2%),
followed by cardiovascular (18.8%), and neurological disease
(7.7%). Welmer et al. (2013) demonstrated in the Swedish
National Study on Aging and Care that cardiovascular disease
was followed by an increased odds ratio for mobility limitations.
In their study mobility limitation was defined by a walking
speed of 0.8 m/s.

As explained under the cognition section, neurological
diseases such as dementia or mild cognitive impairments are
related to mobility limitations (Demnitz et al., 2017, 2018).

Physical and Cognitive Risk Factors for
Mobility Limitation
Factors having an impact on muscle performance (muscle
mass, strength, and power) are complex and multifactorial.
Numerous research papers have described risk factors for
sarcopenia (the loss of strength, muscle mass, and muscle
performance) including a decreased anabolism pathway with
sedentary lifestyle, bed rest, malnutrition, anorexia, age-related
hormonal changes, and aging (Marzetti et al., 2017b). An
increased catabolism pathway fostered by disease, injury,

inflammation, oxidative stress, mitochondrial dysfunction, and
an increase in myostatin also adds to the risk of sarcopenia
(Narici and Maffulli, 2010; Morley et al., 2014; Marzetti et al.,
2017b).

As described under age-related cognitive decline several
cognitive capacities are also associated with mobility. The
study by Pedersen et al. (2014) demonstrated higher mobility
limitations in older persons with mild cognitive impairments.
This was supported by Demnitz et al. (2018) who demonstrated
an increasing relationship between cognition and mobility with
advancing age. Furthermore, the INCHIANTI study (Ferrucci
et al., 2016), showed that mobility limitations became evident
even in the middle-aged group in challenging walking conditions
supporting the influence of cognition on walking abilities even
at an earlier age.

Psychological Risk Factors for Mobility
Limitation
It is commonly understood that next to physiological risk
factors, lifestyle and psychological risk factors are coming into
the picture of mobility in older persons (Gill et al., 2012;
Brown and Flood, 2013).

One risk factor for mobility limitations least investigated is
FrPC. Fall-related psychological concern is at present being used
as an umbrella term including fear of falling, self-efficacy and
balance related concern, and outcome expectance (Hughes et al.,
2015; Payette et al., 2016; Pauelsen et al., 2018). Self-efficacy
or balance related concerns address the individual thoughts of
being able to cope with a situation, e.g., “I will not fall walking
down the stairs,” whereas a fear of falling is a lasting concern
that leads an older person to avoid activity irrespective of the
capacities of the person (Delbaere et al., 2010; Hughes et al.,
2015). Fall-related psychological concern has been investigated
for decades with regard to falls but less in regard to mobility
limitations. Fall-related psychological concern is present in about
55% of older persons, and more prevalent in women then in
men (Pauelsen et al., 2018). FrPC has been strongly related
to activity avoidance or declined physical activity, and social
withdrawal thus contributing through an additional channel to
mobility limitation (Hughes et al., 2015; Pauelsen et al., 2018).
Older persons with FrPC reduce their activities to avoid falling
or due to social embarrassment, e.g., asking for help to cope
with environmental barriers. The association between FrPC and
mobility has been only been investigated in the last few years
(Auais et al., 2016, 2017; Litwin et al., 2018) demonstrating
the strong association between FrPC and mobility decline.
A barrier of investigating FrPC and mobility is the inconsistent
use of concepts and terms. Confusion has been created by the
interchangeable use of terms, e.g., fear of falling vs. self-efficacy
(Hughes et al., 2015).

Another complex field of risk factors on mobility are, of
course, environmental barriers (Levasseur et al., 2015; Cerin
et al., 2017; Hinrichs et al., 2019). Reviews confirm the positive
and negative impacts of a built environment, or the perceived
environment by older persons on mobility.
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In conclusion, next to physiological risk factors, life style as
physical activity, environment, and psychological factors such
as FrPC pose an additional risk on mobility in older persons.
The complexity of risk factors and mobility in older persons is
outlined in Figure 2.

Sedentary Behavior as a Risk Factor for
Mobility Limitation
Research has demonstrated that older persons are more prone
to sedentary behavior (Harvey et al., 2015; Loyen et al., 2017).
Sedentary behavior is defined by the Sedentary Behavioral
Research Network (SBRN) as “any waking activity characterized
by an energy expenditure ≤ 1.5 metabolic equivalents while being
in a sitting, reclining, or lying posture” (Tremblay et al., 2017).
A recent systematic review (Scher et al., 2019) demonstrated that
higher sedentary levels were related to mobility limitation. An
interesting aspect in this area is that breaks or shorter periods
of sedentary behavior have less negative impact on mobility
limitations (Scher et al., 2019).

ASSESSMENT OF MOBILITY

Mobility is an important aspect of healthy aging and researchers
as well as clinicians in a daily routine need effective and reliable
assessment tools. The complex construct of mobility as well as
the different courses to assess mobility in older persons makes
different approaches in the assessment mandatory. Mobility
measures are used for different reasons: (a) to screen for early
mobility limitations at one time point or (b) to obtain changes
in an individual’s mobility, e.g., after an intervention. Next to the
purpose of assessment, available time and location also play an
important role in the decision of assessment. The assessment of
mobility in community-dwelling older persons range from self-
reported mobility questionnaires (Brown and Flood, 2013; Taylor
et al., 2019) or performance based measures to GPS obtained
data (Fillekes et al., 2019). A new review of possible assessments
for mobility has recently been performed by Soubra et al. (2019)
including performance measures such as the well-known TUG,
the Short Physical performance Test (SPPB), or the different walk
tests (6-min, 2-min, or 400 m tests). Self-reported mobility ranges

FIGURE 2 | Interaction of risk factors for mobility limitation in older community-dwelling persons.
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from simple questionnaires to life-space mobility (Brown and
Flood, 2013; Taylor et al., 2019). Brown and Flood (2013) suggest
stepwise questions by asking for difficulties in climbing up 10
stairs and walking - mile. If no difficulties are reported, a further
question about modifications on climbing up 10 stairs (e.g., using
the handrails) or in walking - mile (e.g., using an assistant device)
should be provided.

As strength, balance, and gait are important components for
mobility the SPPB is an excellent tool with good psychometric
properties (Freiberger et al., 2012), and is often used in research as
well as in the clinic to identify mobility limitations or functional
decline (Gill et al., 2012; Pahor et al., 2014; Zunzunegui et al.,
2015; Cruz-Jentoft et al., 2018).

Gait can be measured by a stopwatch and different lengths
(ranging from 4 to 10 m to the 400 m walk) or with extensive
technology. To show subclinical gait decline, the dual task
paradigm is recommended (Beauchet et al., 2017). Evidence
is accumulating that additional cognitive tasks, or tasks of
increasing complexity, e.g., naming animals or reciting every
second letter while walking/crossing over obstacles, is slowing
down gait speed (Verghese et al., 2012; Kikkert et al., 2016;
Muir et al., 2019). In many studies gait is obtained with modern
technology based on sensors for spatial and temporal parameters
(Oh-Park et al., 2010; Beauchet et al., 2017).

Fall-related psychological concerns are self-reported or
obtained by questionnaires. One of the most used tools is the FES-
I which was translated into many different languages (Yardley
et al., 2005). Other questionnaires in this area are the SAFFEE
and the ABC scale (Bladh et al., 2013).

EXERCISE INTERVENTION ON
MOBILITY

One of the most effective interventions in counteracting mobility
limitation is exercise. Taking into account the physiological
risk factors, it seems evident that an exercise intervention
is based on strength, gait, and balance. The most effective
interventions have addressed the muscle pathway by strength
training exercises or in combination with balance and gait
exercises (Martone et al., 2015; Marzetti et al., 2017a). One
multidisciplinary, randomized, and controlled study contributing
to the existing evidence of effective multicomponent exercise
intervention on mobility prevention is the Lifestyle Interventions
and Independence for Elders (LIFE) study by Pahor et al.
(2014). The study addressed vulnerable and physically limited
persons aged 70 years and older. The multicomponent exercises
included walking, and strength and balance training. In the
LIFE study, incidents of mobility disability – defined by the
400 m walk – were investigated demonstrating a significant
positive effect in the prevention of mobility disability in
the exercise group compared to the health education group.
The intervention group experienced mobility disability at
30.1% in contrast to 35.9% in the health education group.
Persistent mobility disability occurred in only 14.7% of the
intervention versus 19.8% in the health education group
(Pahor et al., 2014).

The LIFE study has been copiedby the European SPRINTT
Study (Sarcopenia & Physical FRailty IN older people: multi-
componenT Treatment strategies) which is currently ongoing.
SPRINTT uses the same methods and intervention program, so
that data on mobility will be easily comparable at a later date
(Landi et al., 2017; Marzetti et al., 2018).

In both studies, exercise intervention was individualized
and tailored with regard to intensity including supervised
and unsupervised sessions. The intervention was provided for
between 24 and 36 months (Pahor et al., 2014; Marzetti et al.,
2018).

One of the most disseminated and effective exercise programs
is the OTAGO program developed by Campbell & Robertson in
New Zealand. The first intervention was a home-based strength
and balance exercise accompanied by a walking activity in women
aged 80 years and older. Several other interventions with the
same components (balance and strength exercises) replicated
the positive effects on physical function, reduced fall rate, and
other health outcomes (Campbell et al., 1999; Day, 2011). Later
research demonstrated the effectiveness of the OTAGO program
delivered as a group exercise (Kyrdalen et al., 2013). Although
fall prevention was the first outcome of the OTAGO program,
on a secondary level it also had positive effects on other health
outcomes (Shubert et al., 2017). Overall the OTAGO program
reduced falls by 32% and even reduced mortality over 12 months
with a risk ratio of 0.48 (95% confidence interval 0.25–0.80)
(Thomas et al., 2010).

A common component of the above-mentioned exercise
programs are the structured format with increasing intensity and
standardized repetitive exercises and the supervision and social
feedback by experienced trainers. However, long-term adherence
without this tight monitoring is questionable. Therefore, new
concepts are developed to integrate exercise into daily routine.
One approach would use a daily walking routine, e.g., walking
to the store (Weber et al., 2018) whereas another approach
would integrate functional exercises to help improve balance and
strength in the daily routine (Clemson et al., 2012; Boulton et al.,
2019). Integrating training exercises into a daily routine seems to
have several advantages: requires no additional time to perform
the exercise, includes a relationship to the daily routine (balance
exercises, e.g., semi-tandem during cooking or washing), and
improvements are linked to the daily routine thus enhancing
motivation and compliance (Weber et al., 2018).

Newer concepts investigated the integration of video gaming
to improve physical function but do not address mobility as a
primary outcome.

DISCUSSION

Functional limitation increases with age and, due to demographic
changes, early identification of older persons at risk is becoming
mandatory (Tieland et al., 2018). Mobility is a major pillar of
function, and mobility limitations in older community-dwelling
persons are highly prevalent and followed by negative health
events such as hospitalization or falls or even a higher mortality
risk (Gill et al., 2006; Studenski et al., 2011; Brown and Flood,
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2013; Musich et al., 2018). Research on mobility over the lifespan
is rare and probably not feasible given the heterogeneity of
mobility decline on an individual level and the complexity of
factors involved (Ferrucci et al., 2016). Nevertheless, screening
for early onset of mobility decline in older persons with regard
to healthy aging and quality of life is without any alternative.
Several important components of mobility in older persons were
addressed in this narrative review. Several gaps remain which
should be addressed in the future to move the research on
mobility in older persons forward.

Gaps to Be Addressed: Definitions and
Concepts
To push the mobility research in older persons further, firstly an
agreement of a concept as well as definition, and standardized
assessment tools are needed (Rosso et al., 2013a; Varma et al.,
2016; Beauchet et al., 2017; Cornman et al., 2019; Donoghue
et al., 2019). With regard to definitions, these should not only
be provided by researchers and clinicians but also by the older
persons themselves. Intervention studies found that integrated
adapted mobility strategies, e.g., taking longer to walk to the
shop, might not be recognized by an older person. This activity
is not –in an older person’s perception- related to mobility but
to shopping, and therefore does not provide any understanding
or motivation for improving mobility. Raising awareness of the
components of mobility limitations to older persons by installing
definitions and concepts needs to be addressed in the future.

Mobility in older age should not only be directed by disease-
specific approaches but take into account the intrinsic capacity
approach by the WHO (2015) including function and functional
reserve (Cesari et al., 2018). Especially, the evidence that
under challenging conditions mobility limitations occur even in
apparently healthy older persons underlines the importance of
the assessment of the functional reserve capacity.

From a scientific perspective, additional barriers arise from
the use of different terms and mobility outcomes (mobility vs.
walking or life-space mobility vs. functional mobility), posing a
challenge when comparing different results and data.

Gaps to Be Addressed: Physical
Function and Mobility
Slow gait speed, and decline in muscle strength and power have
all negative effects on mobility. Numerous studies have shown
that having a higher level of physical function prevents mobility
limitations (Guralnik et al., 2000). Exercise intervention, e.g.,
strength training, has demonstrated positive effects on functional
mobility (Papa et al., 2017).

Nevertheless, a recent statement showed that the focus on
musculoskeletal mechanisms and processes might not be the
equivalent approach to counteract mobility limitations (Clark
et al., 2019). The role of muscle mass related to mobility is much
less than earlier anticipated. There is accumulating evidence that
neuronal changes are more important in the process of mobility
decline than biomechanical age-related changes.

In contrast to the existing literature on physical function
and mobility, little evidence exists as to whether mobility
decline occurs in a linear, dynamic, or even a mixed trajectory

(Gill et al., 2006; Ahmed et al., 2019). Gill et al. (2006) have
demonstrated that transitions between different mobility levels
are very dynamic and it can be dangerous to estimate mobility
limitations at only one point in time. The individual might revert
back to their previous level of mobility limitation for different
reasons (e.g., normal recovery after an injurious fall, or hip
replacement, shortly after hospitalization) or develop an even
more severe mobility limitation level.

Gaps to Be Addressed: Cognition Brain
and Mobility
One important topic that needs further investigation is the
interaction between structural and functional brain changes and
mobility in older persons. An initiative utilizing three workshops
(Rosso et al., 2013a; Sorond et al., 2015; Varma et al., 2016)
addressed this topic. New technological equipment such as
magnetic resonance imaging (MRI) or functional MRI (fMRI)
are being used. Functional near-infrared spectroscopy (fNIR)
helped investigate which brain areas are involved in mobility
and found evidence that the basal ganglia, cerebellum, and
the frontal and parietal cortex are involved (Holtzer et al.,
2014). Nevertheless, the specific brain regions, and neuronal
networks involved in mobility need further clarification. The
variability on the functional level in the older population –
ranging from healthy/fit to disability/immobile – adds another
important aspect to this topic. Up to now, no investigation on the
impact of different functional levels in the research area of brain
structures and mobility has been conducted. Further questions
remain on the specific relationship between single gait parameters
and cognitive variables. At present, research is investigating the
involved brain regions related to mobility (Rosso et al., 2013a;
Holtzer et al., 2014; Demnitz et al., 2017; Van Ooteghem et al.,
2019).

Gaps to Be Addressed: Neuromuscular
Factors Related to Mobility
As Clark et al. (2019) concluded their editorial (2019) with the
question “are we barking up the wrong tree?” future research has
to take into account the area of neuromuscular changes. This
will be an upcoming field for new evidence in the near future, as
it seems to explain functional changes more than muscle mass.
Furthermore, the question of past exercise experience over a
lifetime – e.g., playing tennis – on intramuscular coordination
with aging has yet to be integrated.

Gaps to Be Addressed: Psychological
and Behavioral Aspects
Another less investigated topic is the psychological aspects
of mobility. In older persons, perceived mobility is related
to personal experience and to psychological components such
as FrPC (Goins et al., 2015). In addition, FrPC should be
included in mobility research as it does not only moderate the
physical activity level or risk of falling, but it also might act
on a pathophysiology level by increasing inflammation and thus
acting on the muscular pathway.

Furthermore, the motivation to change behavior in mobility is
linked to intrapersonal, interpersonal, and environmental factors
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(Yardley et al., 2007; Goins et al., 2015). Changes in mobility
strategies can be perceived as a support, e.g., using a wheeled
walker to be able to still go out for shopping, or as a barrier,
e.g., using a wheeled walker is perceived as an embarrassment,
demonstrating the two-fold nature of the assistant device. Other
elements to be recognized are self-efficacy, attitudes, and fear
of falling (Hughes et al., 2015) as low self-efficacy – having low
confidence in one’s abilities – will pose a barrier for the uptake of
an appropriate intervention.

Another important aspect with regard to health and physical
activity behavior is a positive self-perception on aging by older
persons (Wurm et al., 2010; Wolff et al., 2014). Integrating
such a “positive self-perception” component, e.g., in exercise
intervention programs, might be an additional asset to motivate
older persons into being more mobile (Beyer et al., 2019).

Gaps to Be Addressed: Exercise
Intervention and Mobility
Although there are exercise interventions being carried out on
mobility, or are just finishing as with the EU SPRINTT project,
several questions remain. In the LIFE study (Pahor et al., 2014),
intervention was most effective in participants having an SPPB
score of between 3 and 7 but was less effective in participants
with an SPPB score of 8–9. This opens the question: which older
person will profit most from an exercise intervention to maintain
mobility? This question might depend on the time period of a
follow up. In longitudinal observational studies such as one by
Ferrucci et al. (2016) it becomes obvious that, depending on the
demanding level of mobility, decline occurs at an earlier age but
can be compensated. Furthermore, as there seems to be a gender
aspect, future research should be conducted to investigate effects
in both genders separately.

Another aspect regarding exercise intervention is the question
of “how and if” exercise intervention has an impact on the
intramuscular coordination by addressing neuromuscular age-
related changes.

Gaps to Be Addressed: Assessments
Most physical assessments, e.g., gait or walking performance, are
obtained in the lab or under clinical conditions. Research suggests
that this might not reflect the real physical capacity. Hillel

et al. (2019) demonstrated that in comparison gait parameters
under “real-world” conditions were much worse than in the lab-
measured gait parameters. The development of new technology
to obtain mobility data under “real-world” conditions such as
the newly started EU Project “Mobilise-D” (connecting digital
mobility assessment to clinical outcomes for regulatory and
clinical endorsement) will in the future close this gap. The
underlying thesis of Mobilise-D is that loss of mobility (slower
walking, fewer steps per day, or more time sitting) predicts
adverse medical outcomes regardless of underlying disease such
as chronic obstructive pulmonary disease, Parkinson’s disease,
multiple sclerosis, hip fracture recovery, and heart failure. The
frame of Mobilise-D is that loss of mobility is itself a medical
problem regardless of the underlying chronic disease.

CONCLUSION

Mobility limitations are highly prevalent with increasing
age and are related to negative health outcomes such as
hospitalization and falls.

As mobility is a multi-factorial and complex construct,
interdisciplinary approaches are mandatory. The lack of a
sole definition as well as concepts across disciplines and
persons involved are posing barriers for effective mobility
prevention. A central aspect in age-related mobility research is
the understanding of the interaction of the involved mechanisms,
processes, and contributing systems which is complex. Old
approaches, e.g., the role of muscle mass, are being questioned
and new approaches such as neuromuscular and cognitive
processes are coming into focus. Psychological aspects are less
investigated, e.g., FrPCs and aging images, as well as behavioral
domains, e.g., sedentary behavior with relationships to mobility.

Medical, social, and psychological research is needed for
mobility research under the approach of healthy aging.

AUTHOR CONTRIBUTIONS

EF designed and wrote the manuscript. RK and CS wrote and
reviewed the manuscript. All authors contributed to the article
and approved the submitted version.

REFERENCES
Ahmed, T., French, S. D., Belanger, E., Guerra, R. O., Zunzunegui,

M. V., and Auais, M. (2019). Gender Differences in Trajectories
of Lower Extremity Function in Older Adults: Findings From the
International Mobility in Aging Study. J. Am. Med. Dir. Assoc. 20,
1199.e–1205.e.

Auais, M., Alvarado, B., Guerra, R., Curcio, C., Freeman, E. E., Ylli, A., et al. (2017).
Fear of falling and its association with life-space mobility of older adults: a
cross-sectional analysis using data from five international sites. Age Ageing 46,
459–465. doi: 10.1093/ageing/afw239

Auais, M., Alvarado, B. E., Curcio, C. L., Garcia, A., Ylli, A., and Deshpande,
N. (2016). Fear of falling as a risk factor of mobility disability in older
people at five diverse sites of the IMIAS study. Arch. Gerontol. Geriatr. 66,
147–153.

Bean, J. F., Kiely, D. K., LaRose, S., Goldstein, R., Frontera, W. R., and Leveille,
S. G. (2010). Are Changes in Leg Power Responsible for Clinically Meaningful
Improvements in Mobility in Older Adults? J. Am. Geriatr. Soc. 58, 2363–2368.

Bean, J. F., Leveille, S. G., Kiely, D. K., Bandinelli, S., Guralnik, J. M., and
Ferrucci, L. (2003). A Comparison of Leg Power and Leg Strength Within the
InCHIANTI Study: Which Influences Mobility More? J. Gerontol. A Biol. Sci.
Med, Sci. 58, 728–733.

Beauchet, O., Allali, G., Sekhon, H., Verghese, J., Guilain, S., Steinmetz, J. P.,
et al. (2017). Guidelines for Assessment of Gait and Reference Values for
Spatiotemporal Gait Parameters in Older Adults: The Biomathics and Canadian
Gait Consortiums Initiative. Front. Hum. Neurosci. 11:353. doi: 10.3389/fnhum.
2017.00353

Bell, K. E., von Allmen, M. T., Devries, M. C., and Phillips, S. M. (2016).
Muscle Disuse as a Pivotal Problem in Sarcopenia-related Muscle Loss and
Dysfunction. J. Frailty Aging. 5, 33–41.

Frontiers in Physiology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 881

https://doi.org/10.1093/ageing/afw239
https://doi.org/10.3389/fnhum.2017.00353
https://doi.org/10.3389/fnhum.2017.00353
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00881 September 14, 2020 Time: 18:24 # 10

Freiberger et al. Mobility in Older Persons

Beyer, A. K., Wolff, J. K., Freiberger, E., and Wurm, S. (2019). Are self-perceptions
of ageing modifiable? Examination of an exercise programme with vs. without
a self-perceptions of ageing-intervention for older adults. Psychol. Health. 34,
661–676. doi: 10.1080/08870446.2018.1556273

Bladh, S., Nilsson, M. H., Carlsson, G., and Lexell, J. (2013). Content analysis of
4 fear of falling rating scales by linking to the international classification of
functioning, disability and health. J. Injury Function Rehabilitat. 5, 573–582.e1.

Booth, F. W., Roberts, C. K., and Laye, M. J. (2012). Lack of exercise is a major
cause of chronic diseases. Comprehens. Physiol. 2, 1143–1211.

Booth, F. W., Roberts, C. K., Thyfault, J. P., Ruegsegger, G. N., and Toedebusch,
R. G. (2017). Role of Inactivity in Chronic Diseases: Evolutionary Insight and
Pathophysiological Mechanisms. Physiol. Rev. 97, 1351–1402. doi: 10.1152/
physrev.00019.2016

Boulton, E., Weber, M., Hawley-Hague, H., Bergquist, R., Van Ancum, J., Jonkman,
N. H., et al. (2019). Attitudes Towards Adapted Lifestyle-Integrated Functional
Exercise Developed for 60-70-Year-Olds: Perceptions of Participants and
Trainers. Gerontology 65, 599–609. doi: 10.1159/000500778

Brabrand, M., Kellett, J., Opio, M., Cooksley, T., and Nickel, C. H. (2018).
Should impaired mobility on presentation be a vital sign? Acta Anaesthesiol.
Scandinavica. Acta. 62, 945–952. doi: 10.1111/aas.13098

Brady, A. O., Straight, C. R., and Evans, E. M. (2014). Body composition, muscle
capacity, and physical function in older adults: an integrated conceptual model.
J. Aging Phys. Act. 22, 441–452. doi: 10.1123/japa.2013-0009

Brown, C. J., and Flood, K. L. (2013). Mobility limitation in the older patient: a
clinical review. JAMA 310, 1168–1177. doi: 10.1001/jama.2013.276566

Callisaya, M. L., Launay, C. P., Srikanth, V. K., Verghese, J., Allali, G., and Beauchet,
O. (2017). Cognitive status, fast walking speed and walking speed reserve-
the Gait and Alzheimer Interactions Tracking (GAIT) study. GeroScience 39,
231–239. doi: 10.1007/s11357-017-9973-y

Campbell, J., Robertson, C., Gardner, M., Norton, R., and Buchner, D. (1999). Falls
prevention over 2 years: a randomozed controlled trial in women 80 years and
older. Age. Ageing 28, 513–518. doi: 10.1093/ageing/28.6.513

Cavazzana, A., Röhrborn, A., Garthus-Niegel, S., Larsson, M., Hummel, T.,
and Croy, I. (2018). Sensory-specific impairment among older people. An
investigation using both sensory thresholds and subjective measures across the five
senses. PLoS One 13:e0202969. doi: 10.1371/journal.pone.0202969

Cawthon, P. M., Fox, K. M., Gandra, S. R., Delmonico, M. J., Chiou, C. F., Anthony,
M. S., et al. (2009). Do muscle mass, muscle density, strength, and physical
function similarly influence risk of hospitalization in older adults? J. Am.
Geriatr. Soc. 57, 1411–1419. doi: 10.1111/j.1532-5415.2009.02366.x

Cawthon, P. M., Travison, T. G., Manini, T. M., Patel, S., Pencina, K. M.,
Fielding, R. A., et al. (2019). Establishing the Link Between Lean Mass and
Grip Strength Cut-points With Mobility Disability and Other Health Outcomes:
Proceedings of the Sarcopenia Definition and Outcomes Consortium
Conference. J. Gerontol. A Biol. Sci. Med. Sci. 75, 1317–1323. doi: 10.1093/
gerona/glz081

Cerin, E., Nathan, A., van Cauwenberg, J., Barnett, D. W., and Barnett, A. (2017).
The neighbourhood physical environment and active travel in older adults: a
systematic review and meta-analysis. Internat. J. Behav. Nutr. phy. Activ. 14:15.

Cesari, M., Araujo de Carvalho, I., Amuthavalli Thiyagarajan, J., Cooper, C.,
Martin, F. C., Reginster, J. Y., et al. (2018). Evidence for the Domains Supporting
the Construct of Intrinsic Capacity. J. Gerontol. A Biol. Sci. Med. Sci. 73,
1653–1660. doi: 10.1093/gerona/gly011

Charlier, R., Mertens, E., Lefevre, J., and Thomis, M. (2015). Muscle mass and
muscle function over the adult life span: a cross-sectional study in Flemish
adults. Arch. Gerontol. Geriatr. 61, 161–167. doi: 10.1016/j.archger.2015.
06.009

Chen, L., Nelson, D. R., Zhao, Y., Cui, Z., and Johnston, J. A. (2013). Relationship
between muscle mass and muscle strength, and the impact of comorbidities:
a population-based, cross-sectional study of older adults in the United States.
BMC Geriatr. 13:74. doi: 10.1186/1471-2318-13-74

Choy, N. L., Brauer, S., and Nitz, J. (2003). Changes in postural stability in women
aged 20 to 80 years. J. Gerontol. A Biol. Sci. Med. Sci. 58, 525–530.

Clark, B. C. (2019). Neuromuscular Changes with Aging and Sarcopenia. J. Frailty
Aging 8, 7–9.

Clark, B. C., Woods, A. J., Clark, L. A., Criss, C. R., Shadmehr, R., and Grooms,
D. R. (2019). The Aging Brain & the Dorsal Basal Ganglia: Implications for
Age-Related Limitations of Mobility. Adv. Geriatr. Med. Res. 1:e190008.

Clemson, L., Singh, M. A. F., Bundy, A., Cumming, R. G., Manollaras, K.,
O’Loughlin, P., et al. (2012). Integration of balance and strength training into
daily life activity to reduce rate of falls in older people (the LiFE study):
randomised parallel trial. BMJ 32:345.

Cornman, J. C., Glei, D. A., and Weinstein, M. (2019). Change in Mobility:
Consistency of Estimates and Predictors across Studies of Older Adults.
J. Gerontol. B Psychol. Sci. Soc. Sci. 31:gbz091.

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyere, O., Cederholm, T., et al.
(2018). Sarcopenia: revised European consensus on definition and diagnosis.
Age Ageing. 48, 16–31. doi: 10.1093/ageing/afy169

Cruz-Jimenez, M. (2017). Normal Changes in Gait and Mobility Problems in the
Elderly. Phy. Med. Rehabil. Clin. North Am. 28, 713–725. doi: 10.1016/j.pmr.
2017.06.005

Cummings, S. R., Studenski, S., and Ferrucci, L. (2014). A diagnosis of dismobility–
giving mobility clinical visibility: a Mobility Working Group recommendation.
JAMA 311, 2061–2062. doi: 10.1001/jama.2014.3033

Day, L. (2011). The Otago strength and balance exercise programme lowers the risk
of death and falls in the older people at 12 months. Evidence Based Nursing. 14,
76–78. doi: 10.1136/ebn1157

De Cock, A. M., Fransen, E., Perkisas, S., Verhoeven, V., Beauchet, O.,
Vandewoude, M., et al. (2019). Comprehensive Quantitative Spatiotemporal
Gait Analysis Identifies Gait Characteristics for Early Dementia Subtyping in
Community Dwelling Older Adults. Front. in Neurol. 10:313. doi: 10.3389/
fneur.2019.00313

Delbaere, K., Close, J. C., Brodaty, H., Sachdev, P., and Lord, S. R. (2010).
Determinants of disparities between perceived and physiological risk of falling
among elderly people: cohort study. BMJ. 341:c4165. doi: 10.1136/bmj.c4165

Demnitz, N., Hogan, D. B., Dawes, H., Johansen-Berg, H., Ebmeier, K. P., Poulin,
M. J., et al. (2018). Cognition and mobility show a global association in middle-
and late-adulthood: Analyses from the Canadian Longitudinal Study on Aging.
Gait Posture 64, 238–243. doi: 10.1016/j.gaitpost.2018.06.116

Demnitz, N., Zsoldos, E., Mahmood, A., Mackay, C. E., Kivimaki, M., Singh-
Manoux, A., et al. (2017). Associations between Mobility, Cognition, and Brain
Structure in Healthy Older Adults. Front. Aging Neurosci. 9:155. doi: 10.3389/
fnagi.2017.00155

Doherty, T. J. (2001). The influence of aging and sex on skeletal muscle mass
and strength. Curr. Opin. Clin. Nutr. Metab. Care 4, 503–508. doi: 10.1097/
00075197-200111000-00007

Donoghue, O. A., Dooley, C., and Kenny, R. A. (2016). Usual and Dual-Task
Walking Speed: Implications for Pedestrians Crossing the Road. J. Aging Health.
28, 850–862. doi: 10.1177/0898264315614004

Donoghue, O. A., Savva, G. M., Borsch-Supan, A., and Kenny, R. A. (2019).
Reliability, measurement error and minimum detectable change in mobility
measures: a cohort study of community-dwelling adults aged 50 years and over
in Ireland. BMJ open 9:e030475. doi: 10.1136/bmjopen-2019-030475

Donoghue, O. A., Setti, A., O’Leary, N., and Kenny, R. A. (2017). Self-Reported
Unsteadiness Predicts Fear of Falling, Activity Restriction, Falls, and Disability.
J. Am. Med. Dir. Assoc. 18, 597–602. doi: 10.1016/j.jamda.2017.01.022

Drey, M., Krieger, B., Sieber, C. C., Bauer, J. M., Hettwer, S., and Bertsch, T. (2014).
Motoneuron loss is associated with sarcopenia. J. Am. Med. Dir. Assoc. 15,
435–439. doi: 10.1016/j.jamda.2014.02.002

Dumurgier, J., Artaud, F., Touraine, C., Rouaud, O., Tavernier, B., Dufouil, C.,
et al. (2017). Gait Speed and Decline in Gait Speed as Predictors of Incident
Dementia. J. Gerontol. A Biol. Sci. Med. Sci. 72, 655–661.

Eggenberger, P., Tomovic, S., Munzer, T., and de Bruin, E. D. (2017). Older adults
must hurry at pedestrian lights! A cross-sectional analysis of preferred and fast
walking speed under single- and dual-task conditions. PLoS One 12:e0182180.
doi: 10.1371/journal.pone.0182180

Ferrucci, L., Baroni, M., Ranchelli, A., Lauretani, F., Maggio, M., Mecocci, P., et al.
(2014). Interaction between bone and muscle in older persons with mobility
limitations. Curr. Pharm. 20, 3178–3197. doi: 10.2174/138161281131966
60690

Ferrucci, L., Cooper, R., Shardell, M., Simonsick, E. M., Schrack, J. A., and
Kuh, D. (2016). Age-related change in mobility: Perspectives from life course
epidemiology and geroscience. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 71,
1184–1194. doi: 10.1093/gerona/glw043

Fillekes, M. P., Giannouli, E., Kim, E. K., Zijlstra, W., and Weibel, R.
(2019). Towards a comprehensive set of GPS-based indicators reflecting the

Frontiers in Physiology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 881

https://doi.org/10.1080/08870446.2018.1556273
https://doi.org/10.1152/physrev.00019.2016
https://doi.org/10.1152/physrev.00019.2016
https://doi.org/10.1159/000500778
https://doi.org/10.1111/aas.13098
https://doi.org/10.1123/japa.2013-0009
https://doi.org/10.1001/jama.2013.276566
https://doi.org/10.1007/s11357-017-9973-y
https://doi.org/10.1093/ageing/28.6.513
https://doi.org/10.1371/journal.pone.0202969
https://doi.org/10.1111/j.1532-5415.2009.02366.x
https://doi.org/10.1093/gerona/glz081
https://doi.org/10.1093/gerona/glz081
https://doi.org/10.1093/gerona/gly011
https://doi.org/10.1016/j.archger.2015.06.009
https://doi.org/10.1016/j.archger.2015.06.009
https://doi.org/10.1186/1471-2318-13-74
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1016/j.pmr.2017.06.005
https://doi.org/10.1016/j.pmr.2017.06.005
https://doi.org/10.1001/jama.2014.3033
https://doi.org/10.1136/ebn1157
https://doi.org/10.3389/fneur.2019.00313
https://doi.org/10.3389/fneur.2019.00313
https://doi.org/10.1136/bmj.c4165
https://doi.org/10.1016/j.gaitpost.2018.06.116
https://doi.org/10.3389/fnagi.2017.00155
https://doi.org/10.3389/fnagi.2017.00155
https://doi.org/10.1097/00075197-200111000-00007
https://doi.org/10.1097/00075197-200111000-00007
https://doi.org/10.1177/0898264315614004
https://doi.org/10.1136/bmjopen-2019-030475
https://doi.org/10.1016/j.jamda.2017.01.022
https://doi.org/10.1016/j.jamda.2014.02.002
https://doi.org/10.1371/journal.pone.0182180
https://doi.org/10.2174/13816128113196660690
https://doi.org/10.2174/13816128113196660690
https://doi.org/10.1093/gerona/glw043
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00881 September 14, 2020 Time: 18:24 # 11

Freiberger et al. Mobility in Older Persons

multidimensional nature of daily mobility for applications in health and aging
research. Int. J. Health Geogr. 18:17.

Freiberger, E., de Vreede, P., Schoene, D., Rydwik, E., Mueller, V., Frändin, K., et al.
(2012). Performance-based physical function in older community-dwelling
persons: a systematic review of instruments. Age Ageing. 41, 712–721. doi:
10.1093/ageing/afs099

Freiberger, E., Sieber, C., and Pfeifer, K. (2011). Physical activity, exercise, and
sarcopenia - future challenges. Wien. Med. Wochenschr. 16, 416–425. doi:
10.1007/s10354-011-0001-z

Fritz, S., and Lusardi, M. (2009). White paper: "walking speed: the sixth vital sign.
J. Geriatr. Phys. Ther. 32, 46–49.

Gill, T. M., Allore, H. G., Hardy, S. E., and Guo, Z. (2006). The dynamic nature
of mobility disability in older persons. J. Am. Geriatr. Soc. 54, 248–254. doi:
10.1111/j.1532-5415.2005.00586.x

Gill, T. M., Gahbauer, E. A., Murphy, T. E., Han, L., and Allore, H. G. (2012). Risk
factors and precipitants of long-term disability in community mobility: a cohort
study of older persons. Ann. Intern. Med. 156, 131–140. doi: 10.7326/0003-
4819-156-2-201201170-00009

Goins, R. T., Jones, J., Schure, M., Rosenberg, D. E., Phelan, E. A., Dodson, S., et al.
(2015). Older Adults’ Perceptions of Mobility: A Metasynthesis of Qualitative
Studies. Gerontologist 55, 929–942. doi: 10.1093/geront/gnu014

Goodpaster, B. H., Park, S. W., Harris, T. B., Kritchevsky, S. B., Nevitt, M., Schwartz,
A. V., et al. (2006). The Loss of Skeletal Muscle Strength, Mass, and Quality in
Older Adults: The Health, Aging and Body Composition Study. J. Gerontol. Ser.
A Biol. Sci. Med. Sci. 61, 1059–1064. doi: 10.1093/gerona/61.10.1059

Guralnik, J., Ferrucci, L., Pieper, C. F., Leveille, S. G., Markides, K. S., Ostir, G. V.,
et al. (2000). Lower extremity function and subsequent disability: consistency
across studies, predictive models, and value of gait speed alone compared with
the short physical performance battery. J. Gerontol. A Biol. Sci. Med. Sci. 55,
221–231.

Hallal, P. C., Andersen, L. B., Bull, F. C., Guthold, R., Haskell, W., and
Ekelund, U. (2012). Global physical activity levels: surveillance progress,
pitfalls, and prospects. Lancet 380, 247–257. doi: 10.1016/s0140-6736(12)
60646-1

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive
aging. Clin. Geriatr. Med. 29, 737–752.

Hardy, S. E., Kang, Y., Studenski, S. A., and Degenholtz, H. B. (2011). Ability to
walk 1/4 mile predicts subsequent disability, mortality, and health care costs.
J. Gen. Intern. Med. 26, 130–135. doi: 10.1007/s11606-010-1543-2

Harvey, J. A., Chastin, S. F., and Skelton, D. A. (2015). How sedentary are older
people? A systematic review of the amount of sedentary behavior. J. Aging Phys.
Act. 23, 471–487. doi: 10.1123/japa.2014-0164

Herssens, N., Verbecque, E., Hallemans, A., Vereeck, L., Van Rompaey, V., and
Saeys, W. (2018). Do spatiotemporal parameters and gait variability differ
across the lifespan of healthy adults? A Sys. Rev. Gait Posture 64, 181–190.
doi: 10.1016/j.gaitpost.2018.06.012

Hillel, I., Gazit, E., Nieuwboer, A., Avanzino, L., Rochester, L., Cereatti, A., et al.
(2019). Is every-day walking in older adults more analogous to dual-task
walking or to usual walking? Elucidating the gaps between gait performance
in the lab and during 24/7 monitoring. Eur. Rev. Aging Phys. Act. 16, 6.

Hinrichs, T., Keskinen, K. E., Pavelka, B., Eronen, J., Schmidt-Trucksass, A.,
Rantanen, T., et al. (2019). Perception of parks and trails as mobility facilitators
and transportation walking in older adults: a study using digital geographical
maps. Aging Clin. Exp. Res. 31, 673–683. doi: 10.1007/s40520-018-01115-0

Holtzer, R., Epstein, N., Mahoney, J. R., Izzetoglu, M., and Blumen, H. M. (2014).
Neuroimaging of Mobility in Aging: A Targeted Review. J. Gerontol. A Biol. Sci.
Med. Sci. 16, 1375–1388. doi: 10.1093/gerona/glu052

Hughes, C. C., Kneebone, I. I., Jones, F., and Brady, B. (2015). A theoretical
and empirical review of psychological factors associated with falls-related
psychological concerns in community-dwelling older people. Int. Psychogeriatr.
IPA. 27, 1071–1087. doi: 10.1017/s1041610214002701

Kikkert, L. H. J., Vuillerme, N., van Campen, J. P., Hortobágyi, T., and Lamoth,
C. J. (2016). Walking ability to predict future cognitive decline in old adults: A
scoping review. Ageing Res. Rev. 27, 1–14. doi: 10.1016/j.arr.2016.02.001

Ko, S. U., Hausdorff, J. M., and Ferrucci, L. (2010). Age-associated differences
in the gait pattern changes of older adults during fast-speed and fatigue
conditions: results from the Baltimore longitudinal study of ageing. Age Ageing.
39, 688–694. doi: 10.1093/ageing/afq113

Kujala, U. M., Hautasaari, P., Vähä-Ypyä, H., Waller, K., Lindgren, N., Iso-Markku,
P., et al. (2019). Chronic diseases and objectively monitored physical activity
profile among aged individuals – a cross-sectional twin cohort study. Ann. Med.
51, 78–87. doi: 10.1080/07853890.2019.1566765

Kyrdalen, I. L., Moen, K., Roysland, A. S., and Helbostad, J. L. (2013). The Otago
Exercise Program Performed as Group Training Versus Home Training in Fall-
prone Older People: A Randomized Controlled Trial. Physiother. Res. Int. J. Res.
Clin. Phys. Ther. 19, 108–116. doi: 10.1002/pri.1571

Landi, F., Cesari, M., Calvani, R., Cherubini, A., Di Bari, M., Bejuit, R., et al.
(2017). The Sarcopenia and Physical fRailty IN older people: multi-componenT
Treatment strategies (SPRINTT) randomized controlled trial: design and
methods. Aging Clin. Exp. Res. 29, 89–100. doi: 10.1007/s40520-016-0715-2

Lee, C. T., Yeh, C. J., Lee, M. C., Lin, H. S., Chen, V. C., Hsieh, M. H., et al. (2012).
Social support and mobility limitation as modifiable predictors of improvement
in depressive symptoms in the elderly: results of a national longitudinal study.
Archiv. Gerontol. Geriatr. 55, 530–538. doi: 10.1016/j.archger.2012.03.002

Levasseur, M., Genereux, M., Bruneau, J. F., Vanasse, A., Chabot, E., Beaulac,
C., et al. (2015). Importance of proximity to resources, social support,
transportation and neighborhood security for mobility and social participation
in older adults: results from a scoping study. BMC 15:503. doi: 10.1186/s12889-
015-1824-0

Liljas, A. E. M., Jones, A., Cadar, D., Steptoe, A., and Lassale, C. (2020). Association
of Multisensory Impairment With Quality of Life and Depression in English
Older Adults. JAMA Otolaryngol. Head Neck Sur. 146, 278–285. doi: 10.1001/
jamaoto.2019.4470

Litwin, H., Erlich, B., and Dunsky, A. (2018). The Complex Association Between
Fear of Falling and Mobility Limitation in Relation to Late-Life Falls: A SHARE-
Based Analysis. J. Aging Health 30, 987–1008. doi: 10.1177/0898264317704096

Liu, B., Hu, X., Zhang, Q., Fan, Y., Li, J., Zou, R., et al. (2016). Usual walking
speed and all-cause mortality risk in older people: A systematic review and
meta-analysis. Gait Posture. 44, 172–177. doi: 10.1016/j.gaitpost.2015.12.008

Loyen, A., Clarke-Cornwell, A. M., Anderssen, S. A., Hagstromer, M., Sardinha,
L. B., Sundquist, K., et al. (2017). Sedentary Time and Physical Activity
Surveillance Through Accelerometer Pooling in Four European Countries.
Sports Med. 47, 1421–1435. doi: 10.1007/s40279-016-0658-y

Lundin-Ollson, L., Nyberg, L., and Gustafson, Y. (1997). "Stops walking when
talking" as a predictor of falls in elderly people. Lancet 349, 617. doi: 10.1016/
s0140-6736(97)24009-2

Malafarina, V., Úriz-Otano, F., Iniesta, R., and Gil-Guerrero, L. (2012). Sarcopenia
in the elderly: Diagnosis, physiopathology and treatment. Maturitas 71, 109–
114. doi: 10.1016/j.maturitas.2011.11.012

Manchester, D., Woollacott, M., Zederbauer-Hylton, N., and Marin, O. (1989).
Visual, vestibular and somatosensory contributions to balance control in the
older adult. J Gerontol. 44, 118–127.

Martone, A. M., Lattanzio, F., Abbatecola, A. M., Carpia, D. L., Tosato, M.,
Marzetti, E., et al. (2015). Treating sarcopenia in older and oldest old. Curr.
Pharm. Des. 21, 1715–1722. doi: 10.2174/1381612821666150130122032

Marzetti, E., Calvani, R., Tosato, M., Cesari, M., Di Bari, M., Cherubini, A., et al.
(2017a). Physical activity and exercise as countermeasures to physical frailty and
sarcopenia. Aging Clin. Exp. Res. 29, 35–42. doi: 10.1007/s40520-016-0705-4

Marzetti, E., Calvani, R., Tosato, M., Cesari, M., Di Bari, M., Cherubini, A., et al.
(2017b). Sarcopenia: an overview. Aging Clin. Exp. Res. 29, 11–17.

Marzetti, E., Cesari, M., Calvani, R., Msihid, J., Tosato, M., Rodriguez-Manas,
L., et al. (2018). The "Sarcopenia and Physical fRailty IN older people: multi-
componenT Treatment strategies" (SPRINTT) randomized controlled trial:
Case finding, screening and characteristics of eligible participants. Experimen.
Gerontol. 24, 48–57. doi: 10.1016/j.exger.2018.09.017

Mitchell, J. A., Johnson-Lawrence, V., Williams, E. G., and Thorpe, R. Jr. (2018).
Characterizing Mobility Limitations Among Older African American Men.
J. Nat. Med. Assoc. 110, 190–196. doi: 10.1016/j.jnma.2017.05.002

Montero-Odasso, M., Muir, S. W., and Speechley, M. (2012). Dual-task complexity
affects gait in people with mild cognitive impairment: the interplay between gait
variability, dual tasking, and risk of falls. Arch. Phys. Med. Rehabil. 93, 293–299.
doi: 10.1016/j.apmr.2011.08.026

Montero-Odasso, M., Speechley, M., Muir-Hunter, S. W., Sarquis-Adamson, Y.,
Sposato, L. A., Hachinski, V., et al. (2018). Motor and Cognitive Trajectories
Before Dementia: Results from Gait and Brain Study. J. Am. Geriatr. Soc. 66,
1676–1683. doi: 10.1111/jgs.15341

Frontiers in Physiology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 881

https://doi.org/10.1093/ageing/afs099
https://doi.org/10.1093/ageing/afs099
https://doi.org/10.1007/s10354-011-0001-z
https://doi.org/10.1007/s10354-011-0001-z
https://doi.org/10.1111/j.1532-5415.2005.00586.x
https://doi.org/10.1111/j.1532-5415.2005.00586.x
https://doi.org/10.7326/0003-4819-156-2-201201170-00009
https://doi.org/10.7326/0003-4819-156-2-201201170-00009
https://doi.org/10.1093/geront/gnu014
https://doi.org/10.1093/gerona/61.10.1059
https://doi.org/10.1016/s0140-6736(12)60646-1
https://doi.org/10.1016/s0140-6736(12)60646-1
https://doi.org/10.1007/s11606-010-1543-2
https://doi.org/10.1123/japa.2014-0164
https://doi.org/10.1016/j.gaitpost.2018.06.012
https://doi.org/10.1007/s40520-018-01115-0
https://doi.org/10.1093/gerona/glu052
https://doi.org/10.1017/s1041610214002701
https://doi.org/10.1016/j.arr.2016.02.001
https://doi.org/10.1093/ageing/afq113
https://doi.org/10.1080/07853890.2019.1566765
https://doi.org/10.1002/pri.1571
https://doi.org/10.1007/s40520-016-0715-2
https://doi.org/10.1016/j.archger.2012.03.002
https://doi.org/10.1186/s12889-015-1824-0
https://doi.org/10.1186/s12889-015-1824-0
https://doi.org/10.1001/jamaoto.2019.4470
https://doi.org/10.1001/jamaoto.2019.4470
https://doi.org/10.1177/0898264317704096
https://doi.org/10.1016/j.gaitpost.2015.12.008
https://doi.org/10.1007/s40279-016-0658-y
https://doi.org/10.1016/s0140-6736(97)24009-2
https://doi.org/10.1016/s0140-6736(97)24009-2
https://doi.org/10.1016/j.maturitas.2011.11.012
https://doi.org/10.2174/1381612821666150130122032
https://doi.org/10.1007/s40520-016-0705-4
https://doi.org/10.1016/j.exger.2018.09.017
https://doi.org/10.1016/j.jnma.2017.05.002
https://doi.org/10.1016/j.apmr.2011.08.026
https://doi.org/10.1111/jgs.15341
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00881 September 14, 2020 Time: 18:24 # 12

Freiberger et al. Mobility in Older Persons

Morley, J. E., Anker, S. D., and von Haehling, S. (2014). Prevalence, incidence, and
clinical impact of sarcopenia: facts, numbers, and epidemiology-update 2014.
J. Cach. Sarcop. Musc. 5, 253–259. doi: 10.1007/s13539-014-0161-y

Muir, B. C., Haddad, J. M., van Emmerik, R. E. A., and Rietdyk, S. (2019). Changes
in the control of obstacle crossing in middle age become evident as gait task
difficulty increases. Gait Posture. 70, 254–259. doi: 10.1016/j.gaitpost.2019.01.
035

Musich, S., Wang, S. S., Ruiz, J., Hawkins, K., and Wicker, E. (2018). The impact of
mobility limitations on health outcomes among older adults. Geriatr. Nur. 39,
162–169. doi: 10.1016/j.gerinurse.2017.08.002

Narici, M. V., and Maffulli, N. (2010). Sarcopenia: characteristics, mechanisms and
functional significance. Br. Med. Bull. 95, 139–159. doi: 10.1093/bmb/ldq008

Oh-Park, M., Holtzer, R., Xue, X., and Verghese, J. (2010). Conventional and robust
quantitative gait norms in community-dwelling older adults. J. Am. Geriatr. Soc.
58, 1512–1518. doi: 10.1111/j.1532-5415.2010.02962.x

Osoba, M. Y., Rao, A. K., Agrawal, S. K., and Lalwani, A. K. (2019). Balance and gait
in the elderly: A contemporary review. Laryngos. Inv. Otolaryngol. 4, 143–153.
doi: 10.1002/lio2.252

Pahor, M., Guralnik, J. M., and Ambrosius, W. T. (2014). Effect of structured
physical activity on prevention of major mobility disability in older adults: The
life study randomized clinical trial. JAMA 311, 2387–2396. doi: 10.1001/jama.
2014.5616

Papa, E. V., Dong, X., and Hassan, M. (2017). Resistance training for
activity limitations in older adults with skeletal muscle function deficits: a
systematic review. Clin. Intervent. Aging. 12, 955–961. doi: 10.2147/cia.s10
4674

Pauelsen, M., Nyberg, L., Roijezon, U., and Vikman, I. (2018). Both psychological
factors and physical performance are associated with fall-related concerns.
Aging Clin. Exp. Res. 30, 1079–1085. doi: 10.1007/s40520-017-0882-9

Payette, M. C., Belanger, C., Leveille, V., and Grenier, S. (2016). Fall-Related
Psychological Concerns and Anxiety among Community-Dwelling Older
Adults: Systematic Review and Meta-Analysis. PLoS One 11:e0152848. doi:
10.1371/journal.pone.0152848

Pedersen, M. M., Holt, N. E., Grande, L., Kurlinski, L. A., Beauchamp, M. K., Kiely,
D. K., et al. (2014). Mild cognitive impairment status and mobility performance:
an analysis from the Boston RISE study. J. Gerontol. A Biol. Sci. Med. Sci. 69,
1511–1518. doi: 10.1093/gerona/glu063

Piasecki, M., Ireland, A., Stashuk, D., Hamilton-Wright, A., Jones, D. A., and
McPhee, J. S. (2016). Age-related neuromuscular changes affecting human
vastus lateralis. J. Physiol. 594, 4525–4536. doi: 10.1113/jp271087

Pinto, J. M., Wroblewski, K. E., Huisingh-Scheetz, M., Correia, C., Lopez, K. J.,
Chen, R. C., et al. (2017). Global Sensory Impairment Predicts Morbidity and
Mortality in Older. U.S. Adults. J. Am. Geriatr. Soc. 65, 2587–2595. doi: 10.
1111/jgs.15031

Reid, K. F., and Fielding, R. A. (2012). Skeletal muscle power: a critical determinant
of physical functioning in older adults. Exer. Spor. Sci. Rev. 40, 4–12. doi:
10.1097/jes.0b013e31823b5f13

Reid, K. F., Pasha, E., Doros, G., Clark, D. J., Patten, C., Phillips, E. M., et al.
(2014). Longitudinal decline of lower extremity muscle power in healthy and
mobility-limited older adults: influence of muscle mass, strength, composition,
neuromuscular activation and single fiber contractile properties. Eur. J. Appl.
Physiol. 114, 29–39. doi: 10.1007/s00421-013-2728-2

Rosenberg, I. H. (1997). Sarcopenia: origins and clinical relevance. J. Nutr. 127,
990S–991S.

Rosso, A. L., Studenski, S. A., Chen, W. G., Aizenstein, H. J., Alexander, N. B.,
Bennett, D. A., et al. (2013a). Aging, the central nervous system, and mobility.
J. Gerontol. A Biol. Sci. Med. Sci. 68, 1379–1386.

Rosso, A. L., Taylor, J. A., Tabb, L. P., and Michael, Y. L. (2013b). Mobility,
disability, and social engagement in older adults. J. Aging Health 25, 617–637.
doi: 10.1177/0898264313482489

Russ, D., Gregg-Cornell, K., Conaway, M., and Clark, B. (2012). Evolving concepts
on the age-related changes in “muscle quality”. J. Cachexia Sarcopenia Muscle
3, 95–109. doi: 10.1007/s13539-011-0054-2

Salthouse, T. A. (2019). Trajectories of normal cognitive aging. Psychol. Aging 34,
17–24. doi: 10.1037/pag0000288

Scher, L. M. L., Barros, M. V. G., Chen, Z., and Anton, S. D. (2019). Sedentary
Time and Disability in Older Adults: A Systematic Review and Meta-Analysis.
J. Aging Sci. 7:206.

Shubert, T. E., Goto, L. S., Smith, M. L., Jiang, L., Rudman, H., and Ory, M. G.
(2017). The Otago Exercise Program: Innovative Delivery Models to Maximize
Sustained Outcomes for High Risk, Homebound Older Adults. Front. Pub.
Health 5:54. doi: 10.3389/fpubh.2017.00054

Shumway-Cook, A., Ciol, M. A., Yorkston, K. M., Hoffman, J. M., and Chan,
L. (2005). Mobility Limitations in the Medicare Population: Prevalence and
Sociodemographic and Clinical Correlates. J. Am. Geriatr. Soc. 53, 1217–1221.
doi: 10.1111/j.1532-5415.2005.53372.x

Sorond, F. A., Cruz-Almeida, Y., Clark, D. J., Viswanathan, A., Scherzer, C. R., De
Jager, P., et al. (2015). Aging, the Central Nervous System, and Mobility in Older
Adults: Neural Mechanisms of Mobility Impairment. J. Gerontol. A Biol. Sci.
Med. Sci. 70, 1526–1532. doi: 10.1093/gerona/glv130

Soubra, R., Chkeir, A., and Novella, J. L. (2019). A Systematic Review of Thirty-
One Assessment Tests to Evaluate Mobility in Older Adults. BioMed. Res. Int.
2019:1354362.

Studenski, S., Perera, S., Patel, K., Rosano, C., Faulkner, K., Inzitari, M., et al. (2011).
Gait speed and survival in older adults. JAMA. 305, 50–58. doi: 10.1001/jama.
2010.1923

Taylor, J. K., Buchan, I. E., and van der Veer, S. N. (2019). Assessing life-space
mobility for a more holistic view on wellbeing in geriatric research and clinical
practice. Aging Clin. Exp. Res. 31, 439–445. doi: 10.1007/s40520-018-0999-5

Thomas, S., Mackintosh, S., and Halbert, J. (2010). Does the ‘Otago exercise
programme’ reduce mortality and falls in older adults?: a systematic review and
meta-analysis. Age Ageing 39, 681–687. doi: 10.1093/ageing/afq102

Tieland, M., Trouwborst, I., and Clark, B. C. (2018). Skeletal muscle performance
and ageing. J. Cachex. Sarcop. Musc. 9, 3–19. doi: 10.1002/jcsm.12238

Tremblay, M. S., Aubert, S., Barnes, J. D., Saunders, T. J., Carson, V., Latimer-
Cheung, A. E., et al. (2017). Sedentary Behavior Research Network (SBRN) -
Terminology Consensus Project process and outcome. Int. J. Behav. Nutr. Phys.
Act. 14:75. doi: 10.1186/s12966-017-0525-8

Trombetti, A., Reid, K. F., Hars, M., Herrmann, F. R., Pasha, E., Phillips, E. M., et al.
(2016). Age-associated declines in muscle mass, strength, power, and physical
performance: impact on fear of falling and quality of life. Osteoporos Int. 27,
463–471. doi: 10.1007/s00198-015-3236-5

Van Ooteghem, K., Musselman, K. E., Mansfield, A., Gold, D., Marcil, M. N.,
Keren, R., et al. (2019). Key factors for the assessment of mobility in advanced
dementia: A consensus approach. Alzheimer’s Dementia 5, 409–419. doi: 10.
1016/j.trci.2019.07.002

Varma, V. R., Hausdorff, J. M., Studenski, S. A., Rosano, C., Camicioli, R.,
Alexander, N. B., et al. (2016). Aging, the Central Nervous System, and Mobility
in Older Adults: Interventions. J. Gerontol. A Biol. Sci. Med. Sci. 71, 1451–1458.
doi: 10.1093/gerona/glw080

Verghese, J., Holtzer, R., Lipton, R. B., and Wang, C. (2012). Mobility stress test
approach to predicting frailty, disability, and mortality in high-functioning
older adults. J. Am. Geriatr. Soc. 60, 1901–1905. doi: 10.1111/j.1532-5415.2012.
04145.x

Verghese, J., Wang, C., Lipton, R. B., and Holtzer, R. (2013). Motoric cognitive
risk syndrome and the risk of dementia. J. Gerontol. A. Biol. Sci. Med. Sci. 68,
412–418.

Visser, M., Goodpaster, B. H., Kritchevsky, S. B., Newman, A. B., Nevitt, M., Rubin,
S. M., et al. (2005). Muscle mass, muscle strength, and muscle fat infiltration as
predictors of incident mobility limitations in well-functioning older persons.
J. Gerontol. A Biol. Sci. Med. Sci. 60, 324–333. doi: 10.1093/gerona/60.
3.324

Walker, S., Avela, J., Wikgren, J., Meeusen, R., Piitulainen, H., Baker, S. N., et al.
(2018). Aging and Strength Training Influence Knee Extensor Intermuscular
Coherence During Low- and High-Force Isometric Contractions. Front.
Physiol. 9:1933. doi: 10.3389/fphys.2018.01933

Webber, S. C., Porter, M. M., and Menec, V. H. (2010). Mobility in Older Adults:
A Comprehensive Framework. Gerontologist 50, 443–450. doi: 10.1093/geront/
gnq013

Weber, M., Belala, N., Clemson, L., Boulton, E., Hawley-Hague, H.,
Becker, C., et al. (2018). Feasibility and Effectiveness of Intervention
Programmes Integrating Functional Exercise into Daily Life of Older
Adults: A Systematic Review. Gerontology 64, 172–187. doi: 10.1159/0004
79965

Welmer, A.-K., Angleman, S., Rydwik, E., Fratiglioni, L., and Qiu, C. (2013).
Association of cardiovascular burden with mobility limitation among elderly

Frontiers in Physiology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 881

https://doi.org/10.1007/s13539-014-0161-y
https://doi.org/10.1016/j.gaitpost.2019.01.035
https://doi.org/10.1016/j.gaitpost.2019.01.035
https://doi.org/10.1016/j.gerinurse.2017.08.002
https://doi.org/10.1093/bmb/ldq008
https://doi.org/10.1111/j.1532-5415.2010.02962.x
https://doi.org/10.1002/lio2.252
https://doi.org/10.1001/jama.2014.5616
https://doi.org/10.1001/jama.2014.5616
https://doi.org/10.2147/cia.s104674
https://doi.org/10.2147/cia.s104674
https://doi.org/10.1007/s40520-017-0882-9
https://doi.org/10.1371/journal.pone.0152848
https://doi.org/10.1371/journal.pone.0152848
https://doi.org/10.1093/gerona/glu063
https://doi.org/10.1113/jp271087
https://doi.org/10.1111/jgs.15031
https://doi.org/10.1111/jgs.15031
https://doi.org/10.1097/jes.0b013e31823b5f13
https://doi.org/10.1097/jes.0b013e31823b5f13
https://doi.org/10.1007/s00421-013-2728-2
https://doi.org/10.1177/0898264313482489
https://doi.org/10.1007/s13539-011-0054-2
https://doi.org/10.1037/pag0000288
https://doi.org/10.3389/fpubh.2017.00054
https://doi.org/10.1111/j.1532-5415.2005.53372.x
https://doi.org/10.1093/gerona/glv130
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1007/s40520-018-0999-5
https://doi.org/10.1093/ageing/afq102
https://doi.org/10.1002/jcsm.12238
https://doi.org/10.1186/s12966-017-0525-8
https://doi.org/10.1007/s00198-015-3236-5
https://doi.org/10.1016/j.trci.2019.07.002
https://doi.org/10.1016/j.trci.2019.07.002
https://doi.org/10.1093/gerona/glw080
https://doi.org/10.1111/j.1532-5415.2012.04145.x
https://doi.org/10.1111/j.1532-5415.2012.04145.x
https://doi.org/10.1093/gerona/60.3.324
https://doi.org/10.1093/gerona/60.3.324
https://doi.org/10.3389/fphys.2018.01933
https://doi.org/10.1093/geront/gnq013
https://doi.org/10.1093/geront/gnq013
https://doi.org/10.1159/000479965
https://doi.org/10.1159/000479965
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00881 September 14, 2020 Time: 18:24 # 13

Freiberger et al. Mobility in Older Persons

people: a population-based study. PLoS One 8:e65815. doi: 10.1371/journal.
pone.0065815

WHO (2015). WHO Report on Aging and Health. Genf. Available online at:
https://www.who.int/ageing/events/world-report-2015-launch/en/ [accessed
November 10th, 2015].

WHO (2018). Global action plan on physical activity 2018-2030: more active people
for a healthier world. Geneva: World Health Organization.

Wilson, J., Allcock, L., Mc Ardle, R., Taylor, J. P., and Rochester, L. (2019). The
neural correlates of discrete gait characteristics in ageing: A structured review.
Neurosci. Biobehav. Rev. 100, 344–369. doi: 10.1016/j.neubiorev.2018.12.017

Winter, D. A., Patla, A. E., James, S. F., and Sharon, E. W. (1990). Biomechanical
walking pattern changes in the fit and healthy elderly. Phys. Ther. 70, 340–347.
doi: 10.1093/ptj/70.6.340

Wolff, J. K., Warner, L. M., Ziegelmann, J. P., and Wurm, S. (2014). What do
targeting positive views on ageing add to a physical activity intervention in older
adults? Results from a randomised controlled trial. Psychol. Health 29, 915–932.
doi: 10.1080/08870446.2014.896464

Wurm, S., Tomasik, M. J., and Tesch-Romer, C. (2010). On the importance of
a positive view on ageing for physical exercise among middle-aged and older
adults: cross-sectional and longitudinal findings. Psychol Health 25, 25–42.
doi: 10.1080/08870440802311314

Yardley, L., Beyer, N., Hauer, K., Kempen, G., Piot-Ziegler, C., and Todd, C. (2005).
Development and initial validation of the Falls Efficacy Scale-International
(FES-I). Age Ageing. 34, 614–619. doi: 10.1093/ageing/afi196

Yardley, L., Donovan-Hall, M., Francis, K., and Todd, C. (2007). Attitudes and
Beliefs That Predict Older People’s Intention to Undertake Strength and Balance
Training. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 62, 119–125.

Zunzunegui, M. V., Alvarado, B. E., Guerra, R., Gomez, J. F., Ylli, A., and Guralnik,
J. M. (2015). The mobility gap between older men and women: the embodiment
of gender. Archiv. Gerontol. Geriatr 61, 140–148. doi: 10.1016/j.archger.2015.
06.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Freiberger, Sieber and Kob. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 13 September 2020 | Volume 11 | Article 881

https://doi.org/10.1371/journal.pone.0065815
https://doi.org/10.1371/journal.pone.0065815
https://www.who.int/ageing/events/world-report-2015-launch/en/
https://doi.org/10.1016/j.neubiorev.2018.12.017
https://doi.org/10.1093/ptj/70.6.340
https://doi.org/10.1080/08870446.2014.896464
https://doi.org/10.1080/08870440802311314
https://doi.org/10.1093/ageing/afi196
https://doi.org/10.1016/j.archger.2015.06.005
https://doi.org/10.1016/j.archger.2015.06.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Mobility in Older Community-Dwelling Persons: A Narrative Review
	Introduction
	Definition of Mobility
	Age-Related Physical Changes Associated With Mobility
	Age-Related Balance and Gait Changes
	Balance Changes With Aging
	Gait Changes With Aging

	Age-Related Neuromuscular Changes Associated With Mobility
	Age-Related Changes in Muscle Mass, Strength, and Power

	Age-Related Changes in Cognition Associated to Mobility
	Age-Related Relationship Between Gait and Cognition

	Risk Factors for Mobility Limitation
	Mobility and Chronic Diseases
	Physical and Cognitive Risk Factors for Mobility Limitation
	Psychological Risk Factors for Mobility Limitation
	Sedentary Behavior as a Risk Factor for Mobility Limitation

	Assessment of Mobility
	Exercise Intervention on Mobility
	Discussion
	Gaps to Be Addressed: Definitions and Concepts
	Gaps to Be Addressed: Physical Function and Mobility
	Gaps to Be Addressed: Cognition Brain and Mobility
	Gaps to Be Addressed: Neuromuscular Factors Related to Mobility
	Gaps to Be Addressed: Psychological and Behavioral Aspects
	Gaps to Be Addressed: Exercise Intervention and Mobility
	Gaps to Be Addressed: Assessments

	Conclusion
	Author Contributions
	References


