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Preface

The world population is getting older, and, as a consequence, pathologies

associated with aging, such as movement disorders, are becoming more common.

Both natural aging and movement disorders impair structures and systems used for

daily activities involving locomotion and posture. Therefore, understanding how

these impairments affect motor control during walking and posture is critical for the

design of innovative therapies and interventions to enable older adults with and

without movement disorders to navigate home and community environments safely

and independently.

This book was conceived to bring together the most updated knowledge in the

area of posture and gait research, with special focus on the alterations caused by

aging and movement disorders. Top researchers from all around the world were

then invited to cover specific topics mastered by them, with enough freedom for

them to include whatever they felt appropriate about the invited topics. Authors

have different backgrounds which characterize a multidisciplinary approach for the

content presented. The final result is absolutely fantastic, and we are truly delighted

to introduce Locomotion and Posture in Older Adults: The Role of Aging and
Movement Disorders to the literature.

The book includes four distinct parts. First, readers will find an introductory part

that presents background concepts to motor control in aging and movement

disorders. The following two parts cover specific topics related to walking and

posture, respectively. The final part is dedicated to technology and rehabilitation

designed to manage the impairments caused by aging and movement disorders on

gait and posture.

Individual chapters are independent, and therefore, readers can have the choice

of not following the chapter order presented in the book. It is even possible that,

depending on the level of expertise, readers can choose to skip chapters or jump

from chapter to chapter. We hope that all those interested in posture and gait

research and/or rehabilitation and physical intervention, including undergraduate

and graduate students, researchers, and professionals, will find helpful content in

the book. Most importantly, we hope that readers will be able to transfer this

knowledge to their daily practice.
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Part I

Background Concepts to Motor Control
in Aging and Movement Disorders



Complex Systems Approach to the Study
of Posture and Locomotion in Older People 1
Renato Moraes and Eliane Mauerberg-deCastro

Abstract

Traditionally, the aging process has been viewed as something negative, a

phenomenon that eventually results in frailty. However, the development and

adaptive processes involved with the aging process are now understood as part of

a nonlinear, systemic reorganization of the body. This view sees the aging

body—a biological system—as having subsystems that interact at different

levels and with different time scales. In the present chapter, we discussed

some concepts associated with the aging process. We began by using a dynamic

systems perspective to discuss changes in movement patterns of older

individuals. According to this perspective, effects of the aging process are not

due to isolated changes in different structures, but to collective changes in

interacting subsystems. We then presented the role of functional variability, in

particular addressing postural control by illustrating that increases in body sway

can be the result of an active exploration of the limits of stability. In the last two

sections, we discussed in more detail how the application of the dynamic

systems approach can help to explain older adults’ postural control strategies,

as well as the flexibility of their gait patterns. We employed general concepts of

a dynamic systems perspective to discuss the aging process, using the notions of

variability, adaptive potential, and complexmulti-scale levels or dimensions and
multi-time sources of constraints. Specifically, we included the functional role of
aging on posture and locomotion control.
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F.A. Barbieri, R. Vitório (eds.), Locomotion and Posture in Older Adults,
DOI 10.1007/978-3-319-48980-3_1

3

mailto:renatomoraes@usp.br
mailto:mauerber@rc.unesp.br


Keywords

Aging • Posture • Locomotion • Variability • Haptic information • Dynamic

systems

1.1 Introduction

In the field of movement science, discussions about development and adaptive

processes during aging often reflect a biased or negative perspective [1]. It is

difficult not to focus on losses, since the progression of age ultimately marks the

end of the cycle of life. The process of aging, as revealed by numerous research

findings [e.g., [2]], affects structures and functions of the neuro-muscular-skeletal

system in varying degrees. However, according to Sleimen-Malkoun et al. [3],

aging also can be viewed as a nonlinear systemic reorganization of a biological

system and subsystems (an individual), at complex multi-scale levels or dimensions
and in multiple time scales.

Age-associated “frailty” is, in fact, a phenomenon that dynamically integrates

the effects of an irreversible biologic process, a sedentary lifestyle, and

comorbidities (previous and/or cumulative diseases or injuries). Although aging

can be healthy, functional alterations occur in the relatively long time scale of the

human life cycle, providing contexts and opportunities for the system to assume

new and unique organizations. In general, changes due to aging result from

interactions with the lifestyle an individual adopted in past years, as well as the

incidence of deterioration associated with diseases. Interactions between aging and

lifestyle are particularly noticeable in older individuals who are engaged in active

athletic performance. They are found to be at low risk to cardiovascular diseases

and obesity, for example [4, 5].

In the motor behavior literature, researchers commonly investigate older

individuals’ skills as potential factors that negatively affect adaptation and

often lead to loss of independence in daily life. Mobility, dexterity, postural

control of the body, and the countless activities of daily living are dynamically

integrated as functions that reflect the complex behavioral possibilities of the

human body [6]. These possibilities evolve, become more or less sophisticated,

and then decline with changes in the adaptive capabilities of the inevitable aging

process.

The most prevalent themes of such investigations in motor behavior include

posture and gait. Besides maintaining the upright position in humans, posture

ensures that other motor skills can functionally exist and evolve. Postural

control typically is investigated in quiet or standing positions and then compared

to tasks in which perturbation or other demands are applied. Postural control

interacts with gait performance continuously, and this is particularly evident in

transitional skills (e.g., turning and twisting the body, shifting to backward

locomotion, sitting to lay down, sitting to walking, and others). Bipedal loco-

motion allows humans not only to explore exterior spaces, surfaces, and
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surrounding objects (e.g., avoiding obstacles, going over objects, passing

through apertures) but also to explore alternatives with regard to their own

intrinsic dynamics. The architecture of legs, muscles, and neurons guarantees

that walking has an invariant pattern among healthy humans, including older

adults. Such structures undergo changes in time scales that range from an instant

up to periods of years (i.e., multiple time scales). Furthermore, they integrate a

multi-scale dimension (spatial) influence that limits behavior under perceived

(i.e., informative) task constraints.

Balance and locomotion behaviors are extremely complex and, in addition to

the coordination of multiple muscles and joints, require the use of multiple

sensory information that help control the movements and that influence

adaptations. In the older individual, the functional status of the muscles and

joints, which helps detect information for control and adaptation to the environ-

ment, undergoes progressive changes. Falls are one of the main concerns for older

people [7]. Studies in motor behavior attempt to identify risk factors that predict

falls.

About one-third of noninstitutionalized older adults above age 65 experience a

fall during a one-year period [8, 9], and most of these falls occur during locomo-

tion [10, 11]. Among institutionalized older persons, this number increases to

about two-thirds, or 61% [12]. Traditionally, falls are related to increased

variability in posture and gait [13]. However, variability also can be functional

to older adults, and this is one of the topics we address in this chapter. Addition-

ally, we discuss concepts from the dynamic systems approach and how these

relate to changes in the posture and gait of older individuals. This chapter starts

with a general overview of dynamic systems concepts and their application to the

aging process. From a dynamic systems perspective, we discuss the notion of

variability and its functional role on posture and locomotion control of older

people.

1.2 The Dynamic Systems Approach and How It Can Explain
Changes in Movement Patterns in Older Individuals

One of enduring challenges in aging research is to interpret the changes in perfor-

mance in physical and mental activities that older people undergo. We often refer to

a “decline” in order to explain the way in which our aging brain controls our limbs

and movements. Research studies [2, 6, 8, 10] present much evidence about the

extent of losses due to aging and of profile changes in bodily functions (e.g., control

of the upright body position, mobility, and instrumental motor skills). Researchers

continue to identify differences in older adults as compared to young adults.

However, conceptual paradigms have begun to emphasize new ways in which we

can discuss adaptation: not just a comparative approach, but those that consider

multiple factors that are unique to the process of aging. One such paradigm is the

dynamic systems approach [3].
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Complex systems theories1 emphasize the heterarchical importance of multiple

subsystems and their contributions to emergent behaviors [19, 20], whether these

occur early in life’s development or throughout the lifespan, including the process

of aging. These theoretical perspectives provide a unified approach to studying

patterned behavior and, according to various scholars [21], can explain behavior

patterns in a wide range of organisms and categories of actions with diverse

constituent subsystems. When we apply dynamic systems principles to human

development, some of the fundamental issues we need to address are: (1) How do

changes in patterns emerge? (2) How do behaviors become more stable or less

stable? (3) How do task constraints affect the stability and geometry of patterns of

movements? (4) And how can diversity in patterns improve our understanding

about the meaning of adaptation? For instance, the traditional understanding of

motor learning and the development of movement skills is that emergent behavior

associates with decreased variability. Conversely, increased variability is often

discussed as a cause of impaired or limited outcomes and is associated with

aging, disease, or impairment. However, variability is not a parameter outcome

that consistently expresses the direction of development [22]. Low variability

sometimes has been found among older individuals as a factor that limits a

behavior’s flexibility and, therefore, affects adaptation.

Research on aging typically has explained declines in separate systems: neural,
cognitive, sensorimotor, and muscular [3]. Sleimen-Malkoun et al. [3] have argued

in favor of a conceptual framework that would help us understand “the general

principles of age-related reorganization of the neuro-muscle-skeletal system” based

on the phenomena of dedifferentiation and loss of complexity. They define dediffer-
entiation as “a process by which structures, mechanisms of behavior that were

specialized for a given function, lose their specialization and become simplified,

less distinct or common to different functions” [3] (p. 2). Loss of complexity is a

transition marker for aging and is observed when there is a tendency toward more

regular fluctuations in physiological parameters [23]. In other words, the system

exhibits “less complex patterns of variability” during aging [3].

Vaillancourt and Newell [24] reviewed loss of complexity relative to the notion

that complexity has been examined using individual parameters (e.g., less variable

heart rate in older individuals). They observed that there are many sources of

constraints that influence the biological system—those that sometimes increase,

and those that sometimes reduce, variability. In fact, the contexts in which many

behavioral as well as physiological events occur are the result of numerous

1Michaels and Beek [14] identified three perspectives related to the study of information and

action that currently prevail in studies of movement science and ecological psychology. The first

perspective is direct perception, originally centered in Gibson’s [15] assumptions. The second is

related to the kinetic theory (thermodynamics) developed by Kugler, Kelso, and Turvey

[16, 17]. The third is the dynamic systems approach, which employs tools and the analytical

application of nonlinear dynamics to the study of movement coordination. Haken’s [18]

synergetics is a conceptual view in dynamic systems that deals with spontaneous pattern formation

(i.e., self-organization) arising from systems far from their equilibrium point.
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interactions between intrinsic and extrinsic parameters that constrain the functional

outcome. In the case of aging, the so-called limitation can be the result of more

complex mechanisms and choices of strategies available to the organism. There-

fore, the outcome pattern can be less flexible to task contexts because biological

constraints could include an (already) established skill that has been interacting

with progressive physical changes. For example, Ko and Newell [25] demonstrated

recently that center of pressure (COP) complexity, as measured using multi-scale

entropy and detrended fluctuation analysis in young and old adults, is dependent on

task demand. In a constant task, participants were asked to match COP position

over a target line displayed on a monitor by leaning their bodies forward. In this

task, COP complexity was lower for older adults as compared to the young adults.

On the other hand, for the dynamic task (target moved following a sine-wave

pattern), COP complexity was higher for the older than for the young adults.

Thus, even though invariant patterns can be found in motor behavior repertories

due to a system’s inherit flexibility, rapid behavior modulations can take place in

response to subtle environmental changes (or new task demands). When these

modulations go too far beyond a system’s preferred behavioral mode, transitions

to new behavioral patterns can occur, whether resilient to context challenges or not.

These concepts may help us to understand how motor behavior modifies with the

aging process, showing regular and, at the same time, flexible patterns. Yet, the

common understanding about adaptive phenomena reinforces our notion that older

individuals are less adaptive than younger ones.

1.3 Variability and the Control of Posture

The study of postural control in older adults started with Sheldon [26], who was the

first to investigate the effect of age in the control of body sway. He found that

children swayed more than young adults and that body sway started to progres-

sively increase after the age of 60. These findings have been systematically

replicated in hundreds of studies about body sway in older adults since this seminal

work. However, there is a great deal of controversy about the meaning of this

increase in body sway. For some researchers, this increase is indicative of imbal-

ance in older adults, and this could be related to incidence of falls in this population

[10]. Others argue that this increase in body sway is not necessarily a problem and,

through a dynamic systems perspective, could be seen as an exploratory

phenomenon [22].

Posture is understood as the relative position of various body segments in

relation to each other and relative to the environment. Thus, humans can take an

infinite number of positions during daily and sport activities, such as standing,

walking, running, and throwing an object, among others. The posture in which both

feet are in contact with the ground indicates the position commonly known as

bipedal upright posture. The control of posture is essential for successfully achiev-
ing motor actions and implies the control of body position in space, with the double

purpose of orientation and stability [27, 28]. Postural orientation involves the
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proper positioning of the body segments relative to each other and to the environ-

ment. Stability during quiet standing involves the maintenance of the center of mass

(COM) projection within the boundaries of the base of support.

Body sway is traditionally assessed based on the displacement of the COP

obtained by force platforms. The resulting force applied to the ground due to the

body’s weight and internal forces generates the ground reaction force (GRF,

vector equal and opposite to the force applied to the ground). The resulting

GRF originates at a point called COP. The COP and GRF reflect the effect of

the postural muscles, activated by the control system to actively control the

position of COM and, therefore, stability [28]. During upright standing, the

control of COP displacement in the anterior-posterior (AP) direction is due to

the activity of the plantar flexor and dorsiflexor muscles of the ankle joint. In the

medial-lateral (ML) direction, the control of COP displacement is achieved by the

loading and unloading mechanism related to the action of hip adductors/

abductors [29].

The ground reaction force opposes the force of gravity, which, in turn, affects the

acceleration of the COM to maintain support against gravity. At the same time,

the maintenance of balance during quiet standing requires, also, the maintenance of

the COM projection within the limits established by the base of support. In quiet

standing, the body continually oscillates both in the AP and ML directions, which is

called spontaneous sway [30]. Interestingly, the COP is in phase with the COM,

indicating a stable temporal relationship between these two variables. Furthermore,

the amplitude of displacement of the COP is greater than the COM. This relation-

ship between COP and COM has led to the suggestion that the COM is the variable

to be controlled by the postural control system, while the COP is the variable that

controls the position of the COM [29]. According to this interpretation and based on

an inverted pendulum model, the increase in the COP displacement is deliberate, as

this allows an individual to change the direction of the COM movement, moving it

away from the limits of the base of support. Winter et al. [31] showed that the

difference between COP and COM position correlates negatively with COM

acceleration, indicating that the position of the COP ahead of the COM, for

example, accelerates the COM backward. In this way, COP keeps the COM within

the limits of the base of support.

The prevalent idea is that an increase in body sway represents postural instability

[32]. In this traditional approach, feedback provided by the different sensory

systems is essential to control body sway and, consequently, reduce it [30]. Addi-

tionally, increase in body sway is seen as a consequence of increase in noise within

the system. In a study that employed this traditional background, Maurer and

Peterka [30] developed a feedback model of postural control in humans. Their

model was able to reproduce sway behaviors that resembled those of young and

older adults. The model is based on the assumption that any angular deviation from

the upright reference position, detected by sensory systems, should be corrected by

the body’s generation of appropriate corrective torque. Particularly important to

this model is the addition of disturbance torque in the form of Gaussian noise to

simulate spontaneous body sway. In this sense, noise would be responsible for the
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increase in nonfunctional aspects of the variability in COP excursions. Interest-

ingly, in order to resemble spontaneous body sway in older adults, the noise level

would have to increase by 50% as compared to young adults. As suggested by the

authors, this increase in noise level could be due to a degradation of the sensory

system, as observed during the aging process. This would result in impaired

information about body sway in this population. Thus, the increase in COP sway

observed with aging is seen as a result of increased noise within the system and,

consequently, as an unstable system. This traditional perspective treats increase in

sway (or variability) as detrimental to the individual [22].

Although the results of the model developed by Maurer and Peterka [30] are

consistent with a continuous feedback regulation control mechanism, they admit

that their results do not prove the model is necessarily used by the control system. In

fact, a dynamic systems approach based on nonlinearity and complex systems

argues in favor of the possibility that variability is functional to the postural control

system [22, 33].

Carpenter et al. [34] designed a study to test the relationship between COP and

COM during quiet standing. They developed an apparatus to artificially “lock”

movements of the COM without the participants’ awareness. They postulated that

locking the COMwould decrease COP displacement, which supports the traditional

approach. However, their results showed a consistent and surprising increase in

COP displacement after locking the COM. This finding contradicts the traditional

approach, and the authors interpreted this increase in COP displacement as an

exploratory role of postural sway. Even in the presence of visual feedback of

COP or COM excursions in the locked condition, COP displacement increased

[35]. Similarly, the provision of an explicit verbal cue that the participants would be

“locked” did not reduce COP displacement [36]. In fact, COP displacement was

again greater in the locked as compared to the unlocked condition, independent of

the cue about being “locked” or not.

These authors argued that the central nervous system actively sways the body—

using this as an exploratory mechanism to acquire sensory information. Thus, the

information obtained through body sway would be essential to detect the position of

the body relative to the limits of stability. This strategy would avoid adaptation of the

sensory receptors while at the same time stimulate a wider range of receptors.

Similarly, the use of stochastic resonance can boost the activation of muscle spindles

[37, 38]. In a recent study, the use of stochastic resonance with participants who

lightly touched their fingertip on a rigid surface resulted in additional reduction in

body sway as compared to the traditional light touch paradigm without stochastic

resonance [39]. According to Carpenter et al. [34], movement variability through

postural sway can stimulate more receptors and an increased variety of sensory

receptors (slow and fast adapting receptors). Yet, postural sway also can ensure that

different sensory systems will be stimulated and provide converging and reliable

information.
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1.4 Older Adults and Their Strategies for Postural Control

As for the advocates of reduction in physiological complexity [23], the explanation

about the effects of biological aging and/or disease on the postural system is that a

particular parameter reflects the system’s reduced physiological complexity, and,

therefore, its limited adaptive capacity [40]. In their study, older participants with

poor visual acuity and impaired foot sole sensation exhibited the lowest complexity

in postural sway.

An alternative explanation—that is, in dynamic systems terms—of why older

people undergo so many changes as the years advance is that the complexity of a

system is determined by both deterministic and stochastic influences. These

influences interact from moment to moment (multiple time scales) with the ever-

changing state (aging) of the system [24].

The context of a particular behavior can illustrate how older individuals respond

to perturbations to their balance. When performing balance tasks, healthy older

individuals can use exploratory strategies that compensate for disruptions as long as

meaningful contexts create the need for adaptation and as long as the system has

resources to resolve them (the perturbations). For example, haptic cues during the

use of tools can be integrated into a balance task—as in haptic tasks2—in order for

these individuals to exploit the context of perturbation. The extent of postural

perturbation is crucial for individuals to exploit the haptic task. In Fig. 1.1, a

blindfolded 60-year-old adult reduces sway during a haptic anchoring task only

when her foot position is sufficiently disruptive to her balance (i.e., the tandem

position). When her feet are in parallel position, the COP path length reduces ~21%

during the anchoring task. However, when her body is anchored in tandem position,

a reduction of 56% is observed.

In a preliminary study about effects of haptic information embedded in a

postural task (called “haptic anchoring”), Mauerberg-deCastro andMagre3 reported

that an older group of blindfolded adults (mean age 69) showed a larger amount of

sway when the balance task included a tandem foot position in comparison to a

parallel foot position. As shown in Fig. 1.2, anchoring provided haptic cues to

reduce body sway in older participants in all task conditions, though to a much

greater extent when the feet were in a tandem position (50% decrease when

compared to the baseline) than when parallel (23% decrease when compared to

the baseline).

2Haptic anchoring tasks require the manipulation of two strings, one in each hand, with an attached

load mass for the purpose of reducing postural sway. In such tasks, an individual is required to pull

the load just enough to keep the string tight, but without lifting the load from the surface of support.

The tension of strings and loads’ resistance during these exploratory actions (haptic anchoring)

results in reduction of postural sway [41, 42].
3Unpublished study with data extracted from a research report: Mauerberg-deCastro E, Magre

FL. (2015). Ancoragem háptica e controle postural em idosos [Haptic anchoring and postural

control in older adults]. Research report. S~ao Paulo State University, Brazil.
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The task demands of controlling the anchors while keeping the body position

stable revealed the extent of adaptability of the older group. The reduced ability to

significantly alter the dynamics from one task to another appeared to depend on the

degree of the task demand. The older group exploited the anchor context when the

point of support on the surface was narrower (i.e., tandem foot position), more

prominently reducing the magnitude of sway. This ability to adaptively weigh and

select sensory references integrates task constraints. For older people, the exploita-

tion of such a solution in order to maintain a relatively stable posture is a matter of

safety [43]. While young adults generally have less traumatic consequences with

falls, they can expand instability of the COM to a greater boundary. Cabe and

Pittenger [44] considered the range of excursions of an object’s COM to be limited

by a toppling point, conceptualized as a haptic angular tau. As the postural control
strategies of older adults include biomechanical parameters of the body (i.e.,

different anatomical structures and their lengths, mass, degrees of freedom) and

Fig. 1.2 Mean and standard error of COP’s path length during a balance task on a soft surface,

under baseline and anchoring task conditions, with vision available and blindfolded, in parallel

foot position (a) and tandem position (b)
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perceptual assemblies (i.e., information embedded in a particular task), the toppling
point becomes the unstable equilibrium point that marks an impending moment for

falling, or a phase transition to another behavioral pattern.

Concerning the notion of variability in postural control, as discussed above, the

increase in postural sway can be seen as a functional aspect of motor control in

older adults. Carpenter et al. [34] argued that the central nervous system

intentionally increases COP sway “to ensure a certain quality and quantity of

sensory information.” Because of increased thresholds for sensory detection,

older adults increase their body sway as a way to gain enhanced information

about the limits of stability. On the other hand, the reduction in body sway with

the addition of haptic cues reduces the need to sway the body to actively determine

the limits of the base of support. Interestingly, Freitas et al. [45] showed, in a

training study, that the intermittent use of an anchor system was the only condition

that resulted in long-term effects on COP sway (i.e., reduced sway). These authors

argued that the task variability embedded in the intermittent use of the anchor

system was more beneficial to the postural control system of older adults than the

repetitive use of the anchors.

1.5 Gait Patterns Are Flexible During Locomotion, Yet
Regularity Is Task Context-Dependent

At any age, and for any open biological system, constraints set the boundaries of the

system’s behavior, leading to the emergence of semi-predictable, stable patterns.

Even though the aging process is associated with losses, this adaptive phenomenon

should not necessarily be interpreted as something bad or inefficient. Humans

demonstrate multiple levels of flexibility in their behaviors [46]. At early ages,

novice, immature infants demonstrate highly disorganized movement patterns, yet

these patterns seem to provide opportunities for the infants to seek stable coordina-

tion solutions. This also is the case for older adults. Adaptation arises as a common,

yet flexible, solution, which then results in movement patterns that appear similar

to, and as stable as, those used by individuals in a wide range of ages [46].

Patterns of movements observed during our younger years versus our older years

represent only an apparent difference. Spatial-temporal parameters of walking

comparisons between older and young adults reflect an increase or decrease in

parameters rather than in qualitative changes of movement patterns, as observed in

comparisons between very young walkers and adults [47]. For example, novice

walkers change the degrees of freedom of the lower limbs by freezing them as they

acquire experience (e.g., limiting range of motion in the medial-lateral plane of

walking step cycles) or releasing them (e.g., increasing range of motion in the knee

and ankle joints to improve dampening of forces).

As for older adults who have experienced falls, changes in walking often include

a significant decrease in speed and step length [48]. Such adjustments often are

related to challenges in the environment (e.g., inclination of terrain, slippery

surfaces, and presence of obstacles) and in the task requirements (e.g., performing
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a simultaneous cognitive and motor task) and to the fact that humans use a variety

of shoes to perform daily locomotion. For instance, shoes can be a risk factor for

falls in older people [13]. While these authors found no differences between young

and older adults’ walking patterns with a variety of shoes, both adopted a conser-

vative walking pattern when wearing elevated heel shoes. Rinaldi and Moraes [49]

found that older adults with a history of falls (i.e., fallers) were unable to perform

walking and prehension movements concomitantly. Fallers reduced their gait

speed, especially when the prehension task was more difficult, which helped them

to increase their margin of stability when grasping an object. Therefore, changes in

behavioral outcomes often are a measure of compounded parameters, those that

represent interplay of constraints rather than simple, individual variables (e.g.,

getting old).

Because comparative studies commonly use older individuals who are sedentary

or potentially unhealthy, variable or unstable patterns of walking reflect particular

strategies of the aging system, as well as physical limitations. In older adults with

various health and physical conditions, Cozzani and Mauerberg-deCastro [50]

found several common strategies in walking and stepping over obstacles. Sedentary

and active community-dwelling older adults and institutionalized older adults

slowed down while walking just prior to crossing over a 15-cm high obstacle,

although the active group walked faster than the two other groups. These groups all

exaggerated the vertical displacement of the clearing foot when crossing over a

15-cm obstacle, with the active group reaching a height of 20 cm and the sedentary

group a height of 18 cm. The institutionalized group cleared the obstacle by only

2 cm, which, in this case, could have been the result of muscle weakness of the legs,

which likely limited the amount of vertical foot elevation. The typical vulnerability

(e.g., weak muscle strength of lower limbs) of older individuals who are

institutionalized likely reflects their limited ability to exaggerate the movement.

When crossing over obstacles or irregular surfaces, this weakness exposes them to

risks for tripping and falling. All groups crossed the 2-cm obstacle height with a

similar vertical foot elevation (~13-cm vertical displacement). To compensate for

physical limitations, the sedentary and institutionalized individuals varied the

horizontal distance of the last step according to the obstacle’s height. The active

individuals maintained a constant step length across obstacle heights. The exagger-

ation of vertical elevation imposes a high demand in the maintenance of balance—

standing on one foot while the other swings to cross over the obstacle—but it likely

serves as a compensation strategy to prevent collisions with obstacles. Is this

exaggeration of movement a sign of awareness and fear of the potential danger of

collisions leading to falls, even by physically active older individuals? The litera-

ture shows that, indeed, older individuals slow their locomotion patterns when a

challenge is perceived to be a risk for falls [51]. Healthy and non-healthy older

people equally perceive that they are at risk for falls.

Sources of constraints during the aging process are diverse enough to maintain a

system’s sensitivity to its own changes as well as to changes in the task context [52].

Whether older individuals misjudge or exaggerate their perceptions, a single expla-

nation is not sufficient for us to understand everything about the aging process. For
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example, research shows a contrast between age groups with regard to sensitivity to

movement and actual physiological condition [53]. Moraes and Mauerberg-

deCastro [54] found that older individuals perceived levels of difficulty of sitting

and standing up tasks, from different chair heights, in a similar way as do young

adults. However, the older individuals slowed down their motion, particularly

during the descent phase of sitting down. Their movement patterns reflect instabil-

ity and irregularity as the height of the chairs was lowered less than the typical 90�

sitting position. One potential concern is that older adults may be unaware of their

motor instabilities, and, by erroneously perceiving all chair heights as equal, they

expose themselves to falls.

As sitting down and standing up can be integrated tasks in daily living activities,

locomotion is a contingency of mobility and, therefore, a criterion for indepen-

dence. Although locomotion is a relatively simple skill, older individuals’ locomo-

tion can reflect risks for falls, especially in the presence of obstacles. Thus, the

immediate adaptations due to the demands of the environment and the task have

direct implications with the functional conditions of the perceptual-motor systems

[55]. For example, changes in locomotion patterns that are originally caused by

limitations in postural control include reduction of speed, changes in the durations

of the phases of stepping, and the addition of new control strategies (e.g., dragging

the feet), among others.

Task constraints such as speed, direction, and movement magnitude are impor-

tant variables that impact movement performance. This can be illustrated, for

example, when healthy and older individuals with Down syndrome walk on a

padded surface, a 15-cm thick mattress [46]. The older individuals attempted to

dampen their steps, which they perceived were too fast and unsafe. If a person has

balance problems, changes in their locomotion behavior may increase risk for falls

as soon as the parameters escalate (i.e., speed, cadence). Older people become quite

cautious and do not go beyond their perceived safe limits with regard to a particular

behavior or skill. Figure 1.3 illustrates the gait pattern (i.e., phase portrait) of a

young adult and an older adult with Down syndrome. The young adult shows a

smooth, regular kinematic pattern of the shank displacements during walking. To

the contrary, the walking topology of the older adult with Down syndrome is

marked by irregular trajectories and limited excursions of the attractor in the state

space [46].

During locomotion, older individuals maximize their biomechanical

possibilities, whether in the presence of a disability condition or physical

deteriorations (e.g., loss of vision acuity), and they respond to task and environ-

mental perturbations by adjusting their skill parameters (e.g., slowing down the

movement). In order to explain the adaptability of the locomotion behavior, we

need to consider that the irregular, controlled, and slow motions are solutions to
the perturbation, caused by the unstable surface. When locomotion slows down

drastically, there is a higher demand on the postural control system, and ballistic

portions of the motion have to be suppressed by an increased dampening of the

body.
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In a similar way as above, the addition of haptic cues (i.e., dragging an anchor

system on the floor while performing various walking tasks) shows the adaptability

of the walking behavior in older adults. During tandem walking, older adults who

dragged the anchors showed reduced trunk sway acceleration in the frontal plane

[41]. The haptic cues provided by the anchors allow an individual to expand his or

her possibilities for exploring the adjacent environment and, consequently, to use

this information about his or her body position relative to the ground to adaptively

reduce body sway while walking.
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Fig. 1.3 Phase portraits of the shank segment of a young adult (top) and an older adult (bottom)
with Down syndrome walking on a padded surface (adapted from data published in Mauerberg-

deCastro and Angulo-Kinzler [46])
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1.6 Final Remarks

In this chapter, we employed general concepts of a dynamic systems perspective to

discuss the aging process. We used the concepts of variability, adaptive potential,
complex multi-scale and multi-level, and different time-varying sources of
constraints that challenge the traditional notion of frailty in aging. Specifically,

we approached these discussions with regard to the functional role of aging on

posture and locomotion control.

While individual differences exist and provide potential for adaptive success, the

variability of behavior outcome does not necessarily rely on the notion of “good” or

“bad” control solutions. Stability, or regularity, in movement patterns is found to be

complex, and it reflects diverse strategies in individuals of various ages. Often,

older people experience the combined effects of aging and health deterioration, and,

therefore, their systems and subsystems organize solutions with different levels of

complexity.

Sometimes a solution is the result of an organism’s lack of flexibility, sometimes

not. Older individuals may resort to a few motor behavior solutions that can be

considered effective. Exploitation of a task context must take into account a number

of factors, including those that are not directly relevant to a function (e.g., unrealis-

tic fear of falling when there is no explicit postural perturbation). The dynamic

systems perspective provides a useful lens from which to reexamine the discontin-

uous process of aging and reinterpret change not as the body’s inevitable journey to

“frailty,” but as a transition to possibilities for adaptation.
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Clinical Aspects of Movement Disorders:
Effects on Walking and Posture 2
Henrique Ballalai Ferraz and Roberta Arb Saba

Abstract

Movement disorders are a group of syndromes which includes parkinsonism,

chorea, dystonia, myoclonus, tremor, and tics. Many of the diseases of this group

manifest disturbances of gait and posture along with other abnormalities. Par-

kinsonism is characterized by rest tremor, muscular rigidity, bradykinesia, flexed

posture of the trunk, and loss of postural reflexes. Parkinson’s disease (PD) is the

most prevalent of the diseases of this group and patients usually manifest

problems of gait and posture in late phases. On the other hand, atypical parkin-

sonism diseases (multiple-system atrophy, progressive supranuclear palsy,

dementia with Lewy bodies, and corticobasal ganglionic degeneration) manifest

gait problems and falls very early and are much more incapacitating than

PD. Vascular parkinsonism manifests itself with lower limb rigidity and

bradykinesia and affects gait very early. Huntington’s disease is a genetic

disorder characterized by behavioral and cognitive disturbances associated

with chorea, dystonia, and loss of equilibrium. Sometimes, especially in subjects

with the juvenile form of Huntington’s disease, it may manifest with a very

severe parkinsonism.
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2.1 Introduction

Some of the diseases of the spectrum of movement disorders are associated with

abnormalities of posture and locomotion. We can mention the multiple forms of

parkinsonism, Huntington’s disease, and generalized dystonia, among others.

Posture and walking may be affected by the involuntary movements per se or by

degeneration or lesions of neural pathways involved in tonus and balance. In this

chapter we will present some of the diseases associated with abnormal involuntary

movements and impairment of posture and gait.

2.2 Parkinsonism

Parkinsonism is a syndrome characterized by the combination of bradykinesia, also

called akinesia, with any of the three: muscular rigidity, rest tremor, or impairment

of postural reflexes.

Bradykinesia is the reduction of the global repertoire of automatic movements,

and the decrease of the amplitude and the speed of the voluntary movements.

We can detect bradykinesia in a parkinsonian patient either by observing the lack

of facial expression while talking or listening with the examiner or by the reduced

arm and hand gestures during a conversation. In other words, bradykinetic patients

tend to have a poor repertoire of body language [1].

Muscular rigidity is observed by a resistance while manipulating a joint of a

limb. Resistance is present both during passive flexion and extension of a limb.

We can also feel the sensation of being manipulating a lead pipe, and sometimes

this is associated with the clinical sign called “cogwheel rigidity.” This is perceived

as an intermittent and very short-lived release of the resistance during a full

extension or flexion movement [2].

Rest tremor can be observed in any part of the body. Hand tremor manifests as a

rhythmic flexion and extension of the fingers and it is called “pill-rolling tremor.”

Tremor can also affect the lower limbs, trunk, chin, head, and larynx. It may cycle

in a fashion varying from 4 to 6 Hz. Sometimes, parkinsonian patients may present

with a postural and kinetic hand tremor associated or not with the resting tremor [1].

Impairment of postural reflexes is characterized by an inability to correct sudden
shifts of the normal upright position. People with this kind of impairment usually

have frequent falls and assume a stooped posture. The more the trunk is bent

forward, the higher the risk of having falls [2].

The combination of the four cardinal symptoms results in the typical parkinso-

nian gait and posture. Patients tend to flex the trunk forward and the arms are flexed

close to the level of the hip. The arms do not harmonically sway while the body is

moving. The turning of the body is made by slow and fragmented successive short

movements. The length of the steps is very short, and heels drag to the floor.

Sometimes, due to the flexed posture, parkinsonian people tend to fall forward,

and to avoid it they shift the slow steps to a running pace. This is called festination

or festinating gait and when present is a classical manifestation of parkinsonism.
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Too many clinical conditions may precipitate parkinsonism. The most frequent

is idiopathic Parkinson’s disease (PD). Other situations are pharmacologically

induced parkinsonism (mainly antipsychotics), metal or poison exposure (manga-

nese, pesticides, carbon monoxide), vascular lesions of the central nervous system

(CNS), hereditary diseases, some dementia syndromes (Alzheimer’s disease and

frontotemporal dementia), and other degenerative diseases called atypical parkin-

sonism or Parkinson-plus syndromes (progressive supranuclear palsy, multiple-

system atrophy, dementia with Lewy body, and corticobasal ganglionic degenera-

tion). We will discuss some of the specific diseases associated with parkinsonism.

2.2.1 Parkinson’s Disease

PD is characterized by motor and non-motor symptoms and is associated with a

progressive degeneration of neurons of the CNS. The degenerative process seems to

start in the medulla and pons and progresses to a wider distribution in the encepha-

lon. Motor symptoms (parkinsonism) begin when dopaminergic neurons of the

substantia nigra are affected. Nigral neurons become progressively scarce and

there is the presence of Lewy bodies, an eosinophilic intraneuronal inclusion, the

classical pathological hallmark of PD [3].

PD may affect adult individuals of both gender and at any age, although most

frequently those with 50 or more years of age. Unilateral symptoms are the most

common way of starting the disease, and the other side tends to be affected in the

following months or years. Patients may manifest rest tremor in one arm or feel

difficulty in moving one limb. In a few months, the symptoms tend to become more

and more intense and eventually will interfere with daily activities. Difficulty in

arising from chair or bed is also common complaints in the early phase of the

disease. Gait and postural impairment are usually present after a few years of

onset [4].

Fully manifested PD includes bradykinesia, rigidity, and postural abnormalities

with gait and balance impairment. PD patients tend to have a shuffling gait and a

tendency to have falls. Festinating gait is a classic parkinsonian sign and results

from the combination of the flexed forward posture, the short steps, and the loss of

postural reflexes. In this case, patients tend to accelerate the steps in order to catch

up the center of the gravity abnormally placed forward.

Freezing of gait may be present in many patients and is characterized by a

difficulty in taking out the feet off the floor while attempting to start the gait.

Freezing of gait is more frequent when patients try to turn around or during the

passage of narrow spaces. The “pull test” is the clinical way to detect impairment of

postural reflexes. Patients are put standing with feet comfortably apart. The doctor

stands backward and pulls him or her briskly and forcefully. The balance is

considered impaired if the patient has to move backward for at least three steps

of recovery. In severely affected patients, the examiner has to catch the patients to

prevent the fall.
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Considering only the clinical presentation of PD, there are two main subtypes: a

tremor-dominant form and a postural impairment with gait disturbance (PIGD).

The first one is characterized by a more benign progression, with excellent response

to levodopa and late development of cognitive decline. The PIGD form has a faster

progression, with less response to levodopa and early development of falls and

cognitive decline [5].

Non-motor symptoms include mood disorders (depression), cognitive decline

(in late stages of the disease), olfaction impairment, and disturbances of autonomic

function (also in late stages). Sleep disorders, especially rapid eye movement

behavioral disorder, are quite common and may be present years before the

development of motor symptoms.

Treatment is based in dopaminergic reposition. Levodopa is the mainstay of

pharmacological treatment. The drug is taken by mouth and in the brain, particu-

larly in neuron and glial cells, is converted into dopamine. If the conversion to

dopamine is made by a nigral dopaminergic neuron, it can be stored in vesicles

inside the synaptic terminal and can be released afterward. If the conversion is

made in glial cells or in non-dopaminergic neurons, dopamine cannot be stored and

is immediately released to the postsynaptic receptor. Long-term use of levodopa

may be associated with motor fluctuations and dyskinesias. These complications are

more common if higher doses of levodopa are used (more than 500 mg a day) and if

patients are more severely affected. Dopamine agonists may be also prescribed and

act directly at the postsynaptic receptors of striatum. Most commonly prescribe

dopamine agonists are pramipexole, ropinirole, and rotigotine. Other drugs are

entacapone (catechol-o-methyltransferase inhibitor), rasagiline or selegiline

(monoamine oxidase inhibitor), amantadine (glutamate receptor inhibitor), and

anticholinergics [6].

Surgery treatment is indicated when patients are optimized receiving levodopa

combined with other adjuvant medications but present uncontrolled motor

fluctuations and dyskinesias. There are two main surgery procedures: ablative

lesions and deep brain stimulation (DBS). The targets indicated are thalamic nuclei,

subthalamic nucleus, and globus pallidus interna [7].

Physical and speech therapy are useful for any phase of the disease, but are

particularly indicated in patients experiencing balance disturbances and fall (physi-

cal therapy) and those with swallowing difficulties and significant dysarthrophonia

(speech therapy).

2.2.2 Atypical Parkinsonism

Atypical parkinsonism is also called Parkinson-plus syndromes since most of the

patients of this group manifest motor symptoms similar to PD. The difference

between PD and these diseases is that atypical parkinsonian patients manifest

other neurological abnormalities, such as cerebellar ataxia, autonomic dysfunction,

paralysis of the vertical gaze, early-phase cognitive decline, and behavioral

disturbances.
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All the diseases of this group are neurodegenerative in origin and display

neuronal loss in different structures of the central nervous system. None of the

diseases of this group have a curative or evolution-modifying pharmacotherapy.

Levodopa rarely induces some benefit to this group of patients. Alpha-synuclein

inclusions are seen in multiple-system atrophy and dementia with Lewy bodies,

while tau protein fibrils are seen in progressive supranuclear palsy and corticobasal

ganglionic degeneration.

2.2.3 Multiple-System Atrophy (MSA)

MSA is characterized by the combination of parkinsonian signs with autonomic,

pyramidal, and cerebellar signs. There are two forms: MSA-P (parkinsonism), with

a predominance of parkinsonian signs, and MSA-C (cerebellar), where there is a

predominance of cerebellar signs. The most common form is the MSA-P. The most

common signs are dysautonomic: postural hypotension, constipation, urinary

incontinence, erectile dysfunction, and cold and cyanotic extremities (“cold blue

hands”). Parkinsonian signs are bilateral from the start with the absence of rest

tremor. Gait ataxia and balance disturbances can arise from the very beginning, as

well as frequent falls. Pyramidal signs as the Babinski sign are present; dysphagia

and dysarthria also manifest in the early stage. Other symptoms such as laryngeal

stridor, trunk dystonia, and cerebellar signs may be observed. Neuroimaging studies

show atrophy of the pons and the cerebellum and usually the presence of the

“hot-cross bun signal,” a characteristic hyperintensity on FLAIR of the transverse

fibers of the pons and cerebellar peduncle with normal sign of the corticospinal tract

and pontine tegmentum [8].

2.2.4 Progressive Supranuclear Palsy (PSP)

It was described in the 1960s by Steele, Richardson, and Olszewski. Patients

manifest the first symptoms around 50 to 60 years which are characterized by gait

disturbance block and trunk hyperextension, postural instability with falls, lower

vertical gaze palsy, and cognitive impairment and do not respond to levodopa

treatment. The classic form or Richardson syndrome occurs in about 55% of

subjects and presents the peculiar symptoms of PSP, as parkinsonism, paralysis

of vertical gaze, bilateral bradykinesia, frequent falls, and cognitive decline.

PSP-parkinsonism (PSP-P) is the way of presentation in 30% of the subjects and

the clinical picture is very similar to PD, and only on late stages patients develop

gaze palsy and prominent cognitive decline. Fifteen percent of PSP patients present

atypical forms. On imaging techniques, particularly in magnetic resonance imaging

(MRI), enlargement of the third ventricle and atrophy of midbrain are prominent in

late phases of the disease [9].
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2.2.5 Dementia with Lewy Bodies (DLB)

DLB starts between 60 and 70 years and is characterized by the presence of

parkinsonian signs closely resembling DP associated with cognitive decline.

Cognitive symptoms precede or follow up to 12 months after parkinsonism starts.

The patient may present, in addition to parkinsonism and dementia, behavioral

symptomatology such as hallucinations and delusions, with fluctuation of these

symptoms (worse at night). It is quite common patients manifest great sensitivity to

the exposure to neuroleptics (rapid development of severe stiffness and tremor) and

rapid eye movement (REM) sleep behavioral disorder [10].

2.2.6 Corticobasal Ganglionic Degeneration (CBGD)

CBGD is characterized by progressive and asymmetric stiffness associated with

upper limb apraxia. The phenomenon of “alien limb” is commonly present and

characterized by involuntary movements of the upper limb, with levitation.

Most patients present aphasia, unilateral dystonia, myoclonus, and rapidly progres-

sive dementia of the frontotemporal type. Asymmetric atrophy of the cerebral

hemisphere, mainly in the parietal region, is usually seen on MRI studies [1].

2.2.7 Vascular Parkinsonism

Vascular parkinsonism (VP) accounts for 2.5–5% of the total cases of parkinson-

ism. VP patients exhibit lower disease duration, older age at onset, and higher

frequency of cardiovascular risk factors. This disease can be clinically distin-

guished from PD based on sudden onset of parkinsonism at older age, characterized

by lower body predominance, urinary incontinence, pyramidal signs, postural

instability with freezing of gait and falls, and dementia. The upper limbs in VP

are less symptomatic in terms of parkinsonism throughout the course of disease.

This is in clinical contrast to PD, in which patients generally present with tremor,

rigidity, or slowness of the upper limbs. Thus, VP is also called “lower body or

lower half” parkinsonism. VP patients developed cognitive impairment in compar-

ison with same age individuals. These patients had a global pattern of cognitive

impairment, including executive function, verbal memory, and language [11].

The main differential diagnosis of VP is PD, frontal lobe tumors, obstructive

hydrocephalus, normal pressure hydrocephalus, and progressive supranuclear palsy.

Imaging studies serve two purposes in a VP patient. First, it rules out other

causes of parkinsonism, both degenerative (progressive supranuclear palsy) and

secondary (tumors, hydrocephalous). Second, it may show ischemic lesions to

support the clinical diagnosis. MRI or computerized tomography (CT) is support-

ive, but not conclusive, of the diagnosis of VP because there are no characteristic

features of VP in CT/MRI. However, white matter lesions and lacunes are also

common observations among the older people who do not have parkinsonism.
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This causes difficulty in determining the etiological mechanisms of VP. A study

showed that most patients with VP had brain MRI changes with multiple lacunar

infarcts (66.7%) or extensive white matter (WM) disease (26.7%) [12]. Others

investigated the WM microstructure using diffusion tensor imaging in patients with

VP, and specific fiber tract involvement, with respect to clinical severity, showed

disruption of themicrostructural organization of frontal lobeWMis associatedwith the

severity of VP [13]. These findings are in accordance with the frontal lobe disconnec-

tion hypothesis for gait problems and reinforce the paradigm that the involvement of

fibers related to the prefrontal cortex is crucial for the core features of VP [13].

Clinical features of VP phenotype are early postural instability and gait difficulty

(PIGD). PIGD as the initial symptom is significantly more common in VP than in

PD. Gait disturbance was reported as the initial symptom in 90% of patients with

VP as compared to 7% of patients with PD [14]. The gait in VP is like a

“parkinsonian-ataxic” gait. The stance is wide based. The posture is upright at

least in the earlier stages and a much lesser degree of flexion is seen at the knees and

hips than in PD. Steps are slow, short, and with a tendency to shuffle, particularly at

the start and while turning the corners. Freezing of gait can be seen, but festination

is absent. In severe cases, the patient is unable to initiate a step and the feet

remained fixed to the floor (magnetic gait). Postural instability and falls dominate

the gait at this advanced stage and render the patient unable to walk or even stand

without support. Another factor contributing to the impaired mobility in advanced

stages is truncal ataxia. These patients also have truncal and axial immobility.

Sideways turning of the head is limited and patients turn their heads, neck, and

shoulder in block to be able to look sideways. The change of posture while lying in

bed is also difficult and limited. An interesting feature in obvious PIGD, at least in

the earlier stages, is that many patients can perform simple tasks with their legs, like

imitating bicycling or walking movements, when seated or lying. However, these

movements are also slow.

The treatment should be directed at secondary stroke prevention in an attempt to

halt further disease progression although, understandably, it would not reverse or

provide symptomatic relief to the existing clinical manifestations. The management

of conventional vascular risk factors such as diabetes, hypertension, dyslipidemia,

and smoking cessation would probably have the maximal impact in this approach to

treatment. The levodopa response rates in VP vary from 20 to 40%. A dose of up to

1000 mg/day should be given for at least 3 months before labeling the patient as a

non-responder or poor responder. In good responders the duration of sustained

response is typically less than in PD, with the drug becoming non-beneficial after

one to two years [15].

2.3 Huntington’s Disease

Huntington’s disease (HD) is a progressive neurodegenerative disease, rare and

fatal, characterized by a movement disorder mostly manifesting as choreic and

dystonic movements, psychiatric abnormalities, and cognitive decline.
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HD is a genetic disease of autosomal dominant inheritance. An expansion occurs

in the number of repeats of CAG pair of nitrogenous bases (adenine, cytosine,

guanine) in unstable regions of DNA HTT gene, which is located on the short arm

of chromosome 4 (4p16.3). Twenty-seven or fewer repetitions of CAG have a

normal phenotype. Intermediate alleles with 27 to 35 CAG repeats are unstable

and may be transmitted as an expanded allele to offspring. However, the carriers of

the normal intermediate allele also have a normal phenotype. These intermediate

expanded alleles occur, particularly, during male gametogenesis, as the same is

subjected to a larger number of division cycles and duplication of genetic material.

Thus, there is a greater likelihood of an error in DNA replication during spermato-

genesis, which increases the risk of mutated alleles to be paternal inheritance [16].

Alleles with 36–39 CAG repeats indicate incomplete penetrance and can generate

both normal phenotypes with the disease. Alleles with more than 39 CAG repeats

have complete penetrance and inevitably cause, in any phase of life, the phenotype

of HD.

Symptoms usually start between ages 35 and 55 and duration of disease can vary

from 15 to 20 years. In some cases, it may manifest after 80 years of age or earlier,

in adolescents or children, due to anticipation phenomenon, which occurs in 20%

of cases. Due to the variability of the clinical signs and symptoms, the molecular

test is required for the diagnosis.

The most frequent isolated initial complaint is the lack of “coordination” and

occasional involuntary tremors in several body segments, which usually can be

attributed to the presence of chorea. Other early motor abnormalities include

saccadic eye movements, interrupted or slow, inability to sustain tongue protru-

sion, and difficulty in performing rapid alternating movements. Behavioral

changes are often reported to precede movement disorder over a decade.

Symptoms of emotional nature or personality changes may antedate these

movements in at least half of patients with DH. Patients are excessively irritable,

impulsive, unstable, and aggressive. The most common early symptoms are

mental depression. In some of the cases, the opening frame can be a frank

psychosis.

The most striking feature of HD is the presence of choreic movements seen in

approximately 90% of the affected individuals. At first, chorea may be mild,

affecting only the face or distal portions of limbs, but, with time, it becomes

widespread, interfering with any voluntary movement [17]. Gradually, with the

progress of the disease, the patients are becoming slower in nature, taking an

athetoid character, and, subsequently, dystonic [18]. Other involuntary movements,

such as tremors and intention myoclonus, can rarely be present. Dysarthria is

another prominent symptom that appears early in the course of disease, as slowing

or hesitancy in speech, which gradually becomes explosive, irregular, and

interspersed with long silences, and an increase of chances for a complete disorga-

nization and mutism. Dysphagia, common in the advanced stages of HD, is often

responsible for choking and aspiration, bronchopneumonia aspiration, being

reported in up to 85% of mortality. The causes of death are related complications

of immobility, such as food or trauma, and asphyxia aspirations. The patient’s gait
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is characterized, constantly parasitized, by choreic movements, taking uncoordi-

nated character in appearance, and it can become impossible. Patients also exhibit

postural instability and primary changes in the balance, with frequent falls and

fractures. Bradykinesia, with or without stiffness, occurs in the later stages of

disease with extreme slowness of all movements. This symptom is directly related

to the disability of patients and it occurs regardless of chorea [17]. Sphincter

incontinence, both urinary and anal, is common, especially in the terminal stages

of HD. There is evidence of autonomic dysfunction as hyperhidrosis and changes in

blood pressure regulation. Generalized tonic-clonic seizures may occur in up to 3%

of adults with DH and in approximately 40% of patients with early disease onset

(under 20), as other types of seizures can happen [18].

Psychiatric and cognitive changes may precede the motor manifestations,

accompany them, or occur after [19]. Dementia is considered one of the cardinal

signs of the disease. Patients with DH are more impaired in learning, mental

flexibility, and attention. Executive function is compromised and is noted early,

even in the absence of complaints from patients or family members. It includes

difficulty in planning, organizing, and scheduling activities. The executive

functions are related to the frontal lobe and its connections. Cognitive functions

are more strongly correlated with the functional capacity of the motor symptoms.

The psychiatric symptoms occur in about 35–70% of cases. Patients may present

frameworks of personality change, mood disorders, and psychosis. The most

commonly found personality changes are psychiatric and include irritability, apa-

thy, emotional lability, impulsivity, and aggressiveness. Depression may precede

motor symptoms. The frequency of suicides in HD is four to six times higher than

that in the general population. Suicidal ideation is present in approximately 10% of

individuals diagnosed with HD. Episodes of mania can also be found, less com-

monly, and schizophreniform psychosis occurs in 6–25% of cases; this is

characterized by paranoid tables with persecutory delusions, jealousy, and auditory

hallucinations. Other psychiatric conditions include irritability, agitation and

aggression, disorder and obsessive-compulsive behavior, psychosomatic

complaints, anxiety, sexual paraphilias, and behavioral changes [20].

Symptomatic treatment reduces motor and behavioral symptoms and thus

maximizes functional capacity of the affected individual. The treatment is done

with chorea antagonists dopaminergic with high affinity for D2 receptors. Among

the drugs which may be used to control abnormal movements, there are risperidone

and olanzapine (typical neuroleptic), and haloperidol (atypical neuroleptic).

Tetrabenazine is also indicated for the control of choreic movements. However,

due to the high incidence of depression in patients treated with this drug, its use is

limited. The dose should be individualized, starting always with low doses and

increasing until the control of involuntary movements is satisfactory from a func-

tional point of view [21]. Patients generally tolerate high doses of conventional

neuroleptics, showing no symptoms of impregnation. The inhibitors of N-methyl-

D-aspartate (NMDA) glutamate receptors, such as amantadine, can be used for

the motor’s movement control. Depression usually responds to classical

antidepressants such as selective inhibitors or serotonin reuptake dual inhibitors.
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Excessive irritability can be treated with benzodiazepines. Aggressive patients can

benefit from both antidepressants and neuroleptics. There is not a specific treatment

for HD dementia [21].

2.4 Final Remarks

Gait and balance are usually impaired in many neurodegenerative diseases, but

parkinsonism and Huntington’s disease are the most frequent, with the higher

impact on daily activities of patients. Although these conditions usually do not

have a definite treatment to control axial symptoms, pharmacological and rehabili-

tation approaches are essential to improve quality of life of the patients.
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Neuropsychological Aspects of Gait
Disorders 3
Quincy J. Almeida

Abstract

In movement disorders, neuropsychological factors play an important yet

overlooked role in locomotion. Given that walking is almost always driven by

function and goal-directed behaviors (e.g., in something as simplistic as a turn),

aspects of perception, planning, processing capacity, and even emotion/anxiety

drive need to be carefully considered and potentially treated for their great

potential to influence locomotor behaviors in gait disorders.

Keywords

Gait • Parkinson’s disease • Perception • Planning • Cognition • Basal ganglia •

Anxiety

3.1 Introduction

Movement disorders are neurodegenerative conditions clinically defined as being

specific to basal ganglia dysfunction, most often associated with progressive dopa-

mine depletion. Clinical motor symptoms of these progressive disorders include

resting tremor, rigidity, bradykinesia, flexed posture, and gait deficits [1]. Specific

to gait, movement disorders are typically associated with a slower (even cautious)

and more variable gait pattern, although it has been debated whether these deficits

may be more related to spatial or temporal aspects of gait control. This debate has

been fueled by the fact that step length appears to be a characteristic positively

responsive to dopaminergic replacement during self-paced walking, while temporal

aspects of gait (including temporal variability) may be negatively associated with
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dopamine replacement, and this is notable in cognitively demanding situations [2].

Thus, from a planning perspective, goal-directed locomotion (i.e., walking to a

target or destination) can involve many neuropsychological aspects, that if impaired

could influence movement control. Potential impaired neuropsychological elements

could include perception to recognize and judge proximity of the target, and

attention, to maintain focus on target goals while not being distracted by environ-

mental distractors, and also to make appropriate use of sensory feedback while

making online adjustments to a movement plan which can be critical neuropsycho-

logical factors that can alter our ability to locomotor efficiently and effectively.

If we look at the most common movement disorder, Parkinson’s disease

(PD) gait is a distinctive feature of the disease and is often characterized by a

limited arm swing, slow walking speed, and small shuffling steps [3], all exemplary

features of bradykinesia. Thus, from a theoretical point of view, bradykinesia may

be a neural adaptation in which a “need to put on the brakes” is employed so that

more time is available to perceive, plan, and make online adjustments while

walking. Even the limited arm swing may be an attempt to mobilize an arm for

its ability to steady balance or to interact with objects in the environment. As the

disease progresses, gait deficits have been shown to become more stereotyped,

making it difficult for these individuals to adjust gait in new environmental

conditions [4]. This may be one reason why patients often report difficulty during

turning tasks [5], where such spatiotemporal gait adaptations and higher-level

planning are necessary to negotiate changes in direction, velocity, and balance.

Since locomotor deficits have been closely linked to fall and serious injury, it may

be equally important to consider how these control deficits have been closely linked

to falling and injury in PD [6, 7], and this may be the result of limited cognitive

resources and/or neuropsychological decline. Thus, this chapter will examine

neuropsychological factors that may contribute to both spatial and temporal aspects

of locomotion in movement disorders and then further examines what impact these

factors may have on freezing of gait (FOG) and other severe gait deficits.

We first examine the reduced step length as a central gait problem associated

with movement disorders (i.e., stride length was reported to be 0.96 m in PD on

average compared to 1.13 m in healthy participants) [8, 9]. Along with a decreased

ground clearance and slower than average gait velocity (PD¼ 49.7 m/min,

controls¼ 73.7 m/min), researchers have attributed this reduced step amplitude

(15% smaller stride length than healthy control participants) to be a general

hypometric movement deficit resulting from a lack of dopamine and its role in

the basal ganglia to prepare and execute movement [9]. While locomotion in

healthy individuals is fairly automatic, it is important to recognize that some

attentional and central processing resources are still necessary in neurodegenerative

populations to allow movements that were once automatic [10]. As previously

mentioned, perhaps during more complex tasks such as turning or multitasking,

these preplanned movements are disrupted even further. However, previous studies

have suggested that individuals with PD overcome this deficit by focusing on each

step discretely [9, 11], requiring more conscious and cognitively demanding

control. Visual cueing rehabilitation studies have supported this theory as
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improvements in step length were achieved when patients were asked to focus on

the stepping process by walking on transverse lines in the range 9–35% step length

improvement [9, 11–14]. This improvement in step length ultimately improved

overall walking performance in these individuals, but even the effects of rehabili-

tation may be to reduce cognitive processing demands through practice.

Although spatial aspects of gait can be easily identified, gait timing deficits are

more difficult to detect through visual inspection and are often just as problematic.

PD gait studies have often used cadence as a measure to assess timing control,

suggesting that a faulty cadence (cadence of PD and healthy participants was

112.04 steps/min and 106.47 steps/min, respectively) has been suggested to be

partially the result of a defective internal rhythm within the basal ganglia [15].

However, Morris and colleagues found that when cadence was “fixed” using visual

cueing, stride length and velocity remained abnormally low, revealing that cadence

modulation remained intact in PD [3]. Importantly however, Almeida et al. [2]

argued that this was only applicable for certain situations as his group discovered

that gait timing control may be implicated when a more goal-directed task that may

require higher levels of conscious or cognitive control is involved during walking

(e.g., modulating cadence relative to different speeds of a metronome). This study

also demonstrated that dopamine replacement therapy leads to increased temporal

variability, which may be concerning since variability has been linked to increased

risk of falls. Nonetheless, the lack of consensus on cadence modulation suggests

that cadence may not be a sensitive enough measurement to reflect the faulty

internal rhythm found in individuals with PD. However, there is some evidence

that rhythmicity as manifested in the stride-to-stride variations is more precise and

useful in measuring timing [16]. Work by Hausdorff et al. [6, 17] suggests that gait

timing is influenced by the basal ganglia and is therefore impaired in individuals

with PD. Therefore, utilizing a more sensitive measure such as step time variability

may be warranted when evaluating gait timing control.

Overall, gait variability has been a common measure used to reflect step-to-step

fluctuations during walking, indicative of both conscious neural control of locomo-

tion [18] and stability of gait. A high step length variability in PD has been

suggested to be a consequence of attempting to voluntary control an unsteady

gait pattern by increasing the sampling of interoceptive (proprioceptive) feedback

[19]. Alternatively, step time variability has been argued to be a sensitive measure

of gait rhythmicity and coordination [20]. Dual-task paradigms have previously

been implemented in PD gait research to draw out step time variability deficits (step

time increased from 1.23 (0.18) s to 1.33 (0.17) s, coefficient of variation of step

time increased from 3.61 to 4.41) [21], revealing that walking while cognitively

challenged impairs the ability of patients with PD to maintain a steady gait [20], and

these effects are exacerbated in movement disorder patients with greater neuropsy-

chological deficit. Another situation that requires steady gait timing is turning.

It may be argued that turning (while walking) requires a similar control of gait

rhythmicity, as it helps maintain locomotion when a change in direction is neces-

sary. Although this area has yet to be fully explored, investigating gait timing

during turning may be valuable in understanding its contribution in controlling
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functional aspects of walking, and in fact the inability to turn may be an important

area to help identify cognitive deficits in movement disorders since, in comparison

to straight line walking, turning requires the central nervous system (CNS) to

reorient the body toward a new travel direction while maintaining stability and

preserving the ongoing step cycle [22].

While gait variability may be seen in early PD, work by Hausdorff [17, 23] and

more recent findings by Almeida and Lebold [19] identified both step time

variability and step length variability were significantly greater in individuals

with PD that experience freezing of gait. Moreover, research has shown that an

increased stride-to-stride variability was a precursor to freezing episodes [20] and a

significant predictor of future falls in PD [6].

Given the gait deficits faced by individuals living with PD, it is critically

important to continuously measure spatiotemporal gait parameters in settings

where patients find walking most difficult. Moreover, large fluctuations during

the stepping process are a strong predictor of both falling episodes and freezing

of gait instances; therefore, when conducting walking studies, the focus should be

placed on gait variability rather than solely temporal or spatial gait measures.

3.2 Freezing of Gait

The freezing of gait (FOG) phenomenon is one of the most debilitating gait

symptoms affecting people with PD, and so it is important to consider how

neuropsychological issues may contribute. Previous studies have identified FOG

episodes to occur in specific situations, which “trigger” the onset of the freeze.

Some of the most common situations that provoke a freezing episode require

increased levels of cognitive demand and planning including turning, gait initiation,

and passing through narrow doorways, in confined spaces, during stressful

situations, or when approaching a final destination [5]. Although FOG remains a

relevant area of study in PD research, capturing a freeze in the experimental setting

can be extremely difficult [19, 24]. Therefore, it is important to utilize freezing

triggers within experimental paradigms that increase the likelihood of a freezing

episode, so that it may provide insight into the underlying mechanisms that cause

FOG. Moreover, freezing episodes seem to manifest in variety of forms, from

“trembling in place” to a total akinesia (lack of movement) type of FOG [25],

and can often be confused with festination (as described below). While FOG occurs

in the more advanced stages of the disease, it can be reported in the early stages as

well, often characterized as mild and short in duration [26]. This inconsistency may

also be suggestive of an association between the level of cognitive dysfunction

rather than pure stage of motor disease progression. Thus, with the various subtypes

and inconsistency of freezing occurrences, it is important to think carefully about

the underlying neuropsychological (and other) mechanisms that contribute to FOG

episodes.

Part of this issue surrounding FOG is the inconsistencies in its very definition.

In one of the most early attempts at defining, Giladi and Fahn [27] described the
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phenomenon as a motor block that usually lasts seconds, in which the motor activity

being attempted by the individual is halted. Other researchers refer to the stepping

process within the FOG episode, describing FOG as an episodic inability to

generate effective stepping in the absence of any known cause other than Parkin-

sonism or higher-level gait disorders [28]. This definition would suggest that

potentially known causes such as neuropsychological decline should be ruled out

be clinical research, unless the definition is reconceptualized. Thus, although these

definitions seem suitable, many of these working definitions are largely based on

subjectivity. Some researchers have alluded to triggers of FOG within the defini-

tion, describing freezing to occur when individuals are unable to start locomotion,

turn, or pass through a doorway [29]. However, previous research has shown

freezing to occur in open space [5, 25] and literally where there may be no

environmental triggers or distractors that appear to precede the FOG episode;

therefore, identifying triggers within the definition seems inappropriate. From a

neuropsychological perspective, it may be possible that, in addition to environmen-

tal triggers, something as simple as losing one’s focus of attention (or so-called

mind-wandering) may also lead to FOG. Therefore, one must carefully consider the

neuropsychological processes that might be ongoing while walking that may not

have any obvious environmental triggers. For example, it may be possible that an

interruption in thought, as simple as forgetting why you were headed in the selected

direction of travel or recalling that you may have forgotten to turn off the stove

(even if while walking in an uncluttered open space), could be enough to lead to an

interruption to the forward progression of gait. Thus, Almeida et al. [30] suggested

a freezing episode to be any period of at least one second in which one or both limbs

display no movement. This was the first definition to include the potential for both

the upper and lower limbs to freeze, and importantly the suggested definition may

be more applicable when studying FOG as it encompasses all manifestations of

freezing episodes, including both upper and lower limbs, while recognizing that

higher-level neuropsychological issues might contribute to freezing in any motor

effector (and not just the lower limbs).

3.3 Other Mechanistic Explanations for Severe Gait Deficits

It is important to recognize that there is generally a higher degree of neuropsycho-

logical impairment and severity of gait and balance impairment that accompanies

more severe gait deficits, yet the underlying mechanisms are poorly understood.

A study by Lamberti et al. [31] revealed that FOG is highly correlated with disease

duration and identified FOG episodes to occur most often in individuals that were

diagnosed with PD for 9 years or more. While it is well known that cognitive

impairments worsen with disease progression, some researchers have suggested

that freezing may be a manifestation that arises from late stages of disease, similar

to other motor symptoms [32]. However, work by Giladi [27] refuted this theory

and found FOG to be more strongly associated with speech and balance problems

rather than bradykinesia or rigidity, and it should be noted that both balance and
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speech control requires continuous monitoring and planning from a neuropsycho-

logical perspective.

Several researchers have linked an inability to produce normal step length (step

length of freezers, non-freezers and healthy controls was found to be 37.76 (18.18)

cm, 64.40 (5.86) cm, and 76.13 (8.62) cm, respectively) amplitude to be linked with

freezing during walking [33, 34]. Chee et al. [34] suggest that PD freezers experi-

ence a “sequence effect,” a gradual step-to-step reduction combined with an overall

reduced step length that eventually leads to a freezing episode. Others might argue

that this sequence effect might simply be a lack of cognitive effort dedicated toward

gait, and even the failure to incorporate feedback as a result of limited attentional or

processing resources. It is also possible that freezers have difficulty set shifting

between maintaining what should be an automatic continuation of gait and simul-

taneous monitoring of what is approaching in the environment. This could be part of

a depth perception problem, a sensory feedback processing issue, or overall cogni-

tive load issue. Either way, it has been shown that by systematically decreasing

participant’s step length using visual stepping cues (50% and 25% of preferred step

length), more freezing episodes were elicited. Individuals with PD have been shown

to implement a decreased step length in freeze-provoking situations, such as

walking through a narrow doorway [19] and turning [4]. Importantly, dual-tasking

studies would suggest that limited cognitive abilities are linked to more severe gait

deficits in movement disorders, such as FOG [35]. Supporters of the “sequence

effect” suggest that an alteration in step length may be the reason freezing manifests

so often in these situations. However, it should be noted that this reduction in step

length is simply a behavior describing FOG, rather than the underlying mechanism

that causes the phenomenon.

Alternatively, some researchers propose that there is a gait rhythmic asymmetry

motor deficit in PD freezers [36] and that there is a lack of bilateral coordination in

the lower limbs which causes gait to become disturbed to the point of freezing. It is

possible that turning is a large provoker of FOG episodes due to its high demand in

coordination. However, the threshold of freezing has yet to be clearly defined,

making it difficult to identify when exactly during an asymmetric movement

freezing emerges.

The “asymmetric” gait theory and “sequence effect” have been suggested to be a

product of the faulty link between the basal ganglia and supplementary motor area

[34]. However, the “sequence effect” describes freezing as a step-to-step amplitude

reduction, while supporters of the “asymmetric” gait theory suggest that freezing is

linked to an inability to control timing of step movements. As reviewed in Lancet

Neurology, it has been suggested that both deficits might be more thoroughly

examined by considering a sensorimotor integration malfunction in PD and its

contributions to freezing [37]. Nevertheless, examining turning in PD is ideal in

understanding which of these two deficits is linked to FOG. Due to its inherent

nature, turning is often accompanied by a reduction in step length (stride length

decreased from 1.33 (0.102) m to 1.250 (0.085) m from straight line walking to

turning) [4, 38]. Therefore, if freezers show a similar step length reduction pattern

as non-freezers, but an inability to maintain proper step timing, it may be argued
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that amplitude production is not a contributor to FOG. Contrarily, if step timing is

intact in both PD groups, but step length production is impaired, it may be

suggested that freezing is not associated with a gait timing impairment. Therefore,

concurrently examining spatial and temporal variables during turning in healthy

control participants, freezers and non-freezers can provide greater insight into the

deficits associated with FOG and eventually contribute to understanding the patho-

genesis of this phenomenon. Furthermore, considering that turning is a functional

aspect of locomotion that has been shown to be problematic in PD, this type of

investigation may be more informative (than straight line walking) of gait deficits

faced by patients during everyday locomotion.

In conclusion, it is continuously being recognized that many non-motor

mechanisms may lie at the route of motor impairments. Neuropsychological factors

are important to consider in movement disorders, as they can contribute to the

underlying spatial and temporal deficits observed commonly in the gait of populations

with movement disorders. Moreover, neuropsychological factors may have an impor-

tant impact underlying the cause for more severe movement deficits such as freezing

of gait. Identifying the primary mechanisms may be key to identifying appropriate

therapeutic interventions in movement disorder populations such as PD.
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Part II

Walking



Gait Stability and Aging 4
Luis Mochizuki and Sandra Aliberti

Abstract

Stability is an important concept in biomechanics. It means that a mechanical

system in equilibrium should resist changing its motion properties after an

external perturbation. Gait is one of the most common ways of locomotion in

humans. Walking is a motor action achieved by interaction of the nervous

system, muscles, joints, and bones with the environment and its external forces.

Moreover, several unhealthy conditions are prone to change how people walk.

Therefore, the comprehension of how someone deals with an external pertur-

bation to maintain its walking pattern, i.e., how to control the body to keep it

stable during walking, is important. The aim of this chapter is to describe the

tools to evaluate the stability on walking, the main concerns to apply those

tools and concepts of dynamical systems in gait analysis, and how the most

common biomechanical variables applied on gait analysis should be prepared

for that.
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4.1 Introduction

In 1901, Ferrier [1] stated that the stretching of the foot is a physiological mecha-

nism that neutralizes body vibration during walking, increases foot contact to

ground, and increases the body stability to support the body weight. Several

mechanics are available to stabilize the body during walking. Moreover, the

analysis of stability during walking or running has been increasing in the last half

century. According to PUBMED data, since the 1970s, there is an exponential

growth in the number of papers about envolving (stability AND gait OR walking

OR running) (Fig. 4.1).

Stability can be understood under different points of view. For mechanics,

stability is a condition that classifies the body’s equilibrium in stable and unstable.

Stable equilibrium occurs when any external perturbation does not change its final

potential energy. Also for the mechanics, direction stability deals with the perpen-

dicular forces applied to body that are moving along a path. For fluid mechanics,

stability deals with the effects of turbulence to the motion of the body. In mathe-

matics, stability is the analysis of partial equations and dynamical systems and their

tendency to converge or diverge. In motor control, stability is usually related to

balance and equilibrium. Some authors propose that in order to maintain balance it

Fig. 4.1 Number of articles indexed in PUBMED from the search (gait or running) and dynamics
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is necessary to stabilize the projection of the position of center of mass inside of the

limits of basis of support. For motor control, stability is not only associated with

balance. It is associated to maintain a certain body position during a motor action, to

every situation which is necessary. The most common situation is, indeed, the

standing position. Other examples are maintaining shoulder position while doing

hand activities or hip position while walking.

The dynamical systems can be evaluated based on the behavior of their

trajectories under small perturbations of their initial conditions. The sensibility to

small changes in initial conditions defines if a dynamical system can be fully

predicted or it has some specific conditions on which its behavior becomes very

complicated. There are several examples of dynamical systems in nature, but we

shall focus on those related to motor behavior.

Walking can be modeled and studied with the dynamical systems approach [2].

Therefore, its states, in time, can be described, analyzed, and predicted, in many

conditions. The time series of stride intervals during walking presents allometric

properties [3], which suggests that its fluctuations exhibit a long-range correlation

and are not related to short-range correlation nor any random processes. Stride

frequency or gait cadence is the result of the interaction between internal system

and the external forces and constrains. The combination among ground reaction

forces, stance time, stride frequency, and length changes gait velocity. If the stride

interval fluctuations are not random, what provokes such variability?

Walking is a motor action achieved by interaction of the nervous system,

muscles, joints, and bones with the environment and its external forces. Moreover,

several unhealthy conditions are prone to change how people walk. On the other

hand, evaluating how someone walks gives important information about its health

status. The coordination between body’s structures under different types of stress

might lead to affect how they are coupled. To explore the natural restrain of the

anatomical structures, different couplings between joints are tested during motor

development and learning. Therefore, the comprehension of how someone deals

with an external perturbation to maintain its walking pattern, i.e., how to control the

body to keep it stable during walking, is important. The aim of this chapter is to

describe the tools to evaluate the stability on walking, the main concerns to apply

those tools and concepts of dynamical systems in gait analysis, and how the most

common biomechanical variables applied on gait analysis should be prepared

for that.

4.2 The Tools to Evaluate the Stability on Walking

Physiological systems are open systems (changes energy-mass with the environment)

and nonlinear, and their periodicity is triggered by several external and internal

factors. Mathematical concepts to analyze the nonlinear behavior of dynamical

systems are available to be applied to understand the physiological systems. Most

of nonlinear tools are designed for low-dimension deterministic chaos. It means that

such dynamical systems are determinist (predictable) and very sensitive to initial
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conditions (chaotic behavior). But, the dimension of physiological systems is not a

priori known. Besides, the nature of noise in physiological systems is hard to

understand because it can come from any interaction with the world.

What variables should we use to apply dynamical system tools in order to

evaluate the dynamics of walking? Descriptive variables obtained from gait analy-

sis usually used the dynamical systems approach, such as stride-to-stride distance,

joint angles, or body position and body acceleration. Time series of those variables

are commonly used to calculate the Lyapunov exponents, the dynamical systems

approach’s variable related to stability.

Aleksandr Mikhailovich Lyapunov was born on 6 June 1857 at Yaroslavl,

Russia [4]. In 1880, he graduated in mathematics at St. Petersburg University,

where he was very influenced by Professor P. L. Chebyshev. In Moscow, 1892, he

defended his doctoral thesis “The general problem of the stability of motion,” and

one member of his doctoral thesis’s committee members was N. E. Zhukovski (the

father of Russian aviation). In his thesis, Lyapunov have discussed the fact that the

motion of a particle can be stable in relation to one variable, but it can be unstable in

relation to another variable. Besides, he suggest that, given a function x(t), there is a
critical number which is the characteristic number of this function. This character-

istic number or Lyapunov exponent has been used to analyze if two points x1(t) and
x2(t), in the state space of a dynamical system which are initially very close,

remains together in time. This notion of motion stability can be measured with

the Lyapunov exponent; therefore, this exponent can be used to understand chaotic

motion. Chaos relates to aperiodic dynamics in deterministic equations in which there

is a sensitivity to initial conditions [5]. In a chaotic motion [4], long-term prediction is

seriously affected because those two points move apart as time increases.

Stability can be measured with Lyapunov exponents and recurrence quantifica-

tion analysis (RQA). In this chapter, we will focus on local dynamic behavior by

Lyapunov exponents. First, entropy and variability can be found in some articles as

measures of stability. Second, it is not unusual to find Lyapunov exponents as a

measure of variability or combined with entropy. Entropy determinates the com-

plexity of a system. Variability relates to how variable is the behavior/response of a

system. Thus, even entropy nor variability truly measures of stability, but they

access phenomena that might be connected to stability. From RQA, it is possible to

measure repeatability (absolute agreement among repetitions, how often a

dynamical system shows a similar behavior by percent recurrence), predictability

(how predictable is a dynamical system by percent determinism), complexity

(entropy), and stationarity (how stationary is a dynamical system in time by

trend). Repeatability and predictability are measures associated to stability.

Dynamical systems approach to understand local dynamical stability calculates

Lyapunov exponents to generate gait information. Most of studies we will present

are based on accelerometers which were attached to the trunk, thigh, or shank.

Oscillations due to different gait phases are analyzed under the dynamical systems

approach.
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4.3 Stability, Development, and Aging

There are some concerns about the use of Lyapunov exponents or local dynamical

stability. Should we use local dynamical stability to understand the changes in

walking across ages? Local dynamical stability changes due to aging. First,

toddlers, young, and older adults do not have similar local dynamical stability

during walking [6]; however, those changes might not be observed when directional

components of acceleration are used to calculate Lyapunov exponents. Bisi et al.

[6] compared walking in toddlers and young and older adults. The authors applied

short-term Lyapunov exponents and RQA to compare strides among participants.

Short-term Lyapunov exponents calculated from all combined three orthogonal

trunk acceleration components and RQA were able to discern between strides from

toddlers and young adults and from young adults and the elderly. Besides, stability

has no a monotonic relation to aging. Terrier and Reynard [7] compared Lyapunov

exponents calculated from participants aging from 20 to 69 years old. They walked

on a treadmill for five minutes wearing a 3D accelerometer on the trunk. The

authors found a quadratic association between age and gait instability in the

mediolateral direction. Gait instability likely begins to increase at an accelerated

rate as early as age 40–50. Local dynamical stability might be used to compare the

effects of aging in walking.

Another comparison across ages was performed with amputees. To identify how

amputees control the pelvis when they have to walk in different conditions,

Howcroft et al. [8] evaluated unilateral transtibial amputees with very different

ages, but they have found similar behaviors across ages. Unilateral transtibial

amputees aging from 40 to 90 years old have similar pelvis stability when they

have done level-ground walking and simulated uneven ground walking. Howcroft

et al. [8] evaluated those amputees walked with inertial sensors on the pelvis during

level and uneven conditions. The maximum Lyapunov exponent was similar for

those two conditions.

Stability in walking can be also associated with risk to fall. Young and old adults

do not have the same consequences after an accidental falls. Old adults have higher

mortality after a fall than young adults, and the elderly is more prone to have more

health conditions related to fall than young adults. Therefore, risk to fall in the

elderly is a public health problem. The presence of risk factors (loss of muscle

power and strength, balance diseases, visual problems, and others) are used to

define the risk to fall. Functional tests have been also designed to determinate the

risk to fall in the elderly. Although it is quite known which are risk factors and

functional tests, both fail to prevent falls. Therefore, researchers are still looking for

variables or tests to clearly find the ones with more risk to fall. Lockhart and Liu [9]

designed an experiment to test whether largest Lyapunov exponent is sensitive

enough to differentiate people prone to accidental falls. Healthy young adults,

healthy old adults, and fall-prone old adults walked on a treadmill for 1 min and

the kinematics of the trunk and foot were recorded for further analysis. Maximum

Lyapunov exponent was the highest for the fall-prone old adults group.

Another study about falls in elderly evaluated how older adults recover from a

fall on a slippery surface. About 100 older adults participated into a gait-slip
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experiment. Yang and Pai [10] asked older adults to walk on a pathwalk with a

sliding device. The trajectory of whole body center of mass was measured and used

to calculate the Lyapunov exponent. Short- and long-term Lyapunov exponents

were not different between fallers and those who did not fall; although, Lyapunov

exponent presented more sensitivity to detect falls than specificity to detect

recoveries from falling.

To understand the risk to fall, studies have compared the stability during walking

of fallers and non-fallers [9] and how older adults recover stability when they were

walking under an unexpected slippery condition [10]. Although Lyapunov

exponents were able to differentiate fallers and non-fallers, this measure was not

sensible enough to discriminate when older adults slipt. Another risk to fall is to

perform a dual task. Howcroft et al. [11] proposed to elderly participants to walk

saying words starting with A, F, or S in a random order. These authors showed that

such a cognitive load did not affect the maximum Lyapunov exponent calculated

from pelvis acceleration.

Those three studies suggest that stability measured with Lyapunov exponent has

not a simple association with the risk to fall. Although Lyapunov exponent can be

used to discriminate fallers and non-fallers, when elderly people and perform a task,

the changes due to the task did not affect stability. It is important to emphasize that

participants performed the task during those studies, which was walking. Even

though older adults present more difficulties to perform more dangerous or complex

tasks, they have preserved the same level of stability.

Lyapunov exponents are sensitive to find changes in gait stability not only due to

fall. Unstable walking behaviors might be observable when someone rumbles or

claudicates during walking. Claudication can be induced by peripheral arterial

disease (PAD). Myers et al. [12] compared elderly with PAD and matched healthy

controls when they were walking on a treadmill. PAD participants had higher

largest Lyapunov exponent compared to control group. Another health condition

that changes gait pattern is orthopedic conditions. Such conditions induce pain or

lead to physical constraints in joint movements. Osteoarthritis is one example of

such condition. Alkjaer et al. [13] showed that older women with osteoarthritis and

matched controls have similar stability in joint kinematics. Alkjaer et al. [13]

evaluated the ankle and knee kinematics during 6 min walking test on a treadmill

and used those data to calculate the largest Lyapunov exponent. Those women with

osteoarthritis presented similar knee and ankle largest Lyapunov exponents compared

with matched controls. In order to avoid pain, it is common to observe that people

change how to move. This pain avoidance was studied by Hamacher et al. [14] using

visual feedback. Visual feedback was applied to change gait patterns in order to avoid

pain in different parts of the body. Hamacher et al. [14] applied this approach in

60-year-old women. Those authors found that visual feedback of the frontal plane

pelvis and trunk movements have increased largest Lyapunov exponent.
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4.4 Stability and Gait Speed

When researchers design an experimental protocol for gait analysis, one typical

concern is walking speed. Two major branches appear: studies with self-selected

walking speed and studies with fixed walking speed. Any walking speed can be

achieved by a combination of stride length and stride frequency. For fast running,

athletes usually do not change stride frequency but increase stride length

[15]. Russel and Haworth [16] compared Lyapunov exponents calculated during

preferred walking stride frequency (PSF) higher and lower stride frequencies in

young adults. The authors found that local dynamic stability was maximal at the

PSF, becoming less stable for higher and lower stride frequencies.

England and Granata [17] examined gait instability in relation to walking

velocity. When the data from every stride were time-normalized to 100 data points

per stride, the authors found that Lyapunov exponents were linearly associated to

walking velocity. Temporal variation per stride introduces a more quadratic trend.

Smaller Lyapunov exponents represent a more stable system. England and Granata

[17] found that every lower limb joint was more stable at lower velocities.

4.5 Sampling Frequency and Stability

In order to calculate the Lyapunov exponents, phase space portraits are necessary to

identify the nearest neighbors. Important requirement to calculate local dynamical

stability is the minimum number of data points. As a general rule, 10d is necessary,

where d is the data dimension [18]. To achieve such a requirement, it is important to

use the adequate sampling frequency and collect data for time enough to have

enough data. England and Granata [17] investigated the effect of halving the

number of data samples per stride. They compared results from data that were

resampled at 3000 samples per 30 strides versus results from the same walking trials

that were resampled at 1500 samples per 30 strides; both resample rates retained the

stride-to-stride temporal variation of the original kinematic data. Although, shorter

data set lengths reduced the mean value of λMax by 17.2%.

Riva et al. [19] measured variability and stability (standard deviation, coefficient

of variation, Poincaré plots, maximum Floquet multipliers, short-term Lyapunov

exponents, recurrence quantification analysis, multiscale entropy, harmonic ratio,

and index of harmonicity) with stride duration and trunk acceleration data during

walking. Those authors verified the effect of sampling frequency and directional

changes in walking (young adults should walk for 6 min along a 30 m pathway) to

variability and stability measures. They found that multiscale entropy, short-term

Lyapunov exponents, and recurrence quantification analysis were generally not

affected by directional changes nor by sampling frequency (100 and 200 Hz).

Riva et al. [20] calculated short-term/long-term Lyapunov exponents and RQA

in ten young adults. Participants walked in a straight line at self-selected speed on a

250 m long dead-end road (about 180 strides). The acceleration of the trunk and

shank was measured. The authors have studied minimum number of strides
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required to use those measures. Ten strides were enough for Lyapunov exponents

and RQA to depict walking behaviors.

Reynard and Terrier [21] calculated the local dynamical stability (LDS)

(Lyapunov exponents) walking tests, and they found that:

1. The intrasession repeatability of gait LDS was about 0.50 for long-term LDS and

0.85 for short-term LDS and the intersession repeatability was around 0.6 for

both short- and long-term LDS.

2. Long-term LDS estimated from short-duration measurements (35 strides)

exhibited low repeatability, while that of short-term LDS was around 0.75.

3. Long-term LDS exhibited discrepancy between the predicted repeatability and

the actual repeatability, while it was not the case for short-term LDS.

4. Taking into account both intracorrelation coefficient and standard error mean,

short-term LDS measured over one step tended to have better intra- and inter-

session reliability than short-term LDS measured over one stride.

Therefore, the authors have recommended to normalize sample length before

computing LDS to thwart the trend to higher LDS estimates with longer

measurements. For long-term LDS, it is highly recommended to record long

duration walking tests with treadmill; its use should be restricted to group-level

assessment with a sufficient sample size to lower type II error risk. For short-term

LDS, it is recommended to use λ 0.5; it may be sufficient to detect moderate

changes (around 20%) at individual level. However, due to the lower intersession

repeatability, one should aggregate several measurements taken on different days to

better approximate the true LDS.

4.6 Algorithms to Calculate Lyapunov Exponent

Local dynamic stability or largest (maximum) Lyapunov exponent depicts how rate

close trajectories converge or diverge infinitesimally within a n-dimensional phase

space [22]. Mostly, two algorithms are applied to calculate the largest Lyapunov

exponents: Wolf [23] and Rosenstein [24] algorithms.

Wolf et al. [23] presented a technique to calculate the nonnegative Lyapunov

exponents from finite amounts of experimental data, but this technique is limited to

systems where a well-defined, one-dimensional (l-D) map can be recovered. This

approach is based on a spectral estimation of Lyapunov exponents. Wolf et al. [23]

remind that it is necessary to attend three factors to calculate Lyapunov exponents:

the number of points necessary to provide an adequate number of replacement

points (between 10d and 30d, where d is the embedded dimension), the number of

orbits of data necessary to probe stretching (but not folding) within the attractor

(10–100), and the number of data points per orbit that allow for proper attractor

reconstruction with delay coordinates (d� 10d�1 to d� 100d�1).

Rosenstein et al. [24] proposed another technique to calculate the largest

Lyapunov exponents, claiming its reliability for small data sets. Those authors
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have used the method of delays to develop a fast and easily implemented algorithm.

The matrix of reconstructed trajectories of the data is used to reconstruct the

dynamics of the system. Then, Rosenstein’s algorithm locates the nearest neighbor

of each point on the trajectory. The authors have used time series as short as only

100–1000 data points successfully.

It is important to emphasize that more accurate Lyapunov exponents are observ-

able with larger data sets (Cignetti et al. [22]). One thing that must be avoided, in

order to have the necessary data length, is to indiscriminately increase the sampling

rate. Higher sampling rate does augment the length of a time series but not

necessarily increases information. Parsimonious relation between information and

sampling frequency exists (Nyquist frequency) and must be taken into account to

decide the adequate sampling frequency.

4.7 Conclusion

Many parameters based on dynamical systems or variability are used to study gait

stability. Definitions of most of those parameters tell that different issues might be

accessed during gait stability studies that do not have a relation to stability.

Important concerns about sampling, minimum number of strides, data normaliza-

tion, and confiability were presented. Lyapunov exponents can be used to compare

persons with different ages.
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Visual Control of Adaptive Locomotion
and Changes Due to Natural Ageing 5
Mark Hollands, Kristen Hollands, and Shirley Rietdyk

Abstract

This chapter will review current theories of how adults use vision to guide

adaptations to the basic locomotor rhythm in order to cope with environmental

demands, e.g. to step over an obstacle in our path or to guide the foot to specific

safe areas in the terrain or to cope with the challenges to balance posed by

descending stairs. A finding common to different gait adaptations is that they are

usually, by necessity, programmed in advance to ensure stability and maximise

efficiency. Thus visual cues are predominantly sampled and used in a

feedforward or anticipatory manner to make gait adjustments. Recent evidence

suggests that older adults, particularly those characterised as being at higher risk

of tripping and falling, show changes in visuomotor control during adaptive

locomotion and that the resulting changes to visual behaviour may be causally

related to lower limb movement inaccuracies, compromised balance control and

associated increased falls risk. The putative neural and biomechanical

mechanisms underlying these changes will be discussed alongside the potential

applications of current knowledge to falls prevention and rehabilitation in older

adult populations.
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5.1 Introduction

In the United Kingdom, around 30% of adults over the age of 65 living in the

community fall each year. Furthermore, falls are the main cause of disability and

the leading cause of death from injury among people aged over 75 in the United

Kingdom. Older adults who survive a fall often suffer ongoing problems such as

injury and infection, increasing risk for loss of mobility, depression, anxiety and an

increased mortality risk. The associated healthcare costs of older adult falls in

Britain alone are estimated at around £1 billion per year [1]. Therefore, understand-

ing the mechanisms underlying falls in older adults has become an important target

in ageing research, with the aim to develop effective prevention strategies.

The majority of falls result from slips or trips [2, 3] which represent a failure to

place the feet appropriately to meet environmental demands usually specified by

visual information describing the locations of features such as stair tread edges, the

location and dimensions of obstacles and safe areas in the terrain. Within this

chapter we will summarise our current understanding of how vision is used to

guide three common walking tasks: (1) stepping onto targets, (2) ascending and

descending stairs and (3) crossing obstacles. Throughout the chapter we will also

review the literature demonstrating that there are age-related differences in the

visual control of these common walking tasks and explore the putative neural and

physiological mechanisms underlying age-related decline in function. A final aim is

to discuss the relevance of these findings to the problems of falls in older adults and

offer suggestions for possible interventions to restore or compensate for age-related

dysfunction in the visual control of walking.

5.2 Visually Guided Target Stepping

This section aims to summarise our current understanding of how visual informa-

tion is used to guide accurate lower limb movements to specific locations on the

ground during walking and will provide evidence that compromised eye movement

control or maladaptive gaze strategies contribute to gait deficits in patient and older

adult populations. Other objectives are to explore the mechanisms underlying

suboptimal gaze and stepping behaviour and to suggest potential intervention

strategies to improve eye and stepping coordination and reduce falls risk. Since

much of our understanding of visual control of limb movements and the role of eye

movements is based on investigations of the upper limb, this review will begin with

a brief overview of the eye-hand coordination literature before considering the

similarities and differences in eye-foot coordination.
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The majority of everyday visually guided limb movements (e.g. reaching to pick

up a cup of tea) are characterised by an initial saccadic eye movement to the target

of interest [4] which usually results in the image of the target landing on the fovea,

the most sensitive part of the retina. This behaviour is often termed visual fixation.

Usually, only a single fixation is made for any single action, and gaze is often

redirected away from the object before the limb reaches it [4]. Although there are

very few studies that describe gaze behaviour during everyday activities, there is a

growing body of evidence from the sport science literature that the duration of the

final fixation of a target (e.g. a basketball hoop or a corner of a soccer goal) prior to

movement initiation is causally related to the accuracy of the action. Joan Vickers

carried out much of the seminal work in this area and coined the term ‘quiet eye

duration’ to describe this parameter [5]. It has been demonstrated that skilled

athletes show significantly longer quiet eye durations than less-skilled athletes

[6–8] and that successful actions are preceded by longer quiet eye durations than

unsuccessful actions [9]. It has also been shown that training individuals to increase

quiet eye duration has a positive impact on accuracy [10]. In combination, these

studies demonstrate that visually fixating a target is beneficial for producing

accurate visually guided actions and that movement accuracy is dependent on

optimal timing of eye movements to fixate targets.

Although the specific roles of visual fixation are not fully understood, it is likely

that the main function of directing gaze at a target is to provide information about

the position of the target with respect to the body which is used by the motor system

(or systems) controlling the limb to plan and execute the required amplitude and

direction of movement in an open-loop or ballistic manner [4]. It is important to

note, however, that pointing the eyes at a target provides not only visual informa-

tion about target properties (e.g. direction and distance) but also has the potential to

provide non-visual information such as eye muscle proprioception and efference

copy of eye movement commands which signal eye direction with respect to the

head [11]. This information may provide additional cues as to where the target is

located with respect to the limb being controlled. Support for this notion can

be found in primate neurophysiological studies. There are single neurones in the

posterior parietal cortex of monkeys that are most active when the monkeys fixate

targets at a specific combination of depth and eccentricity (e.g. one neurone may

be preferentially active when eyes are directed 15� to the left and 10 cm in front of

the head, and a different neurone may be preferentially active when eyes are

directed at a target laying straight ahead at a distance of 5 cm) [12]. These findings

clearly demonstrate that signals derived from eye position can describe the location

of the target being fixated in three-dimensional space. Although there is not yet any

direct evidence of similar neural mechanisms in humans, there is evidence from

behavioural studies that pointing the eyes at target locations is useful even when

they are not visible [13] and that final hand location when stepping and reaching to

invisible targets is geometrically related to the direction in which gaze is aligned

[14]. If the hypothesis is correct that pointing the eyes at a target provides a

combination of visual and non-visual information that can tell the CNS where the

target is in 3D space, then this might help explain the large extent to which eye and
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hand movements are coordinated by the CNS during reaching and pointing.

For example, the latency of both eye and hand movements to look and point at

targets varies greatly depending on the context in which the target is presented

[15]. However, the relative timing between the eye and hand movement initiation is

relatively invariant suggesting that the instructions to move them are generated

synchronously. It has also been shown that, when looking at and reaching to targets

that dissapear at movement onset, if the eyes are initially aimed at a more eccentric

target location than the hand (and so move through a larger distance) the hand tends

to overshoot the target [16]. Conversely, it has been shown that eye kinematics are

influenced by hand movement characteristics [17, 18]. There are many more

examples of studies which provide evidence that eye and hand motor systems

interact to produce coordinated movements when looking and pointing to targets.

However, there are surprisingly few studies which have studied the coordination of

eye and foot movements during walking tasks.

Hollands et al. [19] were the first to document where and when individuals look

during locomotion in a study of the timing relationships between participants’ eye

and stepping movements as they walked along a pathway of irregularly placed

stepping targets [19]. The results showed that participants invariably fixated a target

just prior to initiating a step towards it and that there was a close timing relationship

between eye and foot movement initiation similar to that seen in eye-hand coordi-

nation studies. The same authors subsequently demonstrated that eye-stepping

coordination was also seen when targets were temporarily rendered invisible

[20]. Despite delays in step initiation resulting from the temporary removal and

subsequent reinstatement of visual information, the mean interval between the start

of the eye movement and the start of the swing towards a target did not vary

significantly. These findings support the notion that eye and stepping movements

are not programmed independently but rather are planned simultaneously as part of

a coordinated eye-stepping movement similar to well-documented eye-hand coor-

dination evident during reaches to targets. Although it is important to know when

vision is sampled, this does not tell us how it is used to guide limb movements,

e.g. for planning the stepping trajectory in an open-loop control manner or for

online guidance of the limb onto the target via a closed-loop control process.

Hollands and Marple-Horvat [21] showed that intermittently removing vision of

stepping targets at different gait phases only affected behaviour when the limb was

in stance phase (i.e. did not affect the limb in swing phase) and only when vision

was unavailable during late stance [21]. Other studies have subsequently confirmed

that removing vision during the stance phase of the targeting foot results in

increased variability and reduced accuracy of subsequent foot placement, whereas

removing vision during the ongoing swing phase has no effect [22]. These studies

suggest that vision of a target is normally used in an open-loop or feedforward way

prior to movement initiation and is not usually needed to guide the foot onto a

target. There is evidence that this behaviour represents an energy-efficient bio-

mechanical strategy resulting in preprogrammed ballistic limb movements

[22–24]. However, other studies have showed that it is possible for young adults

to make online adjustments to stepping trajectories as late as mid-swing phase in
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order to track a target that moves [25, 26] and that removing vision of the lower

limb relative to a target results in reduced stepping accuracy [27]. Therefore the

strategy of fixating a stepping target prior to step initiation and maintaining gaze on

a target until late swing allows for optimal use of visual information to both plan

and guide ongoing stepping actions. It should be noted that other studies have

subsequently shown that the extent to which participants look ahead at stepping

targets is dependent on the characteristics of the targets, e.g. individuals tend to

look two steps ahead when walking on regularly placed targets [28] but tend to look

three steps in advance when walking on irregularly placed targets surrounded by

differently coloured distractor targets [29]. Therefore the timing of gaze fixation is

dependent on the complexity or precision of the task. Despite this context-

dependent variability in the relative timing of eye and stepping movements, in

most situations, gaze is directed to the future footfall target at some time point in

advance of initiation of the step onto the target suggesting that directing gaze to a

location on the ground ahead is useful to the motor control system responsible for

programming a step to that location. If this hypothesis is correct, then individuals

who have problems making accurate eye movements should show problems in

performing target stepping tasks.

The importance of making accurate eye movements in the control of accurate

step generation was demonstrated in a study of cerebellar patients who exhibit both

eye movement problems (including saccadic dysmetria resulting in the need for

multiple saccades to fixate a target) and walking deficits (ataxic gait—including

stepping inaccuracies) [30]. The authors compared stepping performance according

to the extent of saccadic inaccuracy (i.e. whether patients made one, two, three or

more than three saccades to fixate a target during a particular step) and found

significant delays in step initiation which increased with the extent of eye move-

ment inaccuracies. A similar approach was presented by Di Fabio et al. [31] who

studied the step climbing ability of progressive supranuclear palsy (PSP) patients, a

patient group who has problems generating vertical eye movements. The authors

scored the patients on the extent of their oculomotor dysfunction and showed that

those patients with the most severe eye movement symptoms showed diminished

trailing limb step clearances putting them at an increased risk of tripping on the stair

edge [32]. The results of these studies suggest that problems making eye

movements may be causally linked to problems making stepping movements and

raise the possibility that interventions aimed at improving eye movement function

may have a positive effect on functional mobility. Indeed preliminary evidence

suggests that eye movement training has a positive effect on performance in both

cerebellar [33] and PSP patients [32]. These clinical studies show that stepping

inaccuracies in patients with gait disorders may be caused, at least in part, by a

reduced ability to fixate environmental features at appropriate times in the action

sequence. Could the increased incidence of trips and falls in older adults also be

partially explained by age-related changes in eye movements?

Chapman and Hollands [34, 35] studied the gaze and stepping characteristics of

older adults asked to make different combinations of target and obstacle stepping

and compared their data to that collected from young adults. The older adults were
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separated into two groups, based on their performance in various clinical tests of

functional mobility, representing those individuals deemed to have a low risk of

falling and those deemed to have a higher risk of falling. Comparisons between the

three groups showed that on average, the high-risk group looked away earlier from

the current target than the other groups but only in the more complex tasks requiring

additional future obstacles or targets [34, 35]. The extent of premature redirection of

gaze correlated with increased target stepping errors. A causal link between early

gaze transfer and stepping inaccuracies was demonstrated in a further experiment that

showed that simply instructing participants to maintain target fixation until after the

foot had landed resulted in increased stepping accuracy [36]. However, this advice

may not be appropriate in real-world contexts, and therefore in order to address this

problem, we need to know what is causing older adults to look away early.

Young et al. [25, 37] provided evidence that anxiety about upcoming obstacles is

one factor that causes high-risk older adults to look away prematurely from targets

[37] and that this anxiety can result from experiencing actual falls [25]. It is well

established that anxiety and fear of falling are significant predictors of falls preva-

lence [38]. These findings suggest that stepping inaccuracies resulting from anxiety-

induced changes to gaze behaviour may offer a mechanistic explanation for the link

between anxiety and falls risk. Interventions aimed at increasing self-confidence and

reducing anxiety may well lead to improvements in gaze and stepping behaviour.

Other evidence suggests that age-related decline in cognitive function and the

ability to appropriately switch attention between environmental hazards may under-

lie maladaptive gaze behaviour [39]. There is a large body of evidence

demonstrating a link between cognitive decline and general falls risk in older adults

and also between anxiety and cognitive decline [38]. A number of target stepping

experiments have shown age-related decline in stepping performance is associated

with cognitive function [37, 40–43] and that delays in the timing and accuracy of

step adjustments are related to, or predictive of, falls risk [37, 40].

Finally, laboratory studies have shown age- and falls risk-related differences in

visuomotor ability. High-risk older adults need to view stepping targets for longer

than younger adults and low-risk older adults in order to make medial-lateral

stepping adjustments [44] presumably because it takes longer to generate coordi-

nated eye and stepping actions [25]. Both Nonnekes et al. [45] and Young and

Hollands [37] have proposed that delays in, possibly subcortical, visuomotor

processing with ageing may be responsible for disruption to timing and magnitude

of stepping adjustments to visual cues in these populations.

In combination these findings suggest that maladaptive gaze behaviour which

contributes towards stepping inaccuracies and increased falls risk results from

age-related changes to a number of interrelated CNS functions. Interventions

aimed at addressing this problem should therefore target each of these factors.

Encouragingly, a recent randomised controlled trial studying the effects of multiple

target stepping exercises in combination with a multicomponent exercise

programme led to improved scores on functional mobility tests, increased target

stepping accuracy, improved gaze behaviour and reduced fall rates in community-

dwelling older adults compared to a control group experiencing comparable
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exercise intensity [46]. Although the specific mechanisms that drove the improve-

ment in walking and associated reduction in falls risk could not be fully elucidated,

it is possible that exercises aimed at improving visually guided stepping actions will

prove effective in improving cognitive, visuomotor and physical function and

reducing falls risk. One visually guided walking task that is particularly hazardous

for older adults is stair walking. The next section will summarise our current

understanding of the roles of vision in stair negotiation and the implications of

visual decline on the problem of stair falls in older adults.

5.3 Visual Control of Stair Walking

Falling on stairs is the leading cause of accidental death in older adults accounting

for 60% of fall-related deaths [47]. Falls occur most often during stair descent

[48–50] and often result from a trip on a stair edge or tread surface [49, 51] which

needs to be visually identified by the walker. Accordingly, as with other visually

guided tasks requiring precise foot placement, it is likely that appropriate direction

of gaze to relevant environmental features at appropriate times is crucial for safe

stair negotiation. Anecdotal evidence that supports the notion that gaze direction is

important for safe stair walking comes from security video footage showing that

falls are more likely to occur when an individual does not appear to look down prior to

walking up or down stairs [52]. Zietz and Hollands [53] studied gaze behaviour of

both younger and older adults walking up and down the middle eight stairs of a

twelve-step staircase [53]. They found that both groups spent the majority of the time

during both stair ascent and descent looking at the edges of stairs with an average time

lead of around two to four steps. Interestingly, unlike gaze behaviour observed during

target stepping described earlier in this chapter, participants did not generally look

towards future foot placement locations on the stairs, but rather gaze was constrained

to the central portion of the stairway suggesting that gaze may serve another function

than identifying locations on the steps to guide foot placement. Den Otter et al. [54]

provided further evidence for this hypothesis by showing that 28–34% of treads were

never fixated during stair walking, and when participants travelled two stairs per step

rather than one, they still commonly (>35% of occasions) fixated the stair treads they

did not subsequently step on [54]. These studies raise the possibility that visual

descriptors of the stair edges may be used for other purposes than guiding foot

trajectory to clear stair edges or to land in particular locations on the stairs.

Zietz et al. [55] studied the stepping characteristics and posture of older adults

descending stairs under combinations of ambient light levels and stair edge contrast

conditions in order to further elucidate the roles of vision describing tread edges in

controlling stair walking [55]. They found that increased tread edge contrast led to

greater postural stability during stepping in the older adult groups. However, they

found no effects of step edge characteristics on foot placement parameters. These

results suggest that stair edges may provide visual cues that maximise perception of

self-motion (derived from optic flow) to aid in balance maintenance in addition to

the spatial properties of the stairs.
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It is noteworthy that the role of vision when negotiating stairs seems to differ

markedly from that during overground target stepping as evidenced by the

differences in gaze behaviour and effects of manipulating vision on stepping and

balance characteristics. One possible reason for this difference is the predictability

of the required step adjustments under comparison. Staircases usually have uniform

stair dimensions, and therefore the role of vision in describing their spatial

properties will be understandably reduced compared to a task that required large

and variable changes in step characteristics to achieve. Also, stair walking, and in

particular stair descent, places much greater demands on postural and balance

control than level walking; therefore it is, perhaps, unsurprising that visual cues

that aid the control of balance are preferentially attended. Arguably the greatest

challenge to balance associated with stair walking occurs during the transitions

from floor to stairs and vice versa. Studying the visual control of such transitions is

important since the three steps at the bottom and at the top of stairs are reported as

the most common location for missteps and stair accidents [48, 56, 57].

Miyasike-daSilva et al. [58] studied the gaze behaviour of young adults ascending

and descending stairs and included analysis of behaviour during the stair transitions

[58]. Contrary to their predictions, they did not find that participants made additional

or longer fixations during transition steps than during mid-steps and concluded that

participants may rely more on peripheral than foveal vision to guide step transitions.

This finding is consistent with the results from other studies showing that occluding

the lower visual field during walking leads to various compensatory changes to head

posture and gait parameters [59, 60] and that bifocal spectacles that distort the lower

visual field have negative effects on stair walking characteristics [61] and increase

falls risk [62]. The observed gaze strategy of maintaining a relatively constant angle

between gaze and staircase may be advantageous to participants by not only

simplifying the extraction of pertinent information from retinal flow fields for

maintaining heading and guiding balance but also for providing peripheral vision

of the lower limbs and stairs. Since visual information is crucial for safe stair walking

both for identifying step edges and for controlling balance, what then are the

implications for the increased prevalence of falls on stairs in older adults?

The visual system undergoes specific age-related changes which affect an

individual’s ability to see relevant stair features. For example, the ability of the

pupil to dilate under low to moderate levels of illumination is greatly reduced with

increasing age, resulting in limitations to amount of light reaching the retina

[63]. Indeed, it has been shown experimentally that reducing the levels of ambient

lighting results in older adults exhibiting greater variability and average reduction

in the size of the clearance between the toe and the stair during a step [55]. There is

also evidence that restricted visual conditions adversely affect the control of

locomotion in transitions between floor level and stairs [64]. Age-related changes

in contrast sensitivity, which are pronounced at low levels of lighting, may hinder

the detection of stair edges and transition regions. Indeed, visually identifying the

tread edge is particularly problematic for older adults when the ambient illumina-

tion is low, the step covering is patterned or if they are visually impaired resulting in

decreased stability, more cautious stepping, reduced foot clearance with the step
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and increased foot clearance variability [48, 65–68]. Reduced foot/heel clearances

over the tread edge, greater clearance variability and misjudgements in foot place-

ment when descending steps or stairs are factors that are all reported to increase

falls risk [68, 69]. As mentioned above multifocal eyeglasses that correct eyesight

problems experienced by the majority of older adults distort the lower peripheral

visual field resulting in impaired step negotiation and accuracy of foot placement

when stepping on to a raised surface or negotiating an obstacle course

[70–72]. Finally, Zietz and Hollands [53] identified significant differences in the

length of time older adults fixated the stairs prior to stepping and a reduced

variability in the extent to which older adults looked ahead [53]. These differences

in looking strategies might be a by-product of age-related changes to visuomotor

control. However, the authors did not measure body kinematics and so could not

directly relate differences in gaze behaviour to stepping or balance performance.

Nevertheless, this study suggests that visual information describing the tread edges

is important for safe stair walking and that there are age-related differences in when

this information is sampled which might contribute towards altered stepping and

balance control and associated increased falls risk.

Encouragingly, most of the age-related problems listed above can be easily

addressed by manipulating environmental conditions, e.g. ensuring stairwells are

adequately illuminated and that tread edges are highlighted appropriately. Advice

can be given when eyeglasses are prescribed as to when it is appropriate to wear

multifocal lenses. It is also possible that the observed age-related differences in

gaze behaviour may contribute to stepping inaccuracies and instability in older

adults walking on stairs and, if so, may be amenable to intervention, but further

studies of frail older adults are needed in order to establish that link. Finally, Elliott

et al. [73] showed that it is possible to manipulate the perceived height of a step

using a simple visual illusion (a striped pattern on the stair riser) [73]. This altered

perception led to the adoption of a safer stepping strategy in terms of greater foot

clearance over a step edge. These studies raise the possibility of designing optimal

environments to ameliorate age-related changes to stepping and balance resulting

from visual and other sensory decline.

5.4 Visual Control of Obstacle Crossing

Stepping over obstacles, such as door thresholds and broken sidewalks, is a

common requirement of community mobility [74]. The observation that trips

account for up to 53% of falls in older adults [2, 3] indicates that older adults are

not very successful at avoiding obstacles in their everyday lives. This lack of

success could result from a number of age-related factors, including a compromised

ability to visually detect the obstacle height and position, reduced ability to lift the

limb adequately to clear the obstacle and/or an inability to recover balance after the

foot contacts an obstacle. A systematic review of reactive responses to trips in older

adults was recently completed, and the reader is referred to Galna et al. [75].

This reactive mechanism should be considered the ‘backup’ defence when the
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proactive mechanism fails [76]; avoiding the trip in the first place is the more

effective means of ensuring stability. Thus, this section provides an overview of the

literature regarding visual control of stepping over stationary, visible obstacles.

When walking up to a stationary obstacle, young participants visually sampled

the obstacle, with obstacle fixations occurring for about 20% of the approach phase

[77]. The frequency of obstacle fixations increased as a function of obstacle height

[77], reflecting increased visual attention on obstacles which have a higher risk of

tripping [78]. The information gained from obstacle fixations is used to control

movement in a feedforward mode, rather than online, as young adults fixated on the

obstacle during approach, but not during crossing [77]. Pontecorvo et al. [79] have

demonstrated that obstacle fixations are related to success in crossing the obstacle in

young adults. When stepping over stationary obstacles in the lab, participants

inadvertently contact the obstacle in 1–2% of trials [80, 81]. While these trials

are typically discarded, Heijnen et al [80] demonstrated that these failures provide

important insight into the behaviours that result in a trip and possible fall. Using this

methodology, it was found that young participants who never contacted the obstacle

had longer and more frequent fixations on the obstacle than those who contacted the

obstacle at least twice during data collection (approximately 1.5 hours duration) [79].

Changes in locomotor performance were also observed in young adults during

modification of visual information of the foot relative to the obstacle (termed

exproprioception) and when visible characteristics of the obstacle (termed

exteroception) were reduced. When exproprioception is reduced with lower visual

field occlusion goggles, young adults demonstrate increased toe clearance, toe

clearance variability, foot placement farther away from the obstacle and increased

contacts [78, 82–84]. The increased variability indicates that the limb trajectory is

modified in an online manner as the limb crosses the obstacle. Since participants do

not foveate the obstacle during crossing [77], the participants are relying on periph-

eral visual cues during obstacle crossing for this online control. However, Rietdyk

and Rhea [83] demonstrated that increased visual cues in the environment can guide

foot placement when foot-obstacle exproprioception is obstructed. This group also

demonstrated that when exteroceptive information was systematically reduced by

decreasing the visual characteristics of the obstacle, obstacle contact rates increased

[78]. In particular, when the interface of the ground and the bottom edge of the

obstacle was not visible, such as observed when an obstacle is created with a dowel

suspended across two vertical supports, contact rates were higher than when the

bottom edge of the obstacle was clearly demarcated [78]. It is likely that the visibility

of the obstacle-ground interface improves knowledge of obstacle position, leading to

optimal foot placement around an obstacle, which in turn decreases contact risk as

discussed below. Thus, it is clear that young adults use visual information in both a

feedforward and online manner to ensure successful clearance of an obstacle.

Gaze behaviour in older adults during obstacle approach and crossing has been

examined concurrently with various manipulations, such as dual tasking or

responding to a limb-selection cue during approach [31, 85]. Older fallers looked

away from the obstacle sooner than older non-fallers in a dual task condition; this

early transfer of gaze was accompanied by increased foot placement variability
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[85]. When older adults were presented with a limb-selection cue during obstacle

approach, relatively longer saccade/foot lift latency and prolonged gaze fixation

time were observed relative to young adults [31]. Thus, differences in gaze

behaviour are observed both as a function of age and falls risk. However, a direct

comparison of gaze behaviour between young and older adults without various

instructions or manipulations has not been examined. Muir et al. [86] used head

angle to infer gaze behaviour and found that older adults (65–79 years) had a lower

head angle than young adults during the approach phase, consistent with increased

visual fixation on the obstacle. Reduced visual acuity did not drive this behaviour as

all participants had corrected-to-normal vision. Rather, these changes likely reflect

factors such as compromised visuomotor transformation or other vision factors,

such as depth perception [87]. Next, we describe the age-related changes in gait

behaviour that inform visual control of locomotion.

When older adults walk over a clear walkway or step over obstacles, they

demonstrate slower gait speed and shorter step lengths than young adults, likely

due to increased caution (e.g. [81, 86, 88, 89]). However, the slower speed would

also provide more time to gather visual information, which would facilitate control

of locomotion. The interpretation that the slower gait speed allows the older adult

more time to gather visual information is consistent with the lower head angle

observed when older adults approach the obstacle (Fig. 5.1) [86]. The observation

Fig. 5.1 Representative body positions for young (20–25 years, black figure), older (65–79 years,
grey figure) and oldest adults (80–91 years, white figure). The head angle is tilted down more with

advancing age, consistent with increased foveation on the obstacle during approach. The step

length and lead approach distance (B) are progressively shorter with advancing age. However, trail
foot placement before obstacle (A) was not different as a function of age (results from [81, 86, 88])
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that adults older than 80 years walked slower and looked down more than adults

aged 65–79 years indicates that these strategies become more prevalent with

advancing age [86]. While slower speed appears to be an appropriate strategy to

maintain stability and optimise visual information, the shorter step length increases

the likelihood of contacting an obstacle during obstructed gait [88]. Thus, it’s

important to examine how older adults manage this contact risk.

The shorter step length when crossing obstacles results in closer foot placement

to the obstacle before and/or after crossing, increasing the risk of obstacle contact

[88]. To ensure safe placement of the foot, both young and older adults visually

fixate on the landing area after the obstacle [31, 77]. This observation is further

supported by the higher frequency of fixations on the landing area by young

participants who never contacted the obstacle when compared to participants who

inadvertently contacted the obstacle at least twice [79]. A remarkably consistent

behaviour in the foot placement before the obstacle has been observed [81, 86, 88]

(Fig. 5.1). Despite the change in step length, it is clear that the same foot placement

in the ultimate step is selected. Thus, healthy ageing older adults have maintained

the ability to transform the visual information of obstacle position to an appropriate

placement of the trail foot (second foot to cross the obstacle). This visuomotor

transformation is likely facilitated by looking down more (Fig. 5.1) [86]. Trail foot

placement is critical because a closer foot placement corresponds to a greater risk of

obstacle contact with the trail limb in young adults [80, 90]. Thus, there is

converging evidence that indicates that healthy older adults have adequate

visuomotor transformation to maintain an invariant trail foot placement, in order

to reduce the likelihood of obstacle contact with the trail limb.

A consistent trail foot placement coupled with a shorter step length necessitates

that the lead foot is placed closer to the obstacle after the obstacle is cleared. This

closer foot placement leads to increased likelihood of contact with the rear region of

the foot during lead limb crossing. Indeed, this has been observed experimentally

by examining the inadvertent obstacle contacts. Only older adults contacted the

obstacle in Chen et al. [88], and all participants were described as having stepped on

the obstacle—consistent with inadequate distance between the heel of the lead limb

and the obstacle at crossing. Further, older adults had higher proportion of lead limb

contacts than young adults [86]. The majority of inadvertent contacts occur with the

trail limb for young adults with either full vision or lower visual field obstruction

[78, 80, 83, 84, 91–93]. More frequent trail limb contacts are attributed to the fact

that the trail limb is not visible during crossing, so online visual control is not

available. Conversely, lead limb contacts were more frequent when vision was

distorted or fully obstructed [71, 82, 93, 94]. Thus, the higher proportion of lead

limb contacts in older adults may reflect impairment of the online visual guidance

of the lead limb trajectory. Higher lead limb contacts in older adults are relevant for

falls risk due to the higher likelihood of a fall for a lead limb versus trail limb

contact [86].

It is traditionally assumed that lower foot clearances are associated with

increased trip risk, so foot clearances are typically quantified in adaptive locomotor

research. Heijnen and Rietdyk [95] provided preliminary evidence that supports this
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intuitive assumption: falls in the real world are related to lower foot clearances

when crossing an obstacle in the lab in young adults [95]. However, age-related

changes in clearance during obstacle crossing include increased clearance [96],

decreased clearance [97, 98] and no significant change in clearance [81, 86, 88,

99]. Since obstacles and lab environments are different across studies, and clear-

ance measures are sensitive to visible obstacle characteristics [78] and visual

structure in environment [83], as described earlier, foot clearance may not provide

a reliable indicator of age-related changes unless different labs adopt uniform

obstacles and lab environments.

Finally, we further examine the relationship between vision and obstacle contact

rates. Older adults contact more obstacles under the following conditions: wearing

multifocal lenses [71, 72] and when provided with visual samples of 16 ms duration

at a rate of three samples per second during the approach (using liquid crystal

goggles) [100]. Further, the depth perception of older adults was a significant

determinant of obstacle contacts [87].

The findings reported here lead to a series of potential intervention strategies.

First, older adults should be assessed for depth perception and should be

encouraged to wear single-distance lenses when walking (as opposed to multifocal

lenses). Second, optimal gaze behaviour for reducing trip and falls risk should be

confirmed for older adults, and interventions that promote this gaze behaviour

should be empirically tested. Therapeutic interventions to promote safe obstacle

crossing should consider not only limb elevation but also optimal foot placement.

The environment can also be modified to optimise safe clearance of fixed obstacles.

For example, kerbs should be painted with high-contrast paint to increase the

visibility of the location of the rising edge, which may reduce trip risk. We have

had older adults indicate that the sidewalk kerbs with a curved rising edge, as

opposed to a vertical rising edge, are especially problematic. This is likely due to

the inability to determine the ideal foot placement before and after the rising edge,

as there isn’t a clear demarcation of the position of the rising edge. Further, adding

visual structure around obstacles may be helpful, such as using a high-contrast paint

colour around doorways with a threshold.

5.5 Conclusions

This chapter has reviewed our current understanding of the visual control of three

common adaptations to the basic locomotor pattern to avoid obstacles and guide the

feet to safe locations in the environment. Although the review has highlighted

variations in the types of visual and non-visual information used to guide balance

and stepping movements in different contexts, it is clear that appropriate alignment

of the eyes with respect to environmental features at particular points in the gait

cycle is important for both programming and guiding safe and efficient stepping

adjustments. The chapter has also reviewed evidence that age-related changes in

gaze behaviour due to visual, visuomotor and cognitive decline have been causally

linked to increased falls risk in older adults, and, therefore, it is clear that these
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impairments should be targeted when designing intervention strategies aimed at

reducing falls risk. Encouragingly, there is a growing body of evidence to suggest

that interventions aimed at improving eye and stepping coordination, whether

through training or through built-environment design, have a positive effect on

stepping control and reducing falls risk. However, further work is still needed to

fully understand the mechanisms underlying age-related changes in visual and

sensorimotor processing so that effective interventions can be designed and

implemented.
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Abstract

Walking is the most basic and common means of locomotion. Walking requires

integration and good levels of different physical and mental components and

processes. A number of factors, including an inverse relationship with aging and

the level of physical activity, can modulate the level of functionality of these

components. In addition, the presence of chronic conditions such as sarcopenia,

cognitive deficits, and specific changes mainly in frontal brain structures

associated with the aging process may affect an individual’s walking pattern.

Moreover, walking performance demands integration with the environment and

requires reasonable levels of balance, agility, and cognitive skills. Furthermore,
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walking demands performance in a multiple-task manner which is affected

during the aging process due to impaired sensorimotor integration. Impairment

in walking pattern along with reduced levels of agility and balance leads to an

increased risk of falls. Despite the negative effects of aging on the human

organism, regular exercise has been recommended as a means of reducing the

rate of decline and maintaining functionality in older adults. Acknowledging the

role that aging, physical activity, agility, balance, and cognitive functioning play

in walking and also in the risk of falls, this chapter (i) describes how aging and

physical activity interfere with walking pattern (stride length, speed, variability),

agility, balance, and cognitive functioning and (ii) describes how these

components contribute to either increasing or reducing the risk of falls in older

adults. To accomplish these goals, scientific literature was reviewed, analyzed,

and summarized.

Keywords

Ambulation • Cognition • Elderly • Falls • Falls risk • Locomotion • Mobility •

Older adults • Physical fitness • Physical activity

6.1 Introduction

The aging process is often defined and characterized by progressive and irreversible

changes in biologic, morphologic, and functional parameters that often result in

the decline of performing physical abilities [1]. Although physical changes are

more visible in the human body over time, the impact of time on mental processes

(cognition) is also experienced and includes negative consequences late in life.

The degree of decline in those domains negatively affects one’s ability to perform

simple or more complex activities of daily living. It is known that an active

lifestyle through regular exercise is important in reducing the rate of decline in

different human functional systems and in maintaining good levels of functional

capacity, thus extending lifetime independence and autonomy in older adults.

Population aging is a phenomenon being experienced by almost all countries in

the world. However, this human success comes with several challenges to society.

The aging process associated with an inactive lifestyle has led to accelerated

morphological and functional changes that negatively impact independence and

autonomy in older individuals and consequently the quality of life by drastically

reducing functional capacity. Functional capacity is defined as the ability to

perform activities of daily living in a safe and effective fashion [2]. Functional

capacity is composed of a set of components such as strength, flexibility, agility,

and dynamic balance and coordination that are highly required, for example,

during walking tasks.

Walking is the most basic and common means of locomotion. Erect bipedal

walking is not a luxury of modern human beings and in fact it is not a recent

phenomenon. The species Australopithecus afarensis, our human ancestor, was
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able to walk in an upright position in a pattern similar to ours approximately

3.7 million years ago [3]. It is thought that a bipedal walking position offered

several advantages and benefits to that species and undoubtedly is highly important

to Homo sapiens sapiens in order to succeed in their sociocultural environment

once standing and walking became inherent to most human daily activities. How-

ever, walking is not as simple as it appears, and certainly the ability to walk

becomes more challenging late in life. Arguably, the reasons for this could be

divided in two main aspects: (1) age-related decline in functional and mental

capacity components involved in the walking task and (2) lack of regular exercise.

These reasons will be better explained throughout this chapter.

Generally speaking, walking requires not only good levels of certain functional

capacity components but also good levels of cognition [4, 5]. A number of factors,

including an inverse relationship with aging and physical activity level, can cer-

tainly modulate those fitness levels. Furthermore, the presence of chronic

conditions such as sarcopenia, cognitive deficits, and specific changes mainly in

the frontal brain structure associated with the aging process may affect an

individual’s walking pattern [6, 7]. As a means of locomotion, it is important to

keep in mind that walking does not present a single movement pattern. The reasons

for this lie in the fact that the way individuals walk demands integration with the

environment and requires reasonable levels of agility, balance, and cognitive skills

to be performed adequately. Additionally, walking demands performance in a

multitask fashion, which is affected during the aging process due to impaired

sensorimotor integration [7]. Impairment in walking pattern along with reduced

levels of agility and balance and declines in mental processes has been associated

with increased risk of falls [8, 9]. Falling is a public health concern because it is a

major threat to health and independence of older adults. Falls in older adults

normally result in serious injuries most often requiring hospitalization. Falls are

not an inevitable consequence of aging, but they are more common in older adults

because of risk factors, such as a lack of exercise or medication. They increase with

age and are usually related to poor health and aging conditions [10].

Acknowledging the role of aging; the lack of exercise; important components of

physical and mental capacity, like agility; and balance and cognitive functioning all

having a part in walking as well as in the risk of falls, this chapter:

1. Describes how aging and physical activity interfere with walking pattern, agility,

balance, and cognitive functioning. In terms of walking pattern, stride length,

speed, and variability are explored.

2. Describes how all the abovementioned components modulate locomotion (walk-

ing) and contribute to either increased or reduced risk of falls in older adults.

To accomplish these goals, the current scientific literature was reviewed,

analyzed, and summarized. This chapter is organized into four distinct but

interconnected subsections: (1) agility and aging, (2) gait and cognitive function,

(3) exercise and the walking task, and (4) mechanisms of postural control during

aging. Therefore, by the end of this chapter, the reader will be able to understand
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how aging affects walking as well as the complex relationship between physical

(with emphasis on agility) and mental components that make walking possible in

older adult and how regular exercise may help in the walking task and reduce the

risk of falls.

6.2 Agility and Aging: Parameters to Perform a Motor
Intervention

Agility is defined as the ability to perform rapid movements with a good degree of

precision at high intensity, employing direction changes or fluctuations in the center

of gravity and in situations requiring acceleration and deceleration [11]. Among the

functional capacity components related to aging, less attention has been given to the

impact of agility. This could be due to the fact that this component is often viewed

as a performance indicator. However, considering the activities of daily living

(ADL) requiring locomotion, several unpredictable daily actions demand

movements involving speed, quick direction change, and adjustments in the center

of gravity (e.g., detour from an object or another person, overcome an obstacle

during gait). To this end, agility is highly important. For instance, persons with

good levels of agility walk with more self-assurance and confidence [12] and

respond better to the demands of the surround environment [13]. Therefore,

neglecting the development of this component may negatively affect one’s func-

tionality and autonomy. It could have a potential impact on increasing the risk of

falls, which often results in fractures and greater risk of morbidities. The develop-

ment of agility during the lifespan is necessary in order to keep it at good levels

during adulthood and senescence.

The aging process is characterized by progressive and irreversible changes in

biologic, morphologic, and functional parameters. These changes often result in a

decline in the performance of physical abilities [1] which could negatively affect

the execution of ADL. In general older adults are the least active age group to

engage in regular physical activity programs [14]. Several epidemiologic studies

have demonstrated that living a sedentary lifestyle intensifies the process of inca-

pacity and dependence resulting from the normal degeneration of the aging process.

Moreover, a sedentary lifestyle increases the risk of chronic diseases which con-

tribute to autonomy loss and consequently diminished quality of life in this

population [15].

The set of functional capacity components ensures independence and autonomy

during aging. Agility is a complex component that depends upon the integration of

the visual, vestibular, and proprioceptive systems as well as the processing centers.

Additionally, it also depends upon the centers for central superior information and

neuromuscular responses, mainly muscle strength and reaction time. Among the

most important losses experienced by older adults, postural instability which occurs

due to changes in sensorial and motor systems is highlighted [16]. These changes

result in a reduction in the ability to perform self-shifting during information

processing, slowing down the execution of tasks that meet the demands of the
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environment. A reduction in the sensorial system efficacy, especially visual acuity

as well as proprioceptive changes and cognitive deficits that harm the integration

and information processing which resulted from aging, often has a negative impact

on agility performance and mobility. Additionally, deficits in neuromuscular func-

tion originating from lean mass loss during aging (sarcopenia) also contribute to

intensifying the responses of this dysfunction.

Falls in older adults are a major mobility impairment factor [17]. Falls are

commonly accompanied by fractures, hospitalization, and an increased risk of

death in this population. However, engagement in regular physical activity has

been recommended as an efficient and effective preventive mean to reduce risk of

falls [18], and falls are one of the main causes of mortality in older adults [19].

Therefore, maintaining good levels of physical fitness has proven a significant

association with the reduction of frail phenotypes in advanced ages.

Initially, the use of instruments/tools able to identify and determine the preva-

lence of falls, functional deficits, and incapacities positively related to progressive

loss of agility and balance may become potential predictors of functional

impairment, as well as a guide for the development of appropriate strategies to

minimize the effects of aging on this functional component. Although agility is a

specific component, it depends upon the integrity of other components, such as

strength, speed, flexibility, and, mainly, balance. Taking into account the progres-

sive loss of all these components during aging, especially those related to the

reduction in the number of rapid muscle contraction fibers and reduction in the

number of motor units, studies have demonstrated the efficacy of resistance exer-

cise training as an efficient alternative to promote improvements in agility

[20, 21]. This type of training is associated with improvement in movement

precision that demands agility by increased recruitment of motor units, which

consequently improve the execution of movements that require speed and accuracy.

Multimodal programs require individuals to perform activities that involve

movements that stimulate multiple components of functional capacity. Several

studies have demonstrated that multimodal programs also promote positive changes

in functional mobility and agility indexes [22]. Because of the interdependent rela-

tionship between agility and other components, these types of interventions have been

shown to be effective. Intervention of this nature should be developed with the aim of

optimizing information processing and stimulating the superior centers. This could be

done by using challenging activities that involve performing dual tasks [23]—a task

requiring one to perform a primary task, concurrent to a secondary task, normally

cognitive task (e.g., standing upright while counting backward), especially those

mimicking daily activities. In addition, interventions that promote significant

improved flexibility have the potential to make it easier for individuals to perform

movements with higher amplitude and better efficacy. This will optimize the lever

systems required to perform high-speed movements and facilitate the capacity of

muscle contraction and relaxation of main motor muscles involved in daily actions.

Within exercise programs for older adults aiming to improve agility, it is

important to consider the development of coordination, which will allow better

speed response of information processing and efficiency in the self-shifting system.
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This will promote positive reflexes for performing activities quickly. It is also

important to highlight the development of muscular strength to intensify the

recruitment and synchronization of new motor units as well as neural adaptations

to provide fast drive impulse of afferent and efferent pathways. This will ensure

performance with greater safety and effectiveness while activities requiring agility

are executed.

The evaluation of agility performance related to walking of older adults should

take into consideration the full body, as full body is engaged during walking. The

evaluation should further consider the multifactorial changes in lifestyle behaviors

(e.g., reduced physical activity) common during the aging process that negatively

impact agility and balance. It is parallel important to considering many of the risk

factors as potential intervention targets. Mainly, such tests should ensure the safety

of the individual during assessment procedures because they require some degree of

speed. The agility and dynamic balance test, part of the battery of functional tests of

the American Alliance for Health, Physical Education, Recreation and Dance

(AAHPERD) [24], offers a good parameter to assess this component by requiring

functional movements present in daily situations of older people. It allows

researchers and health professionals to quantify this component. The test involves

locomotion, sitting, standing, and making turns and consists of starting from a

sitting position, and when signaled by the evaluator, the individual should cover a

preestablished route as quickly as possible.

Along with neuromuscular and metabolic changes, locomotor system alterations

are also observed during the aging process. Taken together, these changes cause

impairment to the functions involved ambulation and mobility. Moreover, they are

often related to the risk of falls. Interventions designed to develop maximum speed

can be a risk for older adults because of the high demand imposed on the structures

involved in the execution of these types of activities. Therefore, developing protocols

aimed at stimulating multiple components may have a positive impact on specific

abilities and is being recognized as a safe and efficient alternative to improve the

relationship between older individuals and their socio-environmental context. It is

expected that these programs will not provide improvements related to high levels of

performance but rather improvements related to functionality and mobility of the

participants. Engaging in exercise has been recommended as a means to achieve

better functionality that makes individuals abler and adapted to facing challenging

and unpredictable situations posed by daily activities, including safer locomotion.

6.3 Gait and Cognitive Function

The understanding of the association between mobility/locomotion and cognition is

evolving. In the past, it was believed that walking was an entirely automatic

process. However, gait control requires a well-organized integration of the motor,

sensorial, and cognitive systems. It is known that gait is mediated by frontal

subcortical circuits, and those are responsible for mediating executive functions
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[25, 26]. Such a function comprises planning, abstraction, strategy development,

organization, self-control, and mental flexibility [27].

Several studies have shown that gait can be affected by cognitive tasks.

This interaction between gait and cognition can be proven by the dual-task para-

digm. In the dual-task paradigm, performance of motor and cognitive tasks is

assessed simultaneously (e.g., having people walk while performing a task that

requires cognitive activation) [28, 29]. Furthermore, studies have established the

importance of cognitive control for the older adult gait. Executive functions and

attention are altered in the normal aging process, and this cognitive deficit may

affect the gait execution either in dual-task conditions or in situations where there

are environmental changes [26, 30]. A reduction in the gait speed and increased step

variability are observed in older adults who are asked to walk and perform a

cognitive task simultaneously [31]. Gait variability is found to be higher in older

adults possibly because of deficits in both executive functions and attention

[32]. Investigations that have been conducted using dual-task methodology have

focused on cinematic parameters of the gait such as stride length, step time, and

speed and gait variability. These studies reported alterations in gait parameters in

older adults [33, 34].

According to Yogev-Seligmann and colleagues [9], some domains of the execu-

tive functions such as mental flexibility, behavior self-control, and planning have

important function in gait performance. For instance, mental flexibility allows

individuals to detect errors and modify motor behavior, if necessary. Behavior

self-control allows individuals to bypass irrelevant stimulus and leach distractions.

The planning domain allows individuals to identify and organize elements needed

to perform an intention. A deficit in the previous cognitive domains may engender

risky choices and failures in decision-making. A simple example of this is when

subtle changes occur in the walking surface, and the individual is not able to adopt

an efficient strategy and ends up slipping or stumbling because of the obstacle. The

activities of daily living encompass several situations where individuals perform

motor and cognitive tasks simultaneously, such as walking and talking, walking and

thinking, and walking and listening to music. Besides these dual-task situations,

other conditions require cognitive demands. These include but are not limited to

walking on slippery surfaces, performing a new motor skill, walking and

overcoming obstacles, or walking and facing diminishing light in the environment.

In the last situations, cognitive demand is higher, which means that gait requires a

higher level of the executive functions and attention [35].

Gait disturbance, such as decreased walking speed, reduced stride length, and

increased gait variability, results in increased risk of falls in older adults [36].

On the other hand, more recent studies consider that cognitive decline and falls

related to the aging process are two geriatric syndromes connected by a common

neural substratum [37]. Falls have been associated to aging-related changes in the

prefrontal cortex [38]. Therefore, older adults with better performance in executive

functions present lower risk of falls. Even a subtle executive dysfunction may

impair the capability of planning and organizing the thinking for gait stages.

Thus, older adults facing either situation of dual tasks or environmental demands
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have difficulties to perform an efficient gait and to take appropriate precautions.

This results in an increased risk of falls [39].

A study conducted in a population-based sample of older adults (n¼ 658) found

significant associations between falls and cognitive measurements (i.e., executive

functions, reaction time, work memory, speed processing, and attention) [40]. In all

examined variables, the fallers had the worse cognitive performance. The findings

of this study suggest that the falls which occurred late in life may be associated with

age-related changes in the prefrontal cortex and consequently failure in executive

control. On the other hand, the recurrent falls may be a result of marked aging of the

cerebral cortex and general cognitive decline [40]. In this sense, the risk of falls is

increased in cognitive disorders, such as mild cognitive impairment and in

Parkinson’s and Alzheimer’s diseases.

Several studies have demonstrated that physical exercise has an effect on gait of

older people. A recent systematic literature review demonstrated that physical

exercise can improve single-task gait speed and dual-task gait speed in older adults

[41]. The nature of the physical exercise interventions varied across the studies in

the previous systematic review, but most of the studies included interventions with

dual-task component. Cognitive activities used in the dual-task interventions

included naming words in a particular category, spelling backward, counting

forward or backward, and reciting letters of the alphabet among others. There is

further evidence that multimodal intervention also reduces variability of spatiotem-

poral gait parameters during dual-task walking in older adults [42, 43].

Based on the above, we noted that both attention and executive functions play a

decisive role in gait regulation in older people, especially in complex and challeng-

ing conditions. Moreover, we noted that deficits in these cognitive components

might contribute to changes in the gait and therefore an increased risk of falls in this

population.

6.4 Exercises to Help Older Adults Master Walking Ability
in Different Environments

Maintaining reasonable levels of physical function is important for older adults in

order to remain independent and autonomous. With this in mind, being physically

active has proven to be beneficial [44]. To be independent it is highly important that

mobility be preserved. Mobility is defined not only as the capacity of one to walk

and move, but it also takes into consideration the environment and the individual

capability to adapt to it [45]. Lifestyle-related factors and/or pathological or even

idiopathic factors that may come along with the aging process may decrease one’s

physical function levels, affecting mobility engendering what is called functional

incapacity. Functional incapacity can be defined as the difference between the

physical function of an individual and environmental challenges to which he/she

is subjected [46]. An example of environmental challenge could be as simple as

walking outdoors on a flat surface [46]. Functional incapacity ranges from preclini-

cal to severe. In the preclinical range, there are limitations only in highly
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challenging environments, whereas in the severe range, individuals cannot get out

of bed [47].

Many risk factors for reduced mobility have been investigated; however none

can accurately predict mobility limitations. Like other geriatric syndromes, the

determinants are probably multifactorial [48]. The risk factors often identified as

related to low-mobility capacity include but are not limited to advanced age, low

level of physical activity, obesity, balance impairments, and chronic diseases (e.g.,

diabetes, arthritis, etc.) [49]. Depressive symptoms or cognitive impairment, being

female, history of hospitalization, tobacco and alcohol consumption, and

Parkinson’s disease were also found to be related to low-mobility capacity [50].

Regarding low levels of physical activity, interventions employing physical

exercise have the potential to improve mobility in older adults. A relative new

intervention activity that could be highlighted in this matter is the square-stepping
exercise (SSE). This intervention was developed in Japan [51] with the main

purpose being the promotion of balance and reducing the risk of falls in older

adults. To achieve these goals, different step sequences were developed to be

performed on a gridded mat (1 m wide by 2 m long). The sequences increased

progressively in terms of complexity and number of steps needed to be completed

[51]. The first findings from studies using this intervention were promising.

The studies showed benefits in different functional capacity components highly

required during a walking task such as balance, agility, and reduced risk of falls

[52, 53]. Moreover, studies conducted in Brazil observed that the SSE intervention

required refined cognitive components from which concentrated attention, memory,

and executive functions can be highlighted [54]. Like the physical components,

these cognitive components are also activated during walking.

In terms of mobility and in line with the above, studies have shown that SSE

intervention was able to improve balance and walking ability in community

dwellings and with frail older adults living in a day care center for older adults

[55, 56]. The groups undertaking the SSE intervention improved in both time and

amount of steps required to complete the task (Timed Up and Go Test), which
assessed balance and walking ability. In this sense, interventions using walking may

also be an interesting option for mobility maintenance. For instance, a study using

Nordic Walking as intervention observed that mobility and other functional capac-

ity components such as strength endurance and balance had improved at the end of

the program [57]. Li et al. [58] used two different types of training in older adults:

(a) traditional walking and (b) walking on a cobblestone mat (mats with hard plastic

replicas of stones that require more balance and attention for foot positioning).

A 16-week intervention period was enough to observe improvements in mobility in

both groups. However, the traditional walking training group perceived more

benefits in terms of daily functional measurements.

On the other hand, interventions using weight training had also proven to be

beneficial to mobility. Vincent et al. [59] compared the effects of high- and

low-intensity weight training for mobility in older adults aged 63 to 80 years old.

The authors observed that weight training was beneficial for mobility mainly in

those participating in the low-intensity group. Difficulties in mobility as well as in
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activities of daily living such as traveling, self-care, and moving in public places are

especially difficult for obese older adults [60]. Therefore, interventions aiming to

reduce weight are important tools for recovering mobility and improve other

physiologic functions. Low-intensity aerobic activities have been recommended

for these cases [61]. Thus, multidisciplinary approaches are needed to mitigate the

impact of obesity in the deficiency of mobility in aging [60].

In general, regular exercise has been shown to be extremely beneficial to

mobility maintenance. Furthermore, as mentioned by Ross, Schmidt, and Ball

[62], other interventions such as cognitive training and educational approaches

can also help. Roenker et al. [63] showed beneficial effects of a computer-based

cognitive intervention in individuals at risk of mobility decline and [64] showed

reduction on perceived walking difficulty due to educational orientation on physical

activity. This suggests both physical and cognitive components can be the focus of

interventions aiming to improve mobility in older adults.

6.5 Understanding the Mechanisms of Postural Control
During the Aging Process: From Assessment
to Professional Intervention

Among the wide range of changes occurring during the aging process that impact

locomotion of older adults, it is highly important to understand mechanisms of

postural control that contribute to gait initiation. Gait initiation is challenging to

the motor control system because it is a volitional transition from a condition of a

static stable support to a continuously unstable posture during locomotion [65].

Because of this, gait initiation has been used as an investigative tool to provide

insight into postural control and the changes that occur with advancing age and

disability [66].

An adequate postural control is able to promote innumerous motor skills and is

an absolute prerequisite to safety and efficient performing activities of daily living.

Postural control is defined in this chapter as the ability to maintain, achieve, or

restore a state of balance during any posture or performing activity [67]. Horak [68]

states that postural control is a complex ability based on a dynamic interaction of

the sensorimotor process that involves several components. Among those

components it is important to highlight a) biodynamics (range of motion, strength,

and stability limit), b) sensory (integration and response), c) space orientation

(perception, gravity, surface, and vision), d) strategic movements (reaction,

anticipation, and volitional movements), and e) cognitive processing (attention

and learning). The aging process has a negative impact on postural control either

because of a specific pathology that affects a certain component of the sensory,

biodynamic, and cognitive processing systems or as a result of age-related

deterioration generally of the mechanisms of sensory and biodynamic control

[69, 70].

The balance control during operation and during the change of a postural set to

another requires a complex motor control of a center of mass (CM) in motion.
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The center of mass of a body is the point where all its mass is concentrated. Unlike

the static support during operation or during the transition from one set to another

posture, a healthy individual, the CM is not within the support base [71].

The postural stability during operation results from the placement member for

swing phase under the CM when the latter moves in the lower direction. However,

lateral stability derives from the combination of the lateral trunk control and lateral

foot placement [72]. Elderly at risk of falling tend to have higher CM side than

normal and lateral placements of more irregular walking tours [73].

So for a better understanding of the relationship of postural control and gait, the

postural control is usually studied by observing behavior, essentially body oscilla-

tion during a given task [74]. Performing an additional task while maintaining an

upright posture may cause prejudice to posture, requiring appropriate adjustments

and integration of the postural control components to avoid falls. Attention tends to

be divided between postural control and cognitive processing, using dual task.

In this case, the primary task is the upright posture, concurrent to a secondary

task. Individuals are instructed to perform two different tasks at the same time using

the best of their abilities. It is assumed that the attention priority is divided between

the tasks. This requires a competition of processing resources [75]. Several studies

observed that even in young individuals, postural control may be negatively

affected during the execution of two tasks performed simultaneously. This puts a

great load on working memory capacity [76, 77]. The age-related losses of the

visual and proprioceptive sensibility and of the vestibular system require greater

attention to maintain postural stability during the standing/upright position

[78, 79]. In this sense, the responses to dual task could destabilize the motor activity

[80, 81]. Moreover, the aging process is not only associated with motion dynamic

affected by impairment but also may be associated with a disorientation of the

cognitive processes. Thus, many reasons related to a reduction of postural control

during the execution of a concurrent task can be identified. One of them is related to

the fact that there is a higher necessity of conscious attention to maintain good

postural control because of sensorial function and biodynamic system deficits.

These reflect in reduced attention and worse performance.

Studies have shown that older adults presenting cognitive impairment inherent

of a pathological condition such as Alzheimer’s disease have lower performance

on postural control when executing concurrent tasks compared to neurological

healthy older adults [82, 83]. In line with this finding, older adults with motor

impairment characteristic of a pathologic process such as Parkinson’s disease

perform worse on postural control compared to older adults without any neurode-

generative condition [84]. A possible explanation may be related to the fact

that individuals without cognitive impairment may use cerebral mechanisms

that compensate for minor changes in one or more components of postural

control [85].

A common means of assessing postural control is through posturography.

Assessed through a force platform, the static posturography allows quantifying

the oscillation and balance and consequently predicting an increased risk of falls in

the older adult population [86]. The force platform provides data on corporal
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oscillation through the center of pressure (COP). COP data refers to two

coordinates on the platform surface that are identified in relation to the individual

orientation: anterior-posterior (AP) and mediolateral (ML) directions [23]. In fact,

research has been conducted employing this measure during quiet stance to detect

changes in gait and intervention outcomes [87].

In recent years, many interventions have been conducted aiming to minimize the

risk of falls and to reduce fall rates. Intervention programs that include strength,

balance, gait training, shoe adaptation, assessment and use of assistive devices,

medication assessment, visual tests, and information about falls have been

incorporated into clinical practices [88, 89]. Within these interventions it is impor-

tant to highlight the fall prevention training program for older adults living in the

community which includes balance, muscle strength, flexibility, and resistance

exercises [90].

A positive effect on fall rates was observed in programs including a combination

of a high volume of exercise (higher than 50 hours throughout the intervention

period) and more challenging balance exercises [91]. Interventions adopting a

bolder character in older adults such as the use of exergames (exercises plus

games) have shown to be effective in improving balance in older adults

[92]. Other interventions such as tae kwon do also have been shown to be beneficial
in improving balance in older adults [93]. Researchers attribute such improvements

to the dynamic movements present in these activities that contribute to reduce the

rate of functional decline in older adults. The Tai Chi improved the mechanism by

which forward momentum is generated and improved coordination during gait

initiation, suggesting improvements in postural control [87].

A systematic review showed that there is weak evidence that some types of

exercise (walking, balance, coordination and functional tasks, strengthening exer-

cise, 3D exercise, and various types of exercises) are moderately effective immedi-

ately post action, improvement of clinical equilibrium results in older people

[94]. There is limited evidence to draw conclusions for the general physical activity

(walking or cycling) and exercises involving balance programs between computers

or vibration plates. The paucity of solid evidence underscores the need for more

research employing high methodological quality, and using core measures and

adequate monitoring is required.

In the same way, another systematic review showed that interventions involving

repetitive task-specific practice and/or auditory cueing appeared to be the most

promising approaches to restore gait coordination. Because overall improvements

in gait coordination coincided with increased walking speed lends support to the

hypothesis cue targeting gait coordination may be the way of improving overall

walking ability, especially in individuals poststroke [95].

Therefore, enrollment in physical exercise on a regular basis combined with

multicomponent interventions that involve several physical components of func-

tional capacity, especially balance, muscle strength, flexibility, and endurance may

effectively contribute to postural control (i.e., stand and during walking) in older

adults ensuring the execution of activities of daily living with greater safety and

efficiency.
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6.6 Final Considerations

This chapter described how aging and physical activity interfere with walking

ability. Specifically, this chapter explored how physical and cognitive components

required during walking such as agility, balance, and cognitive functioning change

with aging and how these components are affected by regular exercise. Further-

more, this chapter described how the above components contribute to either

increase or diminish the risk of falls in older adults and how regular exercise may

be beneficial to this population. The following Fig. 6.1 summarizes the chapter

content as a schematic model on how aging and exercise differently modulate the

variables examined.

Considering Fig. 6.1 above, intervention programs focused on improving walk-

ing abilities in older adults should take into consideration not only physical but also

cognitive components that are also involved and important to walking ability and in

preventing falls in the older adult population. In closing, although the aging process

poses several challenges to the organism that can significantly result in dependent-

related walking in older adults, regular exercise has been shown to be extremely

beneficial to mobility maintenance in older adults and to reducing the risk of falls.
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3. Crompton RH, Pataky TC, Savage R, D’Août K, Bennet MR, Day MH, et al. Human-like

external function of the foot, and fully upright gait, confirmed in the 3.66 Mya-old Laetoli

hominin footprints by topographic statistics, experimental footprint-formation and computer

simulation. J R Soc Interface. 2012;9(69):707–19.

4. Simões LA, Dias JMD, Marinho KC, Pinto CLLR, Britto RR. Relationship between functional

capacity assessed by walking test and respiratory and lower limb muscle function in commu-

nity dwelling elders. Rev Bras Fisioter. 2010;14(1):24–30.

5. Lowry KA, Brach JS, Nebes RD, Studenski SA, van Swearingen JM. Contributions of

cognitive function to straight- and curved-path walking in older adults. Arch Phys Med

Rehabil. 2012;93:802–7.

6. Viana JU, Silva SLA, Torres JL, Dias JMD, Pereira LSM, Dias RC. Influence of sarcopenia
and functionality indicators on the frailty profile of community-dwelling elderly subjects: a

cross-sectional study. Brazil J Phys Ther. 2013;17(4):373–81.

7. Beurskens R, Bock O. Age-related deficits of dual-task walking: a review. Neural Plast. 2012;

Article ID 131608: 9 p.

8. Bird M-L, Pittaway JK, Cuisick I, Rattray M, Ahuja KDK. Age-related changes in physical fall

risk factors: results from a 3 year follow-up of community dwelling older adults in Tasmania,

Australia. Int J Environ Res Public Health. 2013;10(11):5989–97.

9. Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of executive function and attention in

gait. Mov Disord. 2008;23(3):329–42.

10. National Center for Injury Prevention and Control. Preventing falls: how to develop

community-based fall prevention programs for older adults. Atlanta: Centers for Disease

Control and Prevention; 2008.

11. Gobbi S, Villar R, Zago AS. Theoretical and practical bases of fitness [Portuguese]. 1st ed. S~ao
Paulo: Guanabara Koogan; 2005.

12. Hernandes ESC, Barros JF. Effects of a program of physical and educational activities for

elderly people under the performance in daily activities tests. R Bras Ci e Mov. 2004;12

(2):43–50.

13. Miyasike-da-Silva V, Villar R, Zago AS, Polastri PF, Gobbi S. Agility levels in 42 to 73 years

old people: effect of a generalized physical activity program of moderate intensity. Rev Bras

Cienc Esporte. 2002;23(3):65–79.

14. Nascimento CMC, Gobbi S, Hirayama MS, Braz~ao MC. Level of physical activity and main

barriers perceived by older people living in Rio Claro. Rev Educ Fı́s/UEM. 2008;19

(1):109–18.

15. Christensen U, Stovring N, Schultz-Larsen K, Schroll M, Avlund K. Functional ability at age

75: is there an impact of physical inactivity from middle age to early old age? Scand J Med Sci

Sports. 2006;16(4):245–51.

16. Jorstad EC, Hauer K, Becker C, Lamb SE. Measuring the psychological outcomes of falling: a

systematic review. J Am Geriatr Soc. 2005;53(3):501–10.

17. Gama ZA, Gomez-Conesa A. Risk factors for falls in the elderly: systematic review. Rev

Saude Publica. 2008;42(5):946–56.

18. Pizzigalli L, Filippini A, Ahmaidi S, Jullien H, Rainoldi A. Prevention of falling risk in elderly

people: the relevance of muscular strength and symmetry of lower limbs in postural stability. J

Strength Cond Res. 2011;25(2):567–74.

19. Bucksch J. Physical activity of moderate intensity in leisure time and the risk of all cause

mortality. Br J Sports Med. 2005;39(9):632–8.

20. Ferreira L, Gobbi S. General agility and upper limbs agility in trained and untrained third-aged

women [Portuguese]. Rev Bras Cineantropom Desempenho Hum. 2003;5(1):46–53.

21. Silva AD, Almeida GJ, Cassilhas RC, Cohen M, Peccin MS, Tufik S, et al. Balance, coordina-

tion and agility of older individuals submitted to physical resisted exercises practice [Portu-

guese]. Rev Bras Med Esporte. 2008;14(2):88–93.
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Cognition, Gait Disorders, and Fall Risk
in Healthy Neurological Older Individuals 7
Manuel Montero-Odasso

Abstract

Clinicians and researchers have commonly performed gait and cognitive

assessments separately when evaluating older adults. Evidence from clinical

practice, epidemiological studies, and clinical trials shows that gait and cogni-

tion are interrelated. Quantifiable alterations in gait among older adults are

associated with falls, dementia, and disability. At the same time, emerging

evidence indicates that early disturbances in cognitive processes such as atten-

tion, executive function, and working memory are associated with slower gait

and gait instability and also with future mobility loss, falls, and progression to

dementia. This chapter reviews the importance of the gait–cognition interrela-

tionship in aging and presents evidence that gait performance mirrors cognitive

function and provides insights about how brain and gait control contributes to

fall risk in older people. To this end, the benefits of dual-task gait assessments

(e.g., walking while performing a cognitive-demanding task) as a marker of fall

risk are presented. Finally, evidence from an emerging therapeutic approach for

reducing the risk of falls by improving certain aspects of cognition through

both non-pharmacological and pharmacological treatments is reviewed.

Disentangling the relationship between gait disturbances and cognitive changes

at their earlier stages may be helpful for identifying older adults at higher risk of

experiencing mobility decline and falls.

M. Montero-Odasso (*)

Schulich School of Medicine & Dentistry, University of Western Ontario, London, ON,

Canada N6A 3K7

Lawson Health Research Institute – Gait and Brain Lab, London, ON, Canada

Division of Geriatric Medicine, Department of Medicine, London, ON, Canada

e-mail: mmontero@uwo.ca

# Springer International Publishing AG 2017
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7.1 Introduction

7.1.1 Are Falls in Older People a Manifestation of Brain Failure?

Forty years ago, Professor Bernard Isaacs postulated that to only attribute falls in

older people to muscular-articular and sensory impairments and their effect on

balance was over simplistic, and rather, that a failure of our sophisticated mecha-

nism of brain mobility control plays a capital role in triggering falls [1, 2].

Cognitive impairment and falls hold a very well-established relationship [3].

Importantly, dementia and falls often coexist in older adults; gait impairments and

falls are more prevalent in patients with dementia than in normal aging and are

related to the severity of cognitive impairment [4]. Gait and cognitive impairment

are prominent independent risk factors for falls. Falls are a common geriatric

syndrome affecting about a third of older adults each year, and a better under-

standing of the relationship between cognitive function and gait impairments may

help clinicians and researchers to develop interventions and institute preventive

measures to delay the transition to falls and promote disability-free life

expectancy.

Fall syndrome is a major cause of morbidity and mortality among older adults,

especially for those with cognitive problems. For instance, older adults with

moderate to severe cognitive impairment have a higher risk of falls, with an annual

incidence of around 60–80%, which is twice the rate of that in cognitively

normals [5]. The consequences of falls in this population are very serious; fallers

with cognitive problems are approximately five times more likely to be admitted to

institutional care than cognitively impaired people who do not fall [6]. They are

also at high risk of major fall-related injuries, including fractures and head injuries,

and mortality. In addition to indirect costs and caregiver burden due to fall

syndrome, the direct costs of emergency care, acute rehabilitation, and long-term

care are substantial and challenge sustainability in several healthcare systems [7].

The precise mechanisms underlying the increased fall risk in cognitively

impaired older adults are not completely understood; however, several studies

have shown that impaired cognitive abilities reducing attentional resource alloca-

tion compromise postural and gait stability [8]. Similarly, executive function, a set

of cognitive processes, including attention, inhibitory control, working memory,

and cognitive flexibility, is an essential cognitive resource required for normal

walking, and impairments in this cognitive domain are associated with both

dementia syndromes and fall risk [9]. One specific early change in gait performance

seen among older adults with mild-to-moderate dementia is a decrease in gait

velocity [4]. Mechanistically, the relationship between cognitive deficits and gait
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disturbances has been attributed to specific brain networks such as the prefronto-

parietal and cingulate areas that are selectively affected by diseases that accom-

pany, but are not necessarily caused by, aging [10].

The interrelationship between cognitive and gait dysfunction has also been

found in otherwise healthy older adults or in those who have subtle cognitive

deficits that are not yet profound enough to be identified using global measures of

cognitive status. Such findings challenge our understanding and definition of

what is currently considered clinically relevant cognitive impairment. For instance,

even among healthy older adults with “normal” cognition, low performance in

executive function was prospectively associated with falls, as assessed using

cutoff scores on global clinical cognitive tests such as the Mini Mental Status Exam.

A systematic review and meta-analysis of 27 prospective cohort studies with at

least 1 year of follow-up among healthy community-dwelling older adults found

that executive dysfunction was associated with an increased risk for any fall by

40% and with falls associated with serious injury [12]. Similarly, early mobility

decline, assessed as slowing of gait, has been found to coexist or even precede the

onset of clinically demonstrable cognitive decline in older adults [13]. This

slowing of gait may have its onset up to 12 years before the clinical presentation

of cognitive changes in older adults who later convert to mild cognitive

impairment (MCI) syndrome, a transitional state between normal aging and

early dementia [14, 15]. Recent studies have also shown that older adults with

MCI have a higher prevalence of gait impairments and higher risk of falling

compared to cognitively normal older adults [15–17]. Thus, older adults with

MCI can be seen as a population at risk, not only for future dementia, but also for

falls, and should perhaps be specifically targeted for interventions to reduce

fall risk.

Until recently, falls and dementia were studied and assessed as distinct geriatric

syndromes (Fig. 7.1a). This may have led to a gap in our understanding of the

motor–cognitive interactions that affects the pathways to future falls and fall-

related disability in older adults. This gap may also explain why cognition has

received little attention with regard to intervention strategies for falls prevention.

New evidence supports these two geriatric syndromes as interrelated outcomes

associated with aging. Figure 7.1b shows the merging view and conceptual frame-

work to understand the interrelationship in the concurrent decline of cognition and

mobility in aging.

7.1.2 Cognition and Gait Instability

Although walking has long been considered a primarily automatic motor task,

emerging evidence suggests that this view is too simplistic [18]. Walking in the

real world requires paying attention to various environmental features and

recovering from postural perturbations to avoid stumbles or falls. Therefore, it is
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not surprising that deficits in attention and executive function processes are inde-

pendently associated with risk of postural instability, impairment in activities of

daily living, and future falls [9].

The mechanistic evidence about mobility and cognition relationship is supported

by brain imaging studies. Functional magnetic resonance imaging and near-infrared

spectroscopy studies have demonstrated significant associations for basal ganglia

and prefrontal motor regions with gait during walking and performing a cognitively

demanding task, as dual-tasking [11]. These studies also pointed that shared cortical

brain networks are involved in information processing, memory, and gait control

and that abnormalities accumulating throughout these specific brain networks as we

age could lead to mobility decline. For instance, diffusion tension imaging (DTI)

studies, an imaging technique used to describe and detect brain tracts, have shown
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Fig. 7.1 (a) Traditional view of the parallel decline of gait and cognitive function with aging. Gait

performance and cognitive function deteriorate with aging yielding two geriatric entities: falls and

dementia. (b) Alternative, emerging view. Cognition predicts mobility decline and falls (a), and

similarly, mobility decline and slow gait predict cognitive deterioration and future dementia (b).

These phenomena occur in a concurrent manner. Modified from Montero-Odasso et al. [3]
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that lower integrity of prefrontal–subcortical networks, including prefrontal cortex,

basal ganglia, and medial temporal lobe, is related to slower gait and increased fall

risk [9–11]. Figure 7.2 synthetizes the evidence of imaging studies supporting the

association across cognition and mobility in the conceptual framework described

above.

7.2 Mechanism and Pathophysiology of Falls

7.2.1 Basis of Posture Control

The human upright position is naturally unstable with a narrow base of support and

a high center of body mass. To maintain this delicate equilibrium while walking or

standing, the human body has a harmonious modulation and coordination of the

trunk and ankle flexibility. This equilibrium modulation is challenged by motor

impairments, either weakness, slowness, or poor coordination, that increase the risk

of falling under physiological perturbations (e.g., body sway during standing or

walking) or after extrinsic destabilizing factors (e.g., during tripping). The rapid

succession of strategies aimed at preserving body stability after a perturbation

includes first the “ankle strategy” for small perturbations and later the “hip strat-

egy” for larger perturbations. The ankle strategy is a motor plan characterized by

the relaxation of trunk muscles and stiffening of the ankle joint, and the hip strategy

relaxes the hip muscles and stiffens the leg muscles with the head moving out of

Fig. 7.2 Evidence from brain imaging studies supporting the relationship between cognitive and

mobility decline, gait decline and future falls, and progression to dementia syndromes
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phase and hip moving to maintain the center of body mass over the base of support

[19–22]. When the perturbation is more severe and the ankle and hip strategies are

not efficient enough, a third motor plan is the “stepping strategy,” during which the

ankle joint is released and the subject performs one or more steps to enlarge the base

of support. If these motor acts fail to preserve stability, the upper limbs play a major

role in performing rescue strategies (e.g., holding on some support) or protective

reactions to limit the traumatic consequence of falling. This model helps to explain

the pathophysiological link between trunk inflexibility, worsened by rigidity or fear

of falling, instability (i.e., ankle strategy), and the mechanistically link between gait

disorders and falling (i.e., “stepping strategy”).

Figure 7.3 depicts the emerging role of cortical cognitive resources, attention

and executive functions, in each of these strategies [23]. An adequate flow of

information through visual, vestibular, and somatosensory afferents is required,

paired with attentional and executive resources to effectively adapt to the environ-

ment and to the type of perturbation by rapidly switching from one strategy to the

other [23, 24].

The motor determinants of falls are characterized by a disorder of either the base

of support or the center of body mass [19]. A useful human model to study base of

support disorders is Parkinson’s disease (PD). Patients with Parkinson’s manifest

disorders of both the base of support and the center of body mass and therefore fall

much more frequently than age-matched control individuals. Additional aging
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Fig. 7.3 Schematization of the rapid succession of strategies aimed at preserving body stability

after a single perturbation. Note the role of cognitive function in the three rescue strategies.

Modified from Fasano et al. [23]
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processes not strictly confined to the dopaminergic systems play a major role in the

pathogenesis of the axial motor impairment. In recent years, mild parkinsonian

signs have been recognized in elderly subjects without PD. These patients present

features recognized as risk factors for falling including involvement of gait and

postural stability as well as executive cognitive function. These mild parkinsonian

signs in older individuals without PD have been related to brain vascular lesions

mainly involving the frontal regions [25] which support the hypothesis that cortical

control of gait shares the same neural networks of important frontal lobe function

included in executive function [25].

Postural stability can be viewed as a strategy per se. As such, the central nervous

system adapting to the environmental constrains should rapidly select the appropri-

ate stabilizing strategy for each circumstance which evolves from postural pertur-

bation, including a protective reaction when fall cannot be avoided. Seniors with a

higher rate of injuries show an impaired protective arm response during falling. The

relevance of the protective arm response is also highlighted by the observation that

elderly fallers with the combined fractures of distal radius and hip have a better

prognosis than the peers with isolated hip fracture [26].

7.2.2 Cognitive Aspects of Fall Risk

Gait performance is a complex task that depends on the normal functioning of

multiple systems working in a highly coordinated and integrated manner

[27, 28]. As impairments in different domains can alter this delicate system, it

has been hypothesized that different chronic conditions and risk factors for falls

such as visual or hearing problems, muscular weakness, osteoarthritis, or peripheral

neuropathy could be evidenced through gait performance [28]. Therefore, gait

performance can be seen as a common pathway affected by different factors that

can cause the fall syndrome. This fact may explain why gait problems are among

the highest predictive risk factors for falls in older adults [27–30]. Walking also

relies on cognition [3]; although it has long been considered a primarily automatic

motor task, emerging evidence suggests that this view is overly simplistic

[18]. Walking requires paying attention to various environmental features and

recovering from postural perturbations to avoid stumbles or falls. Therefore, it is

not surprising that deficits in attention and executive function processes are inde-

pendently associated with risk of postural instability, impairment in activities of

daily living, and future falls [9].

The research on dual-task gait, i.e., the ability to perform a secondary task

simultaneous to walking, increased exponentially after a seminal study has shown

that the incapacity to maintain a conversation while walking (“stop walking when

talking”) was a strong predictor of future falls in cognitively impaired older adults

[31]. Patients with a neurological overt disease, such as stroke, PD, or mild

cognitive impairment (MCI) and dementia present a marked deterioration during

dual-tasking [17, 32, 33]. This evidence helps to understand why patients with

cognitive impairments and dementia syndromes are vulnerable to dual-task
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challenges and why falls are so common in this group of patients. Daily life

activities involve many attention-demanding events which explains the high occur-

rence of falling while performing a secondary attentional demanding task. Current

evidence supports that dual-task gait and balance abilities worsen due to the

impairment of attentional-related cognitive resources, including executive function.

Even during standing, postural sway increases when a cognitive task is performed,

suggesting that constant dynamic control of postural adjustments during standing

also requires certain levels of cognitive attentional resources.

Even among healthy older adults with “normal” cognition, low performance in

attention and executive function was prospectively associated with falls [11]. A

systematic review and meta-analysis found that executive dysfunction was

associated with 1.44 times increased risk for any fall and falls associated with

serious injury [12].

Finally, evidence for the role of attention and cognition in postural control is also

provided by the fact that psychotropic drugs such as benzodiazepines and

neuroleptics that impair cognition affect postural control and reaction times and

increase risk of falls [34]. On the other hand, cognitive enhancers, including

donepezil, which are usually used for the treatment of dementia, have been found

to significantly reduce falls rather than near falls in patients with PD without

cognitive impairment, thus indicating that the drug did not improve stability, but

rather cognitive resources. Similarly, cognitive enhancers have been shown to

improve gait and mobility in people with Alzheimer’s disease (AD) [35, 36].

7.2.3 Dual-Task Gait Assessments

As explained above, dual-task gait performance is a sensitive measure of the role of

cognitive deficits in gross motor performance, gait stability and navigation, and fall

risk. Specifically, dual-task gait performance isolates the role of attention and

executive function deficits in the regulation of brain gait control [3, 17, 32].

Emerging evidence is sustaining that “dual-task gait” can help to identify risk of

falls in an individual without previous falls [3]. During the dual task, the subject

performs an attention-demanding task while walking to assess any modifications,

compared to the reference, single-task condition, in either the cognitive or the

walking subtasks [8]. The underlying hypothesis is that two simultaneously

performed tasks interfere and compete for brain cortical resources [9]. Therefore,

dual-task gait can act as a stress test to the brain to detect impeding mobility problems

and risk of fall. Gait changes during dual-tasking (also known as dual-task costs),

such as slowing of gait, are interpreted as the increased cost of involvement of

cortical attention processes while walking. The role of dual-task costs as a marker

of future falls over simple gait assessments has been evaluated with mixed results in

the literature due to the heterogeneity of studies, small sample sizes, limited prospec-

tive fall ascertainment, and the lack of standardization in dual-task procedures [37].

Although clinically meaningful, cutoff values of dual-task costs are still controver-

sial, and other unanswered questions remain. A growing body of evidence supports
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the potential clinical utility of this paradigm for fall prediction since it provides a

valid and sensitive means of assessing motor–cognitive interactions and fall risk.

Based on recent studies, a dual-task cost higher than 20% may denote individuals at

higher risk of falls when they sustain a gait velocity of 95 cm/s or faster, highlighting

the sensitivity and predictive ability in older adults who have a relatively normal gait

velocity [38].

7.2.4 Gait Variability and Risk of Falls

Gait is a complex motor behavior with many measurable facets. This growing field

of research provides an interesting window for the study of the regulation of the

locomotor and cognitive control. Gait velocity is easily measured and provides

valuable information about physical and medical status in the complete functional

spectrum of older people [29, 39]. Another way to quantify gait instability that has

garnered much attention in the literature recently is gait variability.

Changes in gait velocity and variability are not mutually exclusive; however,

they provide different information. For example, Herman et al. reported that gait

variability during dual-tasking predicted future falls among community-living older

adults, while gait velocity did not [11]. The variability of several spatial-temporal

gait parameters has been studied, with stride-to-stride fluctuations in gait cycle timing

(e.g., stride time) being the most widely reported [40]. In brief, it has been suggested

that stride time reflects one of the final pathways of the outcomes regulated by the

central nervous system. Stride time variability is becoming a relevant marker of gait

stability, both in research and clinical settings, and can be measured easily and

robustly [40]. The general assumption is that there is an inverse association between

stride time variability and gait stability. Low stride time variability reflects automatic

processes that require minimal higher cortical input and is associated with efficient

and safe gait patterns [40]. Walking is one of the most repetitive and “hard wired”

human movements; the normal fluctuations in stride time variability are usually

below 3% among healthy adults [40, 41]. However, higher gait variability has

been described in older adults with frailty [42], PD [43], and AD [33, 44] and

prospectively associated with a high risk of future falls and mobility decline

[45, 46]. More interestingly, high stride time gait variability has been shown to

predict future falls in community-dwelling older adults [11, 47], even when gait

velocity failed to demonstrate an association. Evidence has shown that gait variability

not only serves as a clinically relevant approach in the evaluation of mobility, but

may also be responsive to fall prevention interventions [40, 41].

Variability in stride time and stride length are related to the control of the

rhythmic stepping mechanism and should, therefore, be considered as markers of

adaptability to the walking environment. Sheridan et al. reported that high gait

variability could be a sensitive marker of dysfunction in the frontal cortical control

of walking in subjects with moderate AD and executive dysfunction [44]. Hausdorff

et al. showed that the degree of executive function efficiency was correlated to the

degree of stride time variability [18]. These and other studies have shown that there
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is interplay between gait variability, cognitive dysfunction, in particular executive

function and attention, and the risk of falls.

7.3 Emerging Therapeutical Approaches

7.3.1 Learning from Cognitively Impaired Populations

Deficits in cognitive function and mobility coexist in older adults even in the early

stages of aging. Older people with MCI may have impairments in either memory

(amnestic) or non-memory (non-amnestic) cognitive domains [18], as well as

impairments in fine and complex motor skills, equilibrium, and limb coordination.

Quantitative testing has revealed gait dysfunction in subjects with both the amnestic

and non-amnestic MCI subtypes compared to healthy controls [16]. Neurological

gaits, such as hemiparetic, and frontal or parkinsonian gaits were almost twice as

common in amnestic MCI as in normal controls in this study. Additionally, subjects

with MCI and gait abnormalities (defined as either having slow gait or a neurological

gait) were more disabled than subjects with MCI without gait abnormalities [16].

Low performance in three related cognitive domains (i.e., attention, executive

function, and working memory) was associated with slowing of gait velocity

specifically under dual-task conditions, suggesting that these specific cognitive

domains are relevant for maintaining a normal gait pattern in the presence of a

cognitive load [17]. It has been proven that increased variability of time-related gait

parameters was significantly different under dual-task testing in older adults with

MCI compared to age-matched normal controls, but less affected in people with

mild AD [33]. The same group compared the effect of dual-task of different

complexities between cognitively normal controls and older adults with MCI [48].

A significant dual-task cognitive status interaction was found for gait variability, but

not for gait velocity, further demonstrating that gait variability may be especially

sensitive to dual-tasking and to the complexity of the task given. These findings

suggest that cognitive control of gait performance is impaired in people withMCI and

in the early clinical stages of dementia. Interestingly, these disturbances were not

evident during the single-task test condition. This finding highlights the ability of

tests that challenge brain function to reveal subtle or early gait problems. In summary,

several studies have shown that gait is altered in people with early cognitive

problems, most prominently under dual-task conditions, and may provide an expla-

nation for the high risk of falls in people with MCI and with executive dysfunction

[15, 25–28, 49].

7.3.2 Strategies to Prevent Falls and Enhance Mobility
Targeting Cognition

Fall prevention trials in cognitively normal older adult populations have

demonstrated, that both multifactorial (e.g., review of medications, strength and
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balance training, visual and hearing correction and environmental modifications)

and single interventions (e.g., resistance exercises or progressive balance training)

can be effective in preventing falls. In contrast, intervention studies targeting fall

prevention in people with cognitive problems have been inconsistent or have only

had modest success [50]. Older adults with cognitive problems, while at high risk

for falls, represent a group who may be less responsive to the interventions that are

effective among subjects that are cognitively intact [51]. There are several potential

explanations for the lack of benefit of fall prevention programs in the cognitively

impaired population including different underlying mechanisms for falls in those

with cognitive problems and failure to address cognitive deficits adequately.

Although much is known about the multifactorial nature of falls in cognitively

normal individuals, the emerging knowledge about the nature and interrelationship

of risk factors in those with cognitive problems can help to understand how

cognitive control of balance and gait can trigger falls in cognitive healthy

individuals.

Current preliminary evidence from interventional studies support that targeting

cognition may reduce falls. Specifically, it has been postulated that improving

certain aspects of cognition, as a complementary intervention, can help to prevent

falls in older adults. The following two sections review recent studies addressing

the role of improving cognition to improve mobility and reduce falls in older adults.

Figure 7.4 summarizes the effects of four different forms of interventions targeting

cognition with the goal of improving mobility, specifically gait velocity and dual-

tasking gait velocity.

7.3.2.1 Non-pharmacological Approaches
Cognitive remediation interventions have been shown to improve attention and

executive function as well as memory in older adults without dementia. Table 7.1

summarizes recent studies that have specifically evaluated the effects of

interventions to improve cognition on gait and fall risk. Verghese et al. [52]

conducted a pilot study in 24 older adults who were randomly assigned to either a

computerized cognitive remediation intervention or a wait list. The ten participants

who completed the cognitive remediation showed improvement on gait velocity

during normal walking and walking while talking (dual task) compared to baseline

(Fig. 7.3a). While the initial findings of this pilot trial need confirmation in larger-

scale trials, they indicate that a non-pharmacological cognitive intervention can

positively modify gait performance, especially during dual-task testing.

Silsupadol et al. [53] conducted an intriguing but small study among 21 older

adults with balance and gait impairment. Participants were randomly assigned to

one of three interventions: single task (active control), fixed-prioritization dual-task

training, and dual-task training with variable prioritization. Improvements in bal-

ance and gait velocity were found in all groups after training (Fig. 7.3b). However,

when a cognitive, dual task was added during testing, only participants who

received dual-task training exhibited significant improvements in gait velocity

( p< 0.001). Furthermore, the group that trained with variable-priority instructions

demonstrated a dual-task training effect that was retained after 12 weeks of follow-
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up [53]. These results suggest that varying focus during training between the

cognitive and motor tasks apparently had more benefits than training that required

constant focus of attention on both tasks.

Schwenk et al. [54] conducted a randomized controlled trial (RCT) that

evaluated the efficacy of a 12-week dual-task training program in 61 seniors with

dementia. The intervention group received dual-task training, using progressively

more complex activities such as walking while throwing and catching a ball or

walking while performing mental arithmetic, during a 2 hour exercise session
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Fig. 7.4 Summary effects of four different forms of cognitive therapy on usual-walking gait

velocity and dual-tasking gait velocity. Values shown are changed with respect to baseline.

Adapted from Montero-Odasso et al. [3, 67]. Note that 5 cm/s has been identified as the minimal

clinical difference (MCD) and 10 cm/s as a substantial difference. (a) Effects of 8 weeks of

computerized cognitive remediation training (while seated) in sedentary older adults, compared

with wait-list controls. Data from [52]. (b) Effects of dual-task training during walking on gait

speed in older adults with balance impairment, compared with subjects who only practiced

walking. Data from [53]. (c) Effects of 6 weeks of TT augmented with VR among patients with

PD, compared with an active control comparison of 6 weeks of TT alone. Usual-walking gait speed

increased in both the TT alone and TT+VR groups; however, DT gait speed only improved among

the patients who participated in TT +VR. Data from [52, 56]. (d) Effects of 4 months of donepezil

use on gait speed in patients with Alzheimer’s disease and compared with control patients with

mild cognitive impairment. AD Alzheimer’s disease, DT dual-tasking, MCD minimal clinical

difference, MCI mild cognitive impairment, PD Parkinson’s disease, TT treadmill training, VR
virtual reality
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carried out twice a week. The control group received low-intensity exercise for

1 hour once per week over the same period of follow-up. After the 12 weeks of

training, the intervention group performed significantly better on gait in a

complex dual-task condition (“walking while doing serial three subtractions”)

compared with the control group. Despite some limitations, including that the

training in the intervention group included repeated exposures to the same dual-

task test conditions that served as the main outcomes, this study shows RCT

evidence [55] that dual-task training improves gait in people with mild-to-

moderate dementia.

Finally, Mirelman et al. [56] reported an improvement in gait using a program of

treadmill training enhanced with virtual reality in patients with PD. After 6 weeks

of training, gait velocity, stride time, and stride length significantly improved in

usual and dual-tasking conditions as well as during overground obstacle negotiation

(Fig. 7.3c). In addition, gait variability decreased (i.e., improved) under dual-task

conditions [56]. Moreover, the improvements in dual-task walking were much

larger than that seen in a previous study that followed an almost identical treadmill

training program, without the virtual reality component. This finding suggests that a

complex motor–cognitive training may be more effective at improving dual-tasking

and functional gait, compared to a program that focuses exclusively on motor

function.

While the effects of these preliminary cognitive-based therapies to

mediators of fall risk are promising, studies have not yet examined the impact

of these interventions on fall frequency. Large-scale RCT trials are needed to

generate critical evidence-based results before this approach can be widely

recommended.

7.3.2.2 Pharmacological Approaches
Pharmacological interventions targeting attention and executive function have also

improved gait performance in older adults [57, 58]. Table 7.2 summarizes studies

that specifically evaluate the effects of cognitive pharmacological interventions to

improve gait and fall risk in older individuals. Methylphenidate (MPH) has long

been used to improve attention in children with attention-deficit hyperactivity

disorder; however, its potential to modify motor function is less known. In a pilot

study, Auriel et al. [57] evaluated the effect of a single dose (20 mg) of MPH on

cognitive function, gait performance, and markers of fall risk in 21 patients with PD

who were receiving L-Dopa. A single dose of MPH was associated with a significant

improvement in attention, executive function, gait velocity, stride time variability,

and the Timed Up and Go Test, i.e., validated markers of abnormal gait and fall

risk. Ben-Itzhak et al. tested the effect of MPH in 26 community-living older adults

without dementia using a randomized, double-blind, crossover design. MPH

improved executive function and gait velocity and reduced gait variability in

this sample of older adults as well [58]. Additionally, a single dose of MPH

reduced the detrimental effect of dual-task testing on gait variability. These initial

findings suggest that MPH, and potentially other drugs designed to enhance
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T
a
b
le

7
.2

C
o
g
n
it
iv
e
p
h
ar
m
ac
o
th
er
ap
y
fo
r
b
al
an
ce
,
g
ai
t,
an
d
fa
ll
ri
sk

S
tu
d
y

(y
ea
r)

S
tu
d
y
d
es
ig
n

T
y
p
e
o
f
in
te
rv
en
ti
o
n

D
u
ra
ti
o
n
o
f

in
te
rv
en
ti
o
n

P
ar
ti
ci
p
an
ts

S
u
m
m
ar
y
o
f
fi
n
d
in
g
s

A
u
ri
el

et
al
.

(2
0
0
6
)

O
p
en
-l
ab
el
,

b
ef
o
re
–
af
te
r

d
es
ig
n

B
ef
o
re

an
d
2
h
af
te
r

ta
k
in
g
a
si
n
g
le

d
o
se

o
f

2
0
m
g
o
f
M
P
H

2
h

2
1
p
at
ie
n
ts
w
it
h
P
D

w
h
o
re
ce
iv
e

L
-

D
o
p
a,
(m

ea
n
ag
e,
7
0
.2
�
9
.2

y
ea
rs
;

M
M
S
E
,
2
8
.8
�
1
.7
)

Im
p
ro
v
em

en
t
in

at
te
n
ti
o
n

(
p
¼
0
.0
2
5
)
an
d
E
F
in
d
ex

sh
o
w
ed

o
n
ly

a
tr
en
d
(
p
¼
0
.0
9
).

Im
p
ro
v
em

en
ts
in

T
im

ed
U
p
an
d
G
o

(
p
¼
0
.0
0
1
),
g
ai
t
v
el
o
ci
ty

(
p
¼
0
.0
0
5
),
an
d
st
ri
d
e
ti
m
e

v
ar
ia
b
il
it
y
(
p
¼
0
.0
1
3
)

B
en
-I
tz
h
ak

et
al
.

(2
0
0
8
)

R
C
T
,
d
o
u
b
le
-

b
li
n
d
,

p
la
ce
b
o
-

co
n
tr
o
ll
ed

B
ef
o
re

an
d
2
h
af
te
r

ta
k
in
g
2
0
m
g
M
P
H
o
r
a

p
la
ce
b
o

2
h

2
6
o
ld
er

ad
u
lt
s
w
it
h
o
u
t
d
em

en
ti
a

w
it
h
su
b
je
ct
iv
e
m
em

o
ry

co
m
p
la
in
ts

(m
ea
n
ag
e,
7
3
.8
�
1
.2

y
ea
rs
;
m
ea
n

M
M
S
E
,
2
7
.8
�
1
.4
)

M
P
H
im

p
ro
v
ed

T
im

ed
U
p
an
d
G
o

(
p
¼
0
.0
0
4
),
st
ri
d
e
ti
m
e
v
ar
ia
b
il
it
y

(
p
¼
0
.0
3
),
an
d
E
F
(
p
¼
0
.0
3
);

ef
fe
ct
s
n
o
t
o
b
se
rv
ed

af
te
r
tr
ea
tm

en
t

w
it
h
th
e
p
la
ce
b
o

M
o
n
te
ro
-

O
d
as
so

et
al
.

(2
0
0
9
)

O
p
en
-l
ab
el

st
u
d
y
w
it
h

co
n
tr
o
ls

5
m
g
/d
ay

o
f
d
o
n
ep
ez
il
fo
r

1
m
o
n
th

an
d
an
o
th
er

3
m
o
n
th
s
w
it
h
1
0
m
g
/d
ay

M
C
I
g
ro
u
p
w
it
h
n
o

tr
ea
tm

en
t

4
m
o
n
th
s

S
ix

p
at
ie
n
ts
w
it
h
m
il
d
A
D

(m
ea
n

ag
e,
7
9
.9
�
4
.8

y
ea
rs
;
M
M
S
E
,

2
2
.3
�
1
.2
;
M
o
C
A
,
1
5
�
1
.4
)

co
m
p
ar
ed

w
it
h
ei
g
h
t
p
at
ie
n
ts
w
it
h

M
C
I
(m

ea
n
ag
e,
7
5
.6
�
6
.2

y
ea
rs
;

M
M
S
E
,
2
7
.9
�
1
.7
;
M
o
C
A
,

2
2
.9
�
1
.7
)

A
D

p
at
ie
n
ts
in
cr
ea
se
d
th
ei
r
g
ai
t

v
el
o
ci
ty

(
p
¼
0
.0
4
5
)
an
d
d
u
al
-t
as
k

g
ai
t
v
el
o
ci
ty

(
p
¼
0
.0
4
7
)
af
te
r

1
m
o
n
th
.
S
tr
id
e
ti
m
e
v
ar
ia
b
il
it
y

d
ec
re
as
ed

(i
m
p
ro
v
ed
)
d
u
ri
n
g
fo
ll
o
w
-

u
p
.
C
h
an
g
es

w
er
e
m
ai
n
ta
in
ed

fo
r

4
m
o
n
th
s.
M
C
I
(c
o
n
tr
o
l)
g
ro
u
p

d
ec
li
n
ed

in
g
ai
t
v
el
o
ci
ty

an
d

v
ar
ia
b
il
it
y

A
ss
al

et
al
.

(2
0
0
8
)

B
ef
o
re
–
af
te
r

d
es
ig
n

G
al
an
ta
m
in
e
m
ea
n
d
o
se

o
f
1
7
.8
�
3
.5

m
g
/d
ay

6
m
o
n
th
s

N
in
e
p
at
ie
n
ts
w
it
h
m
il
d
-t
o
-m

o
d
er
at
e

A
D

(m
ea
n
ag
e,
7
7
.9
�
2
.1

y
ea
rs
;

m
ea
n
M
M
S
E
,
2
6
.4
�
5
.2
)
co
m
p
ar
ed

w
it
h
1
8
n
o
-t
re
at
m
en
t
co
n
tr
o
l
su
b
je
ct
s

w
it
h
o
u
t
d
em

en
ti
a
(m

ea
n
ag
e,

7
8
.1
�
1
.0

y
ea
rs
;
m
ea
n
M
M
S
E
,

2
9
.4
�
0
.8
)

S
tr
id
e
ti
m
e
w
as

sh
o
rt
er

u
n
d
er

d
u
al
-

ta
sk
in
g
af
te
r
tr
ea
tm

en
t
(
p
¼
0
.0
1
).

T
h
er
e
w
as

n
o
ch
an
g
e
in

th
e
co
n
tr
o
ls

106 M. Montero-Odasso



C
h
u
n
g

et
al
.

(2
0
1
0
)

R
an
d
o
m
iz
ed
,

cr
o
ss
o
v
er
,

d
o
u
b
le
-b
li
n
d

D
o
n
ep
ez
il
v
er
su
s

p
la
ce
b
o
.
In

ea
ch

d
ru
g

p
h
as
e,
su
b
je
ct
s
w
er
e

in
st
ru
ct
ed

to
ta
k
e
5
m
g
/

d
ay

o
f
d
o
n
ep
ez
il
o
r

p
la
ce
b
o
fo
r
3
w
ee
k
s
an
d

to
in
cr
ea
se

to
1
0
m
g
/d
ay

fo
r
th
e
re
m
ai
n
in
g
3
w
ee
k
s

6
w
ee
k
s,

3
w
ee
k
s

w
as
h
o
u
t

6
w
ee
k
s
o
f

p
la
ce
b
o

2
3
p
at
ie
n
ts
w
it
h
P
D

w
h
o
re
p
o
rt
ed

fa
ll
in
g
o
r
n
ea
rl
y
fa
ll
in
g
(m

ea
n
ag
e,

6
8
.3
�
1
0
.8

y
ea
rs
;
M
M
S
E
,

2
7
.6
�
4
.5
)

L
es
s
fa
ll
s
w
it
h
d
o
n
ep
ez
il
th
an

p
la
ce
b
o
(
p
¼
0
.0
4
9
).
S
u
b
je
ct
s
w
it
h

th
e
m
o
st
fa
ll
s
at

b
as
el
in
e
te
n
d
ed

to

sh
o
w
th
e
la
rg
es
t
im

p
ro
v
em

en
ts
.
N
o

d
if
fe
re
n
ce
s
in

A
ct
iv
it
ie
s
o
f
B
al
an
ce

C
o
n
fi
d
en
ce

S
ca
le
,
B
er
g
B
al
an
ce

S
ca
le
,
U
P
D
R
S
II
I,
o
r
M
M
S
E
sc
o
re
s

B
ea
u
ch
et

et
al
.

(2
0
1
1
)

B
ef
o
re
–
af
te
r

d
es
ig
n

M
em

an
ti
n
e
m
ea
n
d
o
se

o
f

2
0
m
g
/d
ay
,
ti
tr
at
ed

in

5
m
g
in
cr
em

en
ts
o
v
er

4
w
ee
k
s

4
.4
–
8

m
o
n
th
s

1
7
p
at
ie
n
ts
w
it
h
A
D
(m

ea
n
ag
e

8
3
.8
�
5
.8

y
ea
rs
;
5
2
.9
%

w
o
m
en
;

M
M
S
E
:,
1
4
.5
�
4
.2
)
an
d
3
2
ag
e-

an
d

g
en
d
er
-m

at
ch
ed

co
n
tr
o
l
p
at
ie
n
ts

w
it
h
A
D

w
it
h
o
u
t
an
y
an
ti
-d
em

en
ti
a

d
ru
g
(m

ea
n
ag
e
8
0
.0
�
6
.6

y
ea
rs
;

5
6
.3
%

w
o
m
en
;
M
M
S
E
,
2
3
.2
�
5
.3
)

S
tr
id
e
ti
m
e
v
ar
ia
b
il
it
y
d
ec
re
as
ed

(i
m
p
ro
v
ed
)
d
u
ri
n
g
fo
ll
o
w
-u
p
in

th
e

m
em

an
ti
n
e
g
ro
u
p
(6
.3
�
6
.1

v
er
su
s

3
.6
�
1
.3
,
P
¼
0
.0
3
8
)

M
o
n
te
ro
-

O
d
as
so

et
al
.

(2
0
1
4
)

P
h
as
e
II
tr
ia
l

5
m
g
/d
ay

o
f
d
o
n
ep
ez
il
fo
r

1
m
o
n
th

an
d
5
m
o
n
th
s

w
it
h
1
0
m
g
/d
ay

5
m
o
n
th
s

4
3
p
at
ie
n
ts
w
it
h
m
il
d
A
D
(m

ea
n
ag
e,

7
6
.9
�
8
y
ea
rs
;
M
M
S
E
,
2
4
.6
3
�
2
;

M
o
C
A
,
1
8
.5
�
4
)

G
ai
t
v
el
o
ci
ty

im
p
ro
v
ed

fr
o
m

1
0
8
.4
�
1
8
.6

to
1
1
3
.3
�
1
9
.5

cm
/s
,

p
¼
0
.0
1
;
d
u
al
-t
as
k
g
ai
t
v
el
o
ci
ty

fr
o
m

8
0
.6
�
2
3
.0

to
8
5
.3
�
2
2
.3

cm
/

s,
p
¼
0
.0
3
.
S
tr
id
e
ti
m
e
v
ar
ia
b
il
it
y

sh
o
w
ed

a
n
o
t
st
at
is
ti
ca
ll
y
si
g
n
ifi
ca
n
t

im
p
ro
v
em

en
t.
T
ra
il
-m

ak
in
g
te
st
s
A

(
p
¼
0
.0
3
0
),
B
(
p
¼
0
.0
0
1
),
an
d
B
-A

(
p
¼
0
.0
4
2
)
im

p
ro
v
ed

af
te
r

in
te
rv
en
ti
o
n

H
en
d
er
so
n

et
al
.

(2
0
1
5
)

R
C
T
,
p
h
as
e
II

R
iv
as
ti
g
m
in
e
ti
tr
at
ed

fr
o
m

3
m
g
/d
ay

(o
r

eq
u
iv
al
en
t
as

p
la
ce
b
o
)

an
d
in
cr
em

en
te
d
ev
er
y

8
m
o
n
th
s

1
3
0
p
at
ie
n
ts
w
it
h
m
il
d
P
D

(m
ea
n

ag
e,
7
1
.9
�
4
.8

y
ea
rs
;
1
.2
;
M
o
C
A
,

2
5
�
1
.4
);
h
al
f
in

th
e
in
te
rv
en
ti
o
n

g
ro
u
p
s
an
d
h
al
f
in

th
e
p
la
ce
b
o
g
ro
u
p

In
te
rv
en
ti
o
n
g
ro
u
p
(r
iv
as
ti
g
m
in
e)

w
as

as
so
ci
at
ed

w
it
h
a
sm

al
l
b
u
t

si
g
n
ifi
ca
n
t
im

p
ro
v
em

en
t
in

g
ai
t

v
el
o
ci
ty

(g
re
at
es
t
ef
fe
ct
)
an
d
d
u
al
-

(c
o
n
ti
n
u
ed
)

7 Cognition, Gait Disorders, and Fall Risk in Healthy Neurological Older. . . 107



T
a
b
le

7
.2

(c
o
n
ti
n
u
ed
)

S
tu
d
y

(y
ea
r)

S
tu
d
y
d
es
ig
n

T
y
p
e
o
f
in
te
rv
en
ti
o
n

D
u
ra
ti
o
n
o
f

in
te
rv
en
ti
o
n

P
ar
ti
ci
p
an
ts

S
u
m
m
ar
y
o
f
fi
n
d
in
g
s

4
w
ee
k
s
to

a
m
ax
im

u
m

o
f

1
2
m
g
p
er

d
ay

at
w
ee
k

1
3
o
n
w
ar
d

ta
sk

g
ai
t
v
el
o
ci
ty
.
S
tr
id
e
ti
m
e

v
ar
ia
b
il
it
y
d
ec
re
as
ed

(i
m
p
ro
v
ed
)

d
u
ri
n
g
fo
ll
o
w
-u
p
b
u
t
d
if
fe
re
n
ce

w
as

n
o
t
si
g
n
ifi
ca
n
t

M
o
d
ifi
ed

an
d
u
p
d
at
ed

fr
o
m

M
o
n
te
ro
-O

d
as
so

et
al
.
[3
]

N
o
te
:
A
D

A
lz
h
ei
m
er
’s

d
is
ea
se
,
E
F
ex
ec
u
ti
v
e
fu
n
ct
io
n
,
M
C
I
m
il
d
co
g
n
it
iv
e
im

p
ai
rm

en
t,
M
M
SE

m
in
i
m
en
ta
l
st
at
e
ex
am

in
at
io
n
,
M
oC

A
M
o
n
tr
ea
l
co
g
n
it
iv
e

as
se
ss
m
en
t,
M
P
H
m
et
h
y
lp
h
en
id
at
e,
P
D
P
ar
k
in
so
n
’s

d
is
ea
se
,
U
P
D
R
S
u
n
ifi
ed

P
ar
k
in
so
n
’s

d
is
ea
se

ra
ti
n
g
sc
al
e

108 M. Montero-Odasso



attention, may have a role as a therapeutic option for reducing fall risk in older

adults.

Cognitive function and the brain control of gait also share several

neurotransmitters that may serve as additional potential targets for pharmacological

interventions. Dopamine deficits have been associated with fall risk in patients

with PD; levodopa typically improves many gait features in patients with this

neurological disease. Interestingly, however, a recent study that assessed the role

of dopamine neurotransmission in fall risk [59] demonstrated that dopaminergic

denervation is apparently not associated with falls in older adults with

PD. Similarly, the neurotransmitter acetylcholine has shown to have an important

role in cognitive function and in controlling gait and balance [60]. Specific regions

within the brain with cholinergic tracts include the hippocampus, nucleus basalis of

Meynert, basal ganglia, thalamus, and peduncle pontine nucleus. The thalamic

cholinergic activity, which derives mainly from terminals of brain stem peduncle

pontine nucleus neurons, plays a central role in the generation of the elementary

movement patterns and gait and balance control [61]. The cholinergic system is also

an important and specific controller of selective attention, likely an important factor

in the dual-task decrement in walking that occurs in cognitively impaired adults.

Therefore, correcting the cholinergic loss in dementia may improve attention and

subsequently gait performance.

Cholinesterase inhibitors (ChEIs), e.g., donepezil, galantamine, and

rivastigmine, are the currently approved symptomatic treatments for AD and

vascular dementia. The molecular mechanism of action for ChEI is achieved by

increasing cortical and hippocampal acetylcholine, regulators of memory and

synaptic plasticity [62]. However, the mechanisms of clinical improvements in

function in patients with dementia are not thoroughly understood. Possible

explanations may relate to the cognitive action of the drug and to subtle

improvements in motor function. For instance, there may be cognitive-related

and non-cognitive-related enhancement mechanisms by which ChEIs might

improve gait performance and potentially reduce fall risk [60]. Improving execu-

tive function and attention may affect gait control, and cholinergic enhancement

of the peduncle pontine nucleus may improve stride-to-stride variability. Both of

these mechanisms have the theoretical potential to reduce the occurrence of falls.

Whether by a direct effect or mediated through cognition, motor function

improvement would consequently serve to stabilize mobility, reduce falls, and

delay functional decline.

A few studies have evaluated the effect of ChEI in motor performance in older

adults. These are generally pilot investigations or phase II trials, but they are,

nonetheless, worthy of consideration given their novelty and potential importance

to our understanding of therapeutic possibilities. Two pilot studies evaluated the

effect of ChEI on gait performance [35, 63]. Assal et al. tested the effect of

galantamine on gait in nine participants with moderate AD. Their gait was com-

pared with ten controls without dementia. Controls suffered a significant dual-task

decrement in stride time, though there was no decrement among the participants

with AD on galantamine. This finding suggests a galantamine-associated
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enhancement of the ability to adapt gait patterns to tasks that require attention.

Montero-Odasso et al. assessed the effect of donepezil over 4 months of treatment

on gait velocity and gait variability in six individuals with AD (Fig. 7.3d). Increases

in gait velocity and a reduction in gait variability were seen at 1 month following

treatment with the 5 mg of donepezil. These benefits were further improved after

4 months of treatment when the full dose of 10 mg was achieved, suggesting a dose-

response pattern. The control group, composed of eight individuals with MCI,

experienced an expected reduction of gait velocity and an increase in gait

variability over time [35].

A phase II clinical trial involving 53 participants with mild Alzheimer’s disease

found that after 4 months of treatment, mean gait velocity and dual-task gait

velocity significantly improved in the range of 5–8 cm/s. Changes in stride time

variability were in the expected direction, although not statistically significant.

Participants also showed significant improvements in trail-making tests A, B, and

B-A [36].

A randomized crossover study involving 23 older participants with PD

conducted by Chung et al. observed that fall frequency was almost 50% lower

when the patients were on donepezil than when they were taking a placebo

[64]. A recent RCT in PD patients conducted by Henderson et al. enrolled

130 patients and randomly assigned them to rivastigmine (3–12 mg/day) versus

placebo group. After 8 months of treatment, participants assigned to

rivastigmine (55 assessed) had improved step time variability for normal walk-

ing (or 0.72, 95% CI 0.58–0.88; p¼ 0.002) and the simple dual task (0.79,

0.62–0.99; p¼ 0.045) [65].

Memantine is another symptomatic treatment option for patients with moderate

to severe AD. Beauchet et al. reported a memantine-related decrease in stride time

variability among AD outpatients followed in a memory clinic, suggesting that

decrease in gait variability may be explained by the combined dopaminergic and

glutamatergic effects of memantine [66].

These preliminary interventional studies provide a basis for testing a variety of

approaches in larger clinical trials. If cognitive enhancers can change gait in a

meaningful way, it could reduce the risk of falls. Currently, there are clinical trials

under way to explore these interesting possibilities [60].

7.4 Conclusions and Future Directions

A fresh look at existing data on gait and mobility impairment and falls in cognitive

healthy and cognitively impaired populations set the stage for a novel approach and

some practical conclusions. Cognitive impairment should be considered as a con-

tinuum from normal aging to advanced dementia and, similarly, mobility decline,

and slowing of gait is a continuum that coexists with or even precedes the declines

in cognition. Cognitive impairment, gait decline, and falls singly and together have

a sufficiently high prevalence in older adults to constitute significant population

health problems and important causes of disability. Gait variability is an objective
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measure that reflects cognitive dysfunction and may prove useful prognostically for

mobility, cognition, and fall outcomes. Gait assessment under dual-tasking appar-

ently can be used in the clinical encounter as a window into brain function to help

detect the impact of cognitive deficits in motor and gait regulations. Dual-task gait

seems to predict fall risk, particularly in those with normal gait velocity.

Disentangling the relationship between early gait and cognitive impairments may

help better understand fall risk in aging.

Finally, improving certain aspects of cognition, specifically attention and exec-

utive function, in older adults can be a complementary way to treat mobility decline

and risk of falls. In the cognitively impaired, this may be critical to reducing fall risk

and its attendant disability. Preliminary studies have shown that both

non-pharmacological and pharmacological interventions targeting cognition may

improve gait performance and, consequently, have the potential to reduce fall risk.

These interventions may be effective for improving mobility and reducing falls. It

remains to be seen whether the pharmacologic and cognitive-training approaches

would have a synergistic effect, whether one can substitute for the other, or whether

one would eclipse the other. While important questions need to be addressed in

depth, these initial investigations suggest that a complementary approach to fall

prevention can be incorporated into current fall intervention strategies.
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Visual Control of Locomotion in People
with Parkinson’s Disease 8
Rodrigo Vitório and André Macari Baptista

Abstract

Vision is intricately linked with action and plays an essential role in guiding safe

locomotion in humans. However, vision can influence locomotion of people with

Parkinson’s disease (PD) in two distinct manners. While visual information such

as doorways can trigger “freezing” episodes during which the patient feels as if

the feet are glued to the floor, visual cues (transverse lines placed on the ground)

can increase stride length and release freezing episodes. These paradoxical

responses to visual information have motivated researchers to investigate the

role of vision during locomotion in people with PD. In addition, studying PD as a

model, in which the basal ganglia circuits are damaged and walking impairments

are evident, may provide insights into the neural control of human locomotion.

This book chapter explores how people with PD use visual information while

engaged in different real-world walking activities, such as walking on regular

pathway and visual cues, avoiding obstacles, and stepping on targets.
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8.1 Introduction

Safe locomotion is underpinned by a well-coordinated process that involves the

integration of visual, vestibular, and somatosensory information. Based on the fact

that vision can identify environmental hazards, especially the distant ones, one

might argue that vision is the predominant sensory system used for guiding loco-

motion. Details regarding environmental surroundings, identification and

characteristics of objects and surfaces, and self-motion information are captured

by the visual system. Vision provides information about the body relative to the

environment, which is referred to as visual exproprioception (i.e., watching your

feet while deliberately stepping on desired locations) [1–3]. This is distinguished

from visual exteroception, which refers to information about environmental sur-

roundings (i.e., characteristics such as curb height at the sidewalk). One critical role

of the central nervous system is to maintain balance during locomotion in different

types of terrains. In this concern, visuospatial information makes possible preven-

tative regulation of gait patterns that ensure effective and safe locomotion [4].

To date, visual inputs are important for employing avoidance strategies, for making

proactive adjustments to accommodate different ground terrain, and for navigation

[3, 5, 6].

Visual information necessary for safe locomotion is directly acquired by eye

movements [7]. Hence, many studies have examined visual sampling during loco-

motion. Especially, advancements in eye-tracking technology have enabled visual

sampling to be quantified during real-world activities, such as steady-state walking,

obstacle avoidance, and turning. Visual sampling is defined as the combination of

fixations and saccades that are required to gather information about the environ-

ment while performing a real-world activity [8]. A fixation is the maintaining of the

visual gaze on a single location; it is the activity that stabilizes the fovea (fixations)

on areas of interest. Saccade refers to a fast jump-like movement of the eyes

between two fixated areas [7]. Both gaze parameters have been used to better

understand the role of visual information in the control of human locomotion.

Visual sampling of the environment is task dependent and relevant to the task

goal [6]. Importantly, disruptions of gaze behavior during locomotion are related to

age, cognitive function, neurodegenerative diseases, and increased risk of falling

[8–11].

Parkinson’s disease (PD) is a neurological pathology characterized by progres-

sive degeneration of dopaminergic neurons in the substantia nigra pars compacta
of the basal ganglia. The decreased amount of dopamine compromises the optimum

amount of neuromotor impulses required for the accurate motor control. As a

consequence, people with PD demonstrate impaired motor control. Especially,

gait and postural control are affected by the PD. Parkinsonian gait is characterized

by shortened step length, reduced velocity, reduced upper limb swing, festination,

and “freezing” episodes [12–14]. Impairments of postural control in people with PD

include stooped posture (i.e., forward head, rounded shoulders, thoracic

hyperkyphosis, and increased forward flexion of the trunk) and difficulties com-

pensating for postural instabilities [15, 16]. In addition to motor impairments,
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people with PD demonstrate a range of cognitive and visual deficits. For example,

attention and executive functions are commonly impaired in PD and are related to

increased gait variability and slowness [17, 18]. Visual deficits in PD include

reduced contrast sensitivity, visuospatial impairments, hypometric voluntary, and

variable reflexive saccades [11, 19–22]. More importantly, motor control and visual

mechanisms are also interlinked with attentional resources, which are mediated by

cognitive (“top-down”) processes [23]. That being said, studying PD as a model

may help to further clarify the links between these motor, cognitive, and visual

impairments. This book chapter explores how people with PD use visual informa-

tion while engaged in different real-world walking activities, revisiting the

experiments conducted by our research group.

8.2 Defining a Protocol for Assessing Visual Control
of Locomotion in Parkinson’s Disease

Although people with PD are argued to be more dependent on vision to guide

locomotion [24, 25], both clinical practice and research evidence suggest that PD

alters responses to visual inputs [26, 27]. For example, visual stimuli such as

doorways, narrow roads, cluttered environments, and people walking in opposite

direction can trigger “freezing” of gait episodes. In opposition, visual cues such as

transverse lines placed on the ground can increase step length and release freezing

episodes. Understanding these paradoxical responses has been one of the greatest

challenges faced by researchers interested in the visual control of locomotion in

PD. In this section, we briefly present what would be an appropriate experimental

setup for investigations in this field and what our group has explored so far.

One might suggest that the experimental setup to investigate the visual control of

locomotion in PD should include an appropriate walking task. Since vision is

important for making on-line adjustments to guarantee safe locomotion in the real

world [3, 5, 6, 9, 10], it makes sense to use tasks that would require visual guidance

to select specific foot placement and/or avoid potential hazards. Obstacle avoid-

ance, walking on a cued path and stepping on targets are only a few examples of

tasks that might be used to this end and are those explored in our experiments.

These tasks simulate real-world walking tasks and, therefore, give us valuable data

to better understand the role that vision plays in guiding locomotion in people

with PD.

Determining where, when, what, and how visual information is acquired by the

patients during walking activities is critical to understand the visual control of

locomotion in PD. Thus, the experimental setup should also include visual sam-

pling measures. Recording gaze behavior (via mobile eye trackers and/or electro-

oculography) would be the most direct approach to addressing this important

aspect. The combination of fixations and saccades would be the outcomes to

represent the way participants explore and acquire visual information from the

environment. Alternatively, one could quantify the visual demand to complete the

walking task. Aftab Patla proposed the use of what he named as “voluntary visual
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sampling paradigm” to assess the visual demand to complete a walking task

[28]. In this approach, participants are asked to walk while wearing liquid crystal

glasses. These glasses have two states: (i) in the opaque state, the glasses eliminate

any form or motion information (i.e., participants cannot see through the glasses)

while maintaining a general nonspecific ambient light level; (ii) in the transparent

state, the glasses provide participants with a normal view of the surroundings (i.e.,

participants can actually see through the glasses). Importantly, the transition from

an opaque to the transparent state of the glasses is under the subjects’ control.

Participants press a handheld switch to make the glasses transparent when they need

to sample the environment, and the visual samples are recorded by researchers.

In other words, participants are able to voluntarily visually sample the environment

at any time, any place, and for however long they deem necessary. The voluntary

visual sampling paradigm provides valuable data on when sampling the environ-

ment is critical and the amount of visual information that is necessary to complete

the walking task. The experiments from our group explored both approaches (gaze

measures and voluntary visual sampling) presented in this paragraph.

While focused on understanding the role of specific pieces of visual information

(i.e., optic flow, exproprioception, etc.) during locomotion in PD, researchers could

opt to manipulate the visual information available during the walking task.

For example, our group explored the role that optic flow plays on guiding locomo-

tion in patients with PD by comparing the behavior under conditions of normal

vision and suppressed optic flow. We suppressed the optic flow by offering only

static visual samples during the walking task, as static flashes of transparent state of

liquid crystal glasses (similar to stroboscopic lighting used in dance clubs).

In addition, we explored the role of exproprioceptive visual information by com-

paring the behavior under conditions of normal vision and one in which we

removed exproprioception from lower limbs. Participants were asked to walk

while wearing a blind attached to the trunk to avoid them to view their lower

limbs. In the following sections, we describe three experiments in which we

explored the suggested aspects to be included in a protocol to investigate the visual

control of locomotion in PD.

8.3 Experiment #1: Optic Flow and Voluntary Visual Sampling
During Normal Walking and Obstacle Avoidance
in Parkinson’s Disease

Previously, Azulay and colleagues [24] suggested that people with PD are more

dependent on dynamic visual information, or optic flow, to guide locomotion on a

regular pathway. These authors observed that, relative to normal lightning, only

people with PD significantly reduced stride length and velocity under stroboscopic

lighting. However, at the moment of our experiment #1, these findings had not been

confirmed by other groups. Then we decided to conduct a similar study with the

increment of exploring the voluntary visual sampling paradigm, which could help

us better understand whether people with PD are more dependent on visual
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information than healthy adults to guide locomotion. In addition, although previous

research had reported foot clearance difficulties during obstacle avoidance by

people with PD [14, 29], none had investigated the role of visual information,

especially optic flow, on their control of step adjustments while crossing obstacles.

Then, our experiment #1 investigated the contributions of optic flow and the

characteristics of voluntary visual sampling during normal walking [30] and obsta-

cle avoidance in people with PD [31].

People with mild to moderate PD (n¼ 12) and age- and gender-matched healthy

individuals (n¼ 12) were asked to walk at preferred speed along a pathway 8 m

long under different conditions. Two task conditions were tested: normal walking

and obstacle avoidance; for the obstacle avoidance task, participants stepped over a

foam-made obstacle (low or high; ankle height or half-knee height, respectively)

positioned in the middle of the pathway. Three visual sampling conditions were

tested: dynamic, static, and voluntary visual sampling. Participants wore liquid

crystal glasses for visual manipulation. Under the dynamic condition, the glasses

were transparent (normal lighting). Under the static condition, the glasses provided

static visual samples at 3 Hz (only flashes of transparent state; similar to Azulay’s

study [24]), suppressing the optic flow. Under the voluntary visual sampling

condition, participants pressed a handheld switch to make the glasses transparent

when they needed to sample the environment. Outcome measures included spatio-

temporal parameters of normal walking and obstacle avoidance, the number of

obstacle contacts, and the characteristics of voluntary visual sampling.

During normal walking, interaction between groups and visual conditions was

not observed for spatiotemporal measures. We found main effect of visual

conditions for all spatiotemporal measures. These findings suggest that experimen-

tal vision manipulation altered the locomotor behavior of both people with PD and

healthy individuals in a similar way. For example, participants of both groups

walked slower in the static condition than in the dynamic and voluntary visual

sampling conditions; there were no differences between the dynamic and voluntary

visual sampling conditions (Fig. 8.1a). Also, there were no differences between

groups for voluntary visual sampling measures, which mean that the two groups

required the same amount of visual information to complete the normal walking

task (Fig. 8.1b). These findings suggest that the visual control of normal walking in

people with PD was similar to that observed in healthy controls. In other words,

people with PD were not more dependent on visual information or optic flow than

healthy individuals to guide locomotion along a regular pathway.

During obstacle avoidance, there were no significant differences between groups

for the total duration of visual samples (Fig. 8.2a). Then, while crossing the obstacle

in the voluntary visual sampling condition, people with PD required the same

amount of visual information as did the healthy participants. With regard to the

success rate of obstacle avoidance, people with PD registered more obstacle

contacts than did the control group only under the static visual condition

(Fig. 8.2b). This finding suggests that optic flow information (present during both

dynamic and voluntary visual sampling conditions) was relevant to the individuals

with PD with regard to task success. It seems that optic flow, even for intermittent
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periods (voluntary visual sampling conditions), is necessary for people with PD to

adjust movement properly while avoiding the obstacle, probably to compensate the

proprioceptive impairment usually observed in people with PD [32]. The availabil-

ity of only static visual samples may have led patients with PD to have an incorrect

perception of limb self-motion (worse than the controls) relative to the obstacle

during avoidance. We argue that patients’ dependence on visual information seems

to be more related to the kind (or quality) rather than the amount of visual

information.
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8.4 Experiment #2: Which Piece of Visual Information is Key
for Gait Benefits Offered by Visual Cues in PD?

Several studies have demonstrated that visual cues such as stripes placed on the

ground improve gait in people with PD [24, 33–35]. However, two main gaps in the

literature were still to be filled at the moment of this experiment. First, it had not

been established the kind of visual information (exproprioceptive or exteroceptive)

that is crucial for the benefits in locomotion offered by visual cues in PD. During a

cued walking task in which participants are instructed to step on the lines placed on

the path, visual exproprioception refers to information of the feet relative to the

cues (i.e., watching the foot while stepping on each line); visual exteroception

refers to information about the cued pathway (e.g., distance between lines). Second,

it had not been established whether people with PD use visual information from

cues in a feedforward or on-line mode [1]. Feedforward refers to the use of visual

information that was viewed before current step (i.e., looking ahead at one or more

steps), while on-line refers to the use of visual information available during current

step (i.e., looking at the line while stepping on it). Thus, these two gaps were

addressed in the experiment #2 [36].

Participants included people with PD (n¼ 19) and age-matched healthy

individuals (n¼ 15). They were asked to walk at preferred speed along a pathway

8 m long under four conditions (Fig. 8.3a), combining two factors (visual cues and

exproprioceptive visual information from lower limbs): (i) in the baseline condi-

tion, participants walked over a regular black carpet; (ii) in the baseline without

Fig. 8.3 (a) Illustration of the pathways (with and without the visual cues) and the blind used to

remove exproprioception from lower limbs in the experiment #2. (b) Illustration of classification

of gaze fixations according to the number of steps participants looked ahead
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exproprioception condition, participants walked on the same black carpet while

wearing a blind attached to their trunk to remove exproprioceptive information of

lower limbs; (iii) in the visual cues condition, participants walked over a black

carpet with white horizontal lines (3 cm wide) placed 65 cm apart; (iv) in the visual

cues without exproprioception condition, participants walked on the cued pathway

while wearing the blind. For the two cued conditions, participants were instructed to

step on each line with their heels consecutively as they proceed through the trial.

Foot 3-D kinematic data and gaze behavior were recorded, and, most importantly,

the two systems were synchronized. For the visual cues condition, we determined

how far ahead participants were looking at by calculating the temporal lag between

gaze fixation and foot placement (heel contact) on the fixated area. Gaze fixations

were classified according to the number of steps participants looked ahead

(Fig. 8.3b). For gaze fixations that occurred on the ongoing step, participants

were considered to be using the visual information on-line. For gaze fixations that

occurred on one or more steps ahead, participants were considered to be using the

visual information in a feedforward mode.

In the visual cues condition, both people with PD and healthy participants fixated

close to 46% on visual cues necessary to accomplish the ongoing step, while 54%

of fixations were focused on visual cues one or more steps ahead (Fig. 8.4a). These

findings suggest a relatively equal distribution of on-line and feedforward control of

gait that does not differ between PD and healthy participants. As expected,

individuals with PD walked with shorter steps than healthy controls at baseline

condition. When the exproprioception was removed, participants showed the same

step length. Interestingly, a similar improvement in step length was evident for

people with PD in both cued conditions, with and without exproprioception

(Fig. 8.4b). These findings provide evidence that exproprioceptive information is

not crucial for gait improvements achieved with visual cues in PD. In other words,

people with PD do not have to look at their foot stepping on the cue in order to

benefit from visual cues. Thus, environmental information (or exteroceptive infor-

mation) is the critical piece of visual information to achieve step length benefits

with visual cues in people with PD. In addition, we observed that both groups

increased step time variability in the two cued conditions relative to the baseline

condition (Fig. 8.4c). Increased gait variability is associated with a less automatic

control of steps [37, 38], and, therefore, we suggest that participants were planning

each step individually in the cued conditions, with a more conscious and hence

variable control of gait.

Visual cues seem to work as external drivers that facilitate a compensatory shift

to a goal-directed mode of action control. It has been argued that, when patients

with PD are instructed to step on the lines, attention is driven to the stepping process

[33, 39]. If this is the case, cueing would require increased cortical brain activation,

mainly in the prefrontal area. In agreement with this interpretation, Koenraadt et al.

[40] observed increased activation in the prefrontal cortex during precision stepping

(stepping on consecutive targets) in young adults; these authors suggested that more

attention was needed to perform precision stepping in comparison to normal

walking. However, it is still to be confirmed in PD. A protocol including measures
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of cortical brain activation (e.g., electroencephalography or functional near-

infrared spectroscopy) during both normal and cued walking is recommended to

address this gap in the literature.

8.5 Experiment #3: Temporal Relationship Between Gaze
and Stepping Patterns in People with PD (A Precision
Stepping Task)

It is well established that people with PD demonstrate a greater risk of falling [41],

and tripping over obstacles is one of the major causes of falls in this clinical

population [42]. As complex environments require visually guided foot placement

on specific locations for safe locomotion, an impaired ability to sample visual
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information from the environment might be a contributing factor to tripping and

falling. Previous research has shown that inappropriate gaze strategies used by

older adults contribute to inaccurate feet placement to meet environmental demands

during adaptive walking and increase the risk of falling. For example, Chapman and

Hollands [9, 10] observed that in a cluttered environment, older adults prone to

falling prioritize the planning of future actions over the accurate execution of

ongoing stepping movements. As part of experiment #3 [43], we investigated

whether this would also apply to people with PD.

Participants included people with PD (n¼ 24) and age-matched healthy

individuals (n¼ 18). They were asked to walk at preferred speed along a pathway

8 m long with foot placement targets positioned in the central area (Fig. 8.5). Two

conditions were tested: The “one target” condition required participants to place their

right foot onto target 1; the “two target” condition required participants to place their

right foot onto target 1 and their left foot onto target 2. Participants were instructed to

place each foot accurately in the central area of the targets. Foot 3-D kinematic data

and gaze behavior were recorded, with two systems being synchronized. Outcome

measures included absolute error (accuracy; measured as the distance between the

center of the foot from the center of target 1) of foot placement onto target 1 and

the time interval between the gaze transfer away from target 1 and foot contact on the

same target. This protocol allowed us to determine the timing relationships between

participants’ eye and stepping movements during target-directed gait.

When there was a single target in the travel path (one target condition), both

groups fixated the target until after foot contact on the target. When challenged with

an additional target (two target condition), both groups transferred their gaze from

the first target prior to foot contact (Fig. 8.6a). Although it did not reach signifi-

cance, it is important to note that people with PD transferred their gaze away from

the first target 76 ms earlier than healthy individuals during the two target condition

(people with PD: 193 ms; control group: 117 ms). That may have influenced foot

placement accuracy. Interestingly, only people with PD decreased the accuracy of

anterior-posterior foot placement onto the first target when there was more than one

target in the pathway (Fig. 8.6b); healthy individuals completed the task with

minimal anterior-posterior foot placement error irrespective of the task complex-

ity. Premature gaze transfer was associated with decline in stepping accuracy

Fig. 8.5 Illustration of the two conditions of experiment #3

124 R. Vitório and A.M. Baptista



(anterior-posterior absolute error) in people with PD only. These findings suggest that

people with PD are more dependent than healthy individuals on visual information in

an on-line manner to guarantee accurate foot placement onto intended stepping

locations. Adoption of an early gaze deviation from stepping location, which is

associated with loss of accuracy of stepping movements, may contribute to an

increased likelihood of trips and falls in people with PD (Fig. 8.6c).

Findings from experiment #3 allow us to make one major suggestion for clinical

practice. Improving gaze strategy (i.e., fixating the stepping location until after the

foot had landed) should be a new target for interventions in PD. Such approach has

potential to minimize foot placement errors and avoid tripping on obstacles during

activities of real life, with ultimate impact on fall occurrences.

8.6 Conclusions and Future Directions

Putting all together, we have seen that:

(i) While performing a normal walking task or an obstacle avoidance task, people

with PD require the same amount of visual information as do healthy

individuals.
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(ii) People with PD are more dependent on the quality of visual information

available (e.g., optic flow, even for intermittent periods) for successful perfor-

mance of obstacle avoidance.

(iii) People with PD use visual information from visual cues in both on-line and

feedforward fashions.

(iv) Exteroceptive information (e.g., distance between stripes and position of foot

placement location) is critical to achieving step length benefits with visual

cues in PD.

(v) People with PD are more dependent than healthy individuals on visual infor-

mation in an on-line manner (i.e., looking at the target location until the

moment of foot placement) to guarantee accurate foot placement on intended

stepping locations.

Although the three experiments described above and others in the literature

provide insights into relevant aspects of visual control of locomotion in people

with PD, much work remains to be done in this research area. Since cognitive

impairments are common in PD and likely affect visual sampling, future research

should focus on the contribution of cognitive resources to visual sampling by

patients with PD during real-world walking activities. It is important to keep in

mind that simulating real-world walking tasks in the lab may not be enough to

observe natural behavior of patients, which limits the interpretation of findings.

Therefore, future research should assess patients while performing walking tasks in

the home or community environments.
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Gait Disturbances in Movement Disorders:
A Motor-Cognitive Problem 9
Frederico Pieruccini-Faria, Carolina R.A. Silveira,
and Quincy J. Almeida

Abstract

Individuals with movement disorders (MD) have gait deficits including impaired

automaticity and instability. Despite specific impairments in motor control

networks, recent evidence suggests that cognitive deficits are common in

individuals with MD and can magnify their gait problems. In this chapter, we

present studies showing that locomotor difficulties among individuals with MD

are mainly observed in those with cognitive deficits and during complex walk-

ing situations in which demands in cognitive and sensorimotor processing

increase. Overall, studies demonstrate that gait disturbances and cognitive

impairment coexist in MD and together accelerate the loss of mobility in these

individuals.
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9.1 The Relationship Between Gait and Cognition
in Movement Disorders

Movement disorders (MD) result from dysfunction of subcortical areas, such as the

basal ganglia (BG), as well as cortical areas within the brain. Neurodegenerative

processes can compromise the automaticity of well-learned movements such as

gait, where increased conscious control (and hence cognitive systems) may be

relied upon to perform movements. The relationship between cognitive control

and movement performance is often observed when individuals with MD have

their attention divided by secondary tasks while walking. As a result of divided

attention, walking performance in those with MD can be profoundly impaired

compared to healthy individuals. In addition, individuals with MD who have

cognitive decline appear to be more susceptible to gait impairments due to their

inability to use cognitive resources required to plan and control movements.

During complex walking situations (e.g., cluttered environment), the increased

cognitive and sensory processing required to plan gait modifications may have a

strong impact on the walking performance of individuals with MD. Thus, abnormal

gait control while walking in complex situations may result from an overloaded or

inefficient cognitive system in MD. In this chapter we review different aspects of

gait control associated with cognition in different MD, and in different walking

contexts.

9.2 Parkinson’s Disease

Parkinson’s disease (PD) is the most prevalent MD. The incidence of PD is nearly

1% in the population and 2% in people over 60 years of age [1–3]. PD is

characterized by an accelerated degenerative process of dopaminergic neurons in

the substantia nigra pars compacta of the BG. Decreased striatal dopamine affects

the functioning of all structures which comprise the BG and consequently impairs

the control of well-learned movements, such as gait [4]. In PD, gait impairments are

characterized by reductions in step length and velocity, and also increased step-to-

step variations in time and distance (i.e., gait variability) [5–7]. These gait

impairments may be even greater when individuals with PD have their attention

divided by secondary tasks during walking [8–14].

Specifically, velocity and gait variability are the most sensitive gait parameters

to dual-task interference in PD. Although the diversity of dual tasks found in the

literature makes comparison between studies difficult, gait of individuals with PD is

more influenced during the performance of more complex secondary tasks.

For example, gait impairments are worse when individuals with PD walk while

subtracting by 7’s compared to subtracting by 3’s [9], or when they are asked to

carry a tray with glasses compared to a tray without glasses [12], or when those

glasses are full compared to empty glasses [13]. Among gait parameters affected by

dual-task interference, gait variability has been shown to be a sensitive measure

when dual-task complexity has been increased and may represent the processing
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overload created by these tasks. It is important to note, however, that the relation-

ship between gait and cognition may vary depending on the cognitive status and

specific motor symptoms (e.g., freezing of gait) of individuals with PD. These

aspects will be further discussed in the sections below.

9.3 The Influence of Cognitive Decline on Gait of Individuals
with Parkinson’s Disease

Previous research has shown that approximately 26% of non-demented individuals

with PD may exhibit a form of mild cognitive impairment, with main deficits being

found in the executive/attentional, memory, and visuospatial domains [15].

In addition, a longitudinal study demonstrated that by the 10-year mark from

diagnosis, approximately 46% of individuals with PD had been clinically

diagnosed with dementia [16]. These findings support the notion that motor and

cognitive dysfunction may coexist in PD even in the early stages of disease and

increase in severity in the later stages of disease progression. Interestingly, it has

been shown that individuals with predominant postural instability and gait dys-

function (PIGD) have faster rate of decline in both cognitive and motor function

than those with predominant tremor symptoms [17]. This selective association

between cognitive impairment and PIGD symptoms suggests that the progression

of cognitive and mobility deficits may share similar underlying mechanisms

in PD.

Early studies investigated the influence of specific cognitive functions on gait in

PD. Deficits in attention and executive functions were associated with impaired gait

in individuals with PD, especially during dual-task walking [9, 18]. In contrast to

research in older adults with mild cognitive impairment [19], performance on

memory tests were not associated with changes in gait in PD. These findings

support the notion that specific cognitive functions (i.e., attention and executive

functions) are associated with gait disturbances in PD.

Executive functions compose a cognitive domain required for our ability to

inhibit irrelevant information, to update or maintain relevant information in mem-

ory, to plan complex actions, and to general attentional control [20]. These

functions allow the adaptation of responses to novel situations and play an impor-

tant role when managing situations in which automatic responses are not sufficient

for optimal performance. Thus, deficits in executive functions may interfere with

the ability of individuals with PD to adapt gait when dealing with complex

environments (e.g., cluttered spaces) or performing multiple tasks.

With respect to gait, poor performance on tests assessing executive functions has

been associated specifically with reduction in speed and increased step-to-step

variability when individuals with PD perform dual-task walking [9]. According to

Yogev and colleagues [9], individuals with PD may use cognitive resources to

alleviate difficulties to maintain the consistency of walking rhythm. Hence, if

individuals with PD present impaired cognitive function (e.g., executive functions),

it is reasonable to predict that they may be less able to maintain a stable walking
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rhythm. Since unstable walking rhythm has been associated with increased risk of

falls in older adults [21], this may imply greater risk of falls among individuals with

PD with cognitive decline compared to those with normal cognitive status.

In addition to the findings described above, a relationship between cognition and

a very debilitating symptom known as freezing of gait has also been identified in

individuals with PD. The role of cognitive deficits in the freezing phenomenon is

described in greater detail in the following section.

9.4 The Relationship Between Cognition and Freezing of Gait
in Parkinson’s Disease

Freezing of gait (FOG) is a phenomenon that affects nearly 50% of all individuals

with PD, being more prevalent during later stages of the disease [22, 23]. FOG can

be defined as a sudden interruption of walking progression which makes individuals

feel as if their feet are “glued” to the ground, irrespective of their intention to move

forward [24]. Several perspectives have attempted to explain this phenomenon in

PD including reduced cognitive processing capacity [25, 26], impaired bilateral

coordination [27], impaired sensory-perceptual processing [28–30], motor planning

deficits [31–33], asymmetric degeneration of subcortical areas (e.g., BG and

pedunculopontine nucleus) [34, 35], and altered emotional processing

[36, 37]. Individuals with PD who experience FOG present typical gait disturbances

such as increased step-to-step variability [38], shortened step length [31], and

asymmetrical steps [27]. Importantly, when individuals with PD who experience

FOG have to adapt their walking pattern to change direction (turning), deal with

obstacles (doorways) or situations that impose greater cognitive demand (dual-

task), these gait abnormalities are exacerbated and freezing episodes are more

likely to occur [28, 39–41]. Although the underlying mechanisms of FOG are

unknown, research has consistently demonstrated an association between FOG

and deficits in executive functions. More specifically, FOG has been associated

with difficulties in attentional set-shifting [42] and conflict resolution [26].

In addition, the notion that deficits in cognitive networks could contribute to FOG

has been supported by neuroimaging research.

Brain imaging studies in virtual reality environments have exposed patients to

conditions which elicit FOG episodes, for example, locomotion through narrow

spaces in addition to attention demanding dual-tasks [25]. It was found that an

overload in attentional networks during these FOG provoking situations increased

the inhibitory output from BG to motor centers in the brainstem in individuals with

PD, such as the mesencephalic locomotor area and the pedunculopontine nucleus,

which are areas responsible for the initiation and cessation of locomotion in humans

[43]. However, this abnormal inhibitory output from BG to locomotor centers in the

brainstem was stronger among freezers compared to non-freezers. Results from

imaging studies may help to explain why complex walking situations which

demand increased cognitive control and sensorimotor integration for stepping

adaptations elicit FOG episodes. Thus, understanding how complex walking
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situations influence gait in PD help us better understand the underlying mechanisms

of severe gait impairments such as FOG, as well as clarifying the relationship

between cognition and gait in PD.

9.5 Cognition and Complex Gait Navigation in Parkinson’s
Disease

Walking in real-world situations often requires step adaptations to change

directions and to avoid contact with obstacles. These gait modifications impose

increased demand on cognitive and sensory processing. Reduced striatal dopami-

nergic activity may limit processing resources magnifying motor disturbances when

individuals with PD face complex locomotor situations including obstacle avoid-

ance [44, 45]. Consequently, during these demanding locomotor situations, gait

impairments can be exacerbated (slowness, FOG, trips, and the loss of balance) in

individuals with PD. Recent studies have shown that approaching obstacles, a

situation that demands planning, can overload cognitive processing and exacerbates

gait impairments (e.g., increased step-to-step variability) in individuals with PD

[28, 29, 32, 33]. Additionally, executive function decline is associated with errone-

ous stepping planning during obstacle crossing [32]. Planning refers to the prepara-

tion/conceptualization of movements. Importantly, gait disturbances associated

with increased motor planning complexity were found to be exacerbated in freezers

especially when they performed a secondary cognitive task during obstacle

approaching and crossing. Another recent study also showed that decreased visual

feedback of self-motion overloaded processing resources of individuals with PD

increasing the effects of dual-task on gait control [46]. This study showed that

individuals with PD tripped more on a visible obstacle when they needed to rely on

their impaired proprioceptive system (walking in the dark) and perform a cognitive

dual-task compared to healthy individuals. Gait instability (step-to-step variability)

during obstacle approach in individuals with PD was higher than in healthy controls

only during the condition of reduced visual feedback of self-motion (dark).

This result suggests that processing resources to plan gait adaptations may become

overloaded because individuals with PD would be using cognition (e.g., attention)

to supervise faulty sensorimotor integration to prevent motor and planning errors.

Difficulties to automatically process sensory information could force patients to

control movements using a more conscious control [47] which can be observed in

increased gait variability and dual-task cost while approaching the obstacle.

In support of this interpretation, previous research has shown that when individuals

with PD are trained to focus attention on sensorimotor information (moving with

eyes closed), a significant improvement in gait was found during a complex

walking task involving postural threat [48]. Hence, attention might be used by

individuals with PD to compensate for sensory-perceptual impairments. Thus, it is

important to consider the relationship between impaired sensorimotor integration

and the reliance on high-order cognitive processing (e.g., executive functions) in

individuals with PD.
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Another complex locomotor situation which results in gait difficulties among

individuals with PD is turning. Difficulties to turn around the body axis are one of

the most common complaints among people with PD, and it may cause extreme gait

slowness, loss of balance, and FOG. It has been demonstrated that individuals with

FOG had greater gait variability than non-freezers when performing sharper turns

(180�) compared wider turns (90�) [40]. In this study, the gait abnormalities found

in freezers were suggested to be associated with increased cognitive demand to

control steps during sharper turns. Another study demonstrated that freezers had

increased brain activity in prefrontal areas compared to healthy age-matched

controls only prior to a planned turn compared to an unplanned turn. This study

suggested that turning deficits in individuals with FOG may be related to an

overload in cognitive processing during movement planning [49]. Therefore, in

individuals with PD and especially those with FOG, processing capacity may be

overloaded when planning complex gait adjustments. This overload in processing

capacity may be attributed to both reduced striatal dopaminergic activity (i.e.,

reduced BG processing capacity) and impaired cognitive function (executive

functions) which may magnify sensorimotor deficits (e.g., slowness, instability)

while performing drastic gait and postural adjustments during locomotion.

9.6 Falls and Cognition in Parkinson’s Disease

Falls are one of the main causes of hospitalization, decreased mobility, and poor

quality of life among individuals with PD [50, 51]. Although the underlying

mechanism of falls in PD may be multifactorial, a relationship between cognition

and increased risk of falls has been previously demonstrated [52, 53]. Interestingly,

a study showed that individuals with PD and elderly fallers have common deficits in

executive functions that distinguish them from elderly non-fallers [54]. As previ-

ously described, impairments in executive functions may contribute to an inability

to adapt gait especially during complex walking situations and may expose

individuals with PD to greater risk of falls. In addition to cognitive decline,

individuals with PD who have a high incidence of falls also present greater step-

to-step variability compared to those with low incidence of falls [55]. Therefore,

deficits in executive functions and gait stability (e.g., increased step-to-step

variability) are hallmarks of PD fallers [56].

Although the degeneration of the dopaminergic system plays a critical role on

gait impairments in PD, recent research has shown that individuals with PD who

frequently fall had reduced thalamic cholinergic activity compared to PD

non-fallers [57]. Thalamic cholinergic activity is modulated by a brainstem struc-

ture called pedunculopontine nucleus, which plays an important role on gait and

balance control [43]. Therefore, it might be that impaired cholinergic activity in the

pedunculopontine nucleus may also contribute to gait impairments and increased

risk of falls among those with PD. This is in line with previous research showing

that gait parameters important to gait stability, such as stride time and double

support variabilities, are not responsive to dopaminergic medication [58, 59].
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In support of the assumption that cholinergic and dopaminergic systems have

different but not independent roles in gait control, a recent review [60] identified

that falls’ incidence in PD may increase if cognitive networks modulated by the

cholinergic system are not able to supervise errors in sensorimotor integration,

which is primarily modulated by the dopaminergic system. In other words, falls

may reflect an inability of individuals with PD to use attentional resources to

supervise sensorimotor feedback.

9.7 Huntington’s Disease

Huntington’s disease (HD) is an MD caused by progressive degeneration of the

striatum (i.e., caudate nucleus and putamen). The putamen and the caudate nucleus

are important neural structures for sensorimotor [61] and cognitive [62] processing,

respectively. Impairments in these subcortical structures affect the ability of human

beings to suppress motor outputs and behaviors. In addition to subcortical deficits,

cortical areas are also affected by HD. The combination of subcortical and cortical

impairments can cause significant cognitive and behavioral deficits, in addition to

severe movement disturbances. Individuals with HD exhibit hyperkinetic and

involuntary movements (chorea) in later stages of the disease. The pathological

mechanism underlying movement impairments in HD also have an important

influence on gait.

Gait characteristics in HD include wide base of support, lateral swaying, spon-

taneous knee flexion, variable cadence, and parkinsonian features [63]. Although

individuals with HD present some parkinsonian gait characteristics (e.g., variability

and slowness), the abnormal gait pattern observed in HD is not associated with

deficits to regulate the amplitude of steps, such as in PD. Individuals with HD

exhibit difficulties to maintain a consistent timing or pace between steps.

This increased gait variability of step timing in individuals with HD may be

indicative of poor stability and reduced gait automaticity.

Due to extensive subcortical and cortical damage, it is challenging to establish

causality between striatum damage and cognitive deficits in individuals with

HD. Previous research has shown that cognitive deficits found in individuals with

HD differ from those observed in Alzheimer’s disease, which is a neurological

disease known to affect primarily cortical areas [64]. For example, Brandt and

colleagues [64] showed that while individuals with Alzheimer’s disease showed

deficits in memory (word recall) and orientation (date) sections of the Mini-Mental

State Exam, those with HD were more impaired in executive functions (serial

subtractions). More specifically, Lawrence et al. [65] found that individuals with

HD present a specific pattern of deficits in executive functions such as planning and

set-shifting. The pattern of deficits in executive functions observed in individuals

with HD differed from that found in individuals with PD (subcortical), but it was

similar to individuals with frontal lobe lesions (cortical). Thus, even though cogni-

tive deficits in HD may be primarily caused by striatal dysfunction, cortical

dysfunction as a result of widespread lesions in the brain may also contribute to
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these cognitive deficits. If this is the case, it might be that the ability of individuals

with HD to compensate for gait deficits through the cognitive system may be

limited especially when cognitive resources are challenged while walking.

A study revealed that a cognitive dual-task (counting backwards in steps of 2 or

3) affected gait in individuals with HD more than a motor task (carrying a tray with

glasses) [66]. The cognitive dual-task provoked slower gait speed, decreased

cadence, and shorter stride length (all compared to free gait condition), whereas

the same dual-task interference was not observed in healthy control individuals.

This study showed that individuals with HD depend on attentional resources to

control their steps while walking. Given that attentional control over steps should

improve gait impairments in HD, directing attention to a metronome while walking

should improve the timing control of steps. However, a study demonstrated that

individuals with HD did not improve gait under these conditions [67]. According to

this study, the lack of gait improvement while external cues were provided to

individuals with HD was due to attentional deficits. Thus, attentional deficits may

affect the ability of these individuals to synchronize their steps with external cues

(e.g., auditory signals produced by a metronome).

Taken together, the severity of cognitive deficits in HD may influence gait and

prevent these individuals from utilizing cognitive resources to compensate for gait

deficits.

9.8 Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a MD caused by abnormal accumulation of

tau protein-positive filamentous known as neurofibrillary tangles in the glia and

neurons [68–70]. This abnormal neuronal formation is found to be more

concentrated in areas of the brainstem responsible for gaze and gait control. Since

motor symptoms in PSP and PD are very similar, the absence of downgaze is the

most important criterion to differentiate PSP from PD. Movement impairments

observed in individuals with PSP consist of the absence of downgaze movements,

staring look due to eyelid retraction, trunk rigidity, bradykinesia, hypometric

movements, and FOG. Deficits in gait and postural control are thought to be related

to an increased number of falls among those with PSP [71]. In addition, when

compared to PD, individuals with PSP may exhibit shorter step length and increased

cadence when asked to walk fast [72]. These walking patterns suggest that gait

deficits in PSP may result from difficulties setting an appropriate step length to

modulate gait speed at the cortical level. Additionally, cortical areas in the brain

that underlie executive functions are also affected by PSP, posing a complex

scenario which involves the deterioration of both gait and cognitive functions.

Cognitive deficits in individuals with PSP are mainly characterized by slowness

of thinking and impaired executive functions, although memory and visuospatial

processing (e.g., difficulty to identify shapes and objects accurately) may also be

impaired [73, 74]. Individuals with PSP also have impaired performance on cogni-

tive tests sensitive to frontal lobe dysfunction. More specifically, Robbins and
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colleagues [75] showed that individuals with PSP performed worse than

age-matched controls on short-term memory, spatial working memory, planning,

and set-shifting tests. Although the pattern of deficits found in individuals with PSP

resemble those observed in individuals with PD, deficits were found to be more

severe in individuals with PSP when compared to those with PD [75]. Since PSP is a

rare MD, a small number of studies investigating the relationship between gait and

cognition exist in the literature.

Previous research has shown that individuals with PSP who fall more frequently

were more affected by a cognitive-motor task (counting backwards) than those with

a low incidence of falls [76]. This study concluded that gait impairments and falls

may result from a combination of deficits in functioning of the brainstem and

prefrontal cortical regions in individuals with PSP. Furthermore, a recent study

showed that individuals with PSP with high incidence of falls demonstrated greater

impairment in executive and visuospatial functions compared to those with a lower

incidence of falls [71]. These findings suggest that impairments in gait and balance

in individuals with PSP may be strongly influenced by cognition and may affect the

ability of individuals with PSP to navigate safely.

Although the relationship between cognition, gait impairments, and falls in PSP

seems obvious, the contribution of downgaze impairments to falls incidence

remains unclear and might have been a confounder in previous investigations.

Downgaze deficits could have a negative effect on planning of foot elevation

when individuals with PSP walk on uneven terrains. Furthermore, difficulties to

shift gaze to the lower visual field while walking could cause erroneous step

adjustments consequently contributing to trips, loss of balance, and falls. Therefore,

studies should investigate not only falls occurrence among individuals with PSP but

also how these falls happened. For example, if the majority of falls happened after

trips on uneven terrain, it is possible that downgaze impairments have important

contribution to falls compared to situations where patients were distracted while

walking on even terrains. However, this hypothesis still needs to be confirmed in

future studies.

9.9 Final Considerations

In conclusion, individuals with PD, HD, or PSP may present similar gait deficits

that could be caused by decreased movement automaticity. Consequently,

individuals with these MD may rely on the cognitive system to compensate for

gait deficits. The coexistence of both motor and cognitive deficits in most MD is

important to note. Furthermore, the severity of cognitive deficits, such as attention,

may limit the ability of those with MD to adapt gait in complex situations and

utilize sensory information to improve gait. Therefore, rehabilitation programs

should combine motor and cognitive therapies to improve gait in MD.
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The Influence of Muscle Fatigue
on Walking: The Role of Aging
and Parkinson’s Disease

10
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Abstract

Muscle fatigue causes motor adjustments in functional activities, including

locomotion. Fatigue development is mediated by a range of individual factors

such as the presence of pathologies, age, physical activity level, and type of

activity performed. Specifically regarding gait control, muscle fatigue

conditions have been associated with changes in stability and safety. To under-

stand how muscle fatigue affects walking, mainly in complex environments,

such as obstacle crossing or stepping down a curb, and whether the motor

adjustments are age and Parkinson’s disease (PD)-related, our group conducted

a series of experiments involving walking tasks and muscle fatigue. In these

studies, we investigated the influence of physical activity level, age, PD, and

complexity of the environment in the context of muscle fatigue and walking. In

this chapter, firstly, we define muscle fatigue. Then, we explain how the physi-

ology of muscle fatigue can influence motor control. Furthermore, we consider

fatigue in the context of aging and PD and indicate the effects of muscle fatigue

on gait parameters. Finally, we discuss the main findings from our studies,

comparing them with the literature and pointing out the practical applications.
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10.1 Introduction

Fatigue is a normal physiological reaction to prolonged or intensive activity.

Fatigue involves muscle weakness, feelings of tiredness, and reduced energy [1].

Furthermore, fatigue is known to be a safety hazard and may, for example, increase

the risk of falling in younger and older individuals and people with Parkinson’s

disease (PD) [2–7]. Fatigue development is mediated by a range of individual

factors such as the presence of pathologies [1], age (older adults are induced to

fatigue faster than younger adults) [2], physical activity level (inactive individuals

are induced to fatigue faster than active individuals) [3], and the type of activity

performed (aerobic or strength exercise) [8]. In healthy younger and older

individuals, fatigue is predictable and transient and responds to rest [9]. However,

for people with PD, fatigue seems to be unpredictable, poorly responsive to rest, out

of proportion to the activities performed, present at rest, and interferes with daily

activities [9].

Fatigue can affect an individual’s performance in work and home settings or

cause disability, and it is recognized as a serious social problem [10, 11].

As consequence of fatigue, productivity is decreased in the workplace and at

home, and adjustments during walking occur, causing errors [12]. Fatigue is

considered one of the most disabling symptoms in people with PD [13]. Therefore,

fatigue can contribute to disabilities in occupational activities and in daily living,

for example by limiting the number of stairs that a person can descend or ascend, or

causing problems in crossing or circumventing a person or object. Such disabilities

can deteriorate the quality of life of an individual. In people with PD, for example,

fatigue can limit the ability to maintain hobbies and participate in social

activities [14].

The increasing prevalence of fatigue and its negative effects on healthy and

neurological individuals has led to an increase in the quantity of research about the

effects of fatigue in daily activities, including locomotion. With regard to fall

prevention in older people, muscle fatigue has been shown to be an important

factor to be considered as it affects balance and functional performance and,

therefore, further predisposes older adults to falls than younger individuals

[3, 4]. In addition, reports from people with PD have revealed that fatigue is one

of the most common symptoms felt by this population. [9, 15]. However, fatigue not

only affects older and neurological populations. Up to 56% of employees in

15 European countries reported fatigue at work [16], and one-third of the US

workforce experienced fatigue in the workplace [17]. As a result, governments

have increased the regulation of fatigue [18, 19]. Although fatigue can be consid-

ered a negative consequence of physical activity, it works as a safety mechanism by

preventing injury due to overexertion [20, 21].

The literature provides some evidence that the effects of muscle fatigue on gait

are age and PD related, indicating that new muscle synergy occurs in the presence
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of muscle fatigue, as observed by changes in spatiotemporal, mechanic, and muscle

activation gait parameters [2–8, 22–25]. Therefore, understanding the

consequences of fatigue in different age groups and in people with PD could help

to avoid falls, slip, trips, and injuries during walking, mainly in complex environ-

mental settings, such as obstacle avoidance and stepping down a curb. Furthermore,

fatigue may be a useful model to study the effects of disease as it impairs muscle

torque-generating capacity, yet does not include confounding factors such as pain

or swelling [22].

To elucidate the theme in this chapter, firstly, we define fatigue. Then, we

explain how the physiology of muscle fatigue can influence motor control. Further-

more, we consider fatigue in the context of aging and PD and indicate the effects of

muscle fatigue on gait parameters. Finally, we discuss the main findings from our

studies and indicate explanations for our results according to the literature, in

addition to suggesting practical applications.

10.2 Definition of Fatigue

The multidimensional characteristic of fatigue complicates a clear definition. Gen-

eral fatigue is characterized by difficulty in initiating and sustaining mental and

physical tasks in the absence of motor or physical impairment [26, 27]. Fatigue has

a great number of causes [28], but in general, could be described as a failure to

maintain an exercise at the same intensity [29]. Despite physical causes, fatigue

could be associated with a clinical state, such as cancer, PD, and multiple sclerosis,

among others [30]. According to Smets and collaborators [31], fatigue is multidi-

mensional, including general fatigue, physical fatigue, reduced motivation, reduced

activity, and mental fatigue. However, when we restrict ourselves to muscle fatigue,

it is easier to define.

Muscle fatigue is the most commonly related symptom by many workers while

performing their jobs [17]. Twenty-five to thirty-three percent of falls in the

workplace occur due to muscle fatigue. This fact can be explained by the fact that

muscle fatigue decreases motor control and the efficiency to perform daily activities

[32]. According to the Ciba Foundation Symposium, held in 1980, muscle fatigue is

“the inability of a physiological process to continue functioning at a particular level

and/or the inability of the total organism to maintain a predetermined exercise

intensity” [33] or as a loss of muscle performance during repeated or continuous

activation [34]. To illustrate this definition, let’s think about the submaximal

repetitive contraction. Muscle fatigue will appear when the force or power output

cannot be generated. In this case, a decrease in velocity could be considered as a

fatigue situation. However, during isometric conditions, the fatigue situation could
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be defined as the incapacity to maintain the force (required or expected).

In addition, muscle fatigue can be defined by the concept of endurance, in which

muscle fatigue is defined as the time to failure in maintaining a target muscle force

or power output [35].

10.3 Physiology of Muscle Fatigue

Muscle fatigue is caused by limitations in the ability of the nervous system to

generate a sustained signal and the reduced ability of calcium to stimulate contrac-

tion [36]. Consequently, muscle fatigue causes a reduction in the maximal volun-

tary force until the required or expected effort cannot be achieved. An individual

who is performing a resistance exercise, at submaximal effort, is then no longer able

to maintain the exercise, as the maximal force-generating capacity of muscles is

less than the target submaximal effort.

It has been suggested that both central and peripheral factors are responsible for

muscle fatigue [37]. Central fatigue is defined as a progressive reduction in volun-

tary activation of muscle during exercise [37, 38], which appears to be task

dependent and may be mediated by intrinsic motoneuronal, spinal, and supraspinal

factors [37]. Central fatigue is related to a reduction in the number of motor units

activated or a reduction in the shot frequency of the motor units [36]. Peripheral

fatigue is produced by changes at or below the neuromuscular junction [37], which

is associated with failure of the surface membrane and T-tubular action potential

propagation, the coupling mechanism between action potential and calcium release,

or calcium regulation at the level of the contractile elements [36]. During exercise,

failure to maintain the initial maximal effort is a combination of central and

peripheral fatigue factors [37]. In other words, muscle fatigue affects the intrinsic

properties of the muscle and also compromises the function of the central nervous

system in driving the motoneurons adequately.

10.4 Muscle Fatigue in Aging

The prevalence of general fatigue in daily activities is inconsistent and varies from

7 to 98% according to age and neurological disease [39–41]. For younger adults,

more than half of individuals report moderate or severe fatigue [42], while in people

over 70 years of age, it was found that 98% of subjects report fatigue symptoms [19].

Fatigue is considered as one of the factors that cause disability, including in people

with PD, limiting the ability to maintain hobbies and participate in social activities

[7, 9, 43].

Older adults have indicated that muscle fatigue influences functional ability as

reflected in walking, cleaning the house, general household chores, taking exercise,

and lifting things [19]. During the aging process, deterioration of the neuromotor
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and musculoskeletal systems occurs [44], and it is possible to make a correlation

between this deterioration and fatigue. Besides this, older people commonly present

impairment during walking [45], such as reduced gait velocity, when compared to

younger people [44], and the dysfunction of muscle and proprioception [46].

Sarcopenia, which is defined as a loss of muscle mass and function [47], is another

effect of aging that contributes to the prevalence of fatigue in older people.

However, the effects of the aging process on muscle fatigue remain unclear [48].

There is a contradiction regarding age-related muscle fatigue. While some

studies show less muscle fatigue in older people [13, 49], many other studies

indicate that there is an increase in fatigue with aging [35, 50, 51]. Two theories

have been used to explain this behavior: (i) reduced force generation or muscle

weakness due to sarcopenia, which would make older adults more susceptible to

muscle fatigue, and (ii) higher percentage of type I fibers in muscles of older adults,

showing higher reflex excitability than muscles containing high percentages of type

II fibers [38, 49]; this would make older adults relatively more resistant to fatigue

induction. Moreover, the inconsistencies may be due to differences in contraction

modes, protocols, muscle group, or subject characteristics [35, 52]. Nevertheless,

the age of the individuals may be important in fatigue response since the effects of

muscle fatigue seem to be aging dependent. Therefore, age is an important consid-

eration in studies on fatigue and its effects on motor performance [38].

10.5 Parkinson’s Disease and Fatigue

PD is the second most common neurodegenerative disease, just behind Alzheimer’s

disease. People with PD commonly relate muscular weakness during the progres-

sion of the disease [53], and its appearance could be connected with the disease

onset [54]. Several studies have shown that fatigue is a major problem for more than

half of patients with PD [9, 55], around 58.1% of patients [56], demonstrating the

high incidence of fatigue in people with PD [57]. However, there is little informa-

tion about fatigue and PD in the literature.

People with PD present higher fatigue symptoms in several dimensions (general,

mental, physical, reduced activity level, and low activation) than neurologically

healthy individuals, and this seems not to be influenced by the physical activity

level [7]. Kluger and colleagues [9] in a recent review listed important aspects of

fatigue related to PD, as follows: (i) distinguishing fatigue from related constructs

(i.e., sleepiness); (ii) recognizing that subjective fatigue complaints and objective

performance fatigability are dissociable phenomena, (iii) using strict criteria to

define clinical significance, (iv) specifying which performance domains are

affected by fatigue (i.e., motor, cognitive), and (v) identifying causal factors by

function and neuroanatomical location. Some of these items help to justify why

fatigue can influence movement control, such as walking.

Fatigue in PD is related to some mitochondrial dysfunctions that PD people

present [58]. In addition, the high presence of fatigue in people with PD is linked to

striatal and limbic serotonergic dysfunction [59] that, in turn, is associated with gait
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abnormalities [60]. Other causes that link people with PD with fatigue are sleep

disorders, medications, and depression [61]. Furthermore, people with PD have

reduced capacity to generate force and avoid muscle fatigue (they are induced to

fatigue faster) compared to control individuals [7]. Although fatigue is more related

to PD, the literature presents little information about the influence of the disease on

muscle fatigue, especially on walking.

10.6 Muscle Fatigue and Walking

Muscle fatigue seems to induce negative changes in motor control. Loss of control

from muscle fatigue can result in deficits in the capacity to regulate the mechanisms

of movement such as muscular disorganization, modification of both the peripheral

proprioceptive system and central processing of proprioceptive information, or

deficits of planning and movement [12, 13]. Hence, muscular fatigue makes the

regulation of postural sway more cognitively dependent [62], considering that the

central processing factors are an important limitation for movement and postural

stability. Another important aspect for loss of balance control might be the centrally

adaptive changes in anticipatory postural adjustments [63, 64]. In this case, early

onset of anticipatory postural adjustments may reflect an attempt by the central

nervous system to compensate the deficits caused by muscle fatigue.

Gait adjustments, especially in complex environments, require adequate muscle

strength in lower limb muscles, mainly for safely crossing an obstacle and stepping

down a curb [65]. This requirement might not be met when muscles are fatigued.

Muscle fatigue also impairs motor control by increasing muscle co-contraction and

limiting fast corrective movements [66, 67], and by adversely affecting proprio-

ception, movement coordination, and muscle reaction times [5, 6, 23], which are

important components of balance control [4–6]. A new segmental organization in

the presence of muscle fatigue is required to maintain motor performance, as

observed by changes in time and spatial gait parameters [4, 22–25]. To understand

how muscle fatigue affects walking, mainly in complex environments such as

obstacle crossing or stepping down a curb, and whether such adjustments are age

and PD related, our group have conducted a series of muscle fatigue and walking

experiments, which are presented in Table 10.1.

10.7 Remarks and Considerations

This chapter investigates the mechanics and control adjustments on walking under

leg muscle fatigue according to aging and PD, mainly considering gait

environments (unobstructed walking and obstacle avoidance) and physical activity

level (see Table 10.1). In Fig. 10.1, we present a summary of our findings,

indicating similarities in the effects of muscle fatigue on walking in younger adults,

older adults, and people with PD. Younger adults, older people, and people with PD

increased step velocity and step width (with the exception of people with PD) and
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decreased step duration and braking vertical impulse during unobstructed walking

or the approach phase to an obstacle or curb (Fig. 10.1). During obstacle avoidance

or stepping down a curb, individuals increased the basis of support (step width) and

reduced step duration. In addition, in both types of walking, physical activity level

had no effects on the adjustments in walking after muscle fatigue in younger adults,

older adults, or people with PD. These findings seem to indicate that gait

adjustments are necessary to improve stability of gait after muscle fatigue, regard-

ing age and PD. On the other hand, some strategies were more pronounced in older

adults compared to (i) younger adults, for example, a reduced trail limb heel

clearance and stride duration and increased stride length and gait speed, which

appeared to reflect an attempt to maintain balance and safety, probably to counter-

act adverse fatigue effects, but could present a high risk of falling [2]; (ii) people

with PD did not change the basis of support and double support duration after

muscle fatigue, while older people adjusted these parameters to improve the control

of mass in the mediolateral direction [7].

All individuals who participated in our studies [2, 3, 7, 68, 69] demonstrated

reduced muscle strength after muscle fatigue (Fig. 10.2). This is an important aspect

to explain the changes in walking. The protocols used in the studies (for knee and

ankle fatigue) most likely affected the entire legs and not just the specific muscles.

In addition, the movement to muscle fatigue may also have contained eccentric

components [70]. Therefore, the fatigue protocol may have affected various

muscles of the (whole) leg and not an isolated muscle group [2, 3, 7, 68, 69]. Fatigue

of multiple muscles simultaneously impairs production of joint moments and hence

absorption of kinetic energy [71, 72] and joint stabilization [22, 24, 73] through

eccentric actions. The neuromuscular system may be able to compensate the

Fig. 10.1 Summary of similar findings of the effects of muscle fatigue on gait in younger adults,

older adults, and people with PD
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deficits caused by muscle fatigue of a single muscle group by adapting the activity

of antagonistic and synergistic muscles, whereas this may be not possible if these

muscle groups are also fatigued [74]. Finally, it has been suggested that with more

muscles fatigued, there are changes in the supraspinal activity, regulating the

activity of other muscles, but also of muscle spindles [75]. The effects of fatigue-

related changes on proprioception may have contributed to destabilizing the

gait [70].

The decrease in stride duration and increased step width (with the exception of

people with PD) after fatigue induction were consistent with changes observed in

our studies, independent of age (younger adults and older people), task (unob-

structed walking, obstacle avoidance, and stepping down a curb), and level of

physical activity (active and inactive individuals). The reduction in step duration

after muscle fatigue seems to be the preferred strategy to deal with balance threats

[76]. A reduction in this parameter can improve center of mass control and facilitate

control of the body center in the mediolateral and anteroposterior directions.

In addition, increased step width provides a larger margin of safety in controlling

mediolateral movements of the body’s center of mass [76–78].

Another common adjustment, which occurs in people of all ages and those with

PD, is an increase in step/stride velocity during walking. First, this behavior could

be a direct consequence of the reduction in step duration and step length.

An increase in step length is a common adjustment due to muscle fatigue, but it

is not used by younger adults. Increased step length provides a larger margin of

safety in controlling anteroposterior movements of the body’s center of mass [77].
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During gait, increasing step length may maintain the center of mass on the base of

support, making it easier to come to a stop in a single step and avoiding a forward

fall [77, 78]. Therefore, changes in stride length and duration seem to be more

important in terms of balance control then the result on gait speed, improving gait

stability [76, 79]. On the other hand, increases in step velocity could be an attempt

by the participants to perform the task as quickly as possible. Increasing speed

could be a risky strategy as it decreases the time to acquire information, process,

plan, and react during the movement [80, 81] and to integrate sensory information

[82]. This is more dangerous when the individuals need to cross an obstacle or step

down a curb, which may increase the risk of falling, especially in people with PD,

who have impaired sensory integration capacity [83, 84].

Interestingly, people with PD seem to be less able to deal with the effects of

muscle fatigue on walking than older adults. After muscle fatigue, both groups

(people with PD and older adults) increased stride length and decreased stride

duration, but only the control group performed adjustments in step width and

double support duration to improve mediolateral balance. The lack of change in

individuals with PD may suggest a stiffness strategy (robust system) that represents

difficulty in performing adjustments [82]. Furthermore, people with PD present

deficits in sensorimotor integration [79], which may be associated with

commitments in perception of fatigue [7] and consequently gait adjustments to

improve safety. Another alternative explanation for the less pronounced changes in

people with PD could be that the central activation of their muscles in the fatigue

protocol was insufficient to cause muscle overload and induce metabolic

fatigue [85].

Muscle fatigue seems to similarly affect unobstructed walking, obstacle

avoidance, and stepping down a curb [2, 3]. The adjustments were similar in

the three conditions, indicating that the effect of fatigue on muscle condition is

independent of walking type. However, due to major challenges during adaptive

walking (obstacle avoidance and stepping down), it is possible the risk of falls is

more elevated after muscle fatigue than in the unobstructed condition. Changes in

the approach phase indicated that the individuals are adjusting their walk prior to

the obstacle or curb (feedforward manner). This might be regarded as an antici-

patory strategy facilitating foot placement in relation to the obstacle or curb

[2, 3], but an error in this phase can compromise the plan to perform the task

successfully.

Physical activity level seems to have no effects on the context of muscle fatigue

and walking. Although the active groups demonstrated better muscle condition,

which was demonstrated by higher maximum isometric force for active individuals

(younger adults: 3346.70� 1002.3 N, older adults: 2576.03� 623.67 N; people

with PD: 1785.56� 559.58 N) than inactive individuals (younger adults:

3099.1� 1351.9 N, older adults: 2402.67� 1026.75 N; people with PD:

1762.04� 461.0 N) and higher time to induce muscle fatigue in active individuals

(Active: younger adults: 1018.4� 697.4 s; older adults: 408.6� 234.5 s; people

with PD: 107.6� 39.5 s; Inactive: younger adults: 416.4� 381.7 s; older adults:

122.3� 133.2 s; people with PD: 80.8� 21.3 s), the active and inactive individuals
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performed similar gait adjustments under muscle fatigue. Despite these findings,

we consider physical activity as an important aspect to improve gait control,

mainly in people with PD as physical activity can counteract the advance of the

disease [86].

10.8 Practical Applications and Future Directions

From the findings presented in this chapter, it is possible to make some important

observations about muscle fatigue and walking. The studies identified that muscle

fatigue negatively affects stability during unobstructed gait as well as during

obstacle crossing and stepping down a curb. The compensatory adjustments of

gait parameters when fatigued appeared not to depend on physical activity levels in

younger adults, older adults, or people with PD. Moreover, these adjustments might

be caused by changes in muscle synergy. After muscle fatigue, it is necessary to

increase the recruitment of motor units to develop the strength that is needed to

generate adequate torque during gait. Therefore, the increased recruitment of motor

units helps to explain the changes in step duration, width, and velocity, which were

similar adjustments presented by the individuals.

Despite this similar behavior in all individuals, aging and PD seem to exacerbate

the effects of muscle fatigue on walking. Modulations in both unobstructed walking

and obstacle avoidance start after 40 years of age, with a risky strategy for older

individuals over 60 years of age. This can be explained due to the effects of aging

on physiology, such as muscle strength decline. The decline in strength combined

with muscle fatigue further impairs strength production, increasing the risk of

falling during gait [4]. As a consequence, although older people were able to adjust

their walking patterns after leg muscle fatigue, these adjustments were less effec-

tive to maintain balance than in younger adults. In PD the situation is more

complex, since the patients demonstrate rigid systems during gait. People with

PD seem to have difficulties performing adjustments when necessary, because they

present stiffness [87], which is explained by a co-activation that is common in

people with PD [54] and by the lack of synergy, indicating a problem in motor

output to control the movement [88]. Thus, the next step in our studies is to

understand the effects of fatigue on muscle activation during gait.

In general, our studies provide further insight into the effects of muscle fatigue

on different types of walking in diverse groups. This information is important in

order to understand balance control in fatigued situations and possibly prevent falls

in working and elderly populations. The findings may be used by professionals to

improve gait stability under muscle fatigue and deal with fatigue in complex

walking settings in older people and people with PD, for example, using a larger

step width and step velocity. Physical exercise may be a strategy to improve or

maintain muscle conditions and avoid muscle fatigue, consequently, preventing

falls. Physical exercise promotes several benefits to physical capacity (e.g.,

strength, cardiovascular resistance, balance, flexibility, and coordination) and

increases stability during gait [86]. However, since we did not find effects of
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physical activity, further studies are necessary to investigate what kind of exercise

programs are better for improving muscle fatigability to prevent falls [89].

Another alternative strategy to avoid the consequences of muscle fatigue is

through recovery. Understanding the effects of fatigue recovery on gait could be

important information for the individual to avoid the risk of falling and seems

important to maintain performance [70]. A comprehensive and descriptive under-

standing of fatigue recovery may be fundamental to determining whether aged

humans can perform and repeat requisite movements successfully [38, 70]. The

period of rest is important to recover the muscle condition and, consequently, gait

parameters. However, Barbieri and colleagues [85] showed that 20 min of rest is not

sufficient to recover the gait parameters in younger individuals. This represents a

negative aspect as there is a long time to recovery from muscle fatigue, which

represents a prolonged risk to stability and the high energetic cost can impair

security during gait. Thus, future studies on balance and gait control may also

need to address fatigue recovery, especially in older adults and people with PD.

Therefore, according to the findings in this chapter, we can conclude that muscle

fatigue changed the gait parameters in different environments in younger adults,

older adults, and people with PD. The aging process and PD represent an increased

risk of falling, which seems to be associated with poor muscle conditions. However,

there are still some gaps in the literature on this theme, making further knowledge

necessary.
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the last stride before stepping down a curb. Gait Posture. 2013;37(4):542–6.

69. Barbieri FA, Gobbi LTB, Lee YJ, Pijnappels M, van Diëen JH. Effect of triceps surae and
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Abstract

Walking is considered symmetric in neurologically healthy individuals. How-

ever, asymmetry begins to occur with aging, and could be indicative of neuro-

degenerative diseases, such as Parkinson’s disease (PD). The aim of this chapter

is to discuss gait asymmetry in people with PD. Specifically, we present a

general idea about unilateral signs/symptoms of PD and its influence on

asymmetry and review the literature about unobstructed gait asymmetry in

people with PD. Finally, we show the effects of obstacle crossing and auditory

cues on gait asymmetry in people with PD. Previous studies have indicated that

people with PD presented greater asymmetry in the temporal parameters

compared to neurologically healthy older subjects. For obstacle crossing dur-

ing walking, both people with PD and neurologically healthy older individuals

demonstrated a higher symmetric index for step duration during obstacle
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crossing while walking compared to unobstructed walking. Therefore, obstacle

avoidance increases gait asymmetry of neurologically healthy older

individuals and people with PD. Auditory cues decreased asymmetry for step

length, duration and velocity, and cadence in individuals with PD compared to

neurologically healthy older individuals. However, only neurologically

healthy older individuals demosntrated greater asymmetry in the trials with

auditory cues for step length, duration and velocity, and cadence. Therefore,

auditory cues seem to have no effects on gait asymmetry for unobstructed and

obstacle walking in individuals with PD, and impair gait asymmetry in neuro-

logically healthy older individuals during obstacle avoidance.

Keywords

Asymmetry • Walking • Parkinson’s disease • Sidedness • Aging • Obstacle

avoidance • Auditory cues

11.1 Introduction

The term asymmetry can mean both structural and functional left–right

dissimilarities [1]. Asymmetry can be considered as differences in performance

and motor control between sides. The concepts of symmetry and asymmetry are

closely tied to function of the two hemispheres of the human brain. Despite having a

preferred limb during tasks, walking is considered symmetric in neurologically

healthy individuals [2]. However, asymmetry begins to occur with aging [2], and

could be indicative of neurodegenerative diseases [3, 4], such as Parkinson’s

disease (PD). PD is characterized by a predominantly unilateral appearance of

tremor, rigidity, and bradykinesia [5]. However, there is no obvious cause for the

preferential unilateral neurodegenerative process [6].

The study of asymmetry in walking in people with PD may help in understand-

ing the pathogenesis of the disease [6]. Clarifying what is responsible for motor

asymmetry in PD is certainly important for understanding the cause of PD and its

progression [7]. However, the motor control mechanisms of the limbs during

walking are not well understood. The few studies that have analyzed asymmetry

in gait evaluated tasks which presented little challenge, for example, walking

without environmental demands (unobstructed walking). Challenging tasks, such

as crossing an obstacle during walking, represent daily activities and can help in

understanding the unilateral symptoms of PD. Therefore, in this chapter we

discuss gait asymmetry in people with PD. Specifically, we present a general

idea about unilateral signs/symptoms of PD and its influence on asymmetry and

review the literature with regard to unobstructed gait asymmetry in people with

PD. Finally, we show the effects of obstacle crossing and auditory cues on gait

asymmetry in people with PD.
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11.2 Parkinson’s Disease and Unilateral Motor Impairment

PD is characterized by the dysfunction or death of neurons that produce dopamine.

PD affects 0.3% of the general population, with the highest prevalence in

individuals over 60 years old [8]. PD causes degeneration mainly in the substantia

nigra of the basal ganglia that is located in the midbrain, causing several forms of

motor impairment [9]. The reduced level of dopamine inhibits the thalamus cortical

and brainstem motor systems, compromising other brain structures [10]. This

degeneration affects the planning and execution of motor actions in people with

PD, especially repetitive, simultaneous, and sequential movements [11].

The diagnosis of PD is generally detected through the characteristic signs and

symptoms of the disease. The principal signs and symptoms of PD used for

diagnosis are bradykinesia, akinesia, hypometry, resting tremors, and muscle

stiffness [11]. In addition, the unilateral predominance of the disease is another

important indicator for PD diagnosis [6, 7], which is related to asymmetry

between the sides.

Sidedness is used to differentiate PD from other neurodegenerative diseases

[6]. More than half of people with PD present sidedness in motor impairment

[12–16], commonly indicated by the Unified Parkinson’s Disease Rating Scale

[12, 17, 18]. The unilateral predominance of signs and symptoms affects patients

in the early stages of the disease and may persist throughout the progression

period of the disease—20–30 years [6, 19]. Previous studies have reported that

impairment in the lower and upper limbs of people with PD occurs in accordance

with the extent of brain damage in regions containing dopamine in each hemi-

sphere [20–22]. Individuals with unilateral PD present significant differences in

striatal uptake between sides, in both the caudate and putamen nuclei [23, 24]. In

addition, the dominant hemisphere has a widespread distribution in the thalamus

circuitry [25–27].

Structural, genetic, environmental, and toxic or metabolic mechanisms could

explain this asymmetry in PD signs and symptoms [6]. However, two theories are

most accepted to explain the unilateral signs and symptoms [6]. Before detailing the

explanations, it is interesting to indicate that motor signs and symptoms emerge

after the loss of about 50–70% of the nigral neurons [9, 10]. The first theory

indicates that there are normal inborn differences in the numbers of nigral dopami-

nergic neurons. Consequently, from birth, the number of nigral neurons on one side

may be lower than that on the other side. The degenerative process of the disease

affects both sides equally, but the side with the primarily reduced number of

neurons reaches the critical point of vulnerability earlier. The second theoretical

possibility is that, for some reason, one substantia nigra is more vulnerable than the

other, and once the degenerative process starts, accelerated cell death occurs first on

that side (see reference [6] for more details).

11 Parkinson’s Disease and Gait Asymmetry 163



11.3 Gait Asymmetry in People with Parkinson’s Disease

Due to sidedness of motor impairments, people with PD present asymmetrical

adjustments in walking. However, the mechanisms that cause gait asymmetry in

people with PD are not well known. Gait asymmetries in PD reflect an asym-

metrical depletion of dopamine in the substantia nigra [28, 29]. This results in

asymmetrical deregulation of the striatum, leading to further asymmetrical

dysfunction of multiple circuits involving the basal ganglia and cortical regions

[30, 31].

Previous studies have indicated that people with PD presented greater asym-

metry in the temporal parameters compared to neurologically healthy older

subjects [4, 32–37]. Specifically, swing time and its variability are the most

asymmetrical parameters in people with PD, which are related to freezing

episodes, falls, and decreased executive function [4, 32–35]. However, step length

[38] and ground reaction forces [32] seem to be symmetrical parameters in

unobstructed walking for individuals with PD. Table 11.1 shows previous studies

that investigated gait asymmetry in people with PD. It is important to indicate that

the findings of these studies were from walking without environmental demand.

The presence of an obstacle during walking could increase gait asymmetry due to

the increased complexity of the task. In the next section we present our findings on

the effects of obstacle avoidance on gait asymmetry in people with PD.

To mitigate the effects of the signs and symptoms, especially asymmetry, and

to improve the quality of life of people with PD, some interventions are used.

The most common is pharmacological treatment. Although pharmacological

treatment is effective at improving motor performance in people with PD, it

presents some side effects. Therefore, other interventions have also been used,

such as the external cues paradigm [39, 40] to reduce asymmetry without side

effects. Verbal external [41], visual [42], rhythmic [43, 44], and auditory [45–47]

cues are conventionally used in PD treatment. Previous studies have indicated

that auditory cues are most effective for people with PD [48, 49], which improve

rhythmicity, walking speed, and step length [47, 50–52]. One possible explana-

tion for the improvement in gait from auditory cues is that movement requires

less effort and attention, which could facilitate walking [44]. However, the use of

external cues, especially auditory cues, has not been sufficiently studied with

respect to the effects on asymmetry in people with PD. It is possible, this

intervention could decrease walking asymmetries in people with PD. The results

of our study about the effects of auditory cues on gait asymmetry in unobstructed

and with obstacle walking in people with PD are presented in the following

sections.
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11.4 Effects of Obstacle Avoidance on Gait Asymmetry
in People with Parkinson’s Disease

Unobstructed walking of individuals with PD is asymmetric. However, spatial

parameters [38] and ground reaction forces [32] seem to be symmetric in unob-

structed walking. Despite important findings about gait asymmetry in previous

studies, analysis of asymmetry during complex gait tasks, such as obstacle crossing

during gait, which are performed daily by this population [53], is neglected.

Obstacle crossing during walking is one of the main factors leading to falling in

people with PD [53–55]. Bilateral asymmetry reflects medial–lateral imbalance and

instability and, hence, a predisposition to falls [33]. Previous researches has

indicated that obstacle crossing during walking increases gait impairment in people

with PD, mainly the hypometry and bradykinesia [53, 56–60], decreasing the toe

clearance during obstacle crossing and changing the foot position in relation to

the obstacle [53, 54, 61, 62]. Therefore, due to the increase in difficulty, complexity,

and motor requirements during obstacle crossing for people with PD, asymmetry

during this type of gait could be exacerbated.

We investigated the influence of obstacle crossing on gait asymmetry in

individuals with PD and neurologically healthy older individuals (control group)

(Table 11.2). Participants performed five trials of unobstructed gait and ten trials of

obstacle crossing during gait (five trials of crossing with each leg) at a self-selected

speed. Both people with PD and neurologically healthy older individuals (control

group) demonstrated a higher symmetric index [63–65] for step duration during

obstacle crossing while walking compared to unobstructed walking. Obstacle

crossing increased step duration of both crossing step limbs compared to step

duration in unobstructed walking and increased step duration of the step with the

most affected (people with PD)/non-dominant (control group) limb compared to the

step with the least affected/dominant limb. Our findings confirmed the idea that

obstacle crossing increased gait asymmetry compared to unobstructed walking.

Obstacle crossing requires that individuals perform adjustments during walking,

necessitating rapid planning and execution of adaptive movements [66], which

seems to exacerbate gait asymmetry. Obstacle avoidance involves complex cir-

cuitry, such as the parietal and motor cortex, the lateral cerebellum, and pontine

gray nuclei [66], which appears to be more susceptible to sudden interference. For

example, obstacle avoidance is characterized by reduced velocity, shortened step

length, and larger step width [53, 55, 57, 67, 68], which needs a more conservative

and cautious strategy. The combination of consciously controlled walking with

deliberate obstacle avoidance may well outweigh the available resources, causing

these adjustments and increasing gait asymmetry. Older people already present

deficits in the circuitry indicated below, mainly in peripheral structures [69], which

could cause gait asymmetry during complex locomotion. These structures are more

impaired in PD, affecting the basal ganglia and requiring greater compensatory

involvement from other parts of the brain during walking [70]. In addition,

individuals with PD present a progressive difference in striatal uptake between

the cerebral hemispheres in both the caudate and putamen nuclei and in the
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cortical–basal ganglia–thalamic circuitry [25–27], which cause gait asymmetry and

seem to increase during challenging tasks. Therefore, obstacle avoidance increases

gait asymmetry in neurologically healthy older individuals and people with PD.

11.5 Influence of Auditory Cues on Gait Asymmetry during
Obstacle Avoidance

Previous studies have indicated that auditory cues are the most effective cues for

people with PD [48, 49]. Auditory cues are external stimuli associated with the

initiation and ongoing facilitation of a movement [40], which improves rhythmic-

ity, walking speed, and step length [47, 50–52]. Due to auditory cues that influence

the neural circuitry regulating gait, Brodie and collaborator [73] indicated that

symmetry matched auditory cues compensated the unsteady gait in the majority

people with PD, but did not interfere in gait asymmetry. Despite this, the authors

suggest that during challenging walking task, such as turning or obstacle crossing,

auditory cues could decrease gait asymmetry.

Our group investigated the influence of auditory cue on gait asymmetry during

obstacle avoidance in people with PD and neurologically healthy older individuals.

Participants performed five trials of unobstructed gait and ten trials of obstacle

crossing during gait (five trials of crossing with each leg) with and without auditory

cues. First, the individuals performed the trials without auditory cues. For the audi-

tory cue trials, the cue (controlled by a metronome) was customized for each

individual according to the cadence determined by three trials performed prior to

starting the experiment.

People with PD and neurologically healthy older individuals presented different

behaviors for gait asymmetry when auditory cues were provided (Table 11.3).

Individuals with PD demonstrated lesser asymmetry for step length, duration and

velocity, and cadence than neurological healthy older individuals when auditory

cues were offered. For individuals with PD, auditory cues in unobstructed walking

decreased step velocity asymmetry. Only neurologically healthy older individuals

showed greater asymmetry in the trials with auditory cues for step length, duration

and velocity, and cadence. In addition, the control group demonstrated greater

asymmetry for stride velocity with auditory cues in obstacle crossing compared to

unobstructed walking. Finally, neurologically healthy older individuals increased

gait asymmetry (step length, velocity, and cadence) during obstacle crossing with

auditory cues compared to without auditory cues.

Auditory cues had no effects on gait asymmetry for unobstructed and obstacle

walking in individuals with PD. Only step velocity in unobstructed walking

improved gait asymmetry with auditory cues. The findings corroborate with Brodie

and collaborators [73] who did not find an influence of auditory cues on gait

asymmetry. This finding could be interpreted as asymmetry in morphology, mus-

culature, and joints related to aging than directly through mechanisms related to the

diagnosis of PD [73]. However, although auditory cues influence the neural cir-

cuitry regulating gait [43, 46], improving automatic movement [71, 72] and
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decreasing asymmetry, when individuals with PD cross an obstacle, auditory cues

did not improve, but did not impair, gait asymmetry. The findings seem to indicate

that people with PD do not use auditory cues, or that obstacle avoidance impairs the

benefit of auditory stimuli in gait asymmetry. An important aspect to analyze in

future studies is if people with PD are able to synchronize their steps (heel contact)

with auditory cues. It is possible that the higher demands of this task prevent

adequate the use adequately of the auditory information.

More surprising were the results for neurologically healthy older individuals. The

combination of obstacle avoidance and auditory cues increased gait asymmetry.

Auditory cues seem to disrupt the gait pattern of neurologically healthy older

individuals, which increases gait variability [39]. Possibly the combination of

auditory cues and obstacle crossing increases the robustness of the task, increasing

gait pattern disruption. Auditory cues seem to interfere with well-learned movement

patterns in people without basal ganglia deficits, which perturbs the functioning of

internal mechanisms [73]. Therefore, the use of auditory cues for neurologically

healthy older individuals during obstacle avoidance seems not to be recommended.

11.6 Final Remarks

Neurologically healthy older individuals seem to start presenting asymmetry in

gait, probably caused by aging effects. However, gait asymmetry is exacerbated in

people with PD due to the effects of the disease that generate unilateral motor

Table 11.3 Means and standard deviations of the walking parameters and symmetric index [63–

65] without and with auditory cues in people with PD and neurologically healthy older individuals

People with PD

Neurologically healthy older

individuals

Symmetric index (%)

Without

auditory cues

With

auditory cues

Without

auditory cues

With

auditory cues

Unobstructed walking

Step length 2.30� 2.09 1.60� 1.50 1.94� 2.02 1.93� 1.16

Step duration 1.23� 0.77 1.17� 0.70 1.07� 0.86 1.05� 0.67

Step width 6.39� 6.84 3.60� 3.17 3.82� 3.10 3.63� 3.50

Step velocity 2.60� 1.96 1.50� 1.19 1.95� 1.72 2.29� 1.30

Cadence 1.24� 0.77 1.17� 0.72 1.06� 0.87 1.03� 0.67

Double support 4.33� 4.74 3.49� 2.48 2.50� 2.41 2.76� 4.35

Obstacle walking

Step length 1.88� 1.45 2.34� 1.36 2.28� 1.69 5.74� 3.91

Step duration 2.30� 1.67 2.43� 2.97 1.96� 0.68 7.44� 4.80

Step width 5.94� 5.80 7.60� 5.24 7.57� 5.85 15.36� 16.18

Step velocity 2.20� 1.55 3.18� 2.50 2.48� 1.53 10.53� 6.86

Cadence 2.30� 1.66 2.47� 3.01 1.98� 0.64 7.47� 4.70

Double support 2.96� 3.59 3.34� 3.99 5.20� 4.72 7.62� 3.85
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degradation. Several studies have found greater unobstructed gait asymmetry in

individuals with PD, especially for temporal gait parameters. However, little is

known about gait asymmetry during obstacle avoidance in both people with PD and

neurologically healthy older individuals.

Obstacle avoidance seems to increase gait asymmetry in both people with PD

and neurologically healthy older individuals. Differently from unobstructed gait,

the effects of aging seem to increase gait asymmetry in complex walking, indepen-

dent of the effects of PD. Older people already present deficits in brain circuitry,

which are more impaired in people with PD, increasing gait asymmetry during

obstacle avoidance. Older individuals, and particularly people with PD, are espe-

cially impaired to switching in motor tasks, requiring subjects to make corrective

steps instead of walking straight [66], predominantly during challenging walking

tasks. It is possible that the basal ganglia are important for set-dependent adaptation

of movement patterns for changes in condition, indicating that individuals have

inflexible control [74], which is aggravated by sensory and perceptual deficits such

as in people with PD [75].

Auditory cues seem to have no effects on gait asymmetry for unobstructed and

obstacle walking in individuals with PD, but they impair gait asymmetry in

neurologically healthy older individuals during obstacle avoidance. Possibly the

combination of auditory cues and obstacle crossing disrupted the gait pattern in

neurologically health older individuals, increasing gait asymmetry. In addition,

individuals with PD were not able to use auditory cues to improve gait asymmetry

during obstacle avoidance. This task seems to be a complex movement for people

with PD that demands more movement coordination and attention, impairing the

use of auditory stimulus.
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Effects of Physical Activity on Walking
in Individuals with Parkinson’s Disease 12
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Abstract

Considering our strongest involvement with walking behavior of people with

Parkinson’s disease (PD), this chapter develops the relationship between physi-

cal exercise and walking in this population. Among the cardinal and the second-

ary signs and symptoms of the disease, we find the gait impairments as one of the

most disabling behaviors of people with PD. In this chapter, that issue is treated

with respect to different intervention types and procedures and their effects on

two walking conditions (over even and uneven surfaces), especially because

only under challenging conditions this behavior is more impaired. Specifically,

we are detailing many physical exercise interventions with respect to type,

duration, and frequency and showing specific effects on gait parameters.

According to the topics discussed in this chapter, we concluded that even though

physical exercise is gaining evidence to improve gait impairments and other

motor and non-motor signs and symptoms of the PD, there is no consensus with

respect to the better intervention characteristics to promote effects on walking

behavior of people with PD.
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F.A. Barbieri, R. Vitório (eds.), Locomotion and Posture in Older Adults,
DOI 10.1007/978-3-319-48980-3_12

177

mailto:ltbgobbi@rc.unesp.br
mailto:ju_lahr@hotmail.com
mailto:darjaimes02@hotmail.com
mailto:maybope@gmail.com
mailto:p.pelicioni@neura.edu.au


Keywords

Parkinson’s disease • Physical exercise • Walking • Gait parameters • Motor

symptoms • Nonmotor symptoms • Intervention features • Even terrain

locomotion • Uneven terrain locomotion • Falls

12.1 Introduction

This chapter develops three major aspects: the characteristics of locomotor behav-

ior that are impaired with the disease and the effects of physical exercise

interventions on gait parameters in both over even and uneven terrains. Then the

aim of this chapter is to present the most recent evidences of the effects of physical

exercise interventions on walking behavior of people with Parkinson’s disease

(PD).

12.2 Locomotion in Parkinson’s Disease

Walking impairments showed by people with PD in both even and uneven terrains

are associated to tripping and body unbalanced which increase their fall episodes

[1, 2], since most falls happen during walking in this population. The amount of fall

episodes in people with PD is approximately two- or even threefold bigger than

their healthy peers [1, 3] and is the second major cause of their hospitalization [4],

mainly due to fractures [5, 6]. In addition to fractures, the consequences of a fall

episode are related to physical, psychological, and functional impairments such as

fear of falling, decrease in mobility, and loss of independency to perform activities

of daily living [7, 8]. Therefore, researchers all over the world have focused on both

to reveal disease-related locomotor behavior and to develop interventions to pre-

vent fall episodes.

Related to deficits in locomotor behavior due to the disease, walking indepen-

dency is impaired in people with PD in two ways: general and specific. In a more

general descriptive way, people with PD show reduction in overall mobility [9],

decrease in walking velocity and in range of motion (bradykinesia and hypometria),

rigidity (stooped posture), and postural instability [10–18]. In a specific descriptive

way, spatial and temporal parameters of gait are also impaired such as stride length,

double support duration, gait velocity, and cadence [19–24].

These deficits are more pronounced when the locomotor control of people with

PD is challenging as walking over uneven terrain or dual-task condition. The major

gait modulations under dual-task conditions are decrease in gait speed and in the

stride length and the increase in gait variability [25–29]. Walking over uneven

terrain requires constant adaptations in gait parameters. Since people with PD also

face uneven terrain in their everyday life, a recent and large set of studies had been

published on obstacle avoidance describing the walking behavior by means of

kinematic parameters [18, 30–34]. The results of these studies revealed that two
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major disease features (bradykinesia and hypometria) can be seen in both the

approaching and the crossing phases: reduction in stride length and stride velocity,

decreased distances between leading foot and the obstacle before and after crossing,

and similar toe clearance when people with PD were compared with their aged-

matched healthy controls.

Dopaminergic medications are the gold standard treatment for people with PD,

and its effects on motor function, mobility, and postural instability have been

established. Specifically related to falls, dopamine replacement has minimum

effects on postural instability [35–39], while in walking over even terrain, the

dopamine therapy increases gait parameters such as stride length and velocity,

and there is no effect on stride duration and the time of the swing phase

[12, 40]. In a more challenging condition, such as walking over obstacles,

Pieruccini-Faria and colleagues [41] revealed that dopaminergic replacement has

no effect on spatial parameters, but increased step time during the approach phase,

while the toe clearance of the trailing limb was decreased without medication

during the crossing phase.

Cognition is also impaired in people with PD that influence their motor

symptoms [42]. Some cognitive aspects such as attention affect the walking stabil-

ity [43], which is related to the increased risk of falls [28, 44]. However, the major

focus of this chapter is related to the effects of physical exercise in walking

behavior; the reader can find more specific information in Chaps. 5 and 10 of

this book.

12.3 Walking and Exercise in Parkinson’s Disease

Physical exercise has been used in PD with the purpose to ameliorate the signs and

symptoms that are little or nonresponsive to the dopaminergic therapy such as

postural instability, freezing of gait, cognitive impairment, and depression

[45–47]. Multiple benefits of the physical exercise have been demonstrated

[48, 49], and the regular enrolment in physical activity is associated to a better

physical function and quality of life [50]. This kind of intervention associated to the

medications has potential to increase the dopaminergic levels [51], to change the

gray matter [52], and to improve the cerebral connectivity [53]. Recent studies have

been suggested that physical exercise can retard the disease progression and induce

plastic effects in the patients’ brain [54–57].

Interventions with physical exercise have been purposed to ameliorate the walking

performance such as hypokinesia, postural instability, and freezing of gait [58–60],

to improve safety while walking, and to prevent falls [61], especially when the

dopaminergic replacement is not effective for some gait abnormalities and fall

episodes [62]. Bloem and collaborators [7] demonstrated that the majority of falls

happen when the patients are in the ON state of medication, i.e., when the symptoms

are under medication control. Since the effects of the medication decrease with the

disease progression and the debilitating side effects improve [63], it is necessary to

investigate intervention strategies to improve gait parameters.
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Different types of physical exercise interventions have been presented in the

literature as promoters of positive gait modifications in people with PD [64–66].

Interventions with locomotion exercises can improve kinematic gait parameters

such as walking velocity and cadence and step length and width [62, 67], as well as

improvements in clinical measures, mobility, and quality of life [68–70], assessed

by the Unified Parkinson’s Disease Rating Scale (UPDRS), the 6 min walking test,

the Balance Evaluation Systems Test (BESTest), the Timed Up and Go (TUG) test,

and the Parkinson’s Disease Questionnaire—39 items (PDQ-39) [71–75].
In general, the gains provided by the physical exercise are maintained when the

sessions are from 2 to 3 times a week with duration from 4 to 12 weeks [48, 76]. Spe-

cifically for locomotion exercises, interventions with duration from 2 to 6 months,

with frequency from 1 to 3 times a week and from 30 to 70 min per session, have

been showed relevant improvements [59].

Several types of interventions with physical exercises have been used to improve

walking behavior, as resistance, aerobic, and multimodal exercises [67, 77–80],

which will be detailed in the next session of this chapter. Some strategies associated

with the intervention with locomotion exercises have been used to optimize the

exercise benefits such as Nordic walking, sensory cues, and treadmill walking

[60, 63, 81, 82]. Nordic walking is characterized by the use of poles to help the

walking skill. This strategy has demonstrated superior results for locomotor behav-

ior specially related to postural stability, stride length, gait pattern, and gait

variability [83], as well as to ameliorate functional mobility and quality of life

[82, 84] and to maintain the improvements after 5 months of follow-up [84].

The sensory cues are defined as an external stimulation to regulate the movement

[85]. Auditory and visual cues have been used to improve the gait parameters in

people with PD. Music, counting loud, or metronome beats are applied as auditory

cues, while laser pointers, adapted glasses, and ground stripes are used as visual

cues [63, 85]. Auditory cues are able to improve cadence, stride length, and

velocity, while visual cues have demonstrated relevant effects only in step length.

However, so far, it is unknown what type of auditory cues is the most efficient

[63, 85]. Locomotor intervention with treadmill has showed relevant and consistent

results in some gait parameters such as step length and velocity, but not in walking

distance and cadence [60]. When a partial body weight is added with the treadmill,

studies have demonstrated significant results in the clinical (UPDRS), balance, and

walking impairments [86, 87], in comparison to locomotor intervention with verbal

instructions. Nevertheless, when treadmill training is associated with visual cues,

better scores for step length, walking velocity, and mobility have been reached and

maintained after a follow-up period [88].

Recent technologies have been applied to ameliorate locomotor behavior of the

people with PD such as virtual reality, robotic resources, and exergames, which are

considered promising types of interventions due to the demonstrated benefits

[66, 69]. Virtual reality can promote motor learning through the multisensory

perceptions (visual, auditory, and haptic inputs) and movement repetitions to

solve problems [89]. Mirelman and colleagues [89] applied treadmill training

with a customized virtual reality of complex environment (obstacles) in people

180 L.T.B. Gobbi et al.



with PD and showed improvements in cognitive, physical, and behavioral aspects.

Picelli and collaborators [90] applied robotic resources in combination with tread-

mill training to rehabilitate walking in patients in mild to moderate stages of the

disease and revealed improvements in walking distance and speed. In more

advanced stages of the disease, Picelli and collaborators [91] demonstrated the

positive effects of the same intervention in postural stability. Exergames (computer

games) combining players’ physical movements with real-time motion detection

have been applied to decrease the motor symptoms in people with PD. Two recent

systematic reviews about exergames as a rehabilitation tool were published. Barry,

Galna, and Rochester [92] reported that people with PD can play exergames that

improve their balance and cognition and reduce the motor severity. Harris and

colleagues [93], analyzing two studies that included people with PD, revealed that

exergaming can improve static balance and postural control.

Nonconventional therapies such as music and martial arts have demonstrated to

be efficient as interventions to improve walking [94–96]. Music-based movement

therapy (MbM therapy) and dance are among the interventions related to music

[94, 95]. Among the different dance styles, such as waltz and foxtrot, Argentine

tango is showing better results in movement control [97]. In general, dance has

demonstrated positive results to ameliorate motor impairments, such as balance and

walking velocity [95], but Argentine tango showed better results for functional

mobility, quality of life, and motor sign severity [97, 98]. Tai Chi is a martial art

widely used as a complementary therapy in PD [96]. Li and collaborators [99]

applied Tai Chi intervention 2 times a week for 24 weeks with 60 min duration per

session and showed an increase in step length, walking velocity, and functional

mobility and a decrease in fall episodes that were maintained after a follow-up

period of 3 months. Tai Chi intervention also revealed another benefits as the

increase in motor function and in balance [96].

As we demonstrated in this section, there is heterogeneity of physical

interventions been used to the purpose to ameliorate the walking behavior in people

with PD. However, there is no consensus in the literature related to the better

physical exercise (type, frequency, intensity, and duration) to be applied for this

purpose [66]. On the other hand, there is a positive aspect in this physical exercise

diversity, i.e., the patient can choose for the most pleasurable physical exercise

since motivation is crucial for adherence and engagement in an intervention

program [100, 101], mainly because the great effect of exercise requires regular

and sustained participation in the activities [102]. It is important to highlight that it

is necessary to conciliate medication treatment and physical exercise intervention

to improve postural stability and to reduce fall episodes [65].

In view of the walking impairments over even and uneven terrains showed by

people with PD, presented in the beginning of this chapter, it is necessary to

understand the effects of physical exercise interventions in each surface. Then,

different types of interventions are presented in the next section as well as their

effects in walking over even and uneven terrains.
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12.4 Physical Exercise in Walking Over Even Terrain

Three different types of interventions with physical exercise have demonstrated

major effects in gait parameters over even terrain in people with PD: resistance

training [103], aerobic training [79, 82], and multimode training [67, 80, 104].

Resistance training is recommended to people with PD due to their muscular

weakness [105–107], which is related to the disease progression [108] and the

reduction in physical activity levels [109, 110]. Lower levels of muscular strength,

specifically the muscle power, are associated with a decrease in walking speed and

fall history [111, 112]. Muscle power training also reduces the bradykinesia symp-

tom [103]. Studies reported that resistance training has consistently improved

spatial and temporal gait parameters [103, 113], anticipatory postural adjustments

during gait initiation [114], and functional mobility [82, 103, 115]. Related to the

characteristics of resistance training, the literature presents interventions with short

term, 2–3 months [103, 113, 115, 116], and medium term, 6 months [117], intensity

varying from moderate [115, 116] to high [103, 113, 116], duration from 2 to 3 times

a week, and the use of uni- and multi-joint machines and elastic bands [118]. In

addition, the linear intensity progression in the training load is common. It is

recommended that the resistance training must be associated with specific activities

that translate the muscle strength and power gains to the patients’ daily life

activities [119].

Aerobic training was designed for people with PD due to their autonomic

dysfunction probably caused by cardiac sympathetic [120], which make them reach

the Vo2max earlier than their healthy peers [121]. This means that their cardiac

function must be assessed during interventions, and this also implies that aerobic

training is recommended since aerobic resistance is important to their everyday life.

Interventions with aerobic training were able to improve the performance in motor

actions, postural stability, and walking [79]. Specifically to gait parameters, aerobic

training has demonstrated improvements in step and stride length [61, 97, 122, 123],

walking velocity, and functional mobility [82, 122, 124–127]. Related to the

characteristics of aerobic training, the interventions vary from 6 to 14 weeks’ dura-

tion, two times a week, and with moderate to high intensities. However, high-

intensity aerobic training has moderate effects on walking performance [128]. Tread-

mill training has been used in aerobic interventions due to both motor learning/

control and gait mechanical effects. The constant and repetitive gait imposed by the

treadmill promotes a continuous feedback which improves the automatic motor

control [129]. Treadmill walking also implies an augmented hip hyperextension

and elongated hip and ankle flexors that in consequence increase step length and

swing duration and decrease support duration improving propulsion [62, 130, 131].

Multimode training is a type of intervention that integrates multiple components

of the functional capacity (strength, flexibility, coordination, etc.), sensorimotor,

and cognitive aspects with holistic (generalized interventions) [67, 68, 132–134]

and specific purposes (focused interventions) [80, 104]. Related to people with PD,

multimode training is based on sensory [135], motor [136, 137], and cognitive

[138, 139] deficits. Vitório and colleagues [67] designed a multimode training
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oriented to the components of functional capacity, cognitive functions, and mobil-

ity. Results related to gait parameters after 6 months of training revealed

improvements in step length and stride velocity. The characteristics of the

generalized interventions applying multimode training are 12–24 weeks’ duration,

2–4 times a week, and intensity with incremental loads by both task complexity and

physiologic parameters (1RM, %HRmax). Focused interventions applying multi-

mode training with the purpose of gait improvements tend to use eastern

approaches. Tai Chi, with fluent movements and positions, implies mental concen-

tration, postural control, and flexibility [140]. While Tai Chi is a martial art,

characterized by rapid movements for self-defense, Qigong with more slow

movements with internal attentional focus [141] is more suitable for people with

PD. In general, eastern approaches ameliorate mobility, where Qigong practice

improves the performance in gait initiation [142], which positively impacts the

anticipatory postural adjustments, and Tai Chi has no effect on spatial and temporal

gait parameters [140, 142, 143]. Multimode training for walking improvements

applied in water revealed positive effects in step length and single and double

support time [104]. When a multimode training focused on balance and gait was

developed in both indoor and outdoor environment [80], the results revealed

improvements in walking velocity and dual-task TUG immediately after 8 weeks

of intervention and after 6 months of follow-up, while only dual-task TUG scores

were maintained after 12 months of follow-up. The combination focus on balance

and gait and the use of outdoor activities challenge not only the components of

functional capacity and postural stability but also the performance in real-life

situations decreasing attentional demands and improving postural control [29].

Our group just finished a long-duration (8 months, twice a week) intervention

comparing three groups of people with PD in stages mild to moderate: multimode

training (n¼ 88 attempts), locomotor training (n¼ 74 attempts), and cognitive

training (n¼ 63 attempts). Data of the gait parameters were collected in three

moments (pretest, post1 after 4 months, and post2 after 8 months), and they are

now under processing. A preliminary analysis (unpublished data) demonstrated
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interactions between group and moment (Fig. 12.1) for stride duration

(F3, 222¼ 3.54; p< 0.012) and stride velocity (F3, 222¼ 12.97; p< 0.001).

These results are showing that (1) stride duration is not affected by multimode

training, while locomotor training impacts stride duration only in the first 4 months

of intervention, and (2) majorly in the first 4 months of intervention, multimode and

locomotor trainings have similar effects in increasing stride velocity, while cogni-

tive training decreased the huge values of stride velocity maybe due to the necessity

to go outside the home twice a week to participate in the intervention.

12.5 Physical Exercise and Walking Over Uneven Terrain

Adaptive gait is crucial for human locomotion. In everyday life, individuals are

constantly crossing over [18] and avoiding obstacles [144] in their travel path. Yet,

people walk in different space constraints [145] and in different velocities [146] and

perform a secondary task [147]. People with PD show difficulties to perform tasks

where it is necessary to adapt their gait pattern, which improve with dopaminergic

therapy [41, 148]. Step velocity is one of the spatial and temporal gait parameter

that represents the deficits in adaptive gait of people with PD [149]. To increase step

velocity is crucial because tasks such as answering a door bell or crossing the street

are present in everyday life [150]. This impairment is related to the bradykinesia

and to the difficulty in modulating movement according to the temporal demands

[151]. Physical exercise can promote changes in gait parameters of people with

PD. Short-duration physical exercise (3–6 weeks) is able to ameliorate the gait

pattern (stride length) in fast velocity [119, 152–154], independently whether the

emphasis is in lower limb range of motion [152] or in treadmill locomotor training

[119, 153, 154].

Adaptive gait is also necessary in dual-task situation. Considering that people

with PD have attentional deficits that impair dual-task behavior [147], interventions

with physical exercises have shown improvements in cognitive parameters, such

as executive functions [132] and memory [155]. When locomotor tasks were

associated with cognitive demands (verbal fluency, subtractions), Yogev-

Seligmann and colleagues [156] observed improvements after 4 weeks in divided

attention skills during walking in people with PD, which is important in performing

activities of daily living [157]. Using a smartphone applicative, Ginis and

collaborators [158] increased the walking velocity during dual task in 13.5% due

to a positive feedback.

Related to crossing over or avoiding obstacles, the literature is rich in describing

the adaptive gait of people with PD [18, 34, 41, 144–148]. However, little is known

about the effects of physical exercise intervention in these types of adaptive gait.

Kim, Jae, and Jeong [159] applied a 12-week, 3 times a week, Tai Chi intervention

and observed improvements in dynamical postural stability in both anteroposterior

and mediolateral directions to step over a static obstacle. Liao and colleagues [160],

using exergames for 6 weeks, 2 times a week, and 45 min per session, focused in
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muscle strengthening and balance and revealed that people with PD increased

obstacle crossing velocity and the step length.

12.6 Final Remarks

To design an intervention with physical exercise in order to improve gait

impairments over even and uneven surfaces in people with PD is still a challenge.

Even though physical exercise is gaining evidence to improve gait impairments and

other motor and non-motor signs and symptoms of the PD, there is no consensus in

the literature with respect to the better intervention characteristics (type, frequency,

intensity, and duration of physical exercises) to promote effects on walking behav-

ior of people with PD. However, this diversity facilitates the patients’ choice

according to their volition and pleasure. Most important now is to encourage people

with PD to adopt and maintain an active lifestyle.
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Older Adults Are Incapable of Changing
Sensory-Motor Coupling During Upright
Stance with Visual Manipulation
and Different Attentional Demands

13

Giovanna Gracioli Genoves, Caroline Sanches,
and José Angelo Barela

Abstract

Postural control functioning is characterized by adaptive adjustments, which

involves several central nervous system centers. This study investigated the

sensory-motor coupling in older and younger adults during concurrent different

cognitive tasks while maintaining upright stance with visual manipulation.

Fifteen older and 15 younger adults performed 9 trials of upright stance in a

moving room. In the first trial, the room remained stationary. In the following

4 trials, the room oscillated but participants were not informed about visual

manipulation and in two trials were required to countdown. In the last 4 trials,

they were informed about the visual manipulation and were requested to resist to

it and repeated the countdown twice again. Results indicated that older swayed

with larger magnitude than younger adults. Visual manipulation induced corre-

spondent sway in all participants and information and request to resist reduced

visual influence only for young adults when they were not counting. These

results suggest that sensory-motor coupling might be changed but requires

attentional resources and young adults only achieve it. Differently, older adults

are incapable of changing sensory-coupling that might be limited by the lack of

attentional resources.
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13.1 Introduction

Postural control involves an intricate and complex relationship between sensory

information and motor activity, with sensory cues coming from multiple sources

and the muscular system comprising many muscles. The complexity of the sensory-

motor relationship gets even more complex because environmental conditions and

the forces acting on the body orientation and equilibrium are constantly changing,

requiring a continuous sensory update and muscle activation to accomplish the

postural task goal [1].

Aging is associated with changes in many of the performing capabilities, usually

leading to a lower adaptability and performance [2, 3], including deterioration of

postural control [4, 5]. For instance, several studies have shown that after a certain

age, usually around 60 years, in a quiet stance, older adults sway with larger

magnitude and/or velocity than younger adults [6–8]. These changes in sway

characteristics of older adults are interpreted as a poor functioning of postural

control system due to the aging process [2].

Studies have also shown that poor postural control in older adults is associated

with changes in sensory information and body sway coupling [5, 8, 9]. For instance,

changes in postural control functioning in older adults could be related to how older

adults acquire and integrate sensory cues in order to provide precise and reliable

information about body sway dynamics and, based upon this information, activate

properly the muscles to maintain and/or achieve a desired postural orientation and

equilibrium [2].

Postural control performance in older adults is also affected by attentional

demands, with larger body sway occurring when upright stance has to be

maintained while performing a concomitant cognitive task [10, 11]. Although

still debatable, older adults would need to compensate changes in sensory

re-weighting and central integrative processes, leading to the need of more cogni-

tive resources to maintain a desired postural orientation. Moreover, the attentional

effects on postural control performance is also task-dependent in such a way that

more challenging postural control tasks are most affected by concomitant atten-

tional requirements [12, 13]. In this case, the relationship between the acquired

information, and the motor response, required to maintaining postural orientation

and equilibrium, needs to be far more tied, requiring higher cognitive involvement

[8]. Taken together these results, postural control of older adults might require

higher attentional demands overloading the cognitive capabilities and, therefore,

leading to a poor postural control performance even in daily tasks.

Considering that postural control requires sensory-motor coupling and that

higher attentional demands deteriorate postural control performance, one may

question if attention is required to perform and/or to improve the relationship

between sensory information and body sway. Such question is even more relevant,
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considering that when young adults are exposed to sensory manipulation, for

instance visual oscillation due to a moving room, correspondent body sway is

induced with any discriminative knowledge [7, 14, 15]. More interesting, however,

is that when participants are informed that they have been influenced by a “trick”

visual manipulation, body sway magnitude and visual influence are reduced [14–16],

although with attentional demands needed to reduce visual influence on body sway.

Despite the recent studies, no knowledge is available if older adults would be

able to avoid or change sensory-motor coupling as observed for younger adults in

situations of visual manipulation. Correspondent body sway has also been induced

in older adults due to visual manipulation [5, 8] with older adults being even more

influenced by such manipulation [17]. Thus, what would be the effects of requesting

them to resist to the visual influence? Considering that older adult postural perfor-

mance is affected by concomitant attentional requirements and that changes in

sensory-motor coupling demand attentional resources, what would be the impact of

a concomitant task in older adults sensory-motor coupling? Therefore, the aim of

this study was to investigate the sensory-motor coupling in older and younger adults

during concurrent different cognitive tasks while maintaining upright stance with

visual manipulation.

13.2 Methods

13.2.1 Participants

Fifteen younger (23.00� 2.10 years, 1.66� 7.60 m, and 64.00� 11.80 kg) and

15 older adults (65.00� 3.6.0 years, 1.60� 6.20 m, and 70.10� 9.40 kg)

participated in this study, constituting the younger (YA) and the older adults

group (OA). The participants did not present any known health impairment that

could affect their performance in maintaining upright stance, and all of them signed

a written informed consent approved by the Institutional Ethics Committee of State

University of S~ao Paulo, Rio Claro.

13.2.2 Procedures

In a single visit to the laboratory, participants were asked to maintain upright and

quite stance inside of a moving room, fixating a target (5 cm of diameter, 1 m away)

positioned on the front wall. The moving room consisted of three walls and a roof

(2.1 m long� 2.1 m wide� 2.1 m height), mounted on wheels so that it could be

moved back and forth by a servomotor mechanism, while the floor remained

motionless. The walls and the roof were white, and black stripes were painted on

the walls, creating a pattern of 42 cm wide vertical white and 22 cm wide vertical

black stripes. A 20-W fluorescent lamp was attached to the ceiling and used to

maintain consistent light throughout data acquisition.
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The room’s movement was produced by a servomotor system composed of a

stepper motor (Ottime, model SM23 SSF11921088), and a motor driver (Ottime,

model MBD-278AC) and controlled by specific routines (Motion Planner 4.3).

Participants stood on a force platform (Kirstler, model 9286A), with feet parallel

and apart at the waist width, and were requested to stand as still as possible with

arms hung passively beside their bodies.

Each participant performed nine trials of 60 s each. In the first trial, the room was

stationary, and in the remaining trials, the moving room was oscillated back and

forward at a peak velocity of 0.6 cm/s, peak-to-peak amplitude of 0.6 cm and

frequency of 0.2 Hz. In the first block of moving trials (trials 2, 3, 4, and 5), no

information about the room movement was provided and none of the participants

discriminate that the room was oscillated (no instruction condition). In the second

block of moving trials (trials 6, 7, 8, and 9), participants were informed that the

room was oscillating and was inducing corresponding body oscillation, and that

they should resist to such room’s influence (resist condition). In two trials of both

blocks (no instruction and resist conditions), participants were requested to count

backwards from 100 in steps of three (100, 97, 94, . . .), performing either a dual- or

a tri-task: upright stance with no instruction and counting (dual-task); upright

stance, resisting to room’s movement and counting (tri-task). The order of the

counting trials was defined randomly. Overall, four experimental conditions were

performed by the groups: (1) no instruction and no counting; (2) no instruction and

counting; (3) resist and no counting; and (4) resist and counting.

The moving room displacement, in the anterior-posterior direction, was obtained

using an electrical goniometer (EMG System do Brasil). Data from the force

platform and electrical goniometer were synchronized and acquired with an ana-

logic data acquisition unit (ODAU II—OPTOTRAK 3010—Northern Digital, Inc.),

at frequency of 100 Hz.

13.2.3 Data Analysis

From the ground reaction forces, center of pressure (CP) was obtained for both

anterior-posterior (AP) and medial-lateral (ML) directions. Following, the CP and

the moving room position were filtered, second-order zero lag low-pass Butterworth

digital filter, with a cut-off frequency of 5 Hz. Because movement of the room

occurred in the AP direction, the magnitude of CP sway and the relationship between

CP sway and the moving room position were calculated only for this direction.

The magnitude of CP trajectory sway was calculated fitting a first order polyno-

mial to each trial and subtracted from each CP data point of the respective trial to

exclude any shifting not related to the movement induced by the moving room.

Following, the standard deviation from all values of the corresponding trial was

calculated and used to indicate mean sway variability.

The relationship between the movement of the room and CP sway was examined

by calculating the following variables: coherence, gain, and phase. Coherence

indicates the relationship strength between the room movement and the CP sway.
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Coherence values close to one/zero indicate strong/weak dependency between the

two signals, and it was calculated at frequency of the driving signal (moving room)

at 0.2 Hz. Gain and phase indicate the moving room magnitude influence on the CP

sway. Taken together, these variables indicate the coupling structure between body

sway and visual information manipulation. These variables were calculated through

a transfer function [frequency response function (FRF)], which was computed by

dividing the Fourier transforms of CP signals by the Fourier transform of the

driving signal (moving room), resulting in a complex-valued transfer function.

Gain corresponded to the ratio between the amplitude of CP signals and visual

stimulus, at the driving frequency (0.2 Hz). Gain values of one indicate response

amplitude similar to the stimulus amplitude and lower/higher values indicate that

the response amplitude was lower/higher than the stimulus driving amplitude.

Phase depicts the temporal relationship between the oscillation of CP and the visual

stimulus. Positive (negative) phase values indicate that sway was ahead (behind)

the visual stimulus.

Considering that two trials for each experimental condition were obtained and

analyzed, values for each respective condition were averaged and used for further

statistical analyses. All the described analyses were computed using custom

routines written in Matlab (Math Works, Inc.)

13.2.4 Statistical Analysis

Initially, an analysis of variance (ANOVA), using as factor group (OA and YA) and

as dependent variable the mean sway amplitude in the condition that the room

remained stationary, was employed. Following, two ANOVAs and one multivariate

analysis of variance (MANOVA) were employed, using as factors group (OA and

YA) and condition (no information and no counting; no information and counting;

resist and no counting; and resist and counting) with repeated measures for the last

factor. The dependent variables for each ANOVA were mean sway amplitude and

coherence. The dependent variables for the MANOVA were gain and phase. When

necessary, univariate analyses and Tukey post hoc tests (HSD Turkey test) were

employed. All analyses were performed using SPSS software and the significance

level was kept at 0.05.

13.3 Results

Figure 13.1 depicts mean sway amplitude for both groups in the condition that the

room remained stationary. ANOVA revealed that older adults swayed with larger

magnitude compared to young adults, F(1,28)¼ 14.00, p< 0.005.

The manipulation of visual information, due to the moving room, induced

corresponding CP sway in both younger and older adults. Figure 13.2 depicts

exemplar time series of moving room position and CP sway of an older (a) and a

younger adult (b), in the no instruction and no counting condition. Inspection of this
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Fig. 13.1 Mean (� SD) values of mean sway amplitude for both older and young adults, in the

condition that the room remained stationary

Fig. 13.2 Exemplar time series of the moving room and body sway, in the anterior-posterior

direction, for a young (a) and an older adult (b), in the no instruction and no counting trial
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figure shows that both participants followed the visual manipulation, displaying

corresponding CP sway as the moving room was oscillated back and forward

throughout the trial.

Figure 13.3 depicts mean sway amplitude for both groups in all experimental

conditions that the room oscillated. ANOVA revealed group (F1,28¼ 4.89,

p< 0.05) and condition (F3,84¼ 11.00, p< 0.001) effects, but no group by condi-

tion interaction (F3,84¼ 0.22, p> 0.05). The magnitude of CP sway was larger for

the older when compared to younger adults. Post hoc tests indicated that in the no

instruction condition, counting increased CP sway magnitude compared to no

counting. In the resist condition, CP sway magnitude decreased in the no counting

compared to both no counting and counting at the no instruction condition. Finally,

CP sway magnitude in the counting was smaller in the resist compared to the no

instruction condition.

Figure 13.4 depicts coherence values for both groups in all conditions that the

room oscillated. ANOVA revealed no group (F1,28¼ 0.64, p> 0.05) and no condi-

tion (F3,84¼ 2.06, p> 0.05) effect, but revealed group and condition interaction

(F3,84¼ 4.26, p< 0.05). Post hoc tests revealed that for younger adults’ coherence

values decreased in the resist and no counting condition when compared with no

instruction and counting condition. For the older adults, no difference was observed

among all conditions.

Figure 13.5 depicts gain and phase values for both groups in all experimental

conditions that the room oscillated. MANOVA revealed no group effect (Wilks’

Fig. 13.3 Mean (� SD) values of mean sway amplitude for both older (OA) and young adults

(YA) in all four experimental conditions (no instruction and no counting, no instruction and

counting, resist and no counting, and resist and counting)
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Lambda¼ 0.88, F2,27¼ 1.70, p> 0.05), condition effect (Wilks’ Lambda¼ 0.37,

F6,23¼ 6.33, p< 0.001), and no group and condition interaction (Wilks’

Lambda¼ 0.77, F6,23¼ 1.11, p> 0.05). Univariate analyses revealed that condition

effect occurred only for gain (F3,84¼ 9.48, p< 0.001). Post hoc tests indicated that

in the resist and no counting condition, gain values dropped compared to both no

counting and counting in the no information conditions. Finally, gain values were

lower in the resist and counting condition compared to the no information and

counting condition.

13.4 Discussion

The purpose of this study was to investigate the sensory-motor coupling in older

and younger adults during concurrent different cognitive tasks while maintaining

upright stance with visual manipulation. Our results showed that older adults

swayed with larger magnitude compared to younger adults, in both with and

without visual manipulation, indicating that postural control performance

deteriorates with aging. Despite postural control different performance, visual

manipulation induces correspondent postural sway in both older and younger

adults. Information about visual manipulation and the request to avoid visual

sway induction, reduced sway magnitude and visual influence for both older and

younger adults. Finally, a concomitant task of counting produced larger sway in

Fig. 13.4 Mean (� SD) values for coherence for both older (OA) and young adults (YA) in all

four experimental conditions (no instruction and no counting, no instruction and counting, resist

and no counting, and resist and counting)
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both older and younger adults, when they were not informed about visual manipu-

lation. Yet, younger participants tried to avoid oscillating with the room, but when

they have to count, such efforts to avoid visual oscillation were not observed. Taken

together these results, we can suggest that the coupling between visual information

and body sway in maintaining upright stance does not require attentional resources

Fig. 13.5 Mean (� SD) values for gain (a) and phase (b) for both older (OA) and young adults

(YA) in all four experimental conditions (no instruction and no counting, no instruction and

counting, resist and no counting, and resist and counting)
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in both older and younger adults. However, older adults are less likely to be able to

change this relationship than younger adults because of the attentional requirements

need in order to do so.

Postural control worse performance of older adults in upright stance has been

previously observed [5, 6, 8, 9] and our present results corroborate previous

findings, with older adults displaying larger sway magnitude. Actually, older adults

show larger sway magnitude when visual scenario is maintained stationary and

when visual manipulation induces postural sway. Larger visual influence on pos-

tural magnitude had also been previously shown [17]. Larger sway magnitude in

older adults might be due to reduced quality of sensory cues coming from the

periphery, providing less accurate sensory information. Yet, changes in central

processing might also play an important role in deteriorating postural control

performance in older adults. Either explanation or even a combination of both

seems to be plausible, based upon ours and other’s results [5, 6, 8, 9].

Our present results, in addition, indicate that larger sway magnitude observed in

older adults, compared to younger adults, is not because older adults are more

susceptible to visual manipulation. Gain values did not differ between older and

younger adults, indicating that sway induction due to visual manipulation was

similar between the groups. These results are in accordance with those observed

in similar conditions of the moving room [5, 9]. Differences in visual influences

were only observed in more challenging conditions, when more complex visual

patterns were created [5, 9], which were not the case in this study.

Information about visual manipulation and a request to participants resist to it

produce a reduction of body sway magnitude (mean sway magnitude—Fig. 13.3)

and the influence of visual manipulation (gain—Fig. 13.5) in both older and

younger adults. Such behavior had been previously observed for younger adults

(e.g., [14, 18, 19]) but had not been observed in older adults. Reduction of sway

magnitude and visual influence in older adults are surprising, since older adults are

less adaptive in producing changes in visual information and postural sway cou-

pling [20] and more influenced by visual manipulation in more complex conditions

[5]. These results indicate that despite not being able to fully ignore visual influence

even knowing that visual manipulation is occurring (correspondent sway was still

observed), both older and younger adults are able to at least decrease visual

influence. Interestingly, younger adults swayed less coherently with the room,

trying to avoid visual influence, and such change was not observed for the older

adults (coherence—Fig. 13.4).

Sensory influence such as sway induction, even when the information provided

is not reliable or accurate, is a remarkable characteristic of postural control system.

Such functional characteristic might be due to the necessary cognitive efforts to

change the intrinsic sensory and motor relationship [15]. Concomitant cognitive

task of counting leaded both older and younger adults be influenced by visual

manipulation overcoming the efforts of resisting to it. Coherence and gain values

for both older and younger adults were similar comparing no instruction and no

counting to resist and counting conditions (Figs. 13.4 and 13.5). Therefore, any

change in sensory and motor coupling, at least for postural control upright stance,
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seems to require a large amount of cognitive efforts. Younger adults are capable of

dispose of a little of this resource, with unfortunately not being the case of older

adults. Such suggestion needs to be further investigated and uncovered and might

provide important insights to the suggestion that postural control requires atten-

tional resources [21].

13.5 Final Remarks

Sensory-motor coupling in postural control, in regular basis, requires little atten-

tional resources in both older and younger adults. This is a cleaver functioning

signature of our central nervous system because attentional resources might be

allocated, when necessary, to other needs. In situations of sensory conflicting or

unreliable information, younger adults can change the sensory-motor coupling, at

least partially, however, demanding cognitive involvement and attentional

resources. On other hand, older adults do not show such capability that might be

due to lack of attentional resources required to implement such change.
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Contribution of Fingertip Light Touch
on Postural Stabilization of Older Adults 14
Ana Maria Forti Barela, Sarah Caporicci, and José Angelo Barela

Abstract

In this study, we investigated the use of somatosensory information by older

adults, with and without visual information. Ten older (67.3� 4.8 years) and

10 younger adults (24.1� 2.5 years) remained in the semi-tandem quiet stance

on a force plate in the following experimental conditions, each 30 s long: no

vision and no touch (NV-NT), no vision and touch (NV-T), vision and no touch

(V-NT), and vision and touch (V-T). On the touch condition, participants

touched lightly (<1 N) with their right index finger a rigid instrumented touch

bar positioned laterally at their hip level. Mean amplitude of center of pressure

(CoP) in the medial–lateral (ML) and anterior–posterior (AP) directions and

mean absolute vertical and horizontal (AP and ML) forces applied on the touch

bar were calculated. All participants swayed more in the NV-NT condition and

presented no difference between V-NT and NV-T. In the NT conditions, older

adults swayed more compared to younger adults, but no difference was observed

between groups for the AP direction when touch was available. For the ML

direction, there was no group difference when older adults used touch compared

to younger adults with no touch. Older and younger adults were able to use light

touch to reduce body sway; however, older adults presented higher variability to

apply vertical and horizontal forces. Somatosensory information contributes to

body sway as well as visual information, and older adults can benefit from that

A.M.F. Barela (*) • S. Caporicci

Institute of Physical Activity and Sport Sciences, Universidade Cruzeiro do Sul, S~ao Paulo, Brazil
e-mail: ana.barela@cruzeirodosul.edu.br; sarah_caporicci@hotmail.com

J.A. Barela

Institute of Physical Activity and Sport Sciences, Universidade Cruzeiro do Sul, S~ao Paulo, Brazil

Universidade Estadual Paulista (Unesp), Department of Physical Education, Campus Rio Claro,

S~ao Paulo, Brazil

e-mail: jbarela@rc.unesp.br; jose.barela@cruzeirodosul.edu.br

# Springer International Publishing AG 2017
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information, although they need slightly higher levels of applied forces during

fingertip touch.

Keywords

Postural control • Motor control • Somatosensory information • Visual

information • Elderly • Body sway • Force plate • Touch bar • Semi-tandem

stance • Center of pressure

14.1 Introduction

Sensory cues that provides information about the relative body segment orientation

and the whole body to the environment is necessary to maintain a stable postural

orientation such as upright stance. In order to provide useful information about

body orientation, sensory cues coming from different sources (e.g., visual, vestibu-

lar, and somatosensory systems) [1] need to be fused in the central nervous system.

Based upon this information, appropriate muscle activation is produced in order to

achieve or maintain a desirable posture. Therefore, postural control requires sen-

sory cues integration and an intricate relationship between the sensory and motor

systems [2].

Several studies have shown that older adults sway with significant larger magni-

tude during upright stance compared to younger adults [3–6], and such findings

suggest poor performance of postural control system due to aging process. Postural

control decline in older adults has been explained by peripheral sensory impairment

[7–10]. Recently, Toledo and Barela [11] showed that less accurate sensory cue

indicating changes in the ankle joint was associated with larger sway in older adults

during upright stance.

An alternative strategy to compensate the less accurate sensory cues in older

adults would be to enhance information by providing alternative sensory cue

sources. For instance, several studies have demonstrated that information from

fingertip contact to a rigid surface provides sensory cues, which can be used as an

additional source of somatosensory information that could be used to attenuate

body sway in upright stance. The use of additional somatosensory information, due

to the fingertip contact to a surface, has been observed in newly walking infants

[12, 13], children [14], younger adults [15–17], and in individuals with vestibular

dysfunction [18], peripheral neuropathy [19], anterior cruciate ligament injury [20],

and stroke [21]. Such contact to a surface provides cues that can be used to obtain

information about body sway dynamics (position and velocity), leading to antici-

patory muscle activity related to postural control and, as a consequence, body sway

attenuation occurs [16, 17, 22].

The use of light touch on body sway magnitude of older adults has been

investigated by a few studies [23–25] and, despite employing different procedures,

these studies have revealed that older adults were able to reduce body sway by

lightly touching a stationary surface. However, this finding should be viewed
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cautiously because the relationship between changes in applied fingertip forces and

body oscillation was not examined [23, 25] and applied force levels have been used

above the commonly used levels (<1 N) [25, 26].

Therefore, in this study we investigated the use of somatosensory information

coming from light touch, with and without vision in older adults. Our expected

results were that older adults could take advantage of using light touch information

provided by contacting a stationary surface, but the use of light touch would be

slightly different compared to younger adults.

14.2 Materials and Methods

14.2.1 Participants

Ten older (7 females and 3 males) and 10 younger (7 females and 3 males) adults

participated in this study. All of them were healthy with no known musculoskeletal

injuries or neurological disorders that might impair their ability to maintain balance

and had normal or corrected to normal vision at the time of testing. Their mean (�
standard deviation, SD) age, height, and mass were, respectively, 67� 5 years and

24� 3 years, 1.57� 0.07 m and 1.67� 0.07 m, 71� 12 kg and 68� 12 kg. Prior to

any experimental procedure, participants signed an informed consent form,

approved by the Institutional Review Ethics Board.

14.2.2 Apparatus, Task, and Procedures

Participants stood on a force plate (Kistler, Model 9286A), that measures vertical

and horizontal ground reaction forces and is used to calculate the center of pressure

(CoP). A six-axis sensor (Nano 17 Titanium, ATI, Inc.), that measures forces and

moments in the vertical and horizontal directions, was used as a touch contact

surface, and it was mounted on a tripod that could be adjusted in height and

position, allowing a comfortable arm position as participants touched the contact

surface with their right index fingertip. The signals from force plate and the touch

contact surface were calibrated in units of force (N). CoP was calculated in

centimeter and for the fingertip contact force threshold of 1 N was set and if force

levels were up, this value would trigger an auditory alarm.

Participants were asked to maintain a still upright semi-tandem (hallux of right

foot touching the medial border of calcaneus of the left foot) stance on the force

platform, barefoot, in two visual (vision and no vision) and two fingertip contact

(light contact and no contact) conditions. In the vision condition, participants were

instructed to look straight ahead towards a target (3 cm diameter) placed 1 m away

at eye level. In the no vision condition, participants were required to close their eyes

and remained with eyes closed throughout the trial. In the light contact condition,

participants were required to place their right index finger on the force sensor (metal

surface with 2 cm in diameter) and keep the contact still throughout the trial. If the
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auditory alarm would be triggered, they needed to reduce the applied force level

while keeping contact with the plate. In the no contact condition, participants were

required to maintain both arms hanging passively beside their bodies. Feet position

was traced with a marker on top of the force platform to ensure identical foot

positions during all trials.

Before each trial, participants were told to look straight ahead and take as much

time as necessary to assume a comfortable position with their fingertip either on or

off the touch device and with their eyes open or closed, according to the experi-

mental condition, remaining as still as possible. The experimental conditions were:

vision and no touch (V-NT), no vision and no touch (NV-NT), vision and light

touch, and no vision and light touch. Data from three 30-s trials under each of these

four experimental conditions were recorded. These conditions were divided into

three periods of randomized trials, totalizing 12 trials, with one minute of rest

between each period.

Force data from both force plate and touch device were collected at a frequency

of 100 Hz using a personal computer equipped with a data acquisition board

(NI-BNC2090, National Instruments, Inc.). Data acquisition was controlled by a

dedicated routine written using LabView (National Instruments, Inc.).

14.2.3 Data Analysis

The first and last 2.5 s of data were excluded from analysis to minimize anticipation

effects associated with the beginning and end of each trial, remaining 25 s of data

for each trial. Acquired force data were then filtered using a fourth-order zero lag

low-pass Butterworth digital filter, with a cut-off frequency of 10 Hz. Data from the

force plate was used to calculate the CoP for both medial–lateral (ML) and

anterior–posterior (AP) directions. Following, the mean sway amplitude (MSA)

and force levels were calculated. MSA of CoP was calculated for both ML and AP,

by subtracting the average position of CoP from each data point within a trial and,

thus, obtaining the average variation around the mean position. Mean contact

fingertip contacting force was obtained for each of the force components: vertical,

ML, and AP.

Since three trials were acquired for each condition, the MSA and force values

acquired in each condition were averaged and used for further analysis. All the

calculations and analyses were performed by using custom routines written using

MATLAB (MathWorks Inc.).

14.2.4 Statistical Analysis

A multivariate analysis of variance (MANOVA) was performed with groups

(younger and older adults), visual (vision and no vision), and fingertip contact

conditions (no touch and light contact) as factors, with the last two factors treated as

repeated measures. This MANOVA had as dependent variables the MSA values in
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the ML and AP directions. Another MANOVA was also performed with groups

(younger and older adults) and visual conditions (vision and no vision) as factors,

with the last one factor treated as repeated measures. This MANOVA had as

dependent variables the mean values of applied forces on the touch device in the

three directions (vertical, ML, and AP). When applicable, univariate analyses and

the Tukey post hoc tests were employed. An alpha level of 0.05 was adopted for all

statistical tests, which were performed using SPSS software.

14.3 Results

All adults were able to use light contact during the upright stance with and without

vision. Figure 14.1 depicts an exemplar of times series of CoP in the ML and AP

directions in the NV-NT and NV-T conditions of an older and a younger adult

maintaining upright stance throughout a trial.

Figure 14.2 depicts mean values of MSA, for both ML (Fig. 14.2a) and AP

(Fig. 14.2b) of CoP for both age groups in the experimental conditions. MANOVA

revealed group (Wilks’ Lambda¼ 0.271, F2,17¼ 22.88, p< 0.001), vision (Wilks’

Lambda¼ 0.068, F2,17¼ 117.39, p< 0.001), and touch (Wilks’ Lambda¼ 0.042,

F2,17¼ 192.88, p< 0.001) main effects, and interaction between group and touch

(Wilks’ Lambda¼ 0.585, F2,17¼ 6.02, p< 0.05), and vision and touch (V-T)
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Fig. 14.1 Times series of center of pressure (CoP) in the ML (a, c) and AP (b, d) directions in the
no vision and no touch (NV-NT; a, b) and no vision and touch (NV-T; c, d) conditions of an older
and a younger adult maintaining upright stance throughout a trial
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(Wilks’ Lambda¼ 0.142, F2,17¼ 51.22, p< 0.001). Following, the univariate

analyses for each direction (ML and AP) will be presented separately.

Univariate analyses for the CoP in the ML direction indicated group

(F1,18¼ 40.53, p< 0.001), vision (F1,18¼ 244.88, p< 0.001), and touch effect

(F1,18¼ 394.76, p< 0.001) and interaction between group and touch

(F1,18¼ 12.07, p< 0.005), and V-T (F1,18¼ 57.22, p< 0.001). With no vision,

older and younger adults showed larger sway compared to with vision condition.

Post hoc indicated that participants showed the largest sway in the NV-NT condi-

tion and the smallest sway in the V-T condition. With V-NT condition and with no

vision and touch (NV-T) condition, body sway was similar. Finally, post hoc

indicated that for both younger and older adults, touch reduced sway, but the

reduction was lager in older compared to younger adults.

Univariate analyses for the CoP in the AP direction indicated vision

(F1,18¼ 99.90, p< 0.001), and touch effect (F1,18¼ 238.76, p< 0.001) and group

and touch (F1,18¼ 8.07, p< 0.05) and V-T interaction (F1,18¼ 10.60, p< 0.005).

Post hoc revealed that without touch, body sway was larger in older compared to

younger adults; however, with touch no difference was observed between older and

younger adults. Finally, body sway was larger with no vision but only in the

condition without touch. When touch was available, body sway was similar with

vision and no vision conditions.

Figure 14.3 depicts mean absolute applied forces for both age groups with and

without vision conditions. MANOVA revealed only group effect (Wilks’

Lambda¼ 0.492, F3,16¼ 5.164, p< 0.05). Univariate analyses showed group effect

for the vertical (F1,18¼ 4.65, p< 0.05), ML (F1,18¼ 15.44, p< 0.005), and AP

applied forces (F1,18¼ 10.57, p¼ 0.005). Older adults, pooling vision conditions,

applied higher force levels compared to younger adults.
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14.4 Discussion

The purpose of this study was to investigate the use of somatosensory information,

due to lightly touching a stationary surface, with and without vision in older adults.

Our results showed that older adults use light touch on a surface to reduce postural

control in order to maintain an upright quiet stance. Moreover, in using the

enhanced somatosensory cues from the fingertip, the available furnished informa-

tion is sufficient to reduce some of the sway differences that occur when body sway

is compared to younger adults. Finally, older adults applied more force, although

within the limit imposed by the required task, compared to younger adults,

suggesting that older adults might have some of the peripheral capabilities in

acquiring sensory cues slightly altered.

The use of light touch to reduce body sway observed in this study might not

constitute a new finding. A few studies have showed that touch to a surface leads to

body sway reduction in older adults [23–25]. However, several methodological

issues, observed in those previous studies, would prevent us to thoughtfully assume

the use of light touch by older adults. Based upon our results, we can suggest that

older adults are capable to benefit from touching on a surface even with applied

forces below 1 N. Holden and collaborators [15] estimated that mechanical contri-

bution to body sway magnitude due to touching a rigid surface with the index finger

in the tandem stance position was well below the observed reduction. Therefore,

Fig. 14.3 Mean (� SD) of the mean absolute applied forces in the vertical (V), ML, and AP

directions of younger and older adults during the light touch conditions with vision (V) and no

vision (NV)
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such difference was suggested to occur because of the sensory information from the

changes of applied forces in the fingertip. Based upon our results, we can assume

that older adults can use light touch as an important source of sensory cues to

enhance postural control functioning and to reduce postural sway.

An important issue related to changes in postural control is related to which

possible changes in the functioning of postural control would be related to worsen-

ing postural performance. Recently, Toledo and Barela [11, 27] have shown that in

maintaining upright stance, older adults would show larger sway due to reduction of

passive motion detection around the ankle. Similarly, studies have suggested that

changes in postural control of older adults would be most likely due to peripheral

changes [23] while the central processing of sensory cues seems to be intact in older

adults [28]. Our results support both suggestions and observations in the way that if

sensory cues provided enough information about body dynamics, older adults could

maintain upright stance in a similar way as younger adults. Light touch leaded older

adults to reduce (ML direction) or even equal (AP direction) sway magnitude to

younger adult levels. Therefore, older adults have the capability of maintaining

upright stance similar to younger adults, but to do so, they had to enhance sensory

cues, such as by lightly contacting a rigid surface.

Despite being able to use light touch, older adults still swayed with larger

amplitude in the ML direction compared to younger adults. Why does such differ-

ence still persist even with enhanced sensory cues coming from the fingertip? Prioli

and collaborators [3, 6] had demonstrated and suggested that the postural control

performance is task-dependent in such a way that more demanding postural tasks

would require a much closer relationship between sensory information and motor

activity in order to achieve a desired performance. Our results also provided

evidence for such suggestion. While older adults showed larger sway magnitude

in the AP direction with no touch, when touch was made available, no difference

was observed compared to the sway magnitude of younger adults. Differently, in

the ML direction, even with touch, older adults still swayed with larger magnitude

compared to younger adults, indicating that the enhancement of sensory cues due to

light touch was not sufficient to overcome the task requirement. Conversely, in the

AP direction the cues enhancement was sufficient and younger-like performance

was observed.

Finally, a new and important finding was that older adults needed to apply a

slightly higher magnitude of force to the surface compared to younger adults.

Although studies employing the light touch procedures have limited applied forces

up to 1 N, typical adults and children [14] stay below this level, applying force

levels around 0.4 N in the vertical direction. Our results also showed levels around

the previous observed values for both younger and older adults, although older

adults applied a slightly higher force level. Higher levels of applied vertical force

have also been observed for Down syndrome [29] and dyslexic children [30]. In the

case of dyslexic children, it was suggested that because those children most likely

show difficulties in acquiring sensory cues, a strategy adopted by them would be to

apply slightly higher levels of force to enhance even further the sensory cues made

available by touching the surface. More important, however, is that in doing so,
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dyslexic children improved their postural performance to non-dyslexic children

levels [31]. Such a phenomenon may also happen with other sensory modalities

(e.g., vision), but touch can be easily measured and might become an important

strategy to be used in order to understand the use of sensory cues by older adults.

Therefore, older adults might suffer from a decline in tactile sensitivity and,

because of such decline, it is necessary for a higher level of applied force in order

to overcome the peripheral deterioration of sensory cues. Indeed, weaker and

delayed proprioceptive afferent inflow to the cortex was observed in older adults

and it was associated with deterioration of behavioral response [32, 33].

In sum, older adults can take advantage of lightly touching a rigid surface to

improve the functioning of postural control in tasks like maintaining upright stance.

Moreover, because light touch might provide an extra source of sensory cues,

sensory information related to body dynamics is enhanced and in doing so, older

adults might overcome some detrimental changes of peripheral sensory structures

as suggested and observed for older adults. But in order to do so, older adults might

need to adopt slightly different interaction with the surrounding environment, in our

case, touching a surface with higher levels of applied force.
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Effects of Vision on Postural Control
in Neurologically Healthy Individuals 15
Sérgio Tosi Rodrigues, Gisele Chiozi Gotardi,
and Stefane Aline Aguiar

Abstract

The purpose of this chapter was to characterize how the postural system of

healthy individuals is capable of adaption when facing distinct levels of chal-

lenge, all planned to vary the visual context involved. A series of postural studies

showed a variety of circumstances in which the postural control system faced

both stronger, mechanical, and subtle, sensorial perturbations. Effects of vision

were tested in tasks such as moving line-of-gaze in space (during saccadic and

smooth pursuit eye movements), grasping an object (under different optic flow

conditions), three-ball juggling (under narrow and wide stances), performing a

ballet skill (with eyes opened and blindfolded), and driving a car (under

simulated conditions); additionally, effects of aging on posture are discussed.

In summary, authors suggest that considering the multiple levels of the visual

system functioning (eyes, head, trunk, and whole body movements) along with

lifespan postural changes is essential to advance our knowledge of the process of

acquisition and use of visual information to stabilize posture.
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15.1 Introduction

The maintenance of balance and body orientation in static and dynamic situations is

a core element for the performance of daily life, work, exercise, and sport activities

[1]. Postural control requires maintaining position of body segments with respect to

both other segments and environment (orientation) and controlling internal forces

to compensate external forces acting on the body (balance) [2]. To achieve these

behavioral goals, the postural control system needs sensory information regarding

relative position of body parts and forces acting on it to, then, trigger appropriate

muscular contractions in order to maintain or change a given postural position. The

sensory bases of this perception–action linkage are complex as information arriving

from visual, vestibular, and somatosensory channels must be integrated by the

superior levels of central nervous system [3]. On the other hand, any motor action

related to the maintenance or achievement of a given body position requires that the

effector system works with a multi-segment body, applying specific strategies and

muscle activities to constrain many organism degrees of freedom and have them

acting as a functional unit [2].

Analyzing the so-called quiet stance, when individuals standing upright are

looking straight ahead, is a standard method in posturography that offers the

opportunity of better understanding the perceptual–motor complexity of posture

[4]. However, exploring situations in which the postural system is challenged by

subtle stimuli or dynamical actions may reveal a more comprehensive perspective

on postural adaptability and allow novel manipulations of visual information. Thus,

the purpose of the present chapter was to characterize how the postural system of

healthy individuals is capable of adaption when facing distinct levels of challenge,

all planned to vary the visual context involved. A series of postural studies is

summarized where the effects of vision were tested in tasks such as moving their

line-of-gaze in space (during saccadic and smooth pursuit eye movements), grasp-

ing an object (under different optic flow conditions), three-ball juggling (under

narrow and wide stances), performing a ballet skill (with eyes opened and

blindfolded), and driving a car (under simulated conditions), as shown in the

following sections. In addition, a section on a particular type of postural adaptation

due to the aging process is presented to describe the effects of progressive percep-

tual, motor, and cognitive challenges faced by older adults, which is followed by

final considerations.

15.2 Static Posture and Eye Movements

Specific characteristics define different gaze behaviors such as fixation, saccades,

and smooth pursuit eye movements. In fixation, the eyes remain stationary focusing

at a given point in the environment so as to stabilize the visual image on the fovea

region allowing the extraction and processing of visual information in detail.

Saccades are fast eye movements used to bring a new part of the visual field to

the fovea region [5]. Due to this high velocity, the processing of visual information
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during the saccade is extremely poor, a phenomenon known as saccadic suppres-

sion [6]. Smooth pursuit is the visual tracking of a moving target in which a

continuous movement rotates the eyes to compensate for the motion of the visual

object, minimizing blur and therefore occurring within a nonstationary frame of

reference [7].

The influence of each one of these behaviors on the control of static posture has

been the object of innumerous investigations [8, 9]. Besides their great importance

on daily life activities, the fact that eye movements do not generate great bio-

mechanical constraints on posture and large center of mass displacements has made

the study of their effects on balance even more attractive. In this section, we explore

these effects as well as their interaction with the complexity of the postural and

visual tasks.

15.2.1 Effects of Distance to Fixed Object

Lee and Lishman [10] argued that the magnitude of the optic flow resulting from

movements of the head is a function of the linear distance between visual object and

observer. Consequently, bigger changes in optic flow will be produced while

fixating an object nearby compared to a distant one when the observer produces a

head movement of the same amplitude. Evidence for this interpretation has been

provided by the authors by showing that body sway decreases when subjects are

fixating nearby targets (0.4 m) compared to distant ones (3 m). Since greater

changes in optic flow will be produced for head displacements when the observer

is fixating nearby targets, body sway becomes more “detectable” and would be

minimized more precisely to stabilize the fixed object in the visual field. On the

other hand, for distant targets greater magnitude of body oscillation can be allowed

without having a large effect on the stabilization of the visual image [10].

Stoffregen et al. [11] extended this finding demonstrating that when the subject

is fixating a distant object but the object nearby is still present in the visual field,

body sway is still greater than when the nearby object is being fixated. The authors

argue that even though visual information on the nearby object is still available in

the optic array, body sway occurred as a function of the task at hand. This means that

oscillation was still greater because the subject was fixating a distant target, regard-

less on the available visual information that might be “automatically” detected by the

postural control system but was not part of the suprapostural task [11].

This study has been replicated in further investigations, which moved on to show

how these effects interact with more complex postures [12]. Rodrigues et al. [12]

explored the effects of object distance on body sway during the maintenance of the

kiba-dachi posture, a karate stance which challenges balance specially in the

anterior–posterior direction since it requires the person to maintain their legs very

distant from each other (larger than shoulder width) with knees flexed and trunk

aligned with the feet. Results revealed decreased body sway while fixating a nearby

object as compared to a distant one, showing that the effect of distance is also

present during the control of such complex posture [12].
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15.2.2 Effects of Saccades on Posture

Although a few studies suggested that eye movements might actually increase body

sway, this finding was only present in very specific contexts, such as adding

cognitive tasks while performing eye movements [13] and exploring these effects

in patients with spontaneous nystagmus as opposed to planned voluntary saccades

[8, 14]. Overall, the literature provides solid evidence that saccades decrease body

sway in neurologically healthy individuals [15]. This is exemplified by

experiments showing reduced body oscillation during saccades performed both

horizontally and vertically [16] and at near and far distances between observer

and visual object [17]. Several studies confirm this pattern of results [18, 19]. Inter-

estingly, eye movements performed with eyes closed do not reduce body

sway [19].

Stoffregen et al. [9] argue that the reason why body oscillation is reduced during

eye movements is to achieve the goal of stabilizing the visual scene, allowing eye

movements to be performed more accurately. Two mechanisms are thought to be

responsible for visually detecting body sway and stabilizing posture, which are

referred to as afferent and efferent motion perception, or ocular and extraocular

mechanisms, respectively [20]. The first, afferent motion perception is a feedback

based mechanism which uses information contained in the optic flow to minimize

retinal slip and therefore stabilize the distance between the eye and the visual

environment. The second, efferent motion perception is based on either the copy

of the motor command, named efference copy—which is a feedforward mechanism

that predicts the sensory consequences of the movement produced—or the

extraocular muscle afferents, named re-afferences, that are consecutive to eye

movements [20].

Rodrigues et al. [18] investigated not only the effects of saccades on postural

stabilization but also their interaction with the complexity of the postural and

eye-movements tasks. While performing horizontal saccades at different

frequencies (0.5 and 1.1 Hz), young adults controlled their balance by standing

either with feet apart at shoulder width or pressed together reducing stability

especially in medial–lateral axis. Results indicated in general reduced body sway

during saccades compared to fixation and in narrow compared to wide stance, as

expected, but also that specifically in the anterior–posterior axis body sway was

greater for narrow compared to wide stance only in the condition of high frequency

(1.1 Hz) saccades. This shows that the reduction in body sway which takes place

during eye movements was actually stronger with the combination of the most

complex postural (narrow stance) and eye-movements (1.1Hz saccades) tasks.

Therefore, the reduced time for the planning of the next saccade which occurs for

the high frequency saccades compared to the low frequency ones might have

required greater stabilization of posture in the non-stable narrow stance condition

in order to accurately fulfill the demands of the eye-movements task being

performed. The authors argue that the fact that the frequency of saccades could

affect posture differently according to the stance condition is in line with an

adaptive resource-sharing model, proposed by Mitra and Fraizer [21–23], which
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postulates that postural and suprapostural tasks compete for the same limited

resources which will be dedicated to either one of these tasks according to the

demands of each one [18].

15.2.3 Effects of Smooth Pursuit on Posture

Although saccades clearly stabilize posture, contradictory results have been

presented on whether performing smooth pursuit eye movements decreases or

increases body oscillation. Visual tracking of a moving target has been shown to

cause larger body sway, especially when the target appeared in a dark background

[8, 24]. The lack of spatial reference of a dark background together with additional

manipulations on stance conditions in these studies—using complex tasks such as

heel-to-toe position and standing on a foam cushion—makes these results able to be

interpreted only in very specific contexts.

Recent evidence has been provided, however, indicating that smooth pursuit eye

movements performed in a regular spatial frame of reference—i.e., not in dark-

ness—which is the most common situation observed in daily life activities, actually

decrease body sway, stabilizing posture similarly to saccades [25]. In this investi-

gation, Rodrigues et al. [25] varied the velocity of saccades and smooth pursuit eye

movements and demonstrated that both types of eye movements decreased body

oscillation compared to fixation, regardless of their velocities.

There are important differences between saccades and smooth pursuit eye

movements. These include saccadic suppression—which drastically reduces the

capacity for processing of visual information during saccades but does not exist for

smooth pursuit, the nonstationary spatial frame of reference that occurs during

smooth pursuit but not during saccades, and perhaps more importantly, the fact that

while smooth pursuit are movements entirely based on feedback to keep the target

at the fovea region continuously, saccades need to be planned beforehand due to

their high velocity, leaving no space for corrections during their execution. Never-

theless, even with these different aspects, both eye-movements tasks seem to reduce

body sway, leaving authors to conclude that the mechanisms involved in the

execution of saccades and smooth pursuit eye movements share similarities in

postural control [25], possibly the fact that greater postural stabilization is required

to perform both tasks accurately [9].

15.3 Posture, Optic Flow, and Arm Movements

15.3.1 Effects of Grasping Movements Under Different Optic Flow
Conditions

Many environmental aspects such as the optical flow and one’s own movement can

affect posture stabilization. However, little is known about how these two features

can be combined as participants maintain upright stance during grasping actions.
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Rodrigues et al. [25] examined the effects of discrete movements of a moving room

(approaching to or moving back from participants) combined with grasping an

object on postural control stability. Twelve participants stood upright inside a

moving room, moved discretely approaching or moving away from the participants,

as they had to remain still or grasping a stationary or an approaching ball, totalizing

nine experimental conditions (Table 15.1).

A pulley system was connected to a servomechanism in order to move simulta-

neously the room and a shaft, which had a ball (6 cm of diameter) fixed in its end.

Forward and backward movements of the room were associated with clockwise and

anticlockwise rotations of the pulley system, moving the shaft in speed and ampli-

tude proportional to the movement of the room in the same or opposite directions.

Participants were instructed to stay in the starting position as stable as possible and

keep it through the end of the experimental trials with no grasping (conditions 1, 4,

and 5), grasping the ball after the light being turned on with no movement of the

room and of the ball (condition 2), and grasping the ball after the light being turned

on simultaneously to the room and shaft movements initiation (conditions 3, 6, 7, 8,

and 9). The discrete movement of the room had approximate duration of two

seconds, with peak velocity of 2.6 cm/s and amplitude of 2.5 cm [26]; the shaft

approached the participant, being moved approximately during two seconds, with

peak velocity of 74.8 cm/s, and amplitude of 53 cm. During all conditions,

participants were required to stand upright for 18 s, maintaining fixation with

their eyes on the ball. Each trial was divided into four time windows: prior to

room movement initiation (four seconds), during room movement (two seconds),

after room movement—first and second periods (four seconds each), totalizing 14 s;

the remaining time was excluded from analysis. The variables body displacement

and correlation coefficient were obtained during the room movement; the variable

mean sway amplitude was used to infer stability prior to and after movement of

the room.

Rodrigues et al. [25] found that grasping leads to increased effect of moving

room on induced body sway, as body displacement is larger during grasping.

However, body sway is more related to room movement when the room is moved

back compared to the approaching movement. Despite inducing larger body sway

during the movement of the moving room, grasping disruption of postural

Table 15.1 Rodrigues

et al.’s [25] experimental

conditions combining

manipulations of moving

room, ball, and catching

action

Condition Room Ball Grasping

1 Stationary Stationary Absent

2 Stationary Stationary Present

3 Stationary Approaching Present

4 Approaching Stationary Absent

5 Moving back Stationary Absent

6 Approaching Stationary Present

7 Moving back Stationary Present

8 Approaching Approaching Present

9 Moving back Approaching Present
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equilibrium is even larger when there is no moving room visual flow. These results

also showed that grasping a stationary ball in a moving scenario is worse, leading to

larger body sway induced by the moving room and such effect is even larger in the

moving back movement of the room. Such postural equilibrium disruption is still

observed after the grasping has ended (following the four seconds).

It was surprising that grasping during room discrete movement leads to a larger

sway; literature had pointed out only correspondent body sway in children [27],

adults [26], and even in elderly [28]. This new finding can be explained by the fact

that when adults have to gather information about the ball position, they are more

influenced by the peripheral flow. In the context of a moving room with no arm

movement involved, it is known that flow with large lamellar (peripheral) structure

generates stronger sway response than more radially (centrally) structured flow

[29]. In line with this reasoning is that although vision of the hand in Rodrigues

et al.’s [25] experiment is peripherally available during its initial movement, the use

of central vision during the later stages of grasping is advantageous for controlling

movement amplitude as the limb decelerates [30].

The correlation coefficient in the moving back condition, which indicates the

relationship between moving room and body sway, was dependent on direction,

being stronger in the condition of backward optical flow, with the room moving

away from the participant. It is well known that infant rhesus monkeys [31] and

infant humans [32] show defensive reactions to approaching (looming) patterns of

optic flow; these responses were in clear contrast to those related to objects

approaching on a non-collision path or a shrinking (as opposed to a looming)

pattern [33]. In the moving room paradigm, the room approaches the observers

who respond to the optical flow (looming) as if it arose from their own postural

sway [34], attempting to keep a constant relation with the room’s walls. As in

Rodrigues et al.’s [25] experiment, a grasping action was required, and the postural

adjustment in response to the approaching movement of the room would result in

increase of hand–ball distance; instead, a sway stabilization took place to allow a

proper grasping movement. Differently, the room moving back from participants

seemed to have facilitated grasping as they both were in the same direction.

In short, Rodrigues et al. [25] showed that grasping leads to increased effect of

moving room on induced body sway. In this context, posture was more affected

when the room was moved back compared to the approaching movement. Based

upon these results, authors suggest that postural control takes advantage of the

structured optical flow available due to room movement, even when posture might

be destabilized due to one’s own movement, to maintain postural equilibrium.

15.3.2 Effects of Juggling Movements Under Different Bases
of Support Conditions

Cascade ball juggling is a complex perceptual–motor skill, which requires an

efficient postural stabilization. Experience in the juggling task may play a role in

the linkage between manual and postural tasks. To clarify how the postural system
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works in this context, Rodrigues et al. [35] investigated effects of experience

(expert and intermediate groups) and feet distance (wide and narrow stances) on

body sway of jugglers during three-ball cascade juggling. Participants stood bare-

foot on the force plate (some participants wore a gaze tracking system), with feet

maintained in wide and narrow conditions and performed three 40-s trials of the

three-ball juggling task.

The main finding of Rodrigues et al. [35] was that only intermediate jugglers

showed smaller oscillation in the narrow as compared to wide stance. Expert

jugglers showed a superior postural stabilization in both stances, with more consis-

tent patterns of center of pressure displacements characterized by measures of mean

velocity and amplitude in both AP and ML axes, corroborating the notion according

to which juggling skill level is associated with decreased body sway. Previous

studies have shown that expertise similarly affect other motor skills, such as rifle

shooting, manual rhythmic movements, circus activities, and gymnastics [36–40].

In a study with jugglers, Leroy et al. [41] found that although experts and interme-

diate participants showed similar body sway amplitude (measured through sacrum

lateral displacement), the skilled group was able to perform anticipatory postural

adjustments differently from novice jugglers.

Interestingly, gaze behavior seems to participate in controlling more complex

postural tasks. The increased body sway of intermediate jugglers could be

explained by the larger area of gaze displacement observed throughout each trial.

A more stable, spatially reduced gaze pattern, named gaze-through strategy [42],

may improve movement planning via the attentional system [43, 44]. During a gaze

fixation, balls move in the retinal periphery, which most likely involves a stage

operating in gaze-centered coordinates which is more accurate [42, 45]. With a

more stable gaze, movement planning is improved because the entire visual back-

ground is stable since allocentric and gaze-centered representations become aligned

[42, 46]. Although visual information acquisition through fixation patterns (number

of fixations, mean duration of fixations and its variability) was not affected by group

or condition in Rodrigues et al.’s study [35], the significant base of support by group

interaction found for the area of gaze displacement seems to corroborate the

experts’ gaze-through strategy, suggesting an attentional linkage between postural

(center of pressure) and visual (gaze) stability. Although acknowledging the small

sample size of gaze data, authors interpreted these results as a confirmation that

experts were less dependent on foveal vision and more capable of decoupling the

control of posture and bimanual rhythmic arm movements [36, 46].

Rodrigues et al. [35] found a surprising significant effect of base of support;

greater postural instability was expected during more challenging tasks, but the

opposite was observed. Particularly, intermediate jugglers increased the sway

laterally more than experts to facilitate their arms movement pattern, as shown by

the significant main effect of group on the ML sway amplitude. Additionally,

intermediate jugglers showed significantly smaller oscillation in the narrow stance,

indicating that experts were less affected by the basis of support reduction than

intermediate jugglers. Expert jugglers showed differences in body oscillation

between narrow and wide stances, which were not significant while the
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intermediate group was clearly affected by the smaller basis of support and had to

reduce more drastically their body sway to keep balance and the juggling task

ongoing. Authors interpreted their results as corroborating previous studies which

showed effects of the experience and motor specialization on the improvement of

postural control [41, 47–49].

In sum, Rodrigues et al. [35] concluded that experts’ body sway was characterized

by lower velocity and smaller amplitude as compared to intermediate group. Inter-

estingly, authors found that the more challenging (narrow) basis of support caused

significant attenuation in body sway only for the intermediate group, suggesting that

expertise in cascade juggling was associated with refined postural control.

15.4 Eye–Head Stabilization in Complex Contexts

The role of visual information on the control of movement has been investigated in

a variety of complex contexts such as everyday life and sport activities [50–53]. The

eyes move around the environment to align fovea region to a specific portion of visual

scene for processing of visual information in detail [51]. Acquisition of useful visual

information in dynamical postures involves controlled coordination between body,

head, and eye movements. Eye and head stabilization during the execution of motor

actions is an important mechanism to keep stationary the image on the retina in order

to ensure a clearer visual processing during the execution of motor actions [52, 53].

Two kinds of compensatory mechanisms participate in the stabilization of eyes

and head during dynamical postures, making the eyes to move in line with head

rotations. In the vestibulo-ocular reflex, head rotation velocity is detected by

semicircular channels (vestibular system) that provide sensory signals to the oculo-

motor system to move the eyes in the opposite direction. The second mechanism,

the optokinetic reflex, is engaged in adjusting the actual velocity of the retinal

image with the velocity of eyes rotation in the same direction [51]. In this section, it

will be discussed the role of eye and head stabilization in several everyday life and

sport activities that directly affect visual information acquisition and the mainte-

nance of dynamical stability.

15.4.1 Stabilizing Posture During Dynamical Skills: Ballet
and Table Tennis

Visual information during the execution of a ballet pirouette is the crucial sensory

input used to maintain postural stability. However, visual processing is impaired

during the rotation of the trunk, head, and eyes that can affect dynamical posture.

Denardi et al. [53] investigated the role of visual information on postural control of

expert ballet dancers with analyses of trunk, head, and eyes movements during the

execution of a pirouette with (opened eyes) and without (blindfolded eyes) vision

available. Gaze stability for as long as possible during performance is an important

strategy to minimize rotational flow on the retina generated by the movement of
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whole body [52–54]. In Denardi et al.’s [53] experiment, gaze stability strategy was

checked with analyses of the quiet eye period. The concept of quiet eye proposed by

Vickers [54, 55] suggested that a longer final fixation before the initiation of

movement is used to extract the maximum of the critical information from environ-

ment to define details of motor performance. Denardi et al. [53] observed a longer

quiet eye period in the beginning of the pirouette turns; however, there was absence

of correlation between quiet eye duration and postural stability. In contrast with

previous studies [52, 54, 56], a longer period of quiet eye did not cause changes on

pirouette performance. However, the authors assumed that visual information

acquired during gaze stability period was sufficient for expert ballet dancers to

achieve dynamical postural requirements of the task [53]. In addition, a clear

sequence of trunk, head, and eyes rotations in the execution of the pirouette with

opened eyes was observed. In the initiation of movement, trunk rotation starts to

turn following with the rotation of the head and finishing with the delayed eyes

rotation. At the end, eyes rotation starts following to the head and trunk rotations

sequentially. Interestingly, in the experimental conditions without visual informa-

tion (blindfolded eyes) the rotations of the head and trunk were coupled [53]. These

findings showed evidence that when visual information was available, head

movements were delayed to maintain the gaze stability as long as possible in

order to ensure a useful extraction of information during quiet eye period. Eye

and head stabilization during quiet eye period facilitated visual information acqui-

sition to perform the task [53].

Rodrigues, Vickers, and Williams [52] investigated the coordination of head,

eye, and arm movements of skilled and less skilled table tennis players; although

they did not focus directly on postural control, head contribution to visual stability

may help in understanding the role played by vision in posture. Their experimental

task consisted in a forehand drive shot to one of the two cued target areas, which

was illuminated in order to generate distinct temporal conditions: pre-cue, before

serve; early cue, during the initial portion of ball flight; and late-cue, during the final

portion of ball flight. The duration of quiet eye was reduced according to the

increase in complexity of the task (from pre- to early cue and from early to late-

cue conditions). Eye–head stabilization was defined as the period in which head and

eye were aligned. During the most difficult condition (late-cue), eye–head stabili-

zation was less frequent suggesting that task complexity disrupted optimal

conditions for information acquisition via eye–head stability, which occurred

along with a reduction in the quiet eye duration. These changes in eye–head

stabilization and quiet eye period during more complex task induced a lower

accuracy performance for all players (51, 52).

15.4.2 Eye and Head Stabilization During Driving

Driving a car is a particularly complex type of locomotion supported by visual

information available in the surrounding environment. Eye and head movements

have been studied during driving situations to determine drivers’ visual search
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strategies [50, 51, 57]. Land and Lee [58] investigated the steering control on a road

with steeper bends, recording steering wheel angle and drivers’ gaze direction.

Authors found that before the car entering on the bend, drivers spent much of time

fixating the tangent point—defined as the most salient point inside of the bend—and

also observed a clear correlation between gaze and steering wheel angle, with gaze

movements preceding the rotation of the steering wheel by about 0.8 s. The authors

suggested that gaze angle directed at the tangent point can provide the signal needed

for the arms to control the steering wheel [58]. In another study, Land and Tatler

[57] examined the eye and head movements of a Formula 3 racing driver in a

winding road. The racing driver fixated most of the time close, but not exactly, at

the tangent point before starting to turn the steering wheel [57]. Interestingly, head

movements from central line of the lane to the tangent point begun 1.5 s before

starting cornering, and the correlation between driver’s head direction and the

rotation of the vehicle was stronger (r¼ 0.96) than correlation between gaze and

head direction (r¼ 0.3). Authors suggested that even though the racing driver did

not displace his gaze exactly to the tangent point location, driver’s head direction

provided sufficient information for the steering wheel control [57].

Carizio [50] investigated the effects of cognitive workload (use of cell phone) on

gaze and head stability during simulated driving. The use of a cell phone in

speakerphone mode or holding the device in the driver’s hand can interfere in the

attentional mechanism of drivers and tend to disrupt perceptual and motor perfor-

mance. Drivers had eyes and head movements recorded while driving in a driver

simulator under three experimental conditions: control (no talking, no cell phone),

speakerphone mode (talking, with cell phone in speakerphone mode), and holding

in hand (talking, with cell phone held in the hand). Results revealed that drivers

performed a higher number of fixations per time unit and a higher spread of fixation

locations in the horizontal and vertical axes during both cell phone conditions as

compared to the control condition. Similar to gaze behavior, variance of head

position and orientation also increased during both speakerphone mode and holding

in hand conditions of mobile phone use. These findings suggest that increased

cognitive workload/task complexity provoked a decrease in eye and head stabiliza-

tion [50], corroborating previous studies on eye–head stabilization in sports [52].

In natural contexts as those referred above [50, 52, 53, 57], eye and head

movements seem to work together to extract useful visual information from a

relevant location at a proper time. Particularly, head control plays a critical role

in maintaining gaze stability in such complex contexts which is in line with

previous evidence of linkage between eye movements and postural control

discussed above [50, 52, 53]. The activity of eyes, head, trunk, and whole body

emphasizes the organism collective effort towards an optimal acquisition of useful

visual information; the observed coupling between gaze and motor behavior

evidenced that visual information is essential for planning motor actions and

maintaining dynamical posture in complex contexts [50–54].
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15.5 Effects of Aging on Eye Movements and Postural Control

In addition to increased complexity of sensory stimuli and motor actions involved

in natural situations, the aging process represents a progressive challenge and

requires important adaptation of older adults. Aging is known to affect both the

motor and sensory systems which are intimately related in the control of static

posture [59]. Older adults show poorer performance compared to young adults in

both postural control [59–61] and eye-movements tasks [62–64]. Specifically,

postural control has been shown to be affected by aging in both simple [65] and

complex postural tasks [66]. For this reason, the risk of falls in older adults has

received great attention from researchers and authorities representing an important

public health issue [67]. Mechanisms contributing to poorer postural control in

older adults include motor deficits such as muscle weakness [68], sensory deficits

in visual [69], vestibular [70], and somatosensory systems [71], and limitations in

attentional capabilities [72]. Importantly, besides causing specific deficits in both

motor and sensory systems contributing to postural control, aging has been shown

to affect also sensorimotor integration in the control of posture [26, 66].

Deficits caused by aging specifically in the visual system such as a reduced

visual acuity [73] and a poorer contrast sensibility [74] provoke an impaired visual

perception to older adults. Furthermore, the effect of aging on performance of

eye-movements tasks has also been well documented. Older adults perform

saccades less accurately [63], with slower reaction times [75] and with reduced

amplitude, velocity, and frequency [76] compared to young adults. The gain [77]

and accuracy [64] of smooth pursuit eye movements are also affected by aging.

A comparison between the performance of eye movements in real-world and

laboratory situations has shown that in real world performance of saccades is

greatly deteriorated by aging while performance on tracking movements can

remain unaffected by aging probably due to the use of additional sensory cues

compensating for aging deficits [76]. Interestingly, the effects of aging on

eye-movements performance have been shown also for common tasks such as

reading [78] and have been even proposed as an indicator on driver’s ability in

older adult drivers [79] and as a tool for detecting mild cognitive impairments [80].

Similar to results shown previously from young adults [18], Aguiar et al. [59]

also explored the effects of saccades at different frequencies and different stance

conditions in postural control but in a population of older adults. Discussions

around the adaptive resource-sharing model would be enriched with this investiga-

tion since the sensory and motor deficits presented by older adults would potentially

alter these limited resources available for postural and suprapostural tasks and

therefore how the postural control system would give priority to one task over

another. Results showed decrease in body sway during saccades compared to

fixation, which is the same result encountered in young adults. Interestingly, no

difference was found between narrow and wide stance conditions according to the

frequency of saccades, which was present for young adults. Authors concluded that

older adults present a more rigid postural control strategy, which does not allow

larger body sway during a more complex postural task [59]. However, Laufer et al.
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[60] investigated postural stability of young and older adults during upright stance

on restricted basis of supported 85 cm above ground level with both opened and

closed eyes. Postural threat did not affect young adults; however, older adults showed

a greater mean power frequency of displacement of center of pressure [60]. The

authors concluded that older adults adopted an inadequate postural response during

postural threat that increased body sway. The increasing of complexity of the postural

task may be a challenge to older adults since the postural control system is affected by

aging. In Aguiar et al.’s experiment [59], even with a more complex postural task

(restricted basis of support) older adults maintained their body sway unaltered with

different frequencies of horizontal saccadic eye movements. According to the

authors, older adults performed a more rigid postural strategy to prioritize the postural

performance during a threatening situation, which did not allow the influence of

saccadic eye movements on body sway. Interestingly, Paquette and Fung [62] found

that older adults performed more corrective saccadic movements and with greater

latency between stimulus onset and saccadic eye-movement onset with a moving

surface compared to young adults. The authors suggested that older adults have visual

and postural performance impaired during threatening stability situations. In general,

saccadic eye movements reduce body sway of young and older adults; however,

during more challenging postural tasks the relationship between eye movements and

postural control seems to be altered with aging.

15.6 Final Considerations

Understanding the effects of vision on postural control in healthy individuals

requires an extended notion of visual system which includes postural elements. For

instance, the notion that “eyes-in-the-head-on-the-body-resting-on-the-ground” [81]

are continuously searching for relevant information in the optic flow favors the

simultaneous consideration of gaze and postural data to discuss balance control.

Postural adjustments seem to support optimal gaze behavior during simple and

complex actions. Although optic flow results from translational components of head

movement in space and eye movements add rotational components to the flow on the

retina [82, 83], a process of minimization of rotational consequences to the flow,

called gaze stabilization [84], seems advantageous to optimize translational informa-

tion acquisition with respect to the perceiver. As human visual input depends on the

dynamics of all body parts, studies on posture should explore this collective postural

effort (resulting frommovements of eyes, head, trunk, and whole body) to acquire the

relevant information available in the optic flow, needed for successful action.

Following this suggestion, the series of studies presented in this chapter showed

a variety of circumstances in which the postural control system faced both stronger,

mechanical perturbations and subtle, sensory challenges. During quiet stance,

posture is more stabilized when the fixed object is nearby as compared to a distant

one, the principle which holds for complex stances, such as karate kiba-dachi;

besides distinct control mechanisms, saccadic and smooth pursuit eye movements

directed to predictable and continuous stimulus also tend to reduce body sway.
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In contexts with more complex postural requirements, adaptations in the

perception–action linkage are multivariate. Grasping action leads to increased

effect of optic flow (moving room) on induced body sway; posture was more

affected when the room was moved back compared to the approaching movement,

suggesting that postural control takes advantage of the structured optical flow

available, even when posture might be destabilized due to one’s own movement,

to maintain postural balance. In cascade juggling, expertise reduces body sway of

participants; the more challenging (narrow) basis of support caused significant

attenuation in body sway only for the intermediate group, suggesting that experts

have a refined postural control. During a pirouette in ballet or a forehand drive in

table tennis, eye and head stabilization was strategically adopted in order to

facilitate the extraction of useful information to control the motor behavior;

increasing of task complexity (removing visual information in ballet or delaying

the visual cue in table tennis) caused impairment on eye–head stabilization which

disrupted performance. In simulated driving, an increase in cognitive load

generated by the use of cell phone resulted in higher relative number of fixations

and spatial spread of fixation locations, as well as increased variance of head

position and orientation, suggesting a worsening of postural stability and visual

information acquisition.

Particularly, characterizing the effects of vision on postural control in healthy

older adults adds even more complexity to the debate. The natural perceptual,

motor, and cognitive deficits due to the aging process push the limits of adaptation.

In general, the older adults show a more rigid postural control strategy, with

increased probabilities of instability and risk of falls. In summary, considering the

multiple levels of the visual system functioning (with eyes, head, trunk, and whole

body movements) along with lifespan postural changes is essential to advance our

knowledge of the process of acquisition and use of visual information to stabilize

posture.
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Balance Control in Older Adults 16
Jaap H. van Dieën and Mirjam Pijnappels

Abstract

To avoid falls during everyday movements, we need to maintain balance, i.e.,

control the position of our body’s center of mass relative to our base of support.

The balance control system comprises sensory subsystems, their afferent nerves,

an extensive brain network, and the motor system. Physiological aging of each of

these subsystems may limit our ability to control balance in standing and

walking. Methods based on questionnaires, functional tests of posture and

movement, and advanced methods that quantify the ability to control or regain

balance or the performance of specific subsystems of the balance control system

are available to test balance control in older adults.

Keywords

Falls • Gait • Posture • Standing • Aging • Brain • Muscle • Vestibular system •

Visual system • Proprioception

16.1 Introduction

The basic activities that humans perform seemingly automatically, like standing

and walking, require active control of balance to prevent falls. Unfortunately, aging

has detrimental effects on balance control and this can lead to falls, which cause a

serious threat to the individuals involved and a burden on society. At least 25% of

individuals aged 65 years and over falls at least once per year and half of these

individuals falls even more frequently [1]. About 5% of these falls results in serious

injuries such as head injuries and hip or wrist fractures. According to the World
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Health Organization, annual fall rates resulting in emergency department visits

range between 6 and 9 per 10,000 people aged over 60, of which 50% leads to

hospital admission. The number of injuries caused by falls is projected to be 100%

higher in the year 2030 due to the aging of the population. Consequently, the direct

medical costs related to falls will increase over the next 15 years with 170% [2]. In

addition to physical injuries and the related loss of independence, falls often cause

fear of falling and avoidance of physical activity, with negative effects for health,

independence, and quality of life.

Most falls occur during everyday movements like standing, walking, and

transitioning, for example, from sitting on a chair to standing upright [3]. Falls

are often caused by the physical status of the individual but also by environmental

factors. Fit and healthy older adults, for example, commonly fall during activities

outdoors due to major balance perturbations (e.g., tripping over irregular pave-

ment), while more fragile older adults more often fall indoors due to minor

perturbations, sometimes even without clear external cause [4].

What does it take to adequately control balance during everyday movement

tasks and what are the effects of aging on balance control and how can we assess

balance? In this chapter we try to answer these questions by giving a description of

the balance control system and its function in standing and walking. In addition, we

address the age-related anatomical and physiological processes that affect this

system and the consequences thereof for balance in standing and walking. More-

over, we provide an overview of commonly used clinical as well as more novel and

advanced methods for assessment of balance (impairments).

16.2 The Balance Control System

Balance control can be defined as the control of the body center of mass (COM)

relative to the base of support (BOS). In a static situation, such as in upright stance

on one or two legs, the COM has to be kept over the BOS. When, in a dynamic

situation, the COM is positioned outside the BOS, it has to be brought back over the

BOS, or the BOS must be enlarged or moved to attain the same situation (Fig. 16.1).

To change the position of the COM, two strategies can be used [5]. Muscles around

the ankle joint can create a joint torque to accelerate the body around the ankles in

the desired direction. Alternatively, movements of proximal body parts can cause a

change in total amount of rotation (angular momentum) of the body, which

accelerates the body COM in the right direction. An example of the latter is the

swaying of the arms to maintain balance on the edge of a cliff. Finally, also the BOS

can be moved or enlarged by stepping or by grabbing for hand support.

Given our upright posture, gravity exerts a continuous perturbing effect, which

tends to move the COM out of the BOS. Because stiffness of lower limb joints and

of the muscle spanning these joints is insufficient to counteract this effect, even

unperturbed upright stance requires active balance control [6]. This is reflected in

the continuous movement of the COM during standing, called postural sway

(Fig. 16.2). To activate muscles appropriately to move the COM in the desired
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direction and over the desired range, the nervous system requires information on the

current position and velocity of the COM. This information is also indispensable to

correctly adjust the BOS if needed. Sensory information thus plays an important

role in balance control. The sensory modalities involved, the central nervous system

(CNS), and the muscles thus form a feedback system (Fig. 16.3). The sensory

system measures the current status; the CNS decides on actions needed to maintain

or regain balance and based on this activates muscles; the muscles perform the

required mechanical actions and the result is measured again by the sensory system.

In addition to feedback, anticipation plays an important role in balance control;

sensory information is used to predict future perturbations and anticipatory action

can be taken to attenuate or even avoid a perturbation. The balance control system is

summarized in Table 16.1 and more extensively described in the subsequent

sections.

16.2.1 The Sensory System

The vestibular, the visual, and the proprioceptive and exteroceptive somatosensory

systems all contribute to balance control (Fig. 16.3). Adequate functioning of these

systems and their connections with the CNS is crucial.

Fig. 16.1 Illustration of the essentials of balance control by means of the situations before and

after a balance perturbation during gait (tripping). To control balance the body COM (the location

of the point around which the body mass is distributed) has to be maintained above the BOS,

formed by the feet (and sometimes by other body parts in contact with the world, such as the hand

on a cane). (a) The BOS in fore-aft direction is formed by both feet and the COM is located above

it. (b) The BOS is formed by the left foot only and the COM has a forward velocity. The swing leg,

which would normally be placed forward to displace the BOS, is blocked by an obstacle, due to

which balance is perturbed, i.e., the COM travels beyond the BOS. (c) During balance recovery the
forward rotation can be decelerated by generating fast and large muscle force and moments in the

stance leg, especially around the left ankle. (d) The blocked leg is placed over the obstacle with a

large and fast step to displace the BOS far enough forward to regain balance
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The vestibular system is localized in the head, behind the ears, and senses linear

and angular accelerations of the head. Because gravity is basically a linear acceler-

ation, it also provides information on the orientation of the head relative to the

vertical. Afferent connections run mainly to the cerebellum, either directly or via

the vestibular nuclei, which also connect to the thalamus and to motor neurons of

eye muscles and skeletal muscles, providing the means for very fast feedback. The

importance of the vestibular system for maintenance of vertical postures can be

demonstrated by artificial stimulation. A weak current stimulation between the

mastoid processes during standing causes an illusion of sway toward the side of

the cathode and elicits sway in the opposite direction [7]. A substantial percentage

of adults over 70 years of age show impaired vestibular function. Anatomically, a

loss of sensors in the vestibular organs is apparent and this coincides with lower

amplitudes of responses elicited by vestibular stimulation. Although it is well
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Fig. 16.2 Balance control in standing. (a) In upright stance the COM is located approximately in

the center of the BOS; small movements of the COM and of the point of application of the ground

reaction force are present continuously. (b) The fore-aft and sideward movements of the COM and

of the center of pressure, the point of application of the ground reaction force, within the BOS

illustrate the seemingly random movements within a relatively small part of the BOS. (c) The
sideward movements of the COM (red) and BOS (blue) as a function of time illustrate that the

movements of these points are related but not equal. For an explanation of their mutual relation,

see, for example, [68]. Although the position of the COM has to be controlled to maintain balance,

the point of application of the ground reaction force is easier to measure, and consequently it is

often used to assess balance control
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established that vestibular disorders increase fall risk, it is not yet clear whether

reduced vestibular function in healthy, older adults also has this effect [8].

The visual system converts light patterns on the retina into an image of the

environment, including an estimate of the vertical [9]. Consequently, an environ-

ment that provides inconsistent or incorrect clues on the orientation of the vertical,

like a building with diagonal window frames, is often experienced as unpleasant.

Self-movement causes changes of the light pattern on the retina, which thus

provides information on the linear and angular movements of the head. The optical

nerve connects the retina to the thalamus and the midbrain, and it is assumed that

the latter connections are particularly important for balance control. The impor-

tance of visual information for balance control becomes immediately apparent from

the increase in postural sway when one closes the eyes [10] or when a large part of

the environment within the field of view is moving [11]. Visual information is also

essential for anticipation to potential balance threats. From the fiftieth decade

onwards, changes of the eyes lead to a reduction in visual acuity, contrast

Fig. 16.3 The most important elements of the balance control feedback loop. The sensor system,

consisting of the visual, vestibular, and proprioceptive and exteroceptive system provides infor-

mation to the central nervous system. The most relevant brain areas for balance control are

indicated, except for the thalamus which is not visible due to its central location. The central

nervous system weights and integrates information from the different sensory modalities and

generates motor responses to activate the muscles to adapt posture or movements to maintain

balance
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Table 16.1 Balance control system: most important subsystems, functions, and effects of aging

Balance

control

system Subsystems

Function in balance

control Effects of aging

Sensory

system

Vestibular system Senses linear and angular

acceleration of the head

and the gravitational

acceleration

Loss of sensors;

decreased amplitude of

vestibular reflexes

Visual system Senses linear/angular

acceleration of the head,

vertical and horizontal

references, and potential

balance threats in the

environment

Loss of sensors; reduced

acuity, contrast

sensitivity, depth

perception, adaptation to

low lighting and varying

distance to objects in

environment

Proprioceptive

somatosensory system

(muscle spindles, tendon

organs, joint and skin

receptors)

Senses posture and

movement of body

segments relative to each

other

Loss of number and

sensitivity of sensors;

reduced joint position

sense

Exteroceptive

somatosensory system

(receptors in foot soles

and hands)

Senses tactile

information and forces

exerted on environment

via feet and hands

Loss of sensors; reduced

sensitivity foot soles

Central

nervous

system

Spinal cord and

brainstem

Spinal reflexes and

automated balance

responses

Loss of the white matter

(myelin sheets and

myelinized nerve fibers);

slowing down of

transmission of sensory

information

Sensory nuclei, (pre-)

motor, frontal and

prefrontal cortex

Anticipation to self-

generated and external

perturbations; inhibition

of planned activities

Loss of the white (myelin

sheets and myelinized

nerve fibers) and gray

matter (nerve cells);

impaired sensory

integration and inhibition

Cerebellum Sensorimotor integration Loss of the gray matter

(nerve cells); impaired

coordination

Motor

system

Motor units Force regulation Loss of number of motor

units; reduced precision

Muscles Force production Loss (mainly type II)

muscle fibers; reduced

muscle strength and

power

Tendons Force transmission from

muscle to skeleton

Reduced stiffness; slower

force transmission
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sensitivity, and depth perception and to a reduced ability to adjust to poor lightning

and varying distance to objects in the environment. Especially the reductions in

depth perception and contrast sensitivity are correlated to increased fall risk in daily

life [8], as is the use of multifocal glasses, which hampers perception of objects in

close proximity of the feet [12].

The proprioceptive somatosensory system is distributed over the whole body and

comprises muscle spindles, Golgi tendon organs, and joint and skin receptors [13].

This system provides information on the orientation and movement of body

segments relative to each other, for which the muscle spindles are the main source

of information. The muscle spindles encode changes in muscle length and the speed

thereof and are at the spinal level directly connected to the motor neurons of the

homonymous muscles and via interneurons to nearby heteronymous muscles. In

addition, ascending pathways relay this information to the cerebellum and thala-

mus. Muscle spindles can be stimulated with mechanical vibrations between 50 and

100 Hz. Studies using this type of stimulation have shown that muscle spindles in

leg, trunk, and neck muscles are important for balance control [14], and specifically

the quality of proprioceptive information from ankle muscles appears important as

this is strongly correlated to the ability to stand on one leg [15]. Compared to

standing, balance control during walking is much less affected by proprioception

[14], but vibration of the gluteus medius muscle during gait does have some effect

on balance control in the frontal plane [16]. With aging, the number of muscle

spindles as well as the sensitivity of remaining spindles decrease. This is reflected in

a reduced acuity in perception of the posture and movements of joints. Reductions

in acuity of posture and movement perception of the knee, ankle, and big toe have

been shown to be related to postural sway, to a reduced ability to stand on one leg,

and to the risk of falling in daily life [17].

The exteroceptive somatosensory system comprises a range of receptors in the

soles of the feet that can provide information on the forces acting on the feet based

on the resulting strain of the skin. The importance of these receptors for balance

control is illustrated, among other factors, by the increase in postural sway that can

be elicited by electrical stimulation of the foot soles [18]. Tactile information from

other body parts, such as the hands through contact with an external object, even if

that does not offer mechanical support, also contributes to balance control [19].

With aging, the number and the sensitivity of skin receptors in the foot soles

decreases. Consequently, the threshold to perceive changes in pressure on the

foot sole increases and the acuity for two-point discrimination decreases. These

sensory losses are correlated to postural sway and fall risk [17].

Afferent nerve connections from the sensory system to the CNS lose nerve fibers

and remaining nerve fibers lose their myelin sheaths. This leads to a reduction in

nerve conduction and hence slowing down of balance feedback responses [17].
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16.2.2 The Central Nervous System

At the lowest level of the CNS, in the spinal cord, proprioceptive and exteroceptive

signals are integrated to evoke motor responses in case of balance perturbations.

The spinal reflexes are mainly organized locally, i.e., they mainly involve muscles

around the perturbed joint and they are aimed at correcting posture or movement of

that joint. These reflexes are not always functional from a balance control perspec-

tive and they may even be counterproductive [20].

Balance control requires integrated responses of muscles around several joints

simultaneously. The brain stem can generate these automated responses and animal

experiments have shown that these remain intact even when all connections with

higher brain centers have been disrupted. Yet higher centers of the brain are

involved in more complex balance responses, if only because they are based on

integration of information from several sensory modalities, as described above.

This is important for two reasons. First, estimates of balance can be based on

weighted information from different modalities, because their reliability is not

perfect and does vary over time. Using a weighted sum of the estimates from single

sources provides a robust estimate and the flexibility of weighting allows adaptation

to, for example, environmental conditions. Second, integration of information is

necessary because, for example, the meaning of signals from the vestibular or visual

systems depends on the orientation of the head relative to the rest of the body, for

which only proprioceptive information is available. The cerebellum appears to play

a key role in adjustment of the motor activity aimed at maintaining and restoring

balance on the basis of sensory information regarding the state of the body and the

environment [21]. Patients with cerebellar disorders therefore show severe balance

problems and they are characterized by compensatory behavior, such as a wide

stance to enlarge the BOS.

Predictable balance perturbations can be avoided or attenuated by anticipatory

actions. For example, when a planned movement like picking up an object will

perturb balance, anticipatory muscle activity or movement of the body acting in the

direction opposite to the perturbation is initiated [22]. In such anticipatory actions,

the cortex and specifically the premotor cortex play an important role [23]. Similar

anticipatory actions can be observed when an external but predictable balance

perturbation occurs. When an obstacle that may perturb balance is seen during

walking, it may be avoided by adjusting limb trajectory [24]. Such tasks involve

visual processing via multiple cortical pathways [25, 26] (Fig. 16.3). Also memory

plays a role, since, for example, visual information on obstacle dimensions is no

longer available when stepping over an obstacle with the trailing leg. Prefrontal

areas are in all likelihood involved in the planning of such adjustments in motor

behavior and in inhibiting the initially planned activity. However, since reactions to

suddenly appearing obstacles are markedly faster than voluntary reactions, it seems

likely that subcortical areas of the brain initiate the responses, while higher centers

further modify them [27].

The role of the cortex in responding to balance perturbations is debated, but there

is evidence to suggest that premotor and primary motor cortices play a role in the
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preselection of postural responses based on information available prior to the

perturbation and in adjusting responses later in time [28]. Also balance control in

unperturbed gait is related to cortical activity in the left premotor area [29]. All in

all, a very extensive network appears active in balance control, with key roles for

the cerebellum, premotor and motor areas, and the prefrontal cortex. From this

perspective it comes as no surprise that cortical lesions after stroke and Alzheimer

disease, or even simultaneously performing a demanding cognitive task, can seri-

ously impair balance control and increase the risk of falls.

With aging, the brain loses neurons and neural connections. These losses vary

across brain areas, with most prominent and least prominent losses in prefrontal

areas and the cerebellum [30]. These losses affect the integration of sensory

information for balance control. Consequently, older adults are more sensitive to

sensory perturbations, such as those caused by artificial stimulation, but also real-

life perturbations, such as those caused by movement of objects that occupy a large

part of the visual field. Also older adults need more time to adjust when the

reliability of one of the sources of sensory information changes [8, 31]. Possibly

this is caused by a reduced ability to inhibit incoming information due to degeneration

of the prefrontal cortex, but fear of losing balance may be an alternative cause [32].

These age-related brain changes are related to reduced balance control, limitations of

mobility, and an increased fall risk [33].

16.2.3 The Motor System

Muscles and tendons comprise the most important components of the motor part of

the balance control system. To correct large balance perturbations, fast and forceful

contractions of muscles in legs [34], trunk [35], and even arms [36] are required,

while balance control in unperturbed stance requires only moderate but accurate

force production. The calf muscles and the hip abductor muscles play key roles in

control of balance during bipedal stance in, respectively, the sagittal and frontal

planes [37]. The latter muscles are also key in the control of unipedal stance [38],

and both of these muscle groups appear to play an important role in balance control

during gait [39, 40]. Muscle strength depends on the number of parallel muscle

fibers and consequently on the cross-sectional area of the muscle. The rate at which

these forces are transferred to the skeleton and hence at which movements can be

controlled largely depends on tendon stiffness. Finally, the accuracy of muscle for

production depends mainly on the number of motor units per muscle.

The physiological cross-sectional area of muscles decreases between 20 and

80 years of age, due to a loss of predominantly the fast type II muscle fibers. Muscle

strength is maintained more or less up to 50 years of age but gradually declines after

that by about 50% at age 80. The strength of hip abductors is correlated to the time

that older adults are able to stand on one leg [38] and the strength of the knee

extensor muscles is correlated to the stability of gait [41]. In addition, strength and

cross-sectional area of trunk muscles were reported to be negatively correlated to

postural sway and fall risk [42]. These associations suggest that muscle strength can
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be a limiting factor in dealing with minor balance perturbations that occur during

standing and walking.

The rate at which muscles can increase force and the power that muscles can

produce, i.e., the product of muscle force and shortening velocity, also decrease

with age [43]. This is due to changes in the contractile properties of muscle fibers

but also to a decreased stiffness of muscle tendons [44]. The age-related loss of

muscle power is about twice as large as the loss in muscle strength, and conse-

quently older adults are limited particularly in performing fast dynamic movement

tasks [8]. Balance recovery responses are a clear example of this. Older adults are

far less often successful in regaining their balance after tripping over an obstacle

than young adults, and this holds especially for older adults with weak and slow

muscles [45].

The age-related loss of the number of motor units per muscle, which is most

pronounced in distal muscles, and the increase in variability of motor unit firing

reduce the precision with which older adults can produce muscle force [46]. It has

been shown that older adults with a history of falls are less precise in producing

muscle forces than their healthier counterparts [47].

16.2.4 Conclusion

Age-related physiological changes of all the sensory subsystems and their afferent

nerves, of parts of the CNS, and of muscles and tendons can all limit the ability to

control balance. The functional decline of parts of the balance control system and

its effect on balance control can be compensated by other parts of the system and

can vary widely between individuals.

16.3 Balance Control in Standing

In standing, the BOS is formed by one or both feet. When standing upright, the

COM will be at about 1 m above the support surface, which implies that body sway

over a small angle can cause a substantial gravitational torque. Active control of

balance is required to counteract these gravitational torques. In the subsequent

sections, we will describe how balance is controlled in unperturbed, quiet standing

and how balance is corrected after external perturbations. In addition, we describe

how balance control in standing is usually assessed and how it changes with aging,

with an emphasis on the factors that limit balance control in these situations.

16.3.1 Unperturbed Stance

In standing upright, we sway continuously and the COM moves apparently ran-

domly over the BOS (Fig. 16.2). The continuous COM movement is a consequence

of the disturbing effects of gravity and of muscle activity. The magnitude of
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postural sway is often used as a measure of the quality of balance control. In

two-legged stance, the COM moves over a small and central part of the BOS.

Balance control is more challenged when the BOS is reduced, by placing the feet

close together, in tandem stance, or by standing on one leg. If instructed to do so, we

can usually decrease the amount of postural sway, which implies that we do not

normally attempt to minimize it, possibly because this costs energy [48], but there is

also evidence to suggest that we produce a certain amount of postural sway to

gather sensory information on balance [49].

Older adults generally show a larger postural sway than young adults, especially

in the mediolateral direction [50], and their sway amplitude increases more when

they close their eyes [51]. Consequently, many older adults are incapable of

standing in tandem stance with their eyes closed. However, the increase in sway

is also larger in older adults than in young adults when proprioception is perturbed

[31]. More generally, it thus seems that older adults are less able to compensate for

perturbations of one of the sensory modalities that contribute to postural control.

Surprisingly, sometimes, postural sway in upright stance is smaller in old than in

young adults, possibly because young adults can afford not to control their balance

very tightly, as standing does not challenge them. This explanation is supported by

the finding that young adults decreased their sway more than old adults when asked

to lean maximally forward or backward [52].

The quality of balance control in standing can be limited by age-related sensory

impairments, as described in Sect. 16.2 of this chapter, but also by changes in the

CNS. Experiments in which subjects perform cognitive dual tasks, for example,

counting down from 100 by 7, show that either balance or the cognitive task is more

affected by simultaneous performance than in young adults. This is possibly related

to the fact that the cortex is more involved in balance control [33]. Cortical

involvement appears to be determined by the relative difficulty of the task; hence

the higher cortical activity in older adults is probably compensatory [53]. However,

impaired brain function can limit balance control. This is shown by the effect of

orthostatic hypotension on balance, where insufficient regulation of blood pressure,

which is common among older adults, causes insufficient oxygen supply to the

brain. The speed at which blood pressure is regulated after transitioning from sit to

stance in older adults is associated with the time that balance can be maintained in

tandem stance with eyes closed [54]. Also an association between cognitive

abilities and balance control in stance has been found [55]. Finally, the motor

system can limit balance control. The time that older adults can maintain balance

in various standing postures is associated with muscle strength [56], and lower

precision of muscle force production is associated with larger postural sway [57].

16.3.2 External Perturbation of Standing Balance

If a mechanical perturbation causes or threatens the body COM to move outside the

BOS, reactive balance control is needed. Reactive balance control is usually tested

by sudden and unexpected translations or rotations of a platform that the person
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stands on. Generally, older adults show larger postural sway after such

perturbations than young adults [58, 59], and they produce higher joint torques to

regain balance [58]. Also older adults and especially adults with balance problems

more often make a step, using displacement of the BOS to regain balance [60, 61].

Balance perturbations cause early spinal reflexes and later responses generated

by higher centers of the CNS. The early responses can be delayed in older adults by

around 5 ms relative to young adults, probably as a result of lower nerve conduction

velocity. Delays of about 20 ms are found for the later responses and this is

attributed to slower information processing in the brain [33]. The magnitude of

postural sway after perturbations is associated with thresholds of sensors in foot

soles [59], as well as with delays of early and late responses [33]. In addition, the

magnitude of sway and the necessity to make a step after perturbations are

associated with muscle strength of ankle and trunk muscles [59, 62], in line with

the relation between trunk muscle strength and fall risk as described above.

The effect of muscle strength on perturbation responses is striking, since older

adults were shown to produce higher joint torques than young adults and because

these torques were well below maximum levels predicted based on muscle strength

[58]. Possibly, the rate at which muscle force and hence joint torques can be

developed is the true limiting factor, as this is in turn associated with muscle

strength.

16.3.3 Conclusion

The degree to which older adults are able to constrain postural sway to a small part

of the BOS and the ability to remain standing when the BOS is reduced are limited

by age-related changes of the sensory system, the CNS, and the motor system.

The ability to regain standing balance without stepping appears to be limited mainly

by the rate at which muscle activation can be increased and at which the muscles

can produce force, which are determined by changes in the peripheral and central

nervous system, as well as the muscles themselves.

16.4 Balance Control in Gait

In this section, we will describe how balance is controlled, how perturbations are

avoided, and how balance is regained during gait. Methods to assess balance control

will be discussed, and an overview is given of the changes that occur with aging as

well as of the factors that limit balance control during gait in healthy older adults.

16.4.1 Unperturbed Gait

During gait, the body COM has a forward velocity and consequently the BOS has to

be displaced to prevent falling. The properties of the human body greatly simplify
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the control in the fore-aft direction when walking at constant velocity. The inertia of

the legs and the velocity of the body more or less make the leg swing forward just

enough to obtain the correct new BOS to maintain balance and gait velocity.

Obviously this is a simplification of reality and active control is necessary to deal

with variations in the environment and control of balance in the mediolateral

direction is even more challenging [63].

Several measures to characterize balance control during gait have been devel-

oped and many of these are based on the notion that the movements in unperturbed

gait are expected to be regular (i.e., subsequent steps should resemble each other)

and that the movement should be stable (i.e., small perturbations of gait are quickly

corrected). Many different parameters quantify the (ir-)regularity or (in-)stability of

gait [64]; it is however beyond the scope of this chapter to describe these in detail,

suffices to state that larger irregularity (or variability) and lower stability are related

to age [65], fall history [66], and fall risk [67].

As in standing, the position of the COM relative to the edges of the BOS

provides a measure of the margin of safety in balance control. For gait, the velocity

of the COM has to be taken into account [68]. The so-obtained dynamic margin of

safety (“margin of stability”) is frequently used to assess mediolateral balance.

Older adults walk with wider steps than young adults and, although this is seen as a

compensation to increase the BOS, this is associated with an increase in the

amplitude and velocity of sideward movement of the body COM, and when

environmental conditions dictate a smaller step width, this leads to a reduced safety

margin [69].

Although it is well established that balance control in gait is dependent on

sensory information and affected by larger parts of the CNS (see Sect. 16.2), little

is known about the interactions and the limiting factors in these systems regarding

balance control in gait. It is known that muscle strength is related to gait stability

[41] and regularity [70]. Also it has been found that reduced mediolateral margins

of safety are related to degenerative changes in the brain, indicating that individuals

with impaired connectivity between subcortical and prefrontal brain areas do not

adequately compensate for their impaired balance control by regulating step

width [71].

16.4.2 Avoidance of Balance Perturbation in Gait

In daily-life gait, we encounter all sorts of potential balance perturbations that we

should try to avoid, or when we fail to do so, we must try to regain balance in order

to prevent falling. Tripping is reported to be the most common cause of falls among

healthy older adults both indoors and outdoors [72]. In this paragraph and the next,

we will concentrate on avoiding balance perturbations and recovering from balance

perturbations, with tripping as a point in case.

When an obstacle blocks the planned path of the swing leg, it is avoided by either

elevating the swing leg higher and lengthening its step or by shortening the step by

placing the leg in front of the obstacle to cross it with the other leg first. In young
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adults, the choice between these strategies appears to be made such that the

deviation relative to the initially planned step is minimal [73]. Older adults however

appear to prefer lengthening their step [74]. This preference may reduce the

probability of loosing balance, as it avoids that the leg is placed underneath or

even behind the body COM [75]. However, it may also be a consequence of older

adults not being able to react quick enough to perform the short-step strategy [76].

Obviously, visual information is crucial for adequate obstacle avoidance. The

length of the ultimate step before the obstacle and the path of the leg over the

obstacle are adjusted to position, height, and other properties of the obstacle [77].

Young adults gather the information needed to do so in the few meters before

reaching the obstacle. The duration of visual fixation of the obstacle depends on

obstacle height, suggesting that detailed information is gathered [78]. This implies

that visual acuity and contrast sensitivity at a few meters distance, but also short-

term memory, are important for successful avoidance and may explain why wearing

multifocal glasses increases fall risk (Sect. 16.2).

When older adults cross an obstacle, they do so with smaller toe clearance than

young adults [79]. They are also less successful in avoiding obstacles when these

are first seen when they are already close. Interestingly, this effect is much smaller

than one would expect based on age effects in reaction time tests [76].

The importance of cognitive processes for obstacle avoidance is evident from the

fact that cognitive impairments [80] and dual task performance [81] reduce the

probability of success at this task.

16.4.3 Perturbations of Balance in Gait

If an obstacle cannot be avoided, a collision of the swing leg with the obstacle will

cause a trip; the forward placement of the leg is hampered and, if one does not react

adequately, a forward rotation of the body, further accelerated by gravity, ends in a

fall. Balance recovery requires that one decelerates the forward rotation and places

one leg over the obstacle to obtain an adequate BOS and to continue walking

(Fig. 16.1). Two types of recovery reactions have been described [82]: if the leg

is blocked early in the swing phase, it is quickly elevated over the obstacle and

placed behind the obstacle, and, if the leg is blocked late in the swing phase, it is

placed on the floor in front of the obstacle and subsequently the other leg steps over

the obstacle first. In both cases, the stance leg during the trip has an important

contribution to deceleration of the forward rotation by a fast and forceful forward

directed push-off. At about 80 ms after impact with obstacle, functional changes in

muscle activity are observed in both legs, probably triggered by proprioceptive

information from the skin or distal joints and muscles of the blocked leg

[83]. Changes in movements of the head occur too late for visual and vestibular

inputs to contribute to the generation of these early responses.

Older adults are clearly less successful in performing balance recovery reactions

after tripping than young adults. They decelerate the forward rotation less and place

their recovery leg less far over the obstacle [84] and fall more often than young
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adults [72]. The reaction time after tripping as measured from changes in muscle

activity does not appear to be the limiting factor as it is only marginally different

between young and older adults and not different between older adults who fall and

do not fall after these perturbations [34]. In simulations of the recovery reaction, in

which people are released from a forward-leaning position, the velocity of the

forward movement of the recovery leg appears to be the limiting factor for

successful recovery. A lower rate of the increase in neural drive to the leg muscles

appears to underlie this lower movement speed [85]. Successful recovery after

tripping is actually also determined by the degree to which one is able to decelerate

the forward movement of the trunk [86]. Muscles in the stance leg and trunk are

responsible for decelerating the forward rotation of the body before a leg is placed

over the obstacle [87, 88]. This requires fast adaptations of leg muscle activity and a

maximal activity of the calf muscles. The joint torques produced by these muscles

are adapted more slowly in old than in young adults, and this is at least in part due to

a slower increase in neural drive to these muscles [84]. Older adults with a lower leg

muscle strength and a lower maximum rate of joint torque development around

knee and ankle joints fall more often after being tripped than their stronger and

faster peers [45].

16.4.4 Conclusion

The quality of balance control and the ability to avoid obstacles during gait both

decline with age. It is as of yet not clear what the limiting factors are. Muscle

strength is associated with the quality of balance control during gait, but this may

not reflect causality. Cognitive impairment appears to play a role, although its

importance remains to be determined. The ability to regain balance after a pertur-

bation of gait also declines with age, and this is caused by a reduced ability to

generate fast changes in muscle force, probably due to changes in the CNS as well

as in the muscles and muscle tendons themselves.

16.5 Assessment of Balance Control

A variety of methods to assess balance in older adults has been proposed, ranging

from questionnaires to extensive test batteries. These methods are often used to

establish (causes of) balance problems, to target interventions, and to assess the

effects of interventions. The most common clinical tests assess static balance in

standing or dynamic balance during functional movements such as stepping and

walking. In general, these clinical tests measure the success or failure to maintain

balance during a certain task or the quality of the performance of a balance task.

In contrast, physiological tests assess the potential impairments underlying balance

problems [89]. In this section, we discuss subjective methods, and static, dynamic,

and functional balance tests, and we present tests aimed at establishing the causes of

balance problems. The information described below is summarized in Table 16.2.

16 Balance Control in Older Adults 251



T
a
b
le

1
6
.2

O
v
er
v
ie
w

o
f
te
st
s
o
f
th
e
b
al
an
ce

co
n
tr
o
l
sy
st
em

T
y
p
e
o
f

m
ea
su
re
m
en
t

T
es
t

W
ay

o
f
te
st
in
g

S
co
re

S
u
b
je
ct
iv
e

te
st
s

F
al
l
h
is
to
ry

H
av
e
y
o
u
fa
ll
en

in
th
e
la
st
1
2
m
o
n
th
s?

If
so
,

h
o
w

o
ft
en
?

D
ic
h
o
to
m
o
u
s
sc
o
re
(y
es
/n
o
)
o
r
n
u
m
b
er
o
f
fa
ll
s

F
al
ls
E
ffi
ca
cy

S
ca
le

In
te
rn
at
io
n
al

(F
E
S
-I
)
[9
1
]

1
6
-i
te
m

q
u
es
ti
o
n
n
ai
re

o
n
fe
ar

o
f
fa
ll
in
g
d
u
ri
n
g

se
v
er
al

ac
ti
v
it
ie
s

O
rd
in
al

sc
o
re

1
6
–
6
4
;
h
ig
h
sc
o
re
¼
h
ig
h
fe
ar

A
ct
iv
it
ie
s-
sp
ec
ifi
c
B
al
an
ce

C
o
n
fi
d
en
ce

(A
B
C
)
sc
al
e
[9
4
]

1
6
-i
te
m

q
u
es
ti
o
n
n
ai
re

o
n
co
n
fi
d
en
ce

in

p
er
fo
rm

an
ce

o
f
se
v
er
al

ac
ti
v
it
ie
s
w
it
h
o
u
t

lo
si
n
g
b
al
an
ce

o
r
fa
ll
in
g

O
rd
in
al

sc
o
re

p
er

it
em

0
–
1
0
0
;
h
ig
h

sc
o
re
¼
h
ig
h
co
n
fi
d
en
ce

S
ta
ti
c

b
al
an
ce

te
st
s

(S
em

i)
ta
n
d
em

st
an
ce

M
ai
n
ta
in

fo
r
1
0
s,
ca
n
b
e
co
m
b
in
ed

w
it
h

cl
o
si
n
g
ey
es
,
u
n
st
ab
le

su
p
p
o
rt
su
rf
ac
e,
d
u
al

ta
sk
;
st
o
p
w
at
ch

D
ic
h
o
to
m
o
u
s
sc
o
re

(y
es
/n
o
)
o
r
d
u
ra
ti
o
n
;

sh
o
rt
er

d
u
ra
ti
o
n
¼
w
o
rs
e
b
al
an
ce

In
st
ru
m
en
te
d
(s
em

i)
ta
n
d
em

st
an
ce

M
ai
n
ta
in

fo
r
1
0
s,
ca
n
b
e
co
m
b
in
ed

w
it
h

cl
o
si
n
g
ey
es
,
u
n
st
ab
le

su
p
p
o
rt
su
rf
ac
e,
d
u
al

ta
sk
;
fo
rc
e
p
la
te
,
ca
m
er
a
sy
st
em

,
o
r
in
er
ti
al

m
ea
su
re
m
en
t
u
n
it

Q
u
an
ti
ta
ti
v
e
sc
o
re

(d
is
p
la
ce
m
en
t/
sp
ee
d
/

ac
ce
le
ra
ti
o
n
b
o
d
y
ce
n
te
r
o
f
m
as
s
o
r
ce
n
te
r
o
f

p
re
ss
u
re
);
fa
st
er
,
la
rg
er

sw
ay

¼
w
o
rs
e
b
al
an
ce

D
y
n
am

ic

b
al
an
ce

te
st
s

L
im

it
s
o
f
st
ab
il
it
y
(L
O
S
)
te
st
[9
8
]

S
el
f-
in
d
u
ce
d
m
ax
im

al
m
o
v
em

en
t
in

ei
g
h
t

d
ir
ec
ti
o
n
s
w
it
h
o
u
t
st
ep
p
in
g
;
fo
rc
e
p
la
te

(e
.g
.,

N
eu
ro
C
o
m
;
B
io
d
ex

B
al
an
ce

S
y
st
em

)

Q
u
an
ti
ta
ti
v
e
sc
o
re
;
sm

al
le
r/
sl
o
w
er

d
is
p
la
ce
m
en
t¼

w
o
rs
e
b
al
an
ce

M
E
d
io
L
at
er
al

B
al
an
ce

A
ss
es
sm

en
t

(M
E
L
B
A
)
te
st
[9
9
]

S
el
f-
in
d
u
ce
d
m
ed
io
la
te
ra
l
w
ei
g
h
t
sh
if
ts
;
fo
rc
e

p
la
te

o
r
ca
m
er
a
sy
st
em

Q
u
an
ti
ta
ti
v
e
sc
o
re
;
lo
w
er

fr
eq
u
en
cy
/

v
el
o
ci
ty
¼
w
o
rs
e
b
al
an
ce

B
al
an
ce

p
er
tu
rb
at
io
n
s
[e
.g
.,
1
0
2
,
1
0
3
,

1
0
6
]

P
la
tf
o
rm

tr
an
sl
at
io
n
/r
o
ta
ti
o
n
o
r
u
p
p
er

b
o
d
y

p
u
sh
/p
u
ll
in

st
an
d
in
g
o
r
w
al
k
in
g
;

in
st
ru
m
en
te
d
p
la
tf
o
rm

o
r
tr
ea
d
m
il
l

D
ic
h
o
to
m
o
u
s
sc
o
re

(y
es
/n
o
st
ep
p
in
g

re
sp
o
n
se
)
o
r
q
u
an
ti
ta
ti
v
e
sc
o
re
;
st
ro
n
g
er

p
er
tu
rb
at
io
n
o
f
st
an
d
in
g
o
r
g
ai
t¼

w
o
rs
e

b
al
an
ce
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16.5.1 Subjective Assessment of Balance Problems

Assessment of balance control usually starts with asking question, for example, on

fall history. Having fallen in the preceding year is a strong predictor of future falls

[e.g., 67] and hence an important indication of balance problems. In addition,

individuals may report to experience balance problems or fear of falling. Such

indicators of balance problems can be assessed systematically with questionnaires

on fear of falling or balance confidence [90]. Fear of falling, defined as the concern

that one may fall during daily activities, can be measured with the Falls Efficacy

Scale International (FES-I), a 16-item questionnaire [91], or its shortened 7-item

version [92]. A high fear of falling is associated with worse balance performance in

standing and in gait [90]. As an alternative to these questionnaires, the icon-FES

uses images of activities and asks the individual to indicate whether these would

elicit fear of falling [93]. The Activities-specific Balance Confidence (ABC) scale is

a commonly used 16-item questionnaire [94] to measure balance confidence, the

inverse of fear of falling, which as such has a more positive connotation. It reflects

one’s confidence in the ability to maintain balance during daily activities.

16.5.2 Static Balance Tests

Widely used methods for static balance testing are based on assessment of the

ability to maintain balance over a constrained BOS, for example, with the feet close

together or in tandem stance for a certain period of time. The 10-s (semi-)tandem

stance is probably the most commonly used. Inability to perform this test is

indicative of impaired balance control [95]. To make such tests more challenging

and to specifically address the role of the proprioceptive system, the visual system,

or cognitive processing, the same tests can be performed with eyes closed, on a

compliant surface, or with a cognitive dual task.

Static balance assessments can be enhanced by measuring postural sway with a

camera system or by inertial sensors measuring the movement of body segments,

from which the movements of the COM can be estimated. This so-called

posturography allows measurement of the amplitude, velocity, or acceleration of

movements of the COM in fore-aft and sideward directions. This postural sway is

also often estimated from movements of the point of application of the ground

reaction force (or center of pressure) (Fig. 16.2), measured with a force plate or

cheaper alternatives such as the Wii Balance Board [96]. At low movement speed,

the center of pressure gives a good approximation of the movements of the body

COM, but at higher speeds the difference between the amplitude of the COM and

the center of pressure increases. The quality of balance control as measured this

way decreases with age (see Sect. 16.3), but the predictive value thereof for fall risk

is not clear yet [97]. The interpretation of these measures is thus still open to

discussion.
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16.5.3 Dynamic Balance Tests

Dynamic posturography tests the responses to self-imposed or externally imposed

balance perturbations. A commonly used clinical approach to measure balance

under self-induced perturbations is the limits of stability (LOS) test, which

measures the maximum range of motion that one can make by leaning the body

in a specified direction without stepping [98]. A recent method, called

MEdioLateral Balance Assessment (MELBA), tests the ability to follow a moving

target by making sideward movements of the COM at incremental speed. This test

has been shown to be reliable, sensitive to differences between young and older

adults, and indicative of balance problems during gait on a treadmill and in daily

life [99]. In addition, the test results are correlated to strength of the hip abductor

muscles [100]. Another promising, new, and simple balance test assesses the

distance that one can walk over a narrow beam [101].

Platform translations and rotations or devices generating pushes or pulls are used

to measure the ability to resist perturbations or to regain balance after perturbations

[e.g., 102, 103]. The necessity to make a step, especially after sideward or backward

perturbations of standing balance, is a strong predictor of future falls [104, 105].

A drawback of these tests is that standardized perturbations do not necessarily

exceed the capacity of the individual, causing ceiling effects. More advanced

instruments that standardize the perturbation intensity, but also allow to gradually

increase it, are needed to bypass this problem [e.g., 62, 106]. Such instruments are

usually expensive and their added value in clinical context is still being studied.

16.5.4 Functional Balance Tests

The most commonly used functional, clinical balance tests are the Tinetti Balance

Test, or Performance-Oriented Mobility Assessment (POMA) [107], the Berg

Balance Scale (BBS) [108], the Timed Up and Go test (TUG) [109], and the

Short Physical Performance Battery (SPPB) [110]. These tests measure the ability

to maintain balance in tasks such as getting up from a chair, standing, and walking.

These tests are simple and cheap and have been shown to have good reliability

within and between observers [89]. However, other aspects of physical capacity

also determine the outcomes, and balance problems are identified only when these

are already quite severe [95]. Relatively fit, community-dwelling older adults are

often able to use compensatory strategies masking impairments of their balance

control system during such tests [95], leading to ceiling effects and making these

tests less suitable for early detection of balance problems [89].

The outcomes of clinical, functional balance tests are often interpreted in

relation to fall risk. However, their predictive value for falls is rather limited. The

TUG is, for example, often used to assess fall risk but in fact does not differentiate

older fallers from non-fallers [111]. Also for the other tests, there is no or only very

limited evidence for a predictive value with respect to fall risk [89]. These tools are

indicative of increased risk only in populations that they were tested for. In
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addition, the outcomes are not very sensitive to change, for example, changes due to

interventions to prevent falls [112].

Currently, instrumented versions of functional balance tests are developed and

used. Sensors are employed during the tests to obtain more objective and precise

results and a higher sensitivity to subtle balance impairments. Accelerometers and

gyroscopes provide detailed information on timing and execution of movements in

functional tasks such as walking [66] and getting up from a chair [113]. The

outcomes are promising indicators of balance problems and fall risk, but also for

these measures, solid evidence is lacking [114]. Accelerometers and gyroscopes

can also be used in daily life. Recent studies have shown that information on the

stability of walking [67] and standing up from a chair [115] acquired from acceler-

ation data obtained in daily life have added value for the prediction of fall risk, but

the clinical value thereof still needs to be demonstrated.

16.5.5 Testing the Balance Control System

Tests of the balance control system aim at establishing the specific nature and/or

causes of balance problems, to allow tailored interventions. The Physiological

Profile Assessment (PPA) is an extensive test battery that addresses visual, vestib-

ular, and proprioceptive functions as well as leg muscle strength, reaction time, and

static and dynamic posturography [116]. The items were selected based on their

importance for balance control and the PPA has good predictive value for falls

[116]. The Balance Evaluation Systems Test (BESTest) comprises a number of

items from previously developed functional tests (such as the TUG and LOS) and

aims to assess specific domains of balance control, such as stability in reaching and

walking, anticipatory and reactive control, and also some determinants of balance

control such as muscle strength [117]. Although not specifically developed to this

end, the BESTest has good predictive value for fall risk [118].

Sensory manipulations are often used to establish specific causes of balance

problems. A commonly used test is the sensory organization test (SOT), which

comprises a movable force plate and a moveable environment to impose visual

perturbations. Using six specific conditions with eyes open or closed, the

differences in postural sway between conditions provide information on the relative

contributions of the visual, proprioceptive, and vestibular system to balance con-

trol. In addition, the results provide information on the ability to compensate for

unreliable sensory information from the modalities involved [119].

More advanced tests to assess the contributions of different subsystems to

balance control are under development, for example, for standing balance [120]

or for balance in treadmill walking [121]. These methods combine sensory and

mechanical perturbations to provide a detailed identification of the balance control

system. The ability to maintain balance during gait in complex environments,

which challenges cognitive function can be tested with tools such as the “interactive

walkway,” which uses Kinect sensors and projections of obstacles or targets on the

floor [122].
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16.5.6 Conclusion

No single test is sufficient to fully characterize static or dynamic balance control

and to predict falls [123]. Dependent on the clinical question at hand, a combination

of tests will be needed. It is striking that anticipatory control, such as when avoiding

obstacles, receives limited attention in clinical balance testing, while this might be

an important determinant of fall risk. Furthermore, clinical tests, by necessity,

standardize and simplify the complexity of balance-threatening conditions that

one may be exposed to in daily life. Although dynamic tests can provide informa-

tion on reactive control of balance, these are usually applied in standing postures

and not during dynamic activities such as walking. It is still unclear to what extent

such simplifications threaten the validity of the outcomes. From this perspective,

the development of balance assessment based on ambulatory measurements in daily

life seems a promising approach to obtain a more complete picture.
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Abstract

The risk of falling is associated with aging-related motor and sensory declines.

In fact, a higher incidence of falls has been observed in individuals of over

60 years who are known to have balance problems. The current knowledge

regarding the mechanisms involved in the recovery of postural orientation and

body equilibrium shows that the main changes occur as individuals become

older and in those who are sedentary or are affected by some diseases. Extensive

research and preventive efforts regarding the causes and consequences of falling

have been conducted to better understand this issue. Fortunately, older

individuals who practice regular physical activity present a healthy lifestyle

and a lower risk and incidence of falling which may be associated with func-

tioning of the postural control system. Recently, public health policies have been

adopted by many countries in order to improve the quality of life of older

individuals and reduce the high number of fallers among the elderly.
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17.1 Introduction

The aging process is characterized by individual constraints such as organic,

physiological, and psychosocial, which lead to adaptation of even simple daily

tasks. Brazil has one of the largest aging populations in the world, increasing from

14 million in 2000 (8.6% of the population) to 20 million in 2010, and currently

comprises 13% of the population [1]. Health professionals who work with this

population are concerned about the high incidence and risk of falls in older

individuals and seek strategies to prevent the causes of this phenomenon [2].

A fall can be defined as the “unintentional displacement of the body to below the

starting position, with correction of the disability in a timely manner, caused by

multifactorial circumstances that compromise stability” [3]. The risk of falls has

been associated with intrinsic and/or extrinsic characteristics of older adults.

The intrinsic factors are related to physiological alterations during aging, such as

decreased visual acuity; the abusive use of drugs/medication; chronic diseases such

as hypertension, diabetes, arthritis, osteoarthritis, and osteoporosis, causing deficits

in muscle strength, balance, and/or gait; and the psychological status, such as fear of

falling, which affects, for instance, performance of the gait [4]. The extrinsic factors

are environmental and social circumstances in which the older people are included,

such as inadequate lighting, slippery surfaces, carpets without anti-slip coatings or

with folds, obstacles when walking, no handrail support, high or narrow steps, and

public pathways with holes or irregularities, among others [5].

Worldwide, about 424,000 individuals die each year as a result of falls, and a

further 37.3 million fallers require medical attention [6]. Falling is the primary

cause of accidental death in people over 65 years and is considered the most serious

and frequent home accident, being responsible for 24% of deaths in the older

people. About 30% of the older people fall each year, and this rate increases up

to 40% among individuals over 80 years and among older women up to 75 years.

According to the Brazilian Health Ministry [7], the Public Health System has

significant annual expenses related to fracture treatments in older individuals,

principally related to hip fractures, which are the leading cause of morbidity and

mortality in this population.

Fear or concern about recurrent falls is also associated with reduced mobility,

loss of balance confidence, and activity restriction in older people. The evaluation is

complex since it may involve physical, behavioral, and functional constraints [8].

For these reasons, it is important to identify possible causes and risk factors and

propose several interventions in order to prevent falls in the older individuals.

Studies have shown that peripheral structure impairments, such as muscle

weakness, loss of bone mineral density, sensorial constraints, nerve transmission
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delays, and a slower reaction time are associated with older fallers [9, 10]. For

instance, older individuals with impaired nerve transmission and sensory

constraints take more time to initiate the postural response after an environmental

disturbance. These delays may lead to a higher center of mass excursion which

requires greater production of torque at the ankle and/or hip joints. As older

individuals appear to present age-related muscle weakness, balance may not occur.

In addition to these peripheral constraints, recent studies have indicated that

balance disorders in older individuals may also occur due to altered central

mechanisms. In particular, the older people demonstrate a loss of central neurons

and synaptic connections, which reduces processing speed and the ability to

perform multiple activities simultaneously, predominantly those involving postural

control [11, 12]. Some differences in brain structure (loss of global brain mass, a

decline in volume of gray and white matter), biochemistry (differences in brain

neurochemistry), and function (changes in brain recruitment patterns) have been

observed [13] when comparing older adults with younger ones. Recent evidence

has demonstrated that brain activation alters as age increases [14], mainly in areas

such as the cerebellum, precuneus, occipital cortex, and basal ganglia, which seem

to be associated with ankle muscle activation. These brain areas are increasingly

activated in older but not in younger adults during ankle dorsiflexion movements.

Since these cortico-cerebellar areas contribute to higher-order cognitive processes

[15] and postural and balance control [16], these neural changes have been

interpreted as compensatory responses to age-related deficits in sensorimotor con-

trol of the distal lower limbs [14].

Therefore, functional constraints in both the central and peripheral nervous

systems seem to lead to inappropriate age-related postural responses to a constantly

changing sensory environment, which could be associated with an increased risk of

falling among this population. For instance, many fall events occur during the

performance of activities of daily living (ADLs) which associate two or more

tasks simultaneously. A dual task is defined as the simultaneous performance of a

primary task, usually postural, in association with another task, denominated

secondary, which could be a cognitive task (speaking, counting down, or speaking

different names), a simple motor task (holding a glass of water or carrying a tray), a

complex motor task (changing pocket coins), or cognitive/motor task (using a

telephone while walking) [14, 15]. In general, the performance of dual tasks in an

adequate manner involves dividing attention and making more effort to process

postural control and sensory information [11, 12]. Older individuals, when

performing a dual task, present changes in the maintenance of postural control

due to competition between the secondary task and effectiveness of motor

responses and sensory input, increasing the body sway to maintain balance [12].

One reason for these results might be the fact that both postural control and

cognitive/motor tasks occur at the cortical level, so to perform these activities

simultaneously implies competition for cortical processing, causing a reduc-

tion in the automatism of the older people to perform simultaneous

activities [11].
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Currently, many physical exercises/activities have been recommended to

maintain appropriate levels of multiple operating systems, and these benefits

are also extended to postural control. However, the underlying mechanisms

involved in these sensorimotor changes are still poorly understood. The aim of

this chapter is to demonstrate the changes in postural control over the years and

the mechanisms involved in the recovery of body stability. First, the aspects

involved in the functioning of the postural control system will be discussed, after

which, a multifactorial approach to reduce falls and the related injuries will be

addressed.

17.2 Aging and Postural Control

Historically, postural control was considered a summation of parallel and hierar-

chical reflex pathways [9, 17, 18]. Currently, it is understood as the complex

interaction between multiple neural systems underlying two functional goals:

postural orientation, the relative positioning of the body segments with respect to

each other and to the environment, and postural equilibrium, the state in which all

forces acting on the body are balanced [17].

Considering that postural control involves not only balance but also the ability to

assume and maintain a desired orientation, every movement involves postural

control [17]. Therefore, the accurate functioning of the postural control system

allows us to properly interact with the environment. However, a decline in postural

control performance is well documented in the older population [19, 20]. Further-

more, these age-related changes in the postural control system have been related to

falling individuals [21, 22]. Piirtola and Era [22] suggested that parameters of mean

speed and the root mean square of center of pressure (CP) could be used as

predictors of the number of falls among the older people during upright stance.

It has been found that older individuals with a history of falls present a larger sway

area of CP than older individuals with no history of falls [21]. Therefore, under-

standing the mechanisms underlying these alterations in the postural control system

is critical to fall prevention.

The postural control system involves different control mechanisms and behav-

ioral strategies. Regarding the control mechanisms, the compensatory (feedback)

and anticipatory (feedforward) postural adjustments can be mentioned. Compensa-

tory postural adjustments operate on the principle of negative feedback [23]; thus

afferent feedback is used to control the position of the body when the initial setting

is disturbed [24]. On the other hand, anticipatory postural control is based on

predictive control [23], since disturbances are anticipated using higher-order

processing rather than simple negative feedback [24]. Thus, this mechanism

involves muscle activation prior to the disturbance. In general, feedback postural

control is available when subjects are faced with unpredictable externally generated

disturbances, and feedforward postural control operates when subjects deal with

disturbances generated by their own movements (self-motion) [25].
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In the older people, the feedforward postural control mechanism is not used

effectively [26, 27], and, for this reason, it seems that older individuals rely more on

feedback control [26]. For Dault and coworkers [26], the inability of the older

individuals to use feedforward control could be related to motor and sensory

modifications associated with aging. This is a problem for the postural control

system because both feedback and feedforward control mechanisms must operate in

combination to achieve optimal motor control functioning [28]. If muscle activation

begins prior to the disturbance, it is possible to minimize the perturbation to vertical

posture, and, consequently, less feedback postural control is required. On the other

hand, if these anticipatory adjustments are not effective, the disturbance will be

greater, and compensatory postural adjustments may not be enough to recover

balance.

Behavioral strategies are required to recover balance after disturbances, and

these have been widely described [9, 17, 29]. The ankle strategy is the most

commonly used and is the most useful for slow and/or small perturbations

[17]. In this strategy, the ankle muscles alone act to recover the balance

[30]. Thus, after a perturbation, the vertical alignment is altered and the ankle

muscles activated in order to produce a torque at the ankle joint. When the ankle

muscles are not enough to restore balance, the hip strategy is used [30]. The hip

strategy is useful for rapid or large-amplitude disturbances [17] and consists of

flexing the hip, moving the center of mass posteriorly, or extending the hip to move

the center of mass anteriorly [30]. In addition, there is the stepping strategy, which

is usually used when the ankle and hip strategies are inadequate to maintain the

center of mass within the limits of stability [9]. The stepping strategy is useful for

very large and/or fast perturbations [9, 17] but may also be observed in small

perturbations in subjects who have not previously experienced the body position or

received instruction on keeping the feet in place [17]. Age-related alterations have

also been documented in these behavioral strategies [9, 19, 20]. Some studies have

shown that older individuals switch strategies from ankle to hip to recover postural

stability even after a small (feedback control) but unpredictable perturbation

[10, 31, 32]. Taking into account that postural control functioning is not such

efficient in older adults, disturbances of balance are generally more difficult to

recover by ankle strategy, and so older people adopt a more conservative hip

strategy.

Integration of sensory inputs is crucial to provide accurate information for

postural control system functioning. For instance, sensory inputs are used to adjust

self-initiated disturbances of stability (feedforward) and also to detect externally

triggered disturbances (feedback) [23, 33]. As the body oscillates, a wide variety of

receptors are activated and provide different types of inputs to the central nervous

system (CNS) to generate proper muscular contractions which are dependent on the

goals of the desired task in a specific environmental condition [33].

Generally, information from three sensory systems is available to the postural

control system: visual, vestibular, and somatosensory [34, 35]. The visual system

provides information about the position and movement of an object in space and the

position and movement of the limbs in the environment and the whole body through
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the eyes. The aging process reduces acuity, contrast sensitivity, depth perception,

and rapid adaptation to changing depth [20, 33], which could make the older people

more susceptible to falling. The somatosensory system provides information on the

position of the body in space relative to the supporting surface and the position

information and relative speed between body segments. The sensors of this system

include muscle proprioceptors (Golgi tendon organ and muscle spindles) and joint

and skin mechanoreceptors. The reduction in density and sensitivity of dermal

mechanoreceptors, the stiffness of tissue, and degeneration of peripheral nerves

may be related to decreased skin sensitivity over the years [20, 33]. The vestibular

system provides information about the orientation and movement of the head, and

the speed of information processing may reduce with age, also resulting in an

increased risk of falls.

Falls in older individuals have been associated with multiple underlying causes,

such as the sensory reweighting process [9]. Under normal conditions, the sensory

systems provide redundant information to the CNS regarding maintenance of body

position [35]. However, in constantly changing environments, some sensory cues

may become more reliable than others in order to achieve the movement task. When

this happens, visual, vestibular, and somatosensory inputs must be dynamically

reweighted in order to optimize the control of postural stability [17]. Upweights and

downweights of different sensory modalities appear to be linked in a nonlinear

process [36, 37]. Some evidence suggests that the older individuals are not able to

reweight sensory information appropriately [12, 20, 38]; however, it is still unclear

whether such differences are due to central [38, 39] or peripheral mechanisms [40].

Recently, Toledo and Barela [40] found evidence that sensory reweighting in

older adults might involve peripheral deterioration. In this study, older adults were

submitted to several assessments in order to evaluate central and peripheral

mechanisms. Peripheral mechanisms were evaluated by sensory (visual acuity,

visual contrast sensitivity, tactile foot sensitivity, and detection of passive ankle

motion) and motor (isometric ankle torque, muscular activity latency after stance

perturbation) assessments, and central mechanisms were evaluated by postural

control assessment (body sway during upright stance and induced by movement

of a visual scene). The results revealed that less accurate sensitivity to passive ankle

joint motion is related to larger body sway in sensory conflicting situations (induced

by movement of a visual scene). Thus, there is evidence that if peripheral sensation

is sufficiently intact, there is no difference in the sensory reweighting process

between young and older adults (fallers and non-fallers) [41] suggesting that

age-related changes in the reweighting process seem more likely to be due to

peripheral mechanisms.

Despite these varied aspects, older adults engaged in physical exercise programs

have demonstrated more effective performances of the postural control system in

many daily activities. Besides the functional fitness improvements from regular

physical exercise practice (strength, flexibility, coordination, balance, and resis-

tance cardiovascular), active older individuals are constantly encouraged to interact

with changing environments during exercise practicing which requires integration

between useful sensory information and appropriate muscle contractions which
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could benefit the postural control functioning. Based on these results, many

professionals have considered the multifactorial aspects to develop exercise

programs and prevent falls.

17.3 Physical Activity and Postural Control of Older Adults

The participation of older individuals in specific or multimodal exercise programs

is an important element in the prevention and rehabilitation of multiple aspects

associated with falls, such as muscle weakness, deterioration in postural control,

and committed instability during locomotion [e.g., 42, 43]. Although prevention of

falls has been the goal of several exercise programs, with different contributions to

the health style of the older people [e.g., 44–46], understanding of the aspects which

might actually change one or more factors associated with the risk of falling is still

being investigated. Meta-analyses and reviews about this issue have pointed out, in

many cases, incomplete methodologies, without strict definition of the groups or

training methods (frequency, intensity, duration) applied in physical activity

programs for the older adults which compromise the knowledge of consistent

results on the effects of exercise in reducing falls in this population [45, 47, 48].

Despite this lack of information, overall results have shown that the practice of

different types of physical exercise has beneficial effects on the health and quality

of life of older individuals, mainly due to maintenance of their functional and neural

capacity, independent mobility, and ability to carry out ADLs, which has been

associated with a lower risk and fear of falling [13, 43, 49, 50]. Table 17.1

summarizes the main findings regarding the effects of exercise/physical activity

training on the postural and functional parameters which are associated with the risk

of falling in older individuals.

Strength/resistance, balance, and aerobic training are the most popular activities

practiced by older adults and the most commonly prescribed among health

professionals to prevent the risk of falling [47, 51]. The American Geriatrics

Society and British Geriatrics Society Clinical Practice Guidelines for the preven-

tion of falls in older persons recommend additional training for gait and coordina-

tion that should be performed 1–3 times a week, with different exercise intensities,

and a duration of at least 12 months to achieve the necessary preventive benefits to

reduce falls. Pau and collaborators [52] investigated the effects of exercise intensity

(light or vigorous) on sitting and standing, static balance, and gait tasks in older

adults. The results indicated that vigorous intensity physical activity may reduce

body sway in static and dynamic situations and improve gait parameters in the older

adults during the performance of ADLs. Light physical activities appear to be also

beneficial but only in tasks involving static balance. These findings might be used to

plan and to implement more specific and effective fall prevention programs for

older people.

Particularly, the decline in postural control and increase in the incidence and risk

of falling due to the aging process [21, 22] have led older adults to practice

exercises in order to improve or maintain adequate levels of functioning of this

17 Falls and Postural Stability in Older Individuals: Implications. . . 269



T
a
b
le

1
7
.1

S
u
m
m
ar
iz
ed

ex
er
ci
se
/p
h
y
si
ca
l
ac
ti
v
it
y
tr
ai
n
in
g
ef
fe
ct
s
o
n
p
o
st
u
ra
l
an
d
fu
n
ct
io
n
al

p
ar
am

et
er
s

A
u
th
o
r

M
ai
n
o
b
je
ct
iv
es

M
ea
n
ag
e

In
te
rv
en
ti
o
n
/e
v
al
u
at
io
n

M
ai
n
as
se
ss
m
en
ts

M
ai
n
re
su
lt
s

P
er
ri
n

et
al
.
[4
2
]

E
x
am

in
e
th
e
in
fl
u
en
ce

o
f

co
n
ti
n
u
o
u
s
P
S
A
p
ra
ct
ic
e
o
n

p
o
st
u
ra
l
co
n
tr
o
l
in

th
e

el
d
er
ly

A
A
:

7
3
.9

y
ea
rs

IA
:
7
1
.9

y
ea
rs

A
I:
6
7
.9

y
ea
rs

II
:
7
3
.7

y
ea
rs

P
er
io
d
d
u
ri
n
g
w
h
ic
h
th
e

su
b
je
ct
s
w
er
e
en
g
ag
ed

in

P
S
A

P
o
st
u
ro
g
ra
p
h
ic

te
st
s

(s
ta
ti
c,
d
y
n
am

ic
w
it
h
a

si
n
g
le

an
d
fa
st
u
p
w
ar
d
ti
lt
,

an
d
d
y
n
am

ic
w
it
h
sl
o
w

si
n
u
so
id
al
o
sc
il
la
ti
o
n
s)
an
d

el
ec
tr
o
m
y
o
g
ra
p
h
y

re
sp
o
n
se
s

T
h
e
p
o
st
u
ra
l
co
n
tr
o
l

p
er
fo
rm

an
ce

d
ec
re
as
ed

in

th
e
o
rd
er
A
A
>
IA

>
A
I
>
II

H
es
s
et

al
.

[5
6
]

E
v
al
u
at
e
th
e
ef
fe
ct

o
f

1
0
-w

ee
k
,
h
ig
h
-i
n
te
n
si
ty

st
re
n
g
th

tr
ai
n
in
g
p
ro
g
ra
m

E
G
:

8
0
.9

y
ea
rs

C
G
:

8
2
.5

y
ea
rs

E
G
:
1
0
w
ee
k
s
(3

d
ay
s/

w
ee
k
)

I:
h
ig
h
-i
n
te
n
si
ty

st
re
n
g
th

tr
ai
n
in
g
p
ro
g
ra
m

(q
u
ad
ri
ce
p
s,
h
am

st
ri
n
g
s,

ti
b
ia
li
s
an
te
ri
o
r,

g
as
tr
o
cn
em

iu
s
m
u
sc
le
s)

P
re
-
an
d
p
o
st
-t
ra
in
in
g

ev
al
u
at
io
n

B
er
g
B
al
an
ce

S
ca
le
,

T
U
G
,

B
al
an
ce

C
o
n
fi
d
en
ce

S
ca
le

E
G
:
im

p
ro
v
em

en
ts
o
n
B
er
g

B
al
an
ce

S
ca
le

(
p
¼
0
.0
3
0
),

T
U
G

(
p
¼
0
.0
4
5
),
B
al
an
ce

C
o
n
fi
d
en
ce

S
ca
le

(
p
¼
0
.0
3
8
)

C
o
lc
o
m
b
e

et
al
.
[5
0
]

E
x
am

in
e
w
h
et
h
er

ae
ro
b
ic

fi
tn
es
s
tr
ai
n
in
g
o
f
o
ld
er

ad
u
lt
s
ca
n
in
cr
ea
se

b
ra
in

v
o
lu
m
e
in

re
g
io
n
s

as
so
ci
at
ed

w
it
h
ag
e-
re
la
te
d

d
ec
li
n
es

E
G
:

6
5
.5

y
ea
rs

C
G
:6
6
.9

y
ea
rs

Y
A
:
1
8
–
3
0

y
ea
rs

E
G
:
6
m
o
n
th
s
(3

d
ay
s/
w
ee
k
)

I:
ae
ro
b
ic

ex
er
ci
se
s

(c
ar
d
io
re
sp
ir
at
o
ry

fi
tn
es
s

p
re
sc
ri
b
ed

fr
o
m

H
R
)

C
G
:
6
m
o
n
th
s
(3

d
ay
s/

w
ee
k
)

I:
ae
ro
b
ic

ex
er
ci
se
s
(w

h
o
le
-

b
o
d
y
st
re
tc
h
in
g
an
d
to
n
in
g
)

E
G
an
d
C
G
:
V
O
2
an
d
M
R
I

im
ag
es

Y
A
:
M
R
I
im

ag
es

E
G
:
in
cr
ea
se
s
in

b
ra
in

v
o
lu
m
e
(g
ra
y
an
d
w
h
it
e

m
at
te
r
re
g
io
n
s)

B
ru
in
et
al
.

[4
6
]

E
v
al
u
at
e
th
e
ad
d
it
io
n
al

ef
fe
ct

o
f
fu
n
ct
io
n
al

ex
er
ci
se
s
o
n
b
al
an
ce

an
d

lo
w
er

ex
tr
em

it
y
fu
n
ct
io
n
in

st
re
n
g
th

tr
ai
n
in
g
o
f
o
ld
er

ad
u
lt
s

E
G
:

8
6
.3

y
ea
rs

C
G
:

8
6
.5

y
ea
rs

E
G
:
1
2
w
ee
k
s
(2

d
ay
s/

w
ee
k
)

I:
st
re
n
g
th

an
d
fu
n
ct
io
n
al

ex
er
ci
se
s
(4
5
m
in
+
3
0
m
in
)

C
G
:
1
2
w
ee
k
s
(2

d
ay
s/

w
ee
k
)

I:
st
re
n
g
th

ex
er
ci
se
s

(4
5
m
in
)

T
in
et
ti
S
ca
le
,

p
h
y
si
ca
l
p
er
fo
rm

an
ce

te
st
s

(t
im

ed
w
al
k
in
g
m
ea
su
re
,

ch
ai
r
st
an
d
te
st
,
ta
n
d
em

st
an
d
),

b
al
an
ce

te
st
,

m
ax
im

al
is
o
m
et
ri
c
k
n
ee

ex
te
n
so
r
m
u
sc
le

fo
rc
e

E
G
:
im

p
ro
v
em

en
t
o
n
T
in
et
ti

te
st
(
p
¼
0
.0
2
6
),
ch
ai
r
st
an
d

te
st
(
p
¼
0
.0
1
2
),
b
al
an
ce

te
st
(
p
¼
0
.0
0
9
)

270 P.F. Polastri et al.



M
ar
ti
n
ez
-

A
m
at
et
al
.

[5
4
]

E
v
al
u
at
e
th
e
ef
fe
ct

o
f
a

1
2
-w

ee
k
-s
p
ec
ifi
c

p
ro
p
ri
o
ce
p
ti
v
e
tr
ai
n
in
g

p
ro
g
ra
m

o
n
p
o
st
u
ra
l

st
ab
il
it
y
,
g
ai
t,
b
al
an
ce
,
an
d

fa
ll
p
re
v
en
ti
o
n

E
G
:

7
9
.3
5
y
ea
rs

C
G
:

7
7
.0

y
ea
rs

E
G
:
1
2
w
ee
k
s
(2

d
ay
s/

w
ee
k
)

C
G
:
m
ai
n
ta
in

ac
ti
v
it
y
le
v
el
s

an
d
m
ed
ic
at
io
n
d
u
ri
n
g
th
e

1
2
-w

ee
k
in
te
rv
en
ti
o
n
p
er
io
d

P
re
-
an
d
p
o
st
-t
ra
in
in
g

ev
al
u
at
io
n
,

T
in
et
ti
S
ca
le

(p
o
st
u
ra
l

st
ab
il
it
y
,
g
ai
t,
b
al
an
ce
,
an
d

ri
sk

o
f
fa
ll
in
g
),

B
er
g
B
al
an
ce

T
es
t

E
G
:
im

p
ro
v
em

en
ts
o
n
M
L

b
o
d
y
sw

ay
w
it
h
E
O

(
p
<
0
.0
5
)
an
d
A
P
b
o
d
y

sw
ay

w
it
h
E
C
(
p
<
0
.0
1
)

R
o
m
b
er
g
q
u
o
ti
en
t
ab
o
u
t

su
rf
ac
e
(
p
<
0
.0
5
)
an
d

sp
ee
d

(
p
<
0
.0
1
)

G
ai
t
(T
in
et
ti
te
st
):
im

p
ro
v
ed

1
4
.6
6
%

B
al
an
ce

(B
er
g
te
st
sc
o
re
s)
:

1
1
.4
7
%

L
ee

et
al
.

[4
4
]

E
v
al
u
at
e
ef
fe
ct
s
o
f
a

m
u
lt
if
ac
to
ri
al

fa
ll

p
re
v
en
ti
o
n
p
ro
g
ra
m

o
n
fa
ll

in
ci
d
en
ce

an
d
p
h
y
si
ca
l

fu
n
ct
io
n
in

co
m
m
u
n
it
y
-

d
w
el
li
n
g
o
ld
er

ad
u
lt
s

E
G
:

7
5
.4

y
ea
rs

C
G
:

7
6
.0

y
ea
rs

E
G
:
3
-m

o
n
th

m
u
lt
if
ac
to
ri
al

in
te
rv
en
ti
o
n
p
ro
g
ra
m

(8
-w

ee
k
,
1
d
ay
/w
ee
k
+
d
ai
ly

h
o
m
e
ex
er
ci
se
)

I:
h
ea
lt
h
ed
u
ca
ti
o
n
,
h
o
m
e

h
az
ar
d
s
ev
al
u
at
io
n
/

m
o
d
ifi
ca
ti
o
n
,
ex
er
ci
se

tr
ai
n
in
g
(s
tr
en
g
th
en
in
g
,

b
al
an
ce
,

ca
rd
io
re
sp
ir
at
o
ry

en
d
u
ra
n
ce
,
an
d
fl
ex
ib
il
it
y
)

C
G
:
3
-m

o
n
th

m
u
lt
if
ac
to
ri
al

in
te
rv
en
ti
o
n
p
ro
g
ra
m

I:
h
ea
lt
h
ed
u
ca
ti
o
n

b
ro
ch
u
re
s,
re
fe
rr
al
s,
an
d

re
co
m
m
en
d
at
io
n
s
w
it
h
o
u
t

d
ir
ec
t
ex
er
ci
se

in
te
rv
en
ti
o
n

P
re
-
an
d
p
o
st
-t
ra
in
in
g

ev
al
u
at
io
n

F
al
l
in
ci
d
en
ce

(1
fa
ll

d
u
ri
n
g
th
e

1
2
-m

o
n
th

fo
ll
o
w
-u
p
),

P
P
A
ri
sk

in
d
ex

(v
is
io
n
,

m
u
sc
u
la
r

st
re
n
g
th
,
re
ac
ti
o
n
ti
m
e,

p
o
st
u
ra
l
sw

ay
,
an
d

p
ro
p
ri
o
ce
p
ti
o
n
),

T
U
G
te
st
,
G
D
S
,
F
E
S
,

IP
A
Q

C
u
m
u
la
ti
v
e
1
-y
ea
r
fa
ll

in
ci
d
en
ce

E
G
:
2
5
.2
%

C
G
:
2
7
.6
%

E
G
:
P
P
A

im
p
ro
v
em

en
ts
o
n

fa
ll
ri
sk

in
d
ex
,
re
ac
ti
o
n

ti
m
e,
p
o
st
u
ra
l
sw

ay
w
it
h

E
O
,
T
U
G
te
st
,
an
d
G
D
S
,

es
p
ec
ia
ll
y
fo
r
m
ar
k
ed

fa
ll

ri
sk

o
ld
er

in
d
iv
id
u
al
s

(c
o
n
ti
n
u
ed
)

17 Falls and Postural Stability in Older Individuals: Implications. . . 271



T
a
b
le

1
7
.1

(c
o
n
ti
n
u
ed
)

A
u
th
o
r

M
ai
n
o
b
je
ct
iv
es

M
ea
n
ag
e

In
te
rv
en
ti
o
n
/e
v
al
u
at
io
n

M
ai
n
as
se
ss
m
en
ts

M
ai
n
re
su
lt
s

P
au

et
al
.

[5
2
]

A
ss
es
s
th
e
ef
fe
ct
s
o
f

v
ig
o
ro
u
s
an
d
li
g
h
t
p
h
y
si
ca
l

ac
ti
v
it
y
o
n
st
at
ic

b
al
an
ce
,

g
ai
t,
an
d
si
t-
to
-s
ta
n
d
(S
T
S
)

ta
sk
s
in

a
co
h
o
rt
o
f
h
ea
lt
h
y

o
ld
er

ad
u
lt
s

V
P
A
:

6
9
.8

y
ea
rs

L
P
A
:

7
0
.3

y
ea
rs

V
P
A
:
1
2
w
ee
k
s
(3

d
ay
s/

w
ee
k
)

I:
4
5
m
in

w
it
h
%
H
R
R
in

th
e

ra
n
g
e
6
0
–
8
4
%

(a
er
o
b
ic

an
d

an
ae
ro
b
ic

ex
er
ci
se
s)

L
P
A
:
1
2
w
ee
k
s
(3

d
ay
s/

w
ee
k
)

I:
%
H
R
R
b
el
o
w
4
0
%

(s
ta
ti
c

an
d
d
y
n
am

ic
ex
er
ci
se
s
fo
r

p
o
st
u
re

an
d
b
al
an
ce
,
jo
in
t

an
d
sp
in
e
m
o
b
il
it
y
)

P
re
-
an
d
p
o
st
-t
ra
in
in
g

ev
al
u
at
io
n

B
ip
ed
al

st
an
ce
s
(E
O
an
d

E
C
).

U
n
ip
ed
al

st
an
ce

(l
ef
t
an
d

ri
g
h
t)
,

G
ai
t:
sp
at
io
te
m
p
o
ra
l

p
ar
am

et
er
s,

S
it
-t
o
-s
ta
n
d
te
st

V
P
A
:
im

p
ro
v
em

en
ts
o
n
g
ai
t

p
ar
am

et
er
s
(
p
<
0
.0
0
1
)
an
d

S
T
S
ti
m
e
(
p
<
0
.0
0
1
),

re
d
u
ce
d
b
o
d
y
sw

ay
w
it
h
E
C

(
p
<
0
.0
1
)

L
P
A
:
d
ec
re
as
ed

sw
in
g

p
h
as
e
d
u
ra
ti
o
n
(
p
¼
0
.0
4
2
)

an
d
re
d
u
ce
d
b
o
d
y
sw

ay
w
it
h

E
C
(
p
<
0
.0
5
)

G
ia
n
o
u
d
is

et
al
.
[5
1
]

E
v
al
u
at
e
th
e
ef
fe
ct
iv
en
es
s

an
d
fe
as
ib
il
it
y
o
f
a

m
u
lt
im

o
d
al

ex
er
ci
se

p
ro
g
ra
m

in
o
ld
er

ad
u
lt
s

E
G
:

6
7
.7

y
ea
rs

C
G
:

6
7
.2

y
ea
rs

E
G
:
1
2
m
o
n
th
s
(3

d
ay
s/

w
ee
k
)
–
O
st
eo
-c
is
e
ex
er
ci
se

p
ro
g
ra
m

I:
H
V
‐P
R
T
,
w
ei
g
h
t‐
b
ea
ri
n
g

im
p
ac
t
an
d
ch
al
le
n
g
in
g

b
al
an
ce
/m

o
b
il
it
y
ac
ti
v
it
ie
s

C
G
:
to

co
n
ti
n
u
e
u
su
al

ca
re

an
d
to

ta
k
e
ch
ar
g
e
o
f
o
w
n

m
u
sc
u
lo
sk
el
et
al

h
ea
lt
h

F
em

o
ra
l
n
ec
k
an
d
lu
m
b
ar

sp
in
e
B
M
D
,
m
u
sc
le

st
re
n
g
th
,

fu
n
ct
io
n
al

m
u
sc
le

p
o
w
er

(T
im

ed
S
ta
ir
C
li
m
b
te
st
),

d
y
n
am

ic
b
al
an
ce

(F
o
u
r

S
q
u
ar
e
S
te
p
an
d
S
it
‐t
o
‐

S
ta
n
d
te
st
s)
,
T
U
G
,
fa
ll
s

ra
te

E
G
:
g
ai
n
s
in

fe
m
o
ra
l
n
ec
k

an
d
lu
m
b
ar

sp
in
e
B
M
D

(
p
<
0
.0
5
),
m
u
sc
le

st
re
n
g
th

(
p
<
0
.0
5
),
fu
n
ct
io
n
al

m
u
sc
le

p
o
w
er

(
p
<
0
.0
5
),

an
d
d
y
n
am

ic
b
al
an
ce

(
p
<
0
.0
1
)

P
S
A
p
ra
ct
ic
e
o
f
p
h
y
si
ca
l
an
d
sp
o
rt
in
g
ac
ti
v
it
ie
s,
A
A
ac
ti
v
e-
ac
ti
v
e
g
ro
u
p
,
IA

in
ac
ti
v
e-
ac
ti
v
e
g
ro
u
p
,
A
I
ac
ti
v
e-
in
ac
ti
v
e
g
ro
u
p
,
II
in
ac
ti
v
e-
in
ac
ti
v
e
g
ro
u
p
,
E
G

ex
p
er
im

en
ta
l
g
ro
u
p
,
C
G
co
n
tr
o
l
g
ro
u
p
,
B
B
S
b
er
g
b
al
an
ce

sc
al
e,
T
U
G
ti
m
ed

U
p
an
d
G
o
,
I
in
te
rv
en
ti
o
n
,
H
R
p
ea
k
h
ea
rt
ra
te
,
V
O
2
m
ax
im

al
o
x
y
g
en

u
p
ta
k
e,
M
R
I

m
ag
n
et
ic

re
so
n
an
ce

im
ag
in
g
,
m
in

m
in
u
te
s,
M
L
m
ed
ia
l
la
te
ra
l,
A
P
an
te
ri
o
r
p
o
st
er
io
r,
E
O
ey
es

o
p
en
,
E
C
ey
es

cl
o
se
d
,
P
P
A
P
h
y
si
o
lo
g
ic
al

P
ro
fi
le

A
ss
es
sm

en
t,

IP
A
Q
In
te
rn
at
io
n
al
P
h
y
si
ca
l
A
ct
iv
it
y
Q
u
es
ti
o
n
n
ai
re
,
G
D
S
G
er
ia
tr
ic
D
ep
re
ss
io
n
S
ca
le
,
F
E
S
F
al
l
E
ffi
ca
cy

S
ca
le
-I
n
te
rn
at
io
n
al
,
V
P
A
v
ig
o
ro
u
s
p
h
y
si
ca
l
ac
ti
v
it
y
,

L
P
A
li
g
h
t
p
h
y
si
ca
l
ac
ti
v
it
y
,
H
R
R
H
ea
rt
R
at
e
R
es
er
v
e,
P
R
T
p
ro
g
re
ss
iv
e
re
si
st
an
ce

tr
ai
n
in
g
,
H
V
h
ig
h
v
el
o
ci
ty
,
B
M
D

b
o
n
e
m
in
er
al

d
en
si
ty

272 P.F. Polastri et al.



system [51, 53]. These exercises are based on generating situations involving

balance and postural orientation, increased mobility through the environment, shifts

of movement direction, postural disturbances through sudden events, and sensory

system manipulation [45, 52]. These situations lead the postural control system to

produce effective and adaptable motor responses due to the disturbances suffered in

these contexts. Prioli and collaborators [38] showed that sedentary older individuals

presented larger body sway in response to changing visual stimulus compared to

active older and young adults. In addition, active older adults are able to respond

more quickly and accurately to situations of sensory conflict than their sedentary

peers. These results suggest that exercise practice might improve the perceptual-

motor skills of the older adults decreasing the risk of falls associated with the

deterioration of the postural control system.

Many studies have compared the effectiveness of different types of exercise on

the postural control performance of healthy older people. Stretching and multisen-

sory training [54]; strength and flexibility exercises [47]; functional exercises [46];

tai chi, Pilates, and Yoga [53]; and, recently, cognitive training and training with

virtual reality [49, 55] are some of these exercises. For instance, Hess et al. [56]

showed that high-intensity strength training improved the postural stability levels

and balance confidence of 80-year-old individuals after 10 weeks of training.

Overall, all these studies show that the practice of more than one type of exercise

appears to be effective for decreasing postural instability, improving functional

tasks and ADL performance and, thus, preventing the risk of falls.

Therefore, involvement in physical exercise programs may be crucial to the

maintenance and improvement of postural control performance over the years.

The period in which this practice occurred in the life of the older individual is also

worth noting, since older individuals who have always practiced physical and

sporting activities present better postural control performance, followed by older

individuals who have recently begun this practice and those who practiced

physical/sport activity only at earlier ages [42]. Older individuals who have

never practiced regular physical/sports activity present the worst performance

of this system, demonstrating greater postural instability compared to the other

groups [42].

Recent studies have shown that the benefits of this practice extend beyond the

neuromuscular and sensory alterations observed in the peripheral nervous system

[13]. Colcombe and collaborators [50] observed an increase in the brain volume of

healthy subjects, aged 60–79 years, after only 6 months of regular aerobic training.

There is evidence that exercise may increase the performance of prefrontal brain

regions, enabling better control of movement and compensation in the functioning of

brain areas directly affected by the aging process, which causes balance disorders,

lower coordination, and slower movements, mainly during gait [13, 49, 50].

Unfortunately, there is no consensus in the literature about which exercise is

better for the maintenance and/or improvement of the postural control system and,

consequently, fall prevention. This is most likely because there are no specific

exercises to prevent falls; however, it seems that regular physical exercise, regard-

less of the type, enables the older people to act on the environment and receive
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sensory information in order to produce adequate muscular activation. Active older

adults might be able to better calibrate their postural responses to environmental

contexts.

Currently, many countries offer public policies to reduce the risk of falls in the

older individuals due to the high costs of public health hospitalizations [57],

reduced functional capacity postfracture, and increased dependence after falls.

The main program for the prevention of falls recommended by the World Health

Organization [58] comprises educational health, exercise practice, dual-task train-

ing, and identification of the risks of falling (individual, environmental, and social).

There are many successful programs to prevent falls around the world, such as the

Thematic Networks, the Prevention of Falls Network for Dissemination (Pro-

FouND) in Europe, the National Institute for Health and Care Excellence (NICE)

in the United Kingdom, the Canadian Falls Prevention Curriculum# supported by

the Population Health Fund of the Public Health Agency of Canada, and the

National Health Policy for the Elderly in Brazil. The programs propose taking

part in a minimum of 50 h of these activities (equivalent to 2 h per week for

6 months, twice a week) for 12 weeks or more [59, 60]. Many programs have helped

to reduce the incidence of falls and public costs from hospitalizations and

morbidities in the elderly, ensuring the maintenance of functional capacity and

quality of life for seniors.

17.4 Final Considerations

Postural control is essential for the majority of daily motor activities. Degradation

of this system over the years may be related to the increased risk of falls in the older

population. Neural activation and sensorimotor coupling seem to be altered in the

older people which lead to poor postural responses to the environment. Exercise

practice results in benefits for postural control in neurologically healthy older

individuals, improving balance and reducing the risk of falls. Although the

mechanisms underlying the improvements in the postural control system are not

entirely known, many countries have developed fall prevention programs in order

to reduce the incidence of falls and public costs from hospitalizations and

morbidities in the older population.
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(4):898–909.

44. Lee HC, Chang KC, Tsauo JY, Hung JW, Huang YC, Lin SI. Effects of a multifactorial fall

prevention program on fall incidence and physical function in community-dwelling older

adults with risk of falls. Arch Phys Med Rehabil. 2013;94(4):606–15.

45. Fernandez-Arguelles EL, Rodriguez-Mansilla J, Antunez LE, Garrido-Ardila EM, Munhoz

RP. Effects of dancing on the risk of falling related factors of healthy older adults: a systematic

review. Arch Gerontol Geriatr. 2015;60(1):1–8.

46. Bruin ED, Murer K. Effect of additional functional exercises on balance in elderly people. Clin

Rehabil. 2007;21:112–21.

47. Gschwind YJ, Kressig RW, Lacroix A, Muehlbauer T, Pfenninger B, Granacher U. A best

practice fall prevention exercise program to improve balance, strength/ power, and psychoso-

cial health in older adults: study protocol for a randomized controlled trial. BMC Geriatr.

2013;105:1–13.

48. Balzer K, Bremer M, Schramm S, Luhmann D, Raspe H. Fall prevention for the elderly. GMS

Health Technol Assess. 2012;8:1–18.

276 P.F. Polastri et al.



49. Bherer L. Cognitive plasticity in older adults: effects of cognitive training and physical

exercise. Ann N Y Acad Sci. 2015;1337:1–6.

50. Colcombe SJ, Erickson KI, Scalf PE, Kim JS, Prakash R, Mcauley E, et al. Aerobic exercise

training increases brain volume in aging humans. J Gerontol. 2006;61A(11):1166–70.

51. Gianoudis J, Bailey CA, Ebeling PR, Nowson CA, Sanders KM, Hill K, et al. Effects of a

targeted multimodal exercise program incorporating high-speed power training on falls and

fracture risk factors in older adults: a community-based randomized controlled trial. J Bone

Miner Res. 2014;29(1):182–91.

52. Pau M, Leban B, Collu G, Migliaccio GM. Effect of light and vigorous physical activity on

balance and gait of older adults. Arch Gerontol Geriatr. 2014;59(3):568–73.

53. Baker AL, Bird ML, Talesvski J. Effect of pilates exercise for improving balance in older

adults. Arch Phys Med Rehabil. 2015;96(4):715–23.

54. Martinez-Amat A, Hita-Contreras F, Lomas-Vega R, Caballero-Martinez I, Alvarez PJ,
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Exercise to Maximise Postural Control
and Reduce the Risk of Falls in Older Age 18
Anne Tiedemann and Catherine Sherrington

Abstract

The risk of experiencing a fall increases with advanced age, with at least one

third of community-dwelling people aged 65 years and older falling annually.

Falls can have a significant impact on an older person and commonly result in

disability, loss of mobility, reduced quality of life and fear of falling. More

serious fall-related consequences can include hip fracture, permanent disability,

institutionalisation and death. Falling or loss of postural control results from a

mismatch between an individual’s physical ability and the demands of the

environment and/or of the activity being undertaken. The physiological factors

that underpin postural control decline with age, leading to a greater risk of

falling. Some of these impairments, such as reduced muscle strength, can be

improved with exercise, whereas others, such as poor vision, require other

interventions. Targeted exercise is crucial for promoting functional indepen-

dence and reducing the risk of falling in older age. Extensive research evidence

strongly supports exercise as an effective single intervention to improve postural

control and prevent falls in community-dwelling older people. Programmes that

include exercises that challenge balance are proven to be more effective in

preventing falls than programmes that do not challenge balance. Exercise should

also be progressively challenging and ongoing and of sufficient dose to maxi-

mise its benefits in reducing falls. Uptake and long-term adherence to effective

exercise programmes is more likely if older people’s preferences and individual

needs are considered. This chapter outlines the key elements of effective fall

prevention exercise programmes for community-dwelling older people.
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18.1 Introduction

A fall is defined as “an unexpected event in which the participant comes to rest on

the ground, floor, or lower level, as a result of a loss of balance” [1]. Falls affect a

significant number of older people worldwide, with over one third of community-

dwelling people aged 65 years and older falling one or more times every year. With

the worldwide proportion of people aged 65 years and older expected to increase

substantially in the years to come and the high resource burden resulting from many

falls, this is a public health issue that demands attention.

Falls can have serious long-term consequences for the older person and their

families. Falls may result in loss of mobility, ongoing disability, reduced quality of

life, social isolation and fear of falling [2]. Most falls result in only minor injuries;

however, more serious consequences can include hip fracture, permanent disability,

institutionalisation and death.

Globally falls are the second leading cause of unintentional injury death, after

road traffic injuries [3], and account for approximately 18% of emergency hospital

admissions in the 65+-year age group [4]. Fall rates in frailer older people, such as

those residing in aged care facilities, are reported to be between 40% and 56% each

year. Furthermore, people who have been hospitalised due to a fall-related injury

are more likely to be discharged to a residential aged care facility or to require

ongoing assistance at home from community services compared to older people

hospitalised for non-fall-related conditions.

In addition to the substantial psychosocial and opportunity costs associated with

falls, there is also a high economic cost. Falls are the leading cause of injury-related

hospitalisation in people aged 65 years and over and account for 75% of these

hospitalisations. Furthermore, patients admitted to hospital as a result of a fall have

a longer average length of stay than those admitted for other reasons. In 2013, the

direct medical costs of fall-related injury among older adults in the USA were over

$34 billion [5]. These substantial health-care costs will rise in significance if fall

prevention is not given more priority in the area of preventive health care.

18.2 Postural Instability and Falls

Postural control is defined as the maintenance of the body’s centre of gravity within

its base of support during stance or voluntary movements and in response to

postural perturbations [6]. Input to the central nervous system is received from

the visual, vestibular and somatosensory systems to allow for adjustments to be

made to body position to maintain an upright bodily posture.
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A fall occurs when an individual’s physiology cannot cope with an activity being

undertaken and/or the environment in which the activity is being undertaken.

Instability and falls in older people can result from impairment in any component

of the postural control system, and poor balance is widely acknowledged as being a

significant contributor to the increased incidence of falls in people aged 65 and

older. If older people encounter a hazard that causes them to trip or slip, they are

less likely to recover stability in time to prevent a fall because of age-related

impairments in various physiological systems, such as vision, peripheral sensation,

muscle strength, reaction time and vestibular sense. Furthermore, when one of the

components of the postural control system is deficient, there is a greater reliance on

the remaining components to help maintain balance, therefore increasing the

demands on the sensorimotor systems and consequently increasing the likelihood

of a fall.

It is widely accepted that the risk of falling increases with the number of risk

factors present. Falls are not random events and can be predicted by assessing

certain risk factors [7, 8]. Some of these risk factors (e.g. reduced muscle strength

and impaired balance and gait) can be improved with exercise [9], whereas others

(e.g. poor vision, psychoactive medication use) require other intervention

approaches.

18.3 Interventions to Prevent Falls

While falls are quite common in older age, a large body of well-conducted research

shows that falls are not an inevitable consequence of ageing. Several interventions

have been identified as effective strategies to reduce the risk and rate of falls among

community-dwelling older people [10].

Clinical trials strongly support exercise as an effective single intervention to

prevent falls in community dwellers [10, 11]. Exercise is effective in reducing the

risk of falling for both general community dwellers [12] and people at a high risk of

falls [13]. The recent Cochrane review of interventions to prevent falls in

community-dwelling older people concluded that exercise can reduce the risk and

rate of falls in older people by between 15 and 32%, depending on the type of

programme and measures used to assess effectiveness [10].

Multifaceted interventions can also prevent falls [10], and many of these include

exercise. Several other single interventions have been demonstrated to prevent falls

in randomised controlled trials: home safety modifications in people who have

previously fallen [14]; reducing intake of psychoactive medications [15]; enhanced

podiatry [16]; cataract surgery [17]; the use of single lens rather than bi-, tri- or

multifocal glasses for outdoor mobility [18]; and the insertion of cardiac

pacemakers for the small proportion of people who experience blackouts and are

diagnosed with the cardio-inhibitory form of carotid sinus hypersensitivity

[19]. Impaired muscle strength and poor postural control are known to significantly

increase fall risk, making exercise an obvious choice as a fall prevention interven-

tion since exercise is known to impact on these risk factors.
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18.4 Effective Fall Prevention Exercise

A systematic review and meta-analysis of fall prevention exercise programmes by

our group included 54 randomised controlled trials [11]. The systematic review and

meta-analysis aimed to determine the specific fall prevention exercise programme

characteristics that were most strongly associated with fall prevention benefits. The

results indicated that the optimal exercise programme for preventing falls is one

that contains the following three elements: exercises that provides a high challenge

to balance, exercise of a high dose and no walking programme. This combination of

factors resulted in a significant 38% reduction in the rate of falls (adjusted pooled

rate ratio¼ 0.62, 95% confidence interval 0.54–0.73). In comparison, programmes

that included a high challenge to balance and a high dose but also included a

walking programme resulted in a lower 21% reduction in the rate of falls (adjusted

pooled rate ratio¼ 0.79, 95% confidence interval 0.70–0.89). Effective challenge

to balance is provided with exercises that are conducted while standing in which

participants aim to (a) stand with their feet closer together or on one leg,

(b) minimise the use of their hands to assist balance and (c) practise controlled

movements of the body’s centre of mass.

The apparent detrimental effect on fall rates of the inclusion of walking

programmes may be due to (a) increased exposure to hazards that increase fall

risk when walking, (b) walking taking time away from high-level balance training

or (c) confounding of the results as walking programmes were more likely to be

prescribed in high-risk populations (e.g. in residential care) and the beneficial

effects of exercise in this population are less marked. While current evidence

suggests that walking is not an effective fall prevention strategy in some studies,

there are other benefits of walking programmes for older people [20, 21]. We

suggest walking training be included in a fall prevention programme as long as

balance training is the main programme focus, and walking is additional to

it. However, high-risk individuals should not be prescribed brisk walking

programmes due to the increased risk of falls with this activity [22]. The Otago

Exercise Programme [23] (described below) can be effective in preventing falls and

includes the prescription of a walking programme if the exercise provider considers

the individual participant to be safely able to undertake such a programme. We

suggest that this approach be used for participants in all fall prevention exercise

programmes.

When selecting the initial level of balance exercise difficulty, there should be

consideration of the capabilities of the individual and procedures to ensure safety.

Once the older person has mastered a balance exercise in a stable and confident

manner without the need for upper limb support, the exercise should be progressed

to increase the challenge to balance. Methods to increase the intensity and effec-

tiveness of balance-challenging exercises over time include (a) using progressively

more difficult postures with a gradual reduction in the base of support

(e.g. two-legged stand, semi-tandem stand, tandem stand, one-legged stand),

(b) using dynamic movements that perturb the centre of gravity (e.g. tandem

walk, circle turns, leaning and reaching activities, stepping over obstacles),
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(c) specific resistance training for postural muscle groups (e.g. heel stands, toe

stands, hip abduction with added weights to increase intensity, unsupported sit to

stand practice) and/or (d) reducing sensory input (e.g. standing with eyes closed,

standing/walking on an unstable surface such as foam mats) [24]. Further challenge

can be provided by the use of dual tasks, such as combining a memory task with a

gait training exercise or a hand-eye coordination activity with a balance task. Some

examples of exercises which challenge balance and are appropriate for older people

to perform are included in Table 18.1. Information is also included about methods

for progression of exercise intensity over time.

The systematic review and meta-analysis conducted by Sherrington and

colleagues [11] also identified exercise dose as a factor that impacted on fall

prevention programme effectiveness, where a higher dose of exercise (e.g. a dose

Table 18.1 Balance-challenging exercises suitable for prescription to older people and methods

to progress exercise intensity

Baseline exercise Progression

Graded reaching in standing Use narrower foot placement

Reach further and in different directions

Reach down to a stool or the floor

Reach for heavier objects

Stand on a softer surface, e.g. foam mat

Step while reaching

Stepping in different directions Take longer or faster steps

Step over obstacle

Pivot on non-stepping foot

Walking practice Decrease base of support, e.g. tandem walk

Increase step length and speed

Walk on different surfaces

Walk in different directions

Walk around and over obstacles

Heel-and-toe walking

Sit to stand Don’t use hands to push off

Lower chair height

Use a softer chair

Add weight (vest or belt)

Heel raises Decrease hand support

Hold raise for longer

Perform on one leg at a time

Add weight (vest or belt)

Step-ups—forward and lateral Decrease hand support

Increase step height

Add weight (vest or belt)

Half squats sliding down a wall Decrease hand support

Hold the squat for longer

Move a short distance away from the wall

Add weight (vest or belt)

Perform on one leg at a time

Adapted from Tiedemann et al. [25]
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of more than 50 h of exercise, typically 2� 1 h sessions per week for 6 months) was

associated with a significantly greater fall prevention effect. It is likely that exercise

needs to be ongoing to have a lasting effect on fall rates. Therefore, programmes

should offer ongoing exercise or encourage people to undertake ongoing exercise at

the end of a short-term formal programme as recommended by the American

College of Sports Medicine.

18.5 Exercise-Based Fall Prevention Programmes

Programmes that include exercises that challenge balance are more effective in

preventing falls than programmes that do not challenge balance. Undertaking

specific balance-challenging exercise on a regular basis for a sustained period of

time is essential to significantly reduce fall risk. Some examples of effective fall

prevention exercise programmes are detailed below.

18.5.1 Otago Exercise Programme of Home-Based Strength
and Balance Exercise

The Otago Exercise Programme of home-based strength and balance exercise was

developed by researchers in New Zealand in 2001 [26]. It was specifically designed

to prevent falls and consists of a set of leg muscle strengthening and balance

training exercises progressing in difficulty and a walking plan. In four well-

designed randomised controlled trials, it has been shown to be effective in reducing

the number of falls and fall-related injuries by 35% in community-dwelling older

adults and had the greatest impact in those aged 80 and older [23].

The Otago Exercise Programme is designed to be delivered during five home

visits by a trained instructor, commonly a nurse or physiotherapist. The exercises

are individually tailored to the participants’ current ability and can be prescribed

with the use of ankle cuff weights for the strengthening exercises where appropri-

ate. The exercises take about 30 min to complete and are recommended to be

undertaken three times a week. In addition, participants are advised to go for a walk

at least twice a week.

Otago Exercise Programme participants receive a booklet with instructions for

each exercise prescribed and ankle cuff weights (starting at 1 kg). To promote

adherence participants are also encouraged to complete an exercise diary to record

the days they undertake the programme. The instructor also provides support and

guidance via telephone contact to them each month between home visits. Follow-up

home visits are recommended every 6 months.
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18.5.2 The Lifestyle-Integrated Functional Exercise (LiFE)
Programme

The Lifestyle-integrated Functional Exercise (LiFE) programme was developed by

researchers in Australia in 2012 [27] and uses a unique approach of integrating

exercise into everyday activities to prevent falls in older people. In a randomised

controlled trial involving 317 people aged 70 years and older, the LiFE programme

reduced the rate of falls after 12 months by 31% compared with the control

group [27].

The LiFE programme was developed to provide an alternative to typical

structured exercise programmes, giving choice for older people who may find

such exercise programmes unappealing or unrealistic. It involves embedding bal-

ance and lower limb strength training into daily routines such as climbing stairs,

stepping over objects and moving from sitting to standing. Rather than prescribing a

set of exercises to be carried out at set times several times a week, the LiFE

programme activities are recommended to be carried out whenever the opportunity

arises during the day.

The LiFE programme is delivered by a trained instructor during five home visits,

with two additional booster visits and two follow-up phone calls over a 6-month

period. Participants also receive a printed workbook that outlines the activities and

how to progress their difficulty over time.

The participant and instructor plan how to embed the programme activities into

the participant’s daily routine. Each programme is unique as it is tailored to what

the participant routinely does and how they decide to embed the activities into their

usual daily routine. For example, standing on one leg to challenge balance while

waiting for the kettle to boil or squatting down to pick things up from floor level

rather than bending in order to strengthen thigh muscles.

18.5.3 Tai Chi

Tai Chi is an ancient form of exercise with its origins in China that is usually

performed in a group. There are many different forms of Tai Chi, but all are linked

by three main underlying concepts: (a) movement control, where Tai Chi

movements are slow, smooth and continuous; (b) weight transference, where Tai

Chi movements focus on transferring weight with each step; and (c) integration of

mind and body, where Tai Chi movements are practised with a calm and relaxed

mind to aid in the relaxation of muscles and joints.

A 2012 Cochrane review of interventions to prevent falls in community-

dwelling older people [10] found that Tai Chi was effective in reducing the risk

and rate of falls in older people by around 30%. A sub-group analysis also

determined that Tai Chi appears to be more effective in general community-

dwelling older people rather than those who are at high risk of falling (i.e. those

who have previously fallen).
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18.5.4 Other Group-Based Exercise Programmes

Several other group-based fall prevention exercise programmes have been shown to

be effective in the research context. Barnett and colleagues conducted a randomised

controlled trial among 163 people aged 65 years who were identified as being at risk

of falling [28]. The intervention consisted of weekly hour-long group-based exer-

cise classes designed to improve balance, coordination, aerobic capacity and

muscle strength. The content of the classes focussed on improving balance during

functional activities such as transfers, reaching and stepping. Participants were also

encouraged to carry out the exercises at home. The exercises were progressed in

complexity and speed over the 12-month study period. At the end of the 12-month

period, the intervention group had a 40% lower rate of falls compared with the no

exercise control group.

Similarly, Lord and colleagues [29] conducted a randomised controlled trial

among 551 people aged 62 years and older living in retirement villages in Australia.

They aimed to determine the effect of participation in an exercise programme on

physical functioning and falls. The exercise programme ran for 12 months and

consisted of a twice-weekly group-based programme that focussed on reducing fall

risk by improving strength, balance, coordination, speed and gait. The exercises

were also designed to improve the participants’ ability to carry out activities of

daily living such as stair climbing, postural transfers and turning and reaching. The

hour-long exercise groups were led by trained instructors, and most of the exercises

were undertaken while weight bearing, with a major emphasis on social interaction

and enjoyment. At the end of the 12-month period, the intervention group had a

22% lower rate of falls compared with the control group.

Exercises that target strengthening of the lower limb muscle groups [23, 27, 28]

and muscles of the ankles and feet [16] have been included in successful fall

prevention programmes. As with any effective exercise programme, it is crucial

to progress the intensity of the resistance used over time to ensure muscles are

overloaded and gains in strength are achieved.

Balance involves anticipatory and ongoing postural adjustments and is thus a

coordination task. Activities such as aerobics, tennis and lawn bowls have not been

evaluated for their effectiveness in preventing falls, but as they require coordination

practice, they are likely to be beneficial in maintaining balance abilities for middle-

aged people and abler older people. For older people with poorer postural control,

these activities may increase risk of falling so individually prescribed exercises

which safely challenge balance may be more appropriate.

There is emerging evidence that yoga-based exercise may be beneficial for

preventing falls. A recent systematic review and meta-analysis by the chapter

authors [30] identified the effect of yoga on balance and mobility in people aged

60 years and over. Six randomised controlled trials were included, and the results

showed that yoga interventions resulted in small improvements in balance and

medium improvements in mobility (standardised mean differences of 0.40 and

0.50, respectively). Further research is required to determine whether yoga-related

improvements in balance and mobility translate to prevention of falls in older people.

286 A. Tiedemann and C. Sherrington



18.6 Implementation Considerations

People aged 85 years and over and those with chronic disease or functional

limitations are at a substantially increased risk of falls. Exercise programmes for

these groups must be prescribed carefully to ensure they do not cause falls. There is

evidence that falls can be prevented in people at increased risk of falls through well-

designed exercise programmes. Further research is needed to determine the optimal

approach for preventing falls in people with specific medical conditions such as

Parkinson’s disease and stroke.

Our recently published trial of an individualised home-based fall prevention

exercise programme delivered to people recently discharged from hospital [31]

found that the intervention significantly improved performance-based mobility but

also significantly increased the rate of falls. This result suggests that unsupervised

home exercise alone cannot be recommended as a fall prevention intervention for

this high-risk group of older people. Further research is required to determine the

optimal fall prevention programme for effectively preventing falls in older people

recently discharged from hospital.

Exercise guidelines recommend an extended cool-down period after physical

activity for older people, to reduce the chance of hypotension, syncope or

arrhythmias during the postexercise recovery period. Certain medical conditions

require additional precautions for exercise to be undertaken safely and effectively.

For example, people with osteoarthritis may require analgesia [32], people with

asthma [33] and heart disease/angina [34] may require the use of medication, and

people with diabetes may require additional carbohydrate prior to or during exer-

cise [35]. Dehydration is more likely to occur in older people taking diuretics, so

fluid intake is recommended before, during and after exercise.

Despite the evidence promoting its benefits, a major limitation of exercise as a

public health intervention is low rates of participation, with reported participa-

tion rates as low as 6% for balance training exercise among older people

[36]. Consideration of factors that maximise uptake and participation in exercise

programmes by older people is important, such as moderate-duration activity,

programme accessibility and convenience, emphasis on social aspects, strong

leadership and individually tailored exercise. Furthermore, it has been

demonstrated that fall prevention programmes that are labelled with a positive

health message, such as “healthy ageing,” are likely to be more acceptable to

older people than those which describe themselves explicitly as “fall prevention”

programmes.

18.7 Conclusion

In summary, the research evidence shows that in order to improve postural

control and prevent falls in older age, exercise programmes need to target three

key elements: gradual reduction in the base of support (move feet closer together

in standing or stand on one leg), gradual reduction in the use of upper limb
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support to assist balance (reduce the amount of holding on to stable objects) and

practice of controlled movements of the body’s centre of mass (move to limits of

stability).

A range of exercise programmes which target balance and provide ongoing

exercise are effective in preventing falls. These include the Otago Exercise

Programme of home-based balance and strength training [23], the LiFE programme

of embedded balance and strength training into habitual daily routines [27], group-

based Tai Chi [37, 38] and other group-based balance and strengthening exercises

[28, 29]. As exercises that focussed on muscles of the ankles and feet were

considered to be important components of a successful podiatry fall prevention

trial [16], such exercises could also be considered for inclusion in general exercise

programmes and especially for the high proportion of older people with foot

problems. Programme design should meet the needs and abilities of the target

population to ensure it provides exercise that is challenging yet safe.
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Interlateral Asymmetries of Body Balance
Control Resulting from Cerebral Stroke 19
Luis Augusto Teixeira

Abstract

This review is dedicated to synthesize recent findings on interlateral

asymmetries of body balance control provoked by uni-hemispheric cerebral

stroke, a neural lesion more frequently associated with older individuals. I

introduce this theme by exposing results on the main deficits of balance control

resulting from stroke-related cerebral lesions. In the main sections, the reviewed

findings suggest that reduced balance stability due to stroke results from the

impaired capacity to exert muscular forces in a timely and coordinated manner

with the paretic leg, associated with low compensatory action of the nonparetic

leg, to prevent increased body oscillation. The discussed findings lead to the

conclusion that interlateral asymmetry is magnified, with balance control being

more critically impaired, when the right cerebral hemisphere is lesioned. Evi-

dence is presented for propositions that right hemisphere specialization could be

based on processing of sensory information, and for the alternative proposition

that hemispheric specialization is founded on preeminence for impedance

control.
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19.1 Introduction

Upright postural control in healthy individuals is characterized by predominantly

interlateral symmetric behavior, with weight-bearing and adjustments for mainte-

nance of body equilibrium distributed similarly between the right and left legs.

Investigation of unipedal stance has shown that the shared responsibilities of

balance control between the two legs are based on symmetric capabilities to deal

with requirements of quiet stance and recovery of body equilibrium following a

perturbation. Evidence for interlateral symmetric balance control has been

presented from research on experts in activities imposing a high demand on body

equilibrium. Mertz and Docherty [1], for example, evaluated dancers when landing

with either leg on a force plate from dance-specific jumps, requiring anticipatory

and corrective movements with the supporting leg. Analysis of ground reaction

forces and postural stability indicated symmetric performance between the two legs

in the performance of those movements. Further investigation has also found

similar performance between the legs for balance control in quiet stance in field

hockey athletes [2]. Soccer players represent a particularly interesting group for

evaluation of interlateral asymmetry of balance control, given that very fast mobi-

lization of the preferred leg for kicking movements might be expected to induce a

specialization of balance control of the supporting leg. Results by Teixeira et al. [3],

however, were contradictory to this expectation. Analysis of unipedal balance, both

in quiet posture and in tasks requiring fast oscillation of the opposite leg in different

directions, showed symmetric profiles between center of pressure (CoP) excursion

under each foot. An additional finding of interest in these results was reduced CoP

excursion values for either leg in comparison with non-soccer players. This result

suggests that the equilibrium gains by training of soccer skills are shared in similar

proportions between the two legs, promoting interlateral symmetric performance

(see also [4]). The reported performance symmetry between the legs in balance

control in healthy young individuals is broken in different diseases more frequently

observed in older individuals, which is particularly evident in unilateral cerebral

damage by stroke. In these cases, movements of the hemibody contralateral to the

lesioned cerebral hemisphere are more impaired (hemiparesis) than movements of

the ipsilateral hemibody, leading to functional asymmetry between the two legs for

regulation of body equilibrium. In the next sections, I review the literature about

interlateral asymmetry between the paretic and nonparetic legs in upright balance

control as a result of unilateral cerebral stroke, and evidence for associated

hemispheric specialization.

19.2 Impairment of Postural Control by Cerebral Stroke

The capacity to maintain quiet upright balance, through high-frequency small-scale

adjustments, and to produce fast large-scale postural reactions with minimal atten-

tional requirements has led to the notion that postural control is essentially auto-

matic. On the other hand, recent investigation on healthy individuals using different
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techniques to scan cerebral activation in conditions imposing challenges to balance

control has indicated the participation of a highly distributed network involving

different cortical areas in the generation of postural responses. More specifically,

the circuitry dedicated to the control of body balance has been found to include

different sites of the prefrontal cortex [5–7], supplementary motor area [8–11],

visual association cortex [12], and the primary motor cortex [13–15]. These cortical

structures seem to be linked with subcortical structures [8, 12] for appropriate

selection, coordination, and scalability of muscular responses to maintain quiet

upright balance or to recover postural equilibrium following an unanticipated

perturbation. These results suggest that reflex circuitries associated with postural

control are continuously adjusted by descending signals to incorporate higher order

output into muscular responses to regulate body balance.

Results showing impairment of balance control due to lesions of different sites

of the cerebral cortex by stroke have provided further information on the role

played by higher order neural structures in the regulation of upright stance. In the

analysis of quiet stance control, cerebral stroke has been shown to induce increased

amplitude of CoP sway in both the anteroposterior and mediolateral directions

[16–19]. Dickstein and Abulaffio [20] compared body sway at the pelvis and legs

of both body sides between individuals with stroke and healthy controls. Results

showed that stroke led to larger body oscillation in both the anteroposterior and

mediolateral directions, with larger oscillation of the paretic than the nonparetic

lower limb. Additionally, they found low temporal synchronization between sway

of each leg and the respective pelvis side as well as between the two legs. Further

investigation has shown that stroke leads to decreased temporal synchronization

between CoP oscillations under each foot in quiet stance as compared to healthy

individuals [21]. The latter results also showed that reduced inter-leg synchroniza-

tion of postural adjustments in individuals with stroke was associated with

increased postural sway in the mediolateral direction and increased weight-bearing

asymmetry. Further investigation on this point revealed that stroke-related low

inter-leg synchronization for maintenance of stable upright posture is correlated

with magnitude of motor impairment and frequency of falls [22]. More recently,

evidence has been presented that deficits of temporal synchronization of CoP

displacements under the feet are associated with spasticity provoked by stroke

[23]. These results suggest that one of the consequences of a cerebral lesion by

stroke is impairment of intra-leg and between-legs coordination to apply forces to

the ground when keeping quiet upright stance. Those coordination deficits may be

thought to reduce the magnitude of the force vectors exerted on the ground by

synergistic muscle groups, leading to increased body sway.

Although analysis of quiet posture control has indicated important deficits

induced by cerebral stroke, the most threatening situation for maintenance of

upright posture is represented by unexpected perturbations to stance. In this situa-

tion, keeping upright balance requires the production of short-latency and vigorous

postural reactions through feet-in-place or stepping responses to recover body

equilibrium. The effect of stroke on reactive postural responses has been studied

in contexts of self- (involving a combination of anticipatory and reactive
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components) or externally produced (requiring pure reactive responses)

perturbations. In the context of self-produced perturbations, Garland performed a

series of experiments on postural responses to fast voluntary shoulder flexion of the

nonparetic participant’s arm in individuals with stroke. Results showed that the

stroke participants had increased latency and reduced magnitude of muscular

activation of the distal posterior leg muscles [24]. Even though stroke participants

showed balance-related anticipatory control, they performed worse than

age-matched controls. Failure to produce timely and appropriately scaled muscular

activation for balance control in coordination with upper limb movements is

possibly associated with increased postural instability following a cerebral stroke.

The ensuing experiments in this series revealed more evident impairment of

muscular activation of the paretic leg in comparison with healthy controls [25],

and compensation for weaker activation of the paretic leg muscles by increasing the

anticipatory activation of posterior muscles of the nonparetic leg [26]. The differ-

ential compensatory activation of the muscles of the nonparetic leg suggests

lateralized feedforward adjustments taking into consideration the longer activation

onset delays and reduced power of muscular responses of the paretic leg to

predictable self-produced balance perturbations.

Evaluation of the effect of cerebral lesion by stroke in the production of pure

reactive postural responses to external perturbations has been frequently assessed

by moving the basis of support unanticipatedly to the participant. In this situation,

the relative position of the body center of mass over the basis of support is suddenly

displaced, requiring fast selection and scaling of the appropriate muscle groups to

recover upright postural stability. Results of studies employing this experimental

strategy to perturb stance have shown that muscular responses of the paretic leg are

delayed [27–30] and weaker [28] as compared to healthy individuals. Those deficits

of muscular activation of the paretic leg have been shown to be paralleled by

impaired dynamic postural control [28], and it seems to be particularly critical in

individuals with stroke having a history of falls [30]. The link between deficient

muscular activation by stroke and threatening to maintenance of upright balance

has been corroborated by a recent investigation showing that sudden slip-like

perturbations to upright stance led to falls in 71% of the participants with stroke

in comparison with no falls in age-matched healthy controls [31]. An alternative

experimental strategy to produce unanticipated body balance perturbations consists

of applying a continuous horizontal load to the participants’ trunk, allowing them to

assume a stable upright position, and then releasing the load at a time unbeknownst

to them. In this situation, the unanticipated release of the external load leads to a

fast body sway in the direction opposite to load application. In the epoch immedi-

ately following load release, fast and large-scale muscular responses are required to

attend the constraint of keeping the feet in place to recover balance stability.

Comparison of stroke and age-matched healthy individuals in this task revealed

that deficits of activation of posterior muscles of the paretic leg in the participants

with stroke were paralleled by reduced velocity of CoP displacement and longer

delays to revert the direction of CoP sway [32]. Kinematic analysis showed that

participants with stroke responded to the perturbation with increased ankle and hip

294 L.A. Teixeira



angular displacements in comparison to healthy controls. Those effects were

particularly evident in individuals with right cerebral hemisphere lesions (results

are detailed in a forthcoming section). The reviewed findings on postural responses

to perturbed posture suggest that delayed and weaker muscular activation to an

unanticipated perturbation in individuals with cerebral lesions by stroke induces

impoverished recovery of stance stability, increasing the probability that they suffer

falls in analogous daily living situations.

In addition to deficits in the generation of muscular activation to control upright

posture following a cerebral lesion, research has suggested that sensory processing

also contributes to atypical postural control in individuals who suffered a stroke.

In different studies, results have indicated that stroke leads to increased dependence

on visual information to control balance in quiet standing. Marigold and Eng [33]

found that under full vision cerebral stroke induced increased amplitude of CoP

sway in both anteroposterior and mediolateral directions. The difference of postural

stability between the stroke and control groups was magnified in the condition of

eyes closed, with stroke leading to a proportionally larger increment of CoP sway

amplitude in the mediolateral direction in comparison with healthy controls (see

also [34, 35]). Further results showing increased postural sway only in individuals

with impaired ankle proprioception due to stroke [36] suggest that increased visual

dependence is related to poor proprioceptive signals relevant for postural control

(cf. [37, 38]). In this case, less reliable proprioceptive information from the ankles

as a result of cerebral lesion might be compensated by weighting up vision in

sensorimotor integration. That interpretation is supported by results showing that

postural stability is impaired in individuals with stroke particularly in experimental

conditions involving multiple sensory information manipulation [39, 40].

Misperception of verticality seems to be another sensory-related malfunction of

the nervous system due to stroke leading to poor postural control in quiet stance.

Bonan [41, 42] found that misperception of verticality in individuals with stroke

was correlated with poor scores in body balance tests. More recently, individuals

with stroke were evaluated for verticality perception and postural stability in sitting

and standing postures for conditions combining stable–unstable surfaces and avail-

ability or not of vision [43]. Analysis showed significant correlations between

subjective perception of verticality and posturography parameters in all experimen-

tal conditions. These results suggest that verticality perception is an important

factor for quiet balance control potentially disrupted by stroke.

19.3 Interlateral Asymmetries of Body Balance

Uni-hemispheric cerebral stroke frequently leads to interlateral asymmetries in

body balance control. Postural asymmetries are more easily observable in the

mediolateral direction, due to an increased proportion of body weight-bearing on

one leg than on the other (weight-bearing asymmetry, WBA). However, asymmet-

ric regulation of anteroposterior balance sway between the legs has been shown to

be one of the main deleterious consequences of stroke to body balance stabilization.
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In the control of quiet standing by individuals with stroke, a greater proportion of

body weight is borne more frequently on the nonparetic leg, but in some cases most

of the body weight is borne on the paretic leg [44]. While bearing most of the body

weight on the nonparetic leg seems to be due to its higher functional capacity to

regulate balance control, weight-bearing predominantly on the paretic leg is sup-

posed to result from rehabilitation training with focus on improvement of control of

the paretic body side. Even though WBA is usually reduced during the first weeks

following stroke, that postural asymmetry persists in some cases [17, 45], being

considered as an indicator of incomplete recovery of hemiparesis [46, 47]. Attenua-

tion of WBA has been a concern in rehabilitation programs [48], but similar

distribution of body weight between the legs seems to be maintained by means of

increased attentional control of body balance [17, 34]. Investigation of the effect of

WBA on postural control in healthy individuals has been made by reproducing the

body weight distribution between the legs in a similar way as individuals with

stroke do. Using this experimental strategy, Rougier and Genthon [49] observed

that asymmetric distribution of body weight between the legs in quiet standing leads

to increased contribution of the overloaded leg to generate the resulting CoP

displacements in the anteroposterior direction. Additionally, it has been shown

that WBA modulates the threshold of stepping in response to multidirectional

stance perturbations, decreasing the threshold for displacement of the support

basis toward the loaded side while increasing the threshold when the support

basis is moved toward the unloaded side [50].

Comparison of stroke and age-matched healthy individuals in asymmetric quiet

standing has shown different points on interest. A similar effect of WBA between

individuals with stroke and controls is forward CoP displacement under the less

loaded than under the more loaded leg [51]. Then, forward CoP positioning of the

less loaded leg seems to be due to mechanical factors rather than to a neurological

deficit associated with limb paresis. The differential results between groups were

the following: (a) the less loaded paretic leg failed to produce a longitudinal pattern

of CoP displacements as observed in controls, which was paralleled by diminished

postural stability; (b) the atypical CoP trajectories under the paretic foot were

compensated by increased CoP displacements under the nonparetic foot; and

(c) lower balance stability was found when stroke participants failed to compensate

for the control deficits of the paretic leg with increased contribution of the

nonparetic leg. These results suggest that WBA is not the main cause per se of

balance instability in individuals with stroke, while the impoverished control of

torques applied on the ground at the ankle of the paretic leg or low compensatory

adjustments with the nonparetic leg may be conceived to be the major sources of

poor balance stability in these individuals. Further investigation of the effect of

WBA on quiet standing control was conducted by comparing the contribution of

each leg to balance control between individuals with stroke having different

asymmetry profiles: symmetric body weight distribution between the legs versus

asymmetric loading of the paretic or the nonparetic leg [44]. Results revealed that

asymmetric weight-bearing toward either leg induced increased amplitude of CoP

oscillation in the mediolateral direction in comparison to individuals featured by
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symmetric weight-bearing distribution between the legs. Additionally, it was found

lower contribution of the more loaded leg to body balance in individuals with

greater weight-bearing on the paretic than on the nonparetic leg. Reduced contri-

bution to balance control of the loaded paretic leg was associated with greater

reliance on visual information in comparison with participants keeping a symmetric

weight distribution between the legs. This result suggests low use of lower limbs’

proprioception to regulate body balance in those individuals.

Evaluation of dynamic balance in conditions of perturbed stance has extended

the conclusions on the effect of WBA on postural responses drawn from quiet

standing. van Asseldonk et al. [52] assessed the relative contribution of the paretic

and nonparetic ankles in balance responses to continuous random movements of the

support basis in individuals with stroke. Analysis was made for the magnitude and

timing of the corrective torques on the ground in response to increased body sway

on the moving platform. Results showed that healthy controls in condition of WBA

presented a linear relation between the contribution of each leg to support body

weight and its participation in balance control. In individuals with stroke, con-

versely, the contribution of the paretic leg to weight-bearing (40–45%) was much

larger than its contribution to balance control (10–20%). Marigold et al. [29]

compared muscular responses between stroke and age-matched healthy participants

to unanticipated discrete forward or backward basis of support translation while

standing. Evaluation was made in the following stance conditions: increased

weight-bearing load, decreased weight-bearing load, and self-selected weight-bear-

ing. Results indicated that in forward platform displacement control participants

modulated the motion of the ankle dorsiflexors to different magnitudes of perturba-

tion, with greater magnitude of muscular responses as weight-bearing load

increased. Individuals with stroke, on the other hand, failed to modulate the

magnitude of muscular responses as a function of WBA in both the paretic and

nonparetic legs. When responding to backward platform translations, onset latency

for activation of the muscle gastrocnemius medialis was shorter as weight-bearing

load increased in controls. In individuals with stroke, conversely, no differences in

onset latency of muscular activation were observed as a function of the weight-

bearing condition. The impaired capacity to modulate the delay and magnitude of

muscular responses was paralleled by cases of falls in individuals with stroke, in

comparison to no occurrence of falls in the controls.

Comparison of muscular activation between the paretic and nonparetic limbs in

response to balance perturbation has offered further information on postural

asymmetries as a result of cerebral stroke. Di Fabio et al. [27] evaluated interlateral

asymmetry of postural responses to unanticipated rotation of the support basis,

inducing dorsi- or plantar-flexion at the ankle, during a series of anteroposterior

platform translations. Results showed longer onset latency for muscle activation in

the paretic leg, resulting in asynchronous muscular activation between the lower

limbs. In an ensuing experiment, Di Fabio [53] assessed activation of agonist and

antagonist muscles in response to rotational and translational displacements of the

support basis. A typical activation sequence in this situation was an initial long-

latency response in the agonist muscles followed by the activation of the antagonist
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muscles. Results showed that the onset of the long-latency-antagonist response was

delayed in the paretic distal muscles by 25–40 ms. Further research on perturbed

posture has shown that responses of the paretic leg are not only delayed but also

weaker [28], requiring compensatory activation of the nonparetic leg to sustain

upright stance.

In the search for a deeper understanding of the asymmetries of muscular activa-

tion between the paretic and nonparetic legs associated with balance control,

Pollock et al. [54] assessed the recruitment and firing rate of motor units of the

muscle gastrocnemius medialis during continuous loading pulling the participant’s

body forward while standing. Body balance perturbation was introduced by apply-

ing progressive anteriorly directed loads at the pelvis every 25–40 s until 5% body

mass had been sustained. Results for the pattern of muscular activation showed that

EMG magnitude increased with loading (reflecting modulation of motor unit

recruitment), but not the motor unit firing rate. That behavior was similar between

the legs. Analysis of individual leg contribution to balance control, on the other

hand, revealed that CoP maximum anteroposterior displacement and velocity

reached higher values under the nonparetic than the paretic leg. Pollock et al.’s

results suggest that asymmetric contribution of the paretic and nonparetic legs to

body balance control is not due to differential patterns of muscular activation

between the legs.

19.4 Interhemispheric Cerebral Asymmetry in Balance Control

In the previous section, the reviewed literature indicates that interlateral perfor-

mance asymmetries between the legs in individuals with stroke result from the poor

capacity of the paretic leg to contribute to body balance stabilization in both quiet

and perturbed standing. In the present section, I review evidence that balance

control is more deeply impaired in lesions of the right (RHL) than left (LHL)

cerebral hemisphere. The notion of right hemisphere preeminence in balance

control has emerged from results showing that lesions of the right cerebral hemi-

sphere leads to poorer body vertical orientation [55], and increased body sway

[56, 57] in quiet standing. In clinical assessments, RHL has been shown to lead to

lower scores [58] in addition to delayed recovery of independent stance [59]. Anal-

ysis of dynamic voluntary postural control has indicated that RHL induces poorer

CoP displacement [60, 61] and weight-bearing transfer between the legs [62]. These

findings are consistent in showing a specialization of the right cerebral hemisphere

in upright balance control. One of the most accepted hypotheses for the interhemi-

spheric functional asymmetry in balance control is based on the notion that the right

cerebral hemisphere is specialized for spatial attention and/or representation [58],

supposedly playing the major role in the elaboration of an internal model of

verticality guiding body orientation in space [55, 63]. Recent research has offered

some support for this hypothesis by showing a persistent reduction in mediolateral

postural asymmetry in individuals with RHL following several sessions of prism

adaptation by wearing a pair of glasses producing rightward optical deviation of the
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visual field [64]. Improvement of postural control in this case seems to be due to a

more accurate calibration of the extra personal space guiding vertical body orienta-

tion. Even though processing of the spatial orientation of the body can be

conceptualized to be an important factor for quiet balance control, evidence has

been presented that impaired stance stability in RHL becomes evident only in the

condition of no vision [65]. That finding suggests that right hemisphere specializa-

tion in balance control may have origins different from processing of visuo-spatial

information.

An alternative proposition based on hemispheric specialization for sensory

information processing has been made by Goble et al. [66]. They found that

activation of different cortical (parietal, frontal, and insular) and subcortical

(basal ganglia) structures by feet muscle spindle stimulation is mainly located in

the right cerebral hemisphere. Moreover, they observed that activation of the right

cerebral hemisphere areas was correlated with measures of body balance stability.

From these findings, the authors propose that a neural circuitry in the right hemi-

sphere is specialized for processing of proprioceptive signals from the feet and

ankles to control body balance. Further investigation in individuals with stroke has

offered some support for the notion of right hemisphere specialization for lower

limb proprioception processing. Duclos et al. [67] compared the disruption to

upright balance control between right and left hemisphere lesions by applying

vibrations to the peroneal and Achilles tendons of either leg. They found that

postural stability was more disrupted when vibration was applied to the Achilles

tendon of the nonparetic leg. Balance of individuals with left hemisphere lesions

was perturbed at vibrations onset, but they progressively recovered balance stability

afterwards. Right hemisphere lesions, on the other hand, led to minor perturbation

in the initial phase of vibrations, but postural instability increased during the course

of the vibrations. Following the end of bilateral tendon vibrations, individuals with

right hemisphere lesions took longer to recover the initial balance stability. These

results suggest that lesions of right hemisphere induce a deficit in down weighting

the unreliable proprioceptive afference and weighting up the other sensory sources

relevant for balance control.

Beyond sensory processing deficits potentially provoked by cerebral stroke,

further research has indicated that more dramatic disruption of balance control by

right hemisphere lesions can be due to neural processes responsible for the genera-

tion of motor commands to regulate upright posture. Fernandes [32] performed a

series of experiments to further understand the differential deficits between

individuals with stroke lesions to the right versus left cerebral hemispheres, taking

healthy age-matched controls as reference. In Experiment 1, participants were

evaluated in conditions of quiet posture on a rigid surface, contrasting the

conditions of full vision and visual occlusion. Analysis indicated the highest values

of amplitude and velocity of CoP sway for right hemisphere lesions, the lowest

values for healthy controls, and intermediate values for left hemisphere lesions.

No effect of vision manipulation was found, suggesting that sensory information

was processed similarly across groups to maintain balance stability. To evaluate the

role of distortion of proprioceptive information, in Experiment 2 the three groups
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were assessed in quiet standing on a malleable surface. In comparison with balance

control on a rigid surface, a malleable support surface is thought to disrupt regular

tactile afference from the feet soles, making that sensory information less reliable

for postural regulation. As the malleable surface is deformed during body sway, it is

also expected to lead to reduced muscle stretch in the legs due to body balance,

making that information less reliable to indicate body oscillation to the central

nervous system. Results indicated a relationship between the groups similar to that

seen in Experiment 1, with poorer balance control in individuals with right in

comparison with left hemisphere lesions. This effect was evidenced through higher

values of body sway amplitude and velocity in the mediolateral direction in the

right hemisphere lesion as compared to left hemisphere lesion and control

participants. Visual occlusion led to equivalent decrement of balance stability

across the three groups. These results are in agreement with the conceptualization

of right hemisphere specialization for quiet balance control, but are contradictory to

the notion that hemispheric specialization is associated with processing of sensory

information, either vision or proprioception.

In Experiment 3, Fernandes assessed the extent to which the conclusion of right

hemisphere specialization for quiet standing control is extensive to the production

of large-scale postural responses to unanticipated stance perturbations. The hemi-

sphere lesion groups and controls were evaluated on a task requiring balance

recovery following sudden release of a load attached to the trunk leading to forward

sway. Vision availability was manipulated the same way as in the previous

experiments of this series. Results confirmed the hypothesis of right cerebral

hemisphere specialization for balance control by showing that the RHL group had

lower velocity of anterior CoP displacement and a delayed reversion of forward

CoP sway following the postural perturbation. These results suggest a poor capacity

to apply fast and vigorous torques at the ankles to revert forward body oscillation in

the RHL group, a critical characteristic to prevent loss of balance. These deficits of

the postural responses in RHL were associated with increased angular motion at the

hip, suggesting a proportionally stronger perturbation for this group. Electromyo-

graphic analysis showed longer latencies of muscular activation onset in the RHL’s

paretic leg than controls and lower magnitude of muscular activation in comparison

with both LHL and controls, with lack of significant differences between the latter

groups. Similarly to the previous experiments in this series, no differential effect of

vision was found between groups. The fact that lesions took place at different

cerebral areas across participants within group suggests that body balance control is

organized in a highly distributed network. Infarction of a delimited cortical region,

then, seems to affect the output of the right hemisphere network leading to reduced

balance stability in both quiet and perturbed stances.

Impaired capacity to stabilize upright standing and to correct unanticipated

postural perturbations from right cerebral hemisphere lesions are in agreement

with the theorization that the right cerebral hemisphere is specialized for impedance

control [68–71]. Based on studies of manual actions in healthy individuals,

Sainburg and colleagues have proposed that the specialization for impedance

control of the right hemisphere ensures steady state stability and positional
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stabilization in response to unanticipated mechanical perturbations of movements.

Evaluation of individuals who suffered a unilateral stroke in the performance of

ipsilateral aiming actions has given support for this theorization [72–75]. Results

from those investigations have demonstrated that right but not left cerebral hemi-

sphere lesions lead to deficits in the final hand positioning over a spatial target.

In situations in which initial directional errors were increased by means of

visuomotor rotations, performance of individuals with right hemisphere lesions

was impaired in online corrections to hand displacement toward the target

[74]. Similar deficit in producing online corrections in aiming has been found

also in the contralesional arm in individuals with stroke [76]. While the tasks

evaluated in the cited experiments are distinct from body balance control, funda-

mental mechanisms of postural regulation might be advocated to be similar

between hand and whole body stabilization. Impedance control has been proposed

to be implemented by adjusting proprioceptive reflex gains and thresholds [77, 78],

in addition to modulation of the stiffness- and viscous-like properties of the

movements [79]. Evidence has been presented that reflexes can be modulated online

to produce adaptive corrections to unanticipated perturbations to a segmental posture

[80, 81] or voluntary movements [77]. These findings suggest that downward

cerebral signals are continuously adjusting reflexes to incorporate higher order output

into fast peripheral feedback loops. Generalizing this proposition to body balance

control, steady state stability is considered to be a critical characteristic allowing for

regulation of quiet stance. Positional stabilization in response to an unanticipated

perturbation is essential for producing well-calibrated reactive responses to recover

the upright orientation of the body, repositioning the center of mass over the basis of

support. From this conceptualization, steady state regulation and corrective

movements associated with impedance control may underlie functional asymmetries

between the cerebral hemispheres relevant for body balance control.

19.5 Concluding Remarks

The reviewed literature in this chapter indicates that uni-hemispheric cerebral

stroke leads to interlateral asymmetries in body balance control because of the

reduced capacity of the paretic leg to control forces applied to the ground in the

search for stance stabilization, in addition to delayed and weaker muscular

responses of the paretic leg to balance perturbation. These interlateral asymmetries

can be thought to underlie the low synchronization between forces applied through

the legs on the ground to maintain upright body balance, and the increased weight-

bearing on the nonparetic leg to compensate for the control deficits of the paretic

leg. Deficits in balance control have been shown to become more critical when

individuals with stroke fail to compensate appropriately for the reduced contribu-

tion of the paretic leg for balance control by means of increased participation of the

nonparetic leg. The described deficits of the paretic leg, leading to interlateral

asymmetries between the legs, are probably associated with the increased rate of

falls in individuals with stroke.
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Different evaluations of quiet and perturbed stance, as well as voluntary body

motion over the basis of support, have indicated that balance deficits are more

critical when lesions take place in the right cerebral hemisphere. Consistency of this

finding across several studies has led to the notion of right hemisphere specializa-

tion for balance control. That specialization has been proposed to be based on right

hemisphere preeminence for processing of visual and proprioceptive information.

Here I delineate a distinct theorization based on the notion of right hemisphere

specialization for impedance control. These explanations are not exclusive, and

might converge to understand the causes of interlateral asymmetries of balance

control following events of stroke to a single cerebral hemisphere.
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Abstract

Sensory information from visual, vestibular, and somatosensory systems plays

an important role in postural control. Deficits in postural control performance are

the primary cause of the increased number of falls during aging. Postural

instability in older adults is related to a decline in sensory and motor function

and this can be more evident when associated with Parkinson’s disease (PD).

Among the declines in the sensory systems, deficits in the somatosensory

function have been identified in older adults and these appear to be even higher

in PD patients. Evidence supporting the importance of the somatosensory system

in postural control comes from experiments that artificially reduced sensitivity in

the soles of the feet and studies involving individuals with compromised plantar

sensation. In an attempt to improve somatosensory input, previous research has

shown that artificially enhancing cutaneous information can improve postural

control. The aim of this chapter is to describe the postural control of healthy

older adults and patients with PD and highlight the importance of somatosensory

information to postural control in both populations. In addition, we will discuss

some therapies using enhanced somatosensory information in order to improve

postural control and, consequently, prevent or reduce falls.
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20.1 Introduction

Falls have been reported as one of the primary causes of hospitalization of older

adults and are the main consequence of changes in postural control [1, 2]. The

relation between the sensorial and motor systems is extremely important for

individuals to demonstrate appropriate orientation and postural balance. However,

significant alterations in these systems are observed during the aging process [3].

Older adults can present functional and structural changes and these can interfere

directly in posture and position of body segments, setting the body in a forward

posture position called stooped posture [4]. In addition, changes in kinetic

parameters related to postural control are observed, such as an increase in the

frequency and amplitude of center of pressure (CoP) in the anteroposterior and

mediolateral directions [5].

Added to problems due to the aging process, diseases such as Parkinson’s

disease (PD) can further highlight motor and sensory deficits and, consequently,

greater losses in postural control are observed. Postural instability is one of the main

signs of PD and its causes are multifactorial. Changes in integration of sensory

information are suggested as one of the possible causes [6]. As older adults, patients

with PD can present a forward posture (stooped posture), causing a displacement in

CoP to near the anterior boundary of the base of support. Also, other symptoms

such as rigidity and bradykinesia can be related to the physiopathology present in

the postural instability.

Changes in integration of sensory information from visual, somatosensory, and

vestibular systems can negatively impact on the postural control [3] of healthy older

adults and patients with PD. Specifically with regard to the somatosensory system,

mechanoreceptors in the sole of the foot play an important role in postural control.

Research with artificial decreases in plantar sensitivity demonstrates this impor-

tance [7]. It was observed greater speed and root mean square (RMS) of the velocity

of the CoP after an immersion of the foot of healthy people in ice water compared to

trials before cooling [7].

Alterations in plantar sensitivity like a decline in capacity to detect stimulus and

greater sensitivity threshold have been commonly related to aging and PD

[8, 9]. These changes have an important impact on postural instability and an

increase in the number of falls [10]. Based on this, some studies have investigated

the effects of increased somatosensory information of the sole of the foot on the

postural control of older adults and patients with PD [11, 12]. These studies are

based on the fact that increased sensorial input could promote greater feedback to

motor output. The augmented somatosensory information was able to decrease the

CoP surface area and the anteroposterior RMS in healthy older adults and decrease

medial-lateral sway and medial-lateral sway standard deviation in patients with PD

[11, 12].

In this context, the aim of the current chapter is to describe the main alterations

in postural control due to the aging process and the presence of PD. Regarding the

somatosensory systems, we will focus specifically on the role of the receptors in the

sole of the feet to postural control in both older adults and patients with PD.
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In addition, we will present changes in plantar sensitivity and their association with

postural control. Lastly, we will present intervention strategies with a focus on

increased sensory input through stimulation of the sole of the foot, aiming to

improve postural control, specifically through insoles.

20.2 Postural Control in Healthy Older Adults

In the age group from 18 years to 60 years, postural control presents a stabilization

phase. At this stage, improvements can be observed depending on the stimulus

provided, where individuals who are more exposed to balance activities or orienta-

tion of posture may present better postural control. After this age and due to genetic

(primary aging) and environmental factors (secondary aging) [13, 14], structural

and functional alterations are observed [1, 15]. These factors determine changes in

the nervous and musculoskeletal systems, among others, directly affecting postural

control [16, 17] and reflecting in an increased risk of falls and musculoskeletal

complaints [1].

Postural control is defined as the body’s position of dominance in space in order

to maintain the proper relationship between body segments and the environment

(orientation and postural alignment) and the ability to maintain the body in balance

(postural stability) through the complex interaction between neural and musculo-

skeletal components [14, 18]. In postural control, guidance and stability are two

distinct sensorimotor processes and act depending on the type of activity, perfor-

mance, or biomechanical needs; some aspects can be common to both [3].

Aging deteriorates the neuronal components of both motor and sensory systems

and their integrative processes, which are essential to ensure the anticipation and

adaptation of postural control [14]. Changes are observed in the somatosensory,

visual, and vestibular systems, resulting in adaptation of the senses to postural

control, necessary for the selection of sensory and motor strategies for a particular

task or environment [3, 19]. For example, people with proprioceptive impairments

modify the weight for each sensory input to control posture, relying more on vision

and vestibular senses.

The somatosensory system consists of a large number of receivers spread

throughout the body and is responsible for capturing the position and speed of all

body segments, muscle length, the contact with external objects, including the base

of support [19]. With age this system is functionally and structurally affected,

having a strong association with postural instability. Older adults show decreased

tactile sensitivity mediated by Meissner’s corpuscles and Pacinian corpuscles, due

to the decrease in the number of receptors [20, 21]. These receptors are responsible

for information on the distribution of the muscle power during balance activities.

The sensory information of muscles receptors, tendons, and articulation that

provide the feedback about the joints position and the movement detention sense

are affected by age, especially at the lower limbs [20]. The visual system also

presents aging-related alterations. This system is affected by multiple changes in

the structure and functionality of the eye (eye threshold is lower for observing an
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object due to the smaller quantity of light transmitted to the retina). As a result,

there is a decrease in the visual field and in the perception of contrast (contour

and depth) providing difficulties in detecting body movements (body position

and center of mass travel speed) for a specific environment and an increase in the

body oscillation. With regard to the vestibular system, the absolute reference

system becomes less reliable due to a decline on vestibular function, resulting in

difficulty of the nervous system to deal with the information coming from the

visual and somatosensory systems. This degeneration in the vestibular system

can lead to changes in automatic postural adjustments, endangering balance

[14, 19, 21].

Age-related impairments of musculoskeletal components of postural control can

also occur. These include reduction in overall height due to changes in the interver-

tebral discs (such as dehydration of the nucleus pulpous) [22] and a decrease in

flexibility of the spine. In older adults, flexibility is affected by the formation of

cross-bridges between collagen fibers, decreasing the elastic muscle component

(elastin fibers) and brittle cartilage, cracked and hardened. This decrease represents

around 20% between 20 and 65 years (increasing after this period). Associated with

this there is a decrease in joint mobility (50%) and neuromuscular coordination

(90%) [23, 24]. The deterioration in muscle function is associated not only with

reduced strength and endurance but also with maximum and rapid forces [20, 25],

and the biomechanical relationships between body segments and the environment.

Postural control involves the complex and dynamic relationship between sen-

sory information (perception) and motor actions (action) [19, 21]. Older adults may

have difficulty in changing the weighting of the various sensory modalities, as well

as accommodating variations in the environment and goals of the movement.

For this reason, individuals on a firm, stable surface that primarily depend on

somatosensory information, or individuals on unsteady air foil that depend more

on vestibular and visual information, may struggle to judge which sensory modality

is dominant, depending on the conditions of postural support and specific motor

behavior [3].

The declines caused by aging induce the older adults to adopt, for example, a

flexed or tilted forward position [13, 14], which results from difficulty in

minimizing the spontaneous inclination of the vertical posture. In older adults,

the change in position of body segments is especially pronounced in the sagittal

plane, forming a characteristic postural pattern (stooped posture) often seen in older

adults [4]. This postural pattern is characterized by a forward head, protruding

shoulders, increased thoracic kyphosis, lumbar lordosis, and reduction in hip and

knee flexion [14, 17, 26–28]. This posture may result in a larger displacement

of the center of mass (CoM) and higher oscillation of the CoP, making it difficult

to maintain stability (static or dynamic) or affecting functional performance

[17, 29, 30].

Other issues affected by aging are the kinetic parameters, such as changes in the

ability to respond effectively to threats to balance of different magnitudes and

velocities. In older adults changes in the CoM occur, and these changes cause

modifications in the ground reaction force (GRF) that influences the maintenance of
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balance. Regarding the kinetic analysis, changes can be observed in CoP

parameters showing increase on displacement, frequency, mean velocity, and

amplitude in the anterior posterior and mediolateral directions. Furthermore,

older people show an increase in elliptical area formed by 95% of the coordinates

of the CoP [5]. These changes have been highlighted for some studies that indicated

older adults had greater oscillation than young adults during the maintenance of

upright posture in both eyes open and closed conditions [2, 19, 31, 32]. Previous

researches also observed greater amplitudes of CoP in the anteroposterior direction

in older adults compared with young adults [5, 14].

In postural control some balance maintenance strategies are observed in

response to unexpected (compensatory strategies) and expected disturbances (antic-

ipatory strategies). The strategies most commonly studied in this population are the

hip strategy, ankle strategy, and step strategy. These are characterized by muscle

synergies which enable the maintenance of balance and/or regaining stability

[3, 19], allowing repositioning of the body using the moment of inertia to oppose

CoM, controlling the oscillation speed and CoP [33, 34].

The hip strategy is one of the most commonly used strategies in older adults. It is

characterized by activation of the anterior and posterior muscles in a distal proximal

sequence to seek relocation of the center of gravity (CoG) by extending and flexing

the hip joint. In this strategy, the muscular action is associated with backward

balance corrections, avoiding a fall in that direction. The hip strategy is used for

rapid and long disturbances or when the support surface is small. Another strategy

used is the ankle strategy, which is characterized by activation of the anterior and

posterior muscles of the ankle, thigh, and trunk, proximal to distal sequence. In this

strategy, older adults swing an inverted pendulum and achieve a change in position

of the CoG by rotating around the ankle joint with a minimum movement of the

hip and knee. This strategy can be observed in small, slow disturbances and when

the support surface is large and firm. Finally, the step strategy can be observed in

situations where sufficiently strong disturbances move the CoG outside the base

of support. It is characterized by the body’s response through lower limb flexion,

displacing the CoG downward with forward displacement of the foot,

reconfiguring a new base of support. This strategy is used when the previous

two strategies are ineffective or during very long and very fast disruptions [3, 19,

20, 33, 34].

As shown, changes in postural control can interfere directly in quality of life of

older adults and the main problem caused by these changes is falling. Added to the

normal aging process, diseases can emerge. The second most prevalent neurode-

generative disease in the older population is PD and postural instability is one of the

cardinal signs of this disease. The next topic will present some of the alterations in

postural control of patients with PD and some explanations about the possible

causes of these alterations.
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20.3 Postural Control in Patients with Parkinson’s Disease

Approximately 0.3% of the world population is affected by PD, the second most

common neurodegenerative disease [35]. Projections indicate that by 2030, the

number of individuals with PD worldwide will reach 8.7 million [36]. PD occurs

due to progressive degeneration of dopaminergic neurons in the substantia nigra

pars compacta of the brain where dopamine is produced, a neurotransmitter

regulating the activity of the motor cortex [14, 37]. Such a decrease in dopamine

levels inhibits the thalamus cortical motor systems and those located in the brain

stem, compromising other brain structures [38] and causing motor damage [39].

PD is characterized by four cardinal symptoms: resting tremor, rigidity,

bradykinesia, and postural instability [40–46].

Postural instability predominantly appears during the advanced stages of PD and

can be affected by various causes. Other symptoms, such as rigidity and

bradykinesia, can interfere in postural reactions, leading to slower and reduced

response to balance perturbation. In addition, other factors such as fear of falling

and deficits in the sensory system, like the decrease in integrity of some receptors,

are possible causes of postural instability [39, 47]. Many individuals in moderate

and advanced stages of PD present a posture with the upper body leaning forward

and the head forward to the trunk, which is called the stooped posture. This position

may be associated with postural instability as it moves the CoP near the limit of the

base of support [48].

As stated above, postural control can be defined as a complex motor skill, based

on the interaction of sensorimotor dynamic processes [18]. To maintain balance in

static and dynamic activities, it is necessary to maintain the CoM of the body within

the area of the supporting base, which is determined by the distance between the

feet borders. Another strong influencing factor for equilibrium is the stability limit,

which varies between individuals and relates to the oscillation of the CoP within the

base of support: the larger the oscillation without imbalance, the greater the stability

limit of the individual [49, 50]. Changes in posture control are multifactorial in PD;

the change in the integration of sensory information being a major reason.

The proprioceptive system provides inside information on tensions and stretching

of the muscle and joint positions and can contribute to the orientation of the body in

relation to gravity. Thus, it is believed that the deficit in sensory motor integration

could be responsible for the stability deficit in PD [6]. Individuals with PD present a

decline in the ability to adequately control the body orientation through failure in

integration of sensory information.

Another problem based on postural control in PD is hypometria, which can

contribute to changes in balance recovery after a postural perturbation [51].

This change can be observed even after the use of drugs for dopaminergic replace-

ment, where the pharmacological treatment does not seem to reduce the postural

instability of PD patients, as has been well described in the literature [52–

54]. Resulting from these observations, the hypothesis was raised that the main

reason for the deficit in proprioceptive integration is in the supplementary motor

area of the cerebral cortex (important for planning and execution of motor
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actions), since this area has great dopaminergic innervation and connection to the

basal ganglia, degenerating only in the later stages of the disease, when the

largest deficit in postural instability is observed, thus, these could be related

[51]. Among the additional evidence of proprioceptive integration in PD is the

dependence on visual information for posture maintenance [55]. This greater

dependence is evident from the fact that individuals cannot differentiate the

importance of sensory information in the absence of vision, increasing the

rigidity of the lower oscillation system by the CoP. In the absence of visual

sensory integration, declines are more evident, demonstrating that individuals

with PD have difficulty to properly use proprioceptive information to create

movement strategies [56].

Lower limits of stability can also be observed in individuals with PD, possibly

caused by postures characteristic of the disease, such as hip, knee, and ankle flexion

requiring greater antigravity forces for posture control [57]. In addition, other

symptoms such as rigidity and bradykinesia may be related to the pathophysiology

of postural instability. Bradykinesia is related to decreased dopamine in the basal

ganglia [58]. This can be characterized by slowness of movement [59–62], where

the individual finds it difficult to recruit muscle fibers properly to perform the

movement [63], this having an important influence on the musculoskeletal system

for the reaction of postural responses. Due to the dysfunction of the basal ganglia

caused by PD, changes are made in the automatic movements such as postural

control, demanding more compensation from the cortex. Thus, people with PD

allocate more attentional resources than healthy individuals for the performance of

movements, even “automatic” movements, hindering the achievement of other

concurrent tasks. Despite the lack of knowledge on the pathophysiology of postural

instability, postural control is due to the involvement of different afferent and

efferent neural structures [64, 65]. The causes of postural control impairments are

multifactorial and specifically for people with PD are diverse, with an inhomoge-

neous effect on postural control [66].

Studies on static and dynamic postural control in PD are very important for a

better understanding of the changes caused by the disease, for example, the increase

in asymmetry in postural control in these patients [67–71] and finding strategies to

improve the quality of life of these individuals. Beretta and colleagues [68] found

increases in asymmetry in postural control in individuals with PD, especially during

challenging tasks. Another study found that asymmetry in challenging tasks

increases according to the effects of PD medication and disease severity [69].

Furthermore, studies on asymmetry in postural control in PD are important as this

can be associated with falls. Adequate postural control using both left and right

limbs, together on double support and separately on single support, is needed in

daily life situations that require challenging postural tasks. However, this behavior

is affected in patients with PD. Possibly the postural control is worse when a

perturbation happens during the use of most affected limb, which could cause a

fall in these patients. Impaired postural control is a major cause of the increased risk

of falls in this population [53, 54, 65, 66, 72, 73], the number of falls increases by

two or three times in PD [74, 75], and complications of falls are the second leading
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cause of hospitalization [76]. Williams and colleagues [77] showed that 16.9% of

falls in patients with PD resulted in fractures.

With regard to dynamic postural control, PD patients present inadequate

responses to postural disturbances, an inability to modulate postural responses,

delays or reduction in compensatory responses, inadequate arm movements to

maintain balance, and deficits in somatosensory integration [53, 54, 72, 73].

Furthermore, inadequate muscular responses were found after posture disturbance

[49, 72, 78, 79].

Older adults and patients with PD can present changes in integration of sensory

information. Specifically in relation to the somatosensory system, some studies

have shown that decreases in integrity of the receptors of the sole of the foot can

influence postural control. The next topic will present changes in plantar sensibility

caused by aging and PD and how these changes can negatively impact on postural

control. In addition, some somatosensory therapies will be presented, especially

using insoles, with a focus on the benefits to postural control.

20.4 Somatosensory Information and Postural Control
in Older Adults and Patients with Parkinson’s
Disease: Role, Changes, and Therapies

As mentioned previously, changes in postural control can be multifactorial.

Declines in the integration of sensory information from visual, somatosensory,

and vestibular systems can play an important role in these changes. Specifically

regarding the somatosensory system, receptors in the sole of the foot play an

important role in postural control. These receptors, the mechanoreceptors, are

responsible for sending tactile information to the central nervous system related

to changes in pressure distribution of the sole of the foot. Frequently, this kind of

information is related to changes in vertical body position [80, 81].

In a study by Kennedy and Inglis [80], the authors evaluated the distribution and

activity of the receptors of the sole of the foot and classified these

mechanoreceptors according to the response of the stimuli and receptive field

size. The authors were able to classify the receptors into four types: (a) slowly

adapting type I; (b) slowly adapting type II; (c) fast adapting type I; and (d) fast

adapting type II. Receptors of type I presented numerous receptive points and

distribution in a small receptive field and receptors of type II presented a single

receptive point, however, with large fields. The distribution of the receptors and the

sensation they provide enables the somatosensory system to provide information of

great importance for balance control, especially considering the fact that in humans

the feet are the only part in contact with the environment [82, 83]. This contact

allows the plantar receptors to perceive information on temporal and spatial contact

pressure of the feet with the ground, facilitating, for example, the control of

compensatory reactions [84].
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Considering the characteristics of the receptors of the sole of the foot and the

importance of the information they provide, some studies have used the approach of

reducing plantar sensory (mechanoreceptors) feedback to investigate the role of

these receptors for postural control. Billot and colleagues [7] investigated the

effects of plantar sensitivity reduction, achieved through immersion of the feet in

ice (cooling procedure), on balance control in healthy adults. For the cooling

procedure, the feet of the participants were immersed in water between 0 �C and

2 �C for a total of 12 min. Next, the participants performed the balance control

protocol on a force plate in the bipedal position. Seven trials of thirty seconds each

were performed. The authors found that, after the cooling procedure, short term

changes were observed in balance control. There was an increase in CoP velocity

and RMS of the velocity of CoP in the anterior posterior and medial-lateral

directions. In addition to this study, findings of other studies in patients with

reduced somatosensation (e.g., diabetic neuropathy) also found changes in postural

control [85]. As observed by Billot and colleagues [7], losses in somatosensory

information could be the primary cause of these changes.

As shown so far, the integrity of the somatosensory system, especially in the sole

of the foot, has an important role in postural control. However, due to the aging

process, changes in the somatosensory system can be observed. Some studies show

that older adults have higher thresholds of perception of vibratory stimulus and may

experience difficulties in mild touch perception in some regions of the plantar

surface, when compared with young adults [8]. The main aspects that can influence

these differences are: a) reduction in the total number of receptors; b) irregular

distribution of receptors; c) morphological changes in receptors; and d) reduction in

skin elasticity, due to the smaller quantities of elastin and collagen [8, 86]. Also,

age-related changes were found to vibration thresholds. There is a sharp increase in

these vibration thresholds as from seventy years old [8].

Based on the highlighted changes and considering the important role of

mechanoreceptors of the sole of the foot in postural control, some studies have

investigated the association between age-related changes in plantar sensibility and

postural control. Menz and colleagues [87] verified that tactile plantar sensibility

was strongly related with postural sway. In another study, Ueda and Carpes [88]

verified a positive correlation between plantar sensitivity and postural control in

older adults, specifically in the area and anteroposterior displacement of CoP.

Individuals with less plantar sensitivity demonstrated a greater area and displace-

ment of CoP. It is also important to highlight that changes in plantar sensitivity have

been associated with an increased number of falls in older adults [10] and, in

addition to this decrease in sensitivity, older adults have difficulty in processing

and integrating sensory information [89].

Older adults are more likely to have diseases that alter both sensitivity and

integration of sensory information, with ultimate consequences to posture control.

Diseases such as atherosclerosis and diabetes can damage the somatosensory

system and, consequently, reduce the peripheral sensitivity [90]. Patients with PD

present more pronounced deficits in both sensory integration and peripheral sensory

function when compared to healthy people [9]. With regarding to plantar sensitivity
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in patients with PD, Prätorius, Kimmeskamp, and Milani [9] found that individuals

with PD have higher sensitivity thresholds (or impaired sensitivity) when compared

with neurologically healthy individuals. The same authors also found a correlation

between the somatosensory system and motor deficits in patients with PD, where

patients with greater motor impairment presented higher plantar sensitivity

thresholds. As in other studies, the authors highlighted the fact that deficits in

somatosensation can directly affect balance control in patients with PD and patients

in later stages could present more pronounced deficits. In general, deficits in

peripheral sensory function generate less sensory input. Due to this decreased

input and added to the fact that patients have deficits in motor-sensory integration

[91] less feedback to the motor output is generated, possibly explaining some

deficits in the postural control of patients.

Considering the impact of reduced plantar sensation on postural control, some

studies have investigated the benefits of an increase in sensorial information of the

sole of the foot on the postural control of healthy older adults and those with

PD. These studies were based on the fact that an increase in sensory input would

promote better feedback to the motor output and, consequently, benefits to postural

control.

In healthy older adults, Palluel, Nougier, and Oliver [11] verified the immediate

and temporary benefits of an increase in sensory input on postural control with eyes

closed. To increase sensory input, the authors used sandals with an insole covered

with an array of spikes. The evaluations of postural control with eyes closed were

conducted immediately after the use of sandals and after two different protocols:

(i) 5 min standing quietly in an upright position wearing sandals with the insole and

5 min without sensory stimulation; (ii) 5 min walking wearing sandals with the

insole and 5 min walking without sensory stimulation. The authors did not find

immediate effects of using the sandals with the insoles in healthy older adults. After

5 min of use during standing quietly in an upright position, a decrease in CoP area

and anteroposterior RMS was verified. A decrease in CoP velocity and mediolateral

RMS was also found for both the 5 min standing quietly in an upright position

protocols and the 5-min walking protocol using an insole covered with an array of

spikes. The authors suggest that the insole provides important tactile information

about corporal position in relation to verticality.

Qiu and colleagues [92] investigated the effects of different densities of insoles

(barefoot, soft, and hard) with granulations on postural control of older adults.

The older adults were evaluated in two different conditions of standing surface

(firm and foam), with eyes open and closed. The authors verified a reduction in CoP

area (especially on the foam surface using a soft insole), in path length and

anteroposterior sway (both textured insoles on a foam surface), and in mediolateral

sway (both insoles on both surface conditions). With eyes closed, older adults

presented a decrease in mediolateral sway, path length, and CoP area, for both

insoles on the foam surface. Based on these findings, the authors concluded that

insoles with sensorial stimulation are able to reduce postural sway, especially in

more challenging tasks, such as an unstable surface and eyes closed. As a possible

explanation, Qiu and colleagues [92] suggested that increased plantar pressure
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produced by textured insoles promoted higher stimulation of mechanoreceptors in

this region. Consequently, there was an increase in feedback of cutaneous receptors

to the central nervous system and, thus, an improvement in postural control.

Although some studies demonstrate the great potential of the use of additional

somatosensory information on postural control of older adults, the use of this

paradigm has been more restricted in research with patients with PD. Qiu and

colleagues [12] investigated postural control in patients with PD and older adults in

different insole conditions (barefoot, smooth insole, and textured insole), with and

without visual information, on a firm and foam surface. The authors verified that for

patients with PD, there was a reduction in mediolateral sway when patients were

using the smooth insole or textured insole. Only the textured insole promoted a

benefit to mediolateral sway and standard deviation during postural task on both

firm and foam surfaces, with eyes open and closed. However, greater benefits were

observed in patients with PD when they used a textured insole, on a foam surface

with eyes closed.

As shown through this section, healthy older adults show significant alterations

in plantar sensibility and these changes directly affect postural control. Added to the

aging process, the emergence of some diseases, such as PD, can further negatively

affect the role of mechanoreceptors in the sole of the foot as well as the processing

of information coming from the somatosensory system. Strategies that offer an

increase in somatosensory information, such as insole therapies, seem to be effi-

cient for older people and patients with PD. It is important to highlight that the

results presented by the literature are encouraging in relation to applicability of

insole therapy.

20.5 Final Considerations

This chapter provides important information about changes in postural control of

older adults and patients with PD, highlighting the fact that the causes of the

emergence of these changes are multifactorial. Deficits in processing and

integrating somatosensory information are among the main causes.

The role of plantar receptors and the importance of their integrity to postural

control were evidenced. Both, older adults and patients with PD can present

structural changes in mechanoreceptors distributed on the plantar surface, higher

thresholds of stimuli perception, and difficulty in integration of somatosensory

information. These changes negatively impact postural control of both healthy

older adults and patients with PD.

We presented studies that used additional somatosensory information in the sole

of the foot (insole) as an intervention to benefit postural control in older adults and

patients with PD. Although some studies were found using this kind of intervention

in older adults, studies with patients with PD are still limited. In both cases, the

reported results are encouraging regarding the contributions from this type of

intervention. The use of insoles seems to be an efficient, low cost and, principally,

simple intervention that can be easily used in the daily life of older adults and
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patients with PD. However, further studies are needed and should explore the

chronic use of insoles in order to detect possible adaptations of the receptors to

continuous stimulus.
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Exercise and Balance in Older Adults
with Movement Disorders 21
Madeleine E. Hackney, Joe Nocera, Tricia Creel,
Mary Doherty Riebesell, and Trisha Kesar

Abstract

This chapter concerns balance, gait function, exercise, and current rehabilitation

options for older adults with Parkinson’s disease (PD) and stroke, within the

context of normal aging. We outline the primary balance and gait deficits and

their impact on fall rates for PD and stroke, with discussion regarding

impairment in dual tasking and cognitive disturbances. We consider current

options in physical therapy and exercise-based therapy for PD and stroke,

particularly for interlimb coordination and gait function. Crossover approaches

in rehabilitative techniques from PD/stroke to normal aging motor impairments

often go underutilized in the clinic. Therefore, implications for older adults
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without movement disorders, who often have purely aging-related symptoms

similar to those of PD, are discussed. Currently, research is especially engaged

in investigating novel approaches to multimodal exercise, which have emerged

as promising therapies for balance impairments including aerobic exercise, tai

chi, and dance. Efficacy of such interventions is presented with respect to new

research showing cognitive effects. We conclude the chapter by discussing

hypotheses regarding mechanisms underlying deficit and recovery in these

populations. Understanding the mechanisms for rehabilitative gains is crucial

for developing targeted and efficient therapy for PD and stroke populations.

Keywords

Motor control • Gait • Parkinson’s disease • Balance • Dual tasking • Exercise •

Mobility • Falls • Older adults • Physical therapy • Stroke

21.1 Primary Balance and Gait Deficits in Aging
and Neurodegenerative Disease

Normal aging encompasses alterations in sensorimotor processing that lead to

deterioration of motor performance, including coordination impairments, increased

variability of movement, slowing of movement, and gait and balance impairments.

These impairments are thought to result from cumulative changes in central and

peripheral nervous systems (CNS and PNS), the neuromuscular system and the

peripheral vestibular system. In the PNS, older adults have decreased number and

density of both articular and cutaneous mechanoreceptors and alterations in muscle

spindles. In the CNS, older adults have delayed impulse conduction, decreased

impulse velocity, delayed synaptic transmission, declining prevalence of all

neurotransmitters, and a loss of large myelinated fibers that decreases axonal ability

to transmit impulses. Cell loss from aging is most notable in the cerebral cortex

lobes, cerebellar area, and frontal lobe gray matter. Thus there is a direct impact on

memory, attention, awareness, motor control, coordination, and the ability to

perform executive function tasks. The culmination of this overall central decline

results in decreased automaticity of movement and increased reliance on

workaround strategies along with a slower processing speed and deficit in the

ability to handle multiple processes simultaneously.

Individuals with movement disorders resulting from disease or neurological

insult must cope with impairments that go above and beyond those experienced

from normal aging. This chapter will cover these impairments for the common

disorders Parkinson’s disease (PD) and stroke. Potentially, to address impairment

stemming from normal aging, one can apply knowledge gained from research into

rehabilitative approaches developed for PD and stroke.
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21.1.1 Parkinson’s Disease: Impact on Falls’ Risk and Balance

PD is a neurological disorder characterized by rigidity, bradykinesia, postural

abnormalities, resting tremor, and changes in gait. Over 70% of persons with PD

fall during the course of their disease, often resulting in decreased mobility, loss of

independence, and injuries [1–4]. Lower extremity impairments contributing to gait

dysfunction and postural instability also have powerful effects on self-reported

motor and psychological quality of life [5, 6].

Unfortunately, gait disturbance increases in individuals with PD during perfor-

mance of a secondary task (both nonmotor and motor). Camicioli et al. reported

dual-task performance (verbal recitation of numbers) in people with PD led to

decreased step size and gait speed [7]. Gait speed and stride length reduce signifi-

cantly in PD patients while carrying a tray of glasses compared to free walking

[8]. O’Shea evaluated the gait of PD participants while performing coin transfer-

ence or digit subtraction. Persons with PD demonstrated a greater decrease in stride

length, walking speed, and cadence during the dual-task conditions than did the

matched comparison groups [9].

Gait disturbances associated with PD typically include slowed walking as well

as increased gait variability. Hausdorff recently reported that dual-task performance

markedly heightens gait variability and has less effect on bradykinetic

manifestations, such as stride time [10]. This finding is troubling because of the

strong relationship between increased gait variability and fall risk in older

populations [11]. Rochester and colleagues evaluated the interference effects on

walking performance by dual-motor tasks, dual cognitive tasks, and a combination

motor-cognitive task (talking and carrying a tray while walking) in individuals with

PD as well as the influence of cognition, depression, fatigue, and balance. Walking

speed and step length decreased significantly in the dual cognitive and multitask

trials. Further, cognitive function, depression, physical fatigue, and balance were

significantly related to walking speed, and both cognitive function and fatigue

affected dual-task performance [12]. Combined, these studies identify a dual-task

interference with steady-state walking in patients with PD. Apparently, a critical

level of task complexity exists after which gait deteriorates significantly.

21.1.2 Stroke: Impact on Falls’ Risk and Balance

Stroke is among the four leading causes of death and disability worldwide, with

about 15 million people suffering from stroke every year. The symptoms and

prognosis of stroke, caused by a loss of blood supply to neural tissue, vary widely

depending on the site and size of the lesion. Motor disabilities are often a conse-

quence and can affect speech, grasp, balance, and gait, significantly impacting

activities of daily living (ADLs) and quality of life (QOL). Impairments such as

muscle weakness, spasticity, and decreased intra- and interlimb coordination con-

tribute to deficits in balance and gait function. Even after discharge from rehabili-

tation, a majority of stroke survivors have balance dysfunction, leading to increased
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risk of falls. The majority of falls occur within the first few months following

discharge from rehabilitation [13–16]. Stroke survivors who experience a fall are

less likely to be socially active in the community and more likely to have symptoms

of depression [13]. Furthermore, post-stroke hemiparesis is accompanied by a

myriad of gait deficits that further add to the risk for falls. For example, reduced

flexion of the hip, knee, and ankle during paretic swing phase may prevent the

paretic foot from clearing the ground during swing, which may contribute to falls.

Considerable evidence exists about the impairments in balance observed in

individuals with post-stroke hemiparesis. During standing, stroke survivors dem-

onstrate increased postural sway, with a shift in center of body sway toward the

non-paretic limb, with an asymmetric distribution of body weight [17]. Interest-

ingly, related to the increased postural sway during quiet standing, compared to

able-bodied individuals, stroke participants show less between-limb synchroniza-

tion, i.e., correlation between the anteroposterior and mediolateral center of pres-

sure sway [18]. As can be expected, stroke survivors also present with deficits in

dynamic balance and lower scores on clinical function tests, such as the Timed Up

and Go or the Berg Balance Scale. Studies have shown that in response to a balance

perturbation, stroke survivors demonstrate impairments in reactive stepping

characterized by the need for assistance, inability to step with either leg, or the

need for multiple-step responses [19]. Impaired stepping responses can increase the

risk of falls when faced with challenges and obstacles during community ambula-

tion. Asymmetry in weight distribution during standing is commonly observed in

individuals post-stroke, with greater weight shifted toward the non-paretic limb.

Interestingly, asymmetric weight-bearing during standing has been shown to corre-

late with asymmetry during gait [20, 21], suggesting that some common

mechanisms might underlie deficits in balance and gait. A better understanding of

the impairments in balance and gait that contribute to falls is warranted for the

development of more effective post-stroke fall prevention programs.

21.2 Motor-Cognitive Interaction and Falls: Dual Tasking
and Cognitive Disturbances

In the past, movement and cognition were thought to be controlled by isolated,

proprietary, cortical regions. However, functional neuroimaging techniques have

graphically demonstrated considerable overlap in brain regions for many disparate

behaviors. Overlapping neural systems likely serve both cognitive and motor

function [22]. Two primary regions have been identified that are activated by

both cognitive and motor tasks: sensorimotor cortex and the dorsolateral prefrontal

cortex (dlPFC). While it is axiomatic that motor tasks will activate sensorimotor

cortices and their association cortices, action words, both verbs and nouns, can

activate somatotopically appropriate locations within sensorimotor cortices [23]

and supplementary motor cortex [24, 25]. The cortical representation of action

word meaning includes cortex used for enacting a particular verb (e.g., writing,

painting) or using an action-related noun (e.g., pencil, paintbrush) [26]. From a
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behavioral standpoint, processing hand action-related words can impact finger and

hand movements, but not foot movement. Conversely, hand and arm movements

also impact processing of hand-related words [27]. However, both facilitation and

inhibition of movement are possible following action word processing [28].

The dlPFC is a region receiving input from multiple sensory and multimodal

areas with projections to and from occipital, temporal and parietal lobes, as well as

sensorimotor cortices. The dlPFC may provide “processing resources” (i.e., compu-

tational resources for calculating complex behaviors) for resource-demanding

tasks, including nonautomatic movement, executive function, working memory,

and language. The dlPFC is vulnerable to age-related declines in function due to

loss of synapses [29]. Because the dlPFC supports processing in multiple domains

[30], there is often competition for processing resources during concurrent tasks.

More study is necessary to determine the involvement of various cortical and

subcortical areas that underlie healthy motor-cognitive integration.

21.2.1 Parkinson’s Disease

In PD, declines in dlPFC functional connectivity are more pronounced than in

age-matched peers [31], resulting in fewer resources available for calculating

complex behaviors; therefore, people with PD often experience exaggerated dual-

task impairments relative to their age-matched peers [9]. The magnitude of dual-

task effects, or decrement in performance during concurrent tasks, is highly depen-

dent on the task difficulty: as the secondary cognitive task increases in difficulty, so

does the impairment in the primary motor task [32].

When considering the disease process and manifestation of PD, the link between

motor and cognitive function is especially clear. Motor learning is slower and likely

uses more brain activity in individuals with PD than those without [33]. Increased

bradykinesia—a reliable clinical measure of the nigrostriatal lesion in PD—is

associated with the presence of mild cognitive impairment (MCI) and impaired

executive performance [34]. With careful concentration on critical movement

aspects, those with PD can achieve close to normal movement amplitudes

[35, 36]. During externally cued movements, people with PD might be able to

bypass the malfunctioning basal ganglia [37] and activate the cerebellar-thalamo-

cortical (CTC) neural network, in a manner similar to that noted in age-matched

controls. There is also a well-known facilitating effect of cues for alleviating

freezing of gait [38].

The rationale for “dual-task interference” is that performing multiple tasks

requires more executive resources, which, in aging and more so in PD, are often

limited. The performance decrement during the dual task, termed the dual-task

cost, depends on the type of task being performed and, more importantly, the

population being tested. ADLs are typically performed under modestly complex

conditions and require the simultaneous performance of cognitive and motor tasks

[39]. Therefore, even slight or subtle declines in cognitive function for people

with PD may impact performance of routine activities, such as dressing,
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grooming, cooking, walking, and driving. Even in healthy older adults, evidence

suggests that the dual-task cost on cognitive and motor performance increases

with age [40].

When two tasks are performed simultaneously, the more familiar task may be

more reliant on basal ganglia control and processing, while the less familiar or

attention-demanding task is modulated by the frontal cortex [9, 41, 42]. Therefore,

impaired functioning of the basal ganglia would be hypothesized to result in

automatic tasks becoming slow, reducing in amplitude or ceasing altogether. This

is consistent with the lack of spontaneous movements, development of

bradykinesia, and freezing of gait (FOG) seen in patients with PD. Dalrymple-

Alford and colleagues examined the effects of adding a cognitive task during an

upper extremity tracking task with controls and individuals with PD [43]. Those

with PD showed an increase in tracking errors when asked to recall a series of

digits. These data support the hypothesis that executive function deficits can be

caused by disruptions of the basal ganglia circuits and contribute to increased motor

performance variability under dual-task conditions.

21.2.2 Stroke

The impact of stroke on the interaction between cognitive functions and motor

tasks, such as walking, has been the focus of investigation in recent studies [44]. In

stroke survivors, postural sway reduces during standing balance tasks performed

concurrently with a cognitive task [45]. In another study, comparison of cognitive-

motor dual tasking during reactive versus intentional balance task showed that

cognitive performance only decreased during the reactive balance task, suggesting

the nervous system’s prioritization of reactive over intentional balance post-stroke

[46]. During dual-task walking, cognitive cost during a serial subtraction task

performed while walking was greater for stroke survivors versus young, able-

bodied individuals [47]. Another recent study tracked cognitive decline, the

Timed Up and Go test, the Berg Balance Scale, dual-task performance, as well as

gait speed in stroke survivors over a 20-year period, and suggested that gait and

balance measures may be useful as predictors of future cognitive decline following

stroke [48]. Further study of the interrelationships between cognitive-motor perfor-

mance post-stroke is greatly needed.

21.3 Dual Tasking: Effects on Gait and Balance

The capacity to perform a second task during locomotion is highly advantageous.

Many ADLs require multitasking, e.g., carrying objects or thinking while walking

in a crowded environment, thus increasing older individuals’ risk for falling

[49, 50]. In fact, most falls in community-living older adults occur during routine,

nonathletic activities of daily life [51]. Using the dual-task paradigm, researchers

have demonstrated that maintaining balance requires attentional resources, and
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demands on those resources increase with impaired balance [52]. Shumway-Cook

and Woollacott demonstrated that older adults with impaired balance could main-

tain standing balance under a single-task condition, but fell under dual-task

conditions [53]. Gait assessment under dual-task conditions may be sensitive for

fall risk identification in older adults [54–56]. However, a recent review suggests

that only some fallers are identified by dual-task conditions [57], so more research

needs to be conducted to determine the utility of the dual-task paradigm for

prediction of falls. Diverse cognitive and manual tasks have been used to assess

the ability to divide attention while walking and to identify fall risk. This diversity

can make comparing findings across studies challenging [57].

21.3.1 Parkinson’s Disease: Impact on Gait and Cognitive-Motor
Dual Tasking

Many individuals with PD use attentional strategies to maintain stability and reduce

their fall risk [58, 59]. However, balance-enhancing strategies are often ineffective

when presented with attention-dividing challenges. The introduction of a concur-

rent verbal cognitive task led to deterioration in postural stability, especially in

demanding balance conditions, and this deterioration placed people with PD at a

high risk of falling [58]. Similarly, greater postural sway was observed in PD fallers

while completing an attention-distracting cognitive task [60].

Recently researchers have explored how the scaling and coordination aspects of

motor control are affected by the disorder. Basal ganglia dysfunction causes deficits

in the temporal and spatial coordination of multi-segment movements. Increased

bradykinesia and rigidity have also been associated with decreased motor adaptive

ability in movement coordination [61]. Although dopamine replacement is the most

common pharmacological treatment of motor symptoms in PD, its effects on motor

coordination are not completely understood.

Interlimb coordination is important for dynamic stability during gait and

contributes to the ability to achieve a normal gait speed. However, studies show

that both ipsilateral and contralateral interlimb coordination are reduced in persons

with PD compared to the healthy older adults. The normal close coupling of arm

and leg movements during gait is disrupted in PD, although the mechanism for this

is unclear. This occurs even when the disease progression is mild [62]. In addition,

an increased cognitive load (e.g., under dual-tasking conditions) is significantly

correlated with increased gait variability. In people with PD, higher cognitive

demands are imposed on the patient to maintain a consistent and accurate alternate

stepping pattern [63].

One manifestation of dyscoordination in PD is the occurrence of motor blocks,

the inability to initiate, or the sudden discontinuation in voluntary movements. This

can manifest as FOG in the lower limbs. FOG occurs when a person with PD is

temporarily unable to initiate or continue effective stepping, usually for only a few

seconds, but can then overcome and continue walking at their normal cadence

[64]. Although the mechanisms underlying FOG are poorly understood, FOG is
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associated with decreased gait rhythmicity and asymmetry and bilateral

dyscoordination of left-right stepping [63]. FOG also tends to manifest in functional

situations requiring increased interlimb coordination, such as turning [64]. Three

hundred sixty degree turning in combination with dual tasking has been shown to be

a significant trigger for FOG. People who freeze tend to increase their cadence and

adopt a posture second strategy in contrast to nonfreezers when presented with a

dual-task situation. Freezers take significantly more steps to turn and are slower

than people without FOG. ADLs are significantly impacted given that functional

mobility in the home tends to involve frequent turns [65].

Motor blocks can also occur with upper extremity use. A recent study by

Brown et al. also showed motor blocks during rhythmic bimanual coordination

when switching between phase patterns (e.g., between inphase and antiphase).

The study concluded that upper limb motor blocks occurred in PD participants

both without (“off”) and with (“on”) dopamine replacement. Specifically, the

motor blocks may be caused by difficulty shifting attention under increased

cognitive demand, implicating hypoactivation in motor and prefrontal areas

[66]. Studies have also shown that the rapid alternating task category in the

United Parkinson’s Disease Rating Scale (UPDRS) is an independent predictor

of falls, suggesting a correlation between impaired intersegmental coordination

and fall risk [67].

21.3.2 Stroke: Impact on Gait and Cognitive-Motor Dual Tasking

Gait impairments in people post-stroke span multiple lower extremity joints and all

phases of the gait cycle. In addition to the multitude of deficits in kinematics and

kinetics in post-stroke gait, asymmetry of temporal and spatial gait parameters is

common post-stroke [68]. In healthy individuals, gait tends to be symmetric both

spatially (between left and right joint angles and step and stride lengths) and

temporally (between right and left swing, stance, step, and stride times). The

unilateral deficits in the paretic limb affected by the stroke result in asymmetry,

usually visibly observable as a “limp” during walking. Spatial asymmetry is

manifested as a difference in step length, with the paretic leg being either longer

or shorter steps compared to the non-paretic. Temporal asymmetry is reflected in

reduced double support and single-leg stance duration on the paretic leg [69]. Post-

stroke gait asymmetry may have important implications for gait speed, energy

expenditure during gait, musculoskeletal overuse and loading on the non-paretic

leg, and the incidence of falls.

Further adding to the complexity of balance and gait dysfunction observed post-

stroke, deficits in adaptation and response to perturbations have been observed

during dynamic balance tasks post-stroke. Post-stroke individuals with foot drop

using an ankle-foot orthosis had reduced gait adaptability, as shown by reduced

success with avoiding obstacles and reduced capacity to restore gait after crossing

the obstacle [70]. Difficulty with safely navigating obstacles and incorporating step

modifications during community ambulation would predispose stroke survivors to
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falls and injuries. Post-stroke persons may also show normal obstacle-avoidance

strategies, but have delayed and reduced electromyography responses, smaller joint

angle deviations from unperturbed walking, and smaller horizontal margins from

the foot to the obstacle, suggesting possible mechanisms that could be targeted with

rehabilitation [71].

Dual-task training has also received attention in recent stroke rehabilitation

research. Interventions designed to train cognitive-motor dual tasking, and

incorporating visual or auditory cues, may show superior effects on post-stroke

motor function compared to interventions not including dual-task practice

[72, 73]. Although evidence supporting the incorporation of cognitive-motor inter-

ference tasks into stroke rehabilitation is still inconclusive, the use of dual-task

training paradigms for improving community ambulation and reducing falls in post-

stroke individuals merits systematic investigation [74].

21.4 Options in Physical Therapy and Exercise-Based Therapies

21.4.1 Assessment

The previous sections have highlighted the fact that a reduced capacity for dual-task

walking and/or limited ability to adapt to changes in environmental context may

substantially restrict the degree to which a person is able to participate in life roles.

Conventional rehabilitation does not always adequately address the interaction of

these two impairments, which can contribute to lower levels of participation and

physical activity. As a result, the physical therapy assessment of older adults with

and without neurological insult or disease should encompass a careful analysis of

both coordination and dual-task ability and their impact on the patient’s functional

mobility.

Assessment of dual-task ability can include the Timed Up and Go Cognitive and

the Timed Up and Go Manual. These tests are quick, dynamic measures for

identifying individuals who are at risk for falls. Cutoff scores are available for

both community-dwelling elderly [75] and for people with Parkinson’s disease

[76]. A 2012 study by Plummer-D’Amato et al. showed dual-task ability for

community-dwelling older adults could be assessed by timing participants complet-

ing a 6 meter obstacle course under single-task and three different dual-task

conditions (spontaneous speech, alphabet recitation, and coin transfer) [77]. The

therapist should be aware of the different types of cognitive interference tasks and

evaluate several if necessary to determine the impairments most requiring interven-

tion. The therapist’s assessment may also include looking at spatiotemporal gait

parameters under single- and dual-task conditions, such as time to complete, stride

length, and number of steps taken on a 10 Meter Walk Test.

A careful assessment of coordination will include detailed observation of the

patient’s movements during sequential tasks under various conditions. An exami-

nation of upper extremity coordination in sitting might include rapid alternating

movements, finger to nose, and rapid tapping of the first finger on the crease of the
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thumb. Lower extremity coordination testing could include heel-to-shin testing and

timed tapping of the patient’s foot into the examiner’s hand. The Purdue Pegboard

Test is a test of upper extremity dexterity and coordination recommended by the

American Physical Therapy Association’s Parkinson EDGE Task Force

(PDEDGE) and takes less than 5 min to administer.

Recent work by Gammon Earhart concludes that while much insight can be

gained through assessing isolated coordination of movement, there is increasing

recognition that consistency of step-to-step performance across longer periods of

gait provides important information about dynamic postural control. Consequently,

gait analysis should play an important role in the assessment of coordination in both

normal aging and in people with PD. The phase coordination index (PCI) examines

temporal coordination of interlimb phasing and variability of this phasing across

strides. Decreased and less consistent PCI is shown with aging, PD, and FOG.

Earhart also points out that performances of more challenging gait tasks, such as

backward walking and turning, are associated with reduced coordination as

measured by PCI. These tasks show that older adults are more affected than

younger, those with PD are more affected than age-matched controls, and those

with PD and history of freezing are more affected than those with PD, but no history

of freezing. Assessment of coordination and consistency over a longer duration,

including when faced with dual-task challenges, is key to a comprehensive evalua-

tion of dynamic postural control in both older adults and those with PD [78].

Gait analysis is important because gait speed has been suggested to be “almost

the perfect measure”. It correlates well with functional ability and balance confi-

dence and has the ability to predict future health status and functional decline

[79]. Self-selected walking speed has also been found to be reliable, valid, sensitive,

and specific. Both age and sex gait speed norms have been derived, along with

correlations for functional mobility that range from “household ambulator” to

“crosswalk and community ambulatory”. Gait speed can also be used to determine

amount of assistance needed [79]. Horak et al. suggest the use of the Balance

Evaluation Systems Test (BESTest) as a reliable and valid means to determine

balance problems for patients and appropriately direct treatment [80]. The test is

designed to identify underlying postural control mechanisms that may be responsi-

ble for poor functional balance.

21.5 Novel Approaches to Multimodal Exercise

In 2009, King and Horak introduced a novel framework of progressive sensorimo-

tor agility exercises to delay mobility disability in people with PD [81]. Their

framework has a strong evidence-based foundation and includes challenges to

coordination and cognitive interference. These principles can be incorporated into

an ongoing exercise program for both people with PD and those with mobility

impairments as a result of stroke or from the normal aging process. The exercises

should:
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• Be complex, multi-segmental, and whole body and require quick selection and

sequencing of motor programs

• Address axial rigidity

• Be task and environment specific

• Teach patients to increase speed, amplitude, and temporal pacing of self-

initiated and reactive movements

• Involve complex gait training and in environments where freezing typically

occurs

• Facilitate increased use of proprioceptive information and decreased visual

reliance

• Introduce cognitive constraints to progress an agility or mobility task

Preliminary evidence shows the effectiveness of coordination and dual-task

training for older adults and people with PD. A 2012 pilot randomized controlled

trial found that once weekly group circuit training, with or without simultaneous

cognitive tasks, resulted in significantly improved walking speed among older

adults. However, group-format dual-task training once per week did not improve

walking time or dual-task cost on an obstacle negotiation task [77]. Small studies

and pilot studies suggest that divided attention training can lead to larger steps,

increased speed, and decreased gait variability during gait under dual-task

conditions in people with PD [82, 83]. A more recent randomized, controlled

pilot study confirmed the efficacy of specific physical therapy intervention focused

on asymmetry of motor control during gait [84].

More research has been completed on physical therapy interventions for FOG.

Although the neural mechanism underlying FOG in PD is poorly understood,

prolonged initial step duration is a physical predictor of FOG in PD. Therapists

can easily incorporate specific interventions designed to decrease this step duration

into a fall prevention training program for PD [85]. Other studies have shown that

an individualized program of auditory cueing (using metronomes or similar

devices) is easy and inexpensive to implement and has an immediate effect on

gait. Improvements are seen in walking speed, stride length, and freezing [86–

88]. Auditory and visual cues in combination with treadmill training have been

shown to be effective in improving functional indicators for people with

PDþ FOG. The treadmill likely acts as a supplementary external cue and works

to decrease asymmetry in gait [89, 90]. Another intervention target for decreasing

FOG is improvement of motor set switching. For example, people with PD could

repeatedly practice changing step direction from one trial to the next [91]. Because

FOG is one of the most disabling symptoms of PD and tends to occur more often in

the advanced disease state, therapists should also consider incorporating compen-

satory techniques, modification of the patient’s home environment, and care part-

ner/caregiver training into the treatment plan.

Similar to the beneficial effects of aerobic exercise shown in older adults and

PD, several studies have demonstrated the benefits of treadmill-based walking

exercise interventions in individuals with chronic stroke. Macko and colleagues

showed that participation in a 6-month treadmill-based aerobic exercise program
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resulted in greater increases in cardiovascular fitness and walking function in

individuals with chronic post-stroke hemiparesis [92, 93]. Considerable evidence

supports the incorporation of cardiorespiratory and aerobic exercise training within

post-stroke rehabilitation programs to improve post-stroke gait and balance func-

tion [94, 95]. Single-session as well as long-term training studies in stroke survivors

have shown that in addition to cardiovascular benefits obtained by aerobic exercise,

such as fast treadmill walking and gait training at a faster than self-selected speed,

also imparts beneficial effects on biomechanical gait impairments, gait asymmetry,

and muscle activation post-stroke [96–98].

Consistent with the beneficial effects of exercise on neuroplasticity and cogni-

tion in older adults, evidence in stroke research also suggests that exercise promotes

neuroplasticity by increasing brain-derived neurotrophic factor (BDNF) production

and can facilitate motor learning during post-stroke rehabilitation [99, 100].

Ongoing studies are evaluating if physical exercise programs can prevent cogni-

tive decline in individuals after a minor ischemic stroke [101]. Also, similar to PD

and older adults, community-based and group exercise programs have potential for

maintaining or improving post-stroke motor function [102]. Over the past decade,

interest in stroke rehabilitation research has grown toward development of novel

exercise interventions that capitalize on combined approaches, such as treadmill

training plus functional electrical stimulation [103, 104], task-specific exercises,

noninvasive brain stimulation [105], and toward treatments that maximally harness

neuroplasticity.

While it is clear that exercise addresses mobility issues in older adults and those

with PD, recent investigations into the cognitive effects of exercise have come to

the forefront. A recent review considered six preclinical studies in rodent models of

PD [106]. The mixed results revealed some positive effects of exercise on cognition

in these rodents, improving long-term memory, motor learning, and short-term

social memory. Along with these behavioral changes were neurobiological changes

including upregulation of the neurotrophic factors, brain-derived neurotrophic

factor (BDNF), and glial cell derived neurotrophic factor (GDNF) in striatum and

increased dopamine in the striatum. These findings are in line with three proposed

mechanisms of improved cognition via exercise specifically for individuals with

PD: enhanced availability of dopamine (DA) projections to the dorsal and/or

ventral striatum, increased neurotrophic factor availability, and/or decreased

neuroinflammation in the basal ganglia. The same review also covered recent

human studies and found eight studies that demonstrated improved cognitive

function as a result of exercise [106].

Other researchers have demonstrated both motor and cognitive effects of dance

exercise. Tango instruction has led to improvement in PD mobility and QOL versus

other partnered dances [107], non-partnered dance [108], and generalized exercise

[109]. McKee and Hackney demonstrated that, in addition to expected motor

improvements, 30 h of adapted tango over 12 weeks improved disease severity

and spatial cognition (as measured with the mental imagery Brooks task) in

individuals with mild-moderate PD [110]. Importantly, the exercise dose in

this study—30 h over 10–12 weeks—exceeds weekly exercise dosage
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recommendations for deconditioned older adults with chronic illness [111], which

may have contributed to cognitive and motor improvements. Tango could be

considered light-moderate exercise. Participants are stepping at 60–120 beats/min

(tempi of tango music) and expending at least 3 metabolic equivalent of tasks

(METs) per minute [112]. Thus, cognitive gains noted in the adapted tango group

could have occurred because aerobic exercise has beneficial effects upon cognition

[113, 114]. Notably, the researchers in this study ruled out partnered/social learning

and interaction as being responsible for gains. Thus, adapted tango elements,

including structured motor components that engage memory of steps and directions

while encouraging keen awareness of spatial relationships, could have contributed

to cognitive gains.

Several other small studies have examined the benefits of exercise for those with

PD on various aspects of cognition. Six months of generalized moderate-intensity,

multimodal physical training (consisting of aerobic, resistance, coordination, and

balance elements) led to improvements in the capacity for abstraction and mental

flexibility as measured by the Wisconsin Card Sorting Task in ten older individuals

with PD in comparison to a non-exercising control group [115]. Fifteen individuals

with PD who participated in programs of anabolic and aerobic exercise two times

weekly for 12 weeks showed improvements in verbal fluency [116]. Low-intensity

passive cycling on a tandem bike, in a “forced exercise” situation one time per week

over 4 weeks, has led to improvements by 19 people with PD on the Trail Making

Test A&B, an executive function measure [117]. Dos Santos Mendes et al. assigned

16 individuals with early PD toWii Fit training, to evaluate the motor and cognitive

demands of the games on people with PD, in comparison to 11 healthy older adults.

Compared to healthy controls, those with PD had no deficit in motor learning or

retention on seven of the ten games, but had marked learning deficits on three

games. However, the PD cohort was able to transfer motor ability gained from the

games to a similar, but untrained task [118]. Muller and Muhlack investigated the

effects of a single bout (rather than an intervention) of high-intensity endurance

aerobic exercise (heart rate-targeted cycling) or rest following L-dopa administra-

tion on reaction time and complex movement sequence ability in 22 individuals

with PD in a crossover design. Participants improved on reaction time, tapping rate,

and peg insertion interval time after exercise, whereas they gave fewer correct

answers after rest, and reaction time increased after rest [119].

These recent studies are encouraging and provide preliminary evidence that

supports the effects of exercise on aspects of cognition in addition to motor gains,

for those with PD. The findings by Uc et al. are encouraging because they agree

with research supporting the beneficial effects of aerobic exercise on cognition in

older adults, but these findings must be replicated in Phase III clinical trials.

Further, all of these studies employed a range of cognitive outcome tasks, and

improvements were limited to one or two executive function measures. The excep-

tion is the improvement noted by McKee and Hackney, which provides novel

evidence that supports further study into application of complex exercise programs,

like adapted tango, for improving cognition. Such study is warranted and definitely

needed [120] given the prevalence of MCI in PD, which affects the spectrum of
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mental function, and has deleterious effects on mobility because of a motor-

cognitive interaction.

21.6 Hypotheses for Mechanisms Underlying Deficit
and Recovery in Stroke and PD

Neuroplasticity is the phenomenon of changes or adaptations in structure or func-

tion of the nervous system on the basis of experience and practice. Plastic changes

can occur on anatomical, molecular, genetic, structural, and functional levels within

the nervous system. A possible neurobiological mechanism underlying the positive

effects of exercise is the increased synthesis and release of neurotransmitters and

neurotrophins, which could enhance neurogenesis, angiogenesis, and thus

neuroplasticity [121]. Additionally, reorganization of cortical representations,

synaptogenesis, and synaptic potentiation play a role.

Typically, increased usage of or skill acquisition by one body part is followed by

increase spread in the cortical map for that body part. Some changes have been

attributed to competitive plasticity, referring to competition between body parts for

limited cortical space, while others attribute the changes to the unmasking of

previously silent or inactive neural connections. Changes in the horizontal spread

of cortical representations of a particular body segment or movement in response to

a change in stimulus lead to reorganization of cortical maps. Changes in map

representations with training and experience have been demonstrated in both

animal and human models of injury [122, 123].

Significant progress has been made in understanding how neuroplasticity

mechanisms primed through physical activity exert an effect on the brain. Exercise

effects on hippocampal neuronal regeneration are especially well documented in

populations including stroke, PD, and normal aging [124–127]. Erickson and

colleagues longitudinally demonstrated 1–2% increases in hippocampal volume

following a year- long aerobic exercise intervention in older adults. Significantly, a

non-aerobic exercise control group experienced a 1–2% degradation of hippocam-

pal volume over that same time course [128]. Further, researchers have examined

associations between cardiovascular fitness levels and the density of gray and white

matter in adults ages 55–79. Older adults with greater levels of cardiovascular

fitness had significantly less atrophy of gray matter in the frontal cortex as well as

significantly less tissue loss in both the anterior and posterior white matter

tracts [129].

Alterations in structure may correlate to improved behavioral and functional

outcomes. Neuronal regeneration in the hippocampus is critical because of its vital

role in memory formation and spatial navigation. In the Erickson study, the increase

in hippocampal volume following exercise was associated with more accurate

performance on a spatial memory task. However, Ten Brinke and colleagues

demonstrated that increased left hippocampal volume was significantly associated

with greater loss in word recollection after interference. In the same sample, aerobic

training significantly improved word recall after a delay as measured by The Rey
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Auditory Verbal Learning Test [130]. Other factors, such as white matter degener-

ation, may significantly moderate the association between brain volume and cogni-

tive performance. For example, the connectivity between the hippocampus and

other brain areas may be greatly disrupted by white matter abnormalities, which is

likely the case in MCI [131]. Thus, increasing hippocampal volume alone, through

aerobic, other exercise, or other means, in older populations may not always result

in improved memory performance.

Similarly, demonstrated enhancement in frontal connectivity associated with

aerobic fitness is correlated with improvements in frontally mediated EFs. For

example, aerobic exercise is associated with improvements in attention and

processing speed, EF, and memory in healthy and impaired individuals, including

aged individuals [132]. Seminal work demonstrated that 124 older adults randomly

assigned to receive aerobic training experienced substantial improvement in per-

formance of tasks dependent on executive control processes and the integrity of the

prefrontal and frontal cortex [133]. A recent study assigned older individuals

(65 years and over) to ride stationary bicycles for three “spin” sessions per week

for 12 weeks in comparison to a control group. The exercise group demonstrated

significantly higher category verbal fluency after the intervention. Further, follow-

up analysis demonstrated significant correlations between increase in cardiovascu-

lar fitness and improvements in verbal fluency [134]. Most notably, these results

report that the effects of resistance training on executive cognitive functions are

selective, i.e., resistance training enhanced selective attention and conflict resolu-

tion in older women, but cognitive abilities associated with manipulating verbal

information in working memory and shifting between task sets or instructions were

unaffected. The mechanism for these changes comes from cross-sectional studies,

which indicate that exercise may mitigate decreases in vital cortical inhibitory

mechanisms in older adults [135, 136].

Not all of the effects of exercise are mediated by neurogenesis in the neocortex.

Exercise has effects in other CNS structures particularly implicated in PD including

substantia nigra and basal ganglia [137–139], corticostriatal synapses [140], and the

cerebellum [141].

In individuals with PD, neuroprotective mechanisms of exercise may be related

to engagement in ongoing, vigorous exercise that increases heart rate and oxygen

uptake [142]. A mechanism, through which aerobic activity engenders improve-

ment, may be plasticity-related changes in synaptogenesis, angiogenesis, and

neurogenesis [143]. “Forced exercise” has been shown to be an interesting potential

mechanism of rehabilitation in the case of tandem biking [144]. The complex

movement patterns experienced in adapted tango for people with PD may cause

beneficial neural plasticity in neural pathways for movement. Multiple studies

demonstrate that improvements in mobility, balance, spatial cognition, and disease

severity may be retained for up to 3 months after adapted tango in individuals with

mild-moderate PD [107–110, 145]. A link between activity, mental engagement,

and neural pathways may be primed by dancing, which involves complex, unfamil-

iar tasks like walking backward, problem solving, and movement improvisation.
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Going forward, uncovering mechanisms may be the most important area of

discovery for enhancing non-pharmacological interventions that address mobility

and motor-cognitive issues in older adults with and without movement disorders.

The knowledge and principles gained could impact not only exercise disciplines,

but also pharmacological, surgical, physical, and occupational therapy for older

adults with and without neurological disorders. Future work related to neurobiolog-

ical mechanisms will be crucial to informing rehabilitative interventions as well as

pharmacological and surgical treatments. Imaging with positron emission tomogra-

phy (PET) and functional magnetic resonance imaging (fMRI) hold promise as

well, given that lower limb neural pathways, implicated in exercise, are virtually

unexplored in connection with rehabilitative efforts in PD.

Neuroplasticity mechanisms underlying recovery of sensorimotor function fol-

lowing stroke have been extensively investigated. During days and weeks following

a stroke, changes in synaptic efficacy of cortical neurons begin to emerge in and

immediately around the lesioned cortex, in distant parts of the side affected by the

stroke, as well as in the contra-lesional cortex. Assessment of corticomotor

excitability using transcranial magnetic stimulation (TMS) reveals depressed corti-

cal excitability in the lesioned motor cortex early after stroke and a slow increase in

corticomotor excitability over the course of recovery of post-stroke function

[146]. Studies using TMS-derived measures also suggest that an abnormal imbal-

ance of interhemispheric inhibition, i.e., increased inhibition of the lesioned hemi-

sphere by the non-lesioned hemisphere, may be an important neural correlate

underlying post-stroke motor impairment, as well as a potential target for post-

stroke rehabilitation. Imaging studies reveal marked changes in brain activation

during movements of the paretic limb post-stroke. Interestingly, fMRI evidence of

bilateral activation during unilateral movements is also observed in older adults as

well as in young individuals during performance of complex motor tasks,

suggesting that overlapping neural mechanisms may be at play in aging and

movement disorders, such as stroke.

Plausibly, greater activity in the unaffected hemisphere and secondary motor

areas is a mechanism through which activity in residual neural networks

compensates for the functions lost by the cortical tissue damaged due to the stroke

(also referred to as the vicariation model of stroke recovery) [146]. In contrast, the

interhemispheric competition model of stroke recovery posits that lesion to one

hemisphere due to stroke disrupts the balance of interhemispheric interactions and

excess activity in the non-lesioned hemisphere can be detrimental to function. Post-

stroke cortical reorganization is complex with high interindividual variability, and

its mechanisms and causal factors are still incompletely understood. A better

understanding of the neuroplasticity mechanisms underlying post-stroke recovery

can help develop new treatments and clinical decision-making protocols for

maximizing sensorimotor function and QOL post-stroke.
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21.7 Conclusion

Rehabilitation to restore and/or improve motor-cognitive function in older adults

with neurological insult must be efficient and effective, because adherence to an

exercise regimen is critical. Thus, identifying aspects of exercise and rehabilitative

therapy, which are most responsible for benefits to mobility- and cognitive-

mediating symptoms, i.e., axial impairment and depression, will impact adherence

to exercise. Understanding these crucial aspects will help determine foundational

principles of exercise training to evince motor and cognitive maintenance and/or

gains. With improved and/or maintained independence via enhanced mobility, and

targeted application of neuroplasticity principles, the overall goal of improving

mobility and motor-cognitive function in older adults with and without neurological

disorder can be reached.
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Part IV

Technology and Rehabilitation Applied to
Locomotion and Posture



Gait Initiation in Older People: Concepts,
Clinical Implications and Methodology 22
Paula Hentschel Lobo da Costa and Marcus Fraga Vieira

Abstract

Anticipatory postural adjustments are necessary neuromuscular strategies to

begin a new gait cycle and to safely take the first step forward. For this purpose,

postural transients about to occur with imminent forward motion must be

controlled. Impairments in this process must be understood in order to reveal

pathophysiological mechanisms underlying dynamic balance problems in the

older population. The aim of this chapter is twofold: to firstly explain the typical

mechanism of gait initiation (GI), some aspects that affect its pattern and benefits

of training interventions for the elderly population and, secondly, to describe

computational methods to assess and quantify this mechanism based on force

plate measurements.

Keywords

Gait initiation • Anticipatory postural adjustments • Center of pressure •

Dynamometry • Older people

22.1 Gait Initiation General Aspects

According to Bernstein [1], the execution of each voluntary movement is success-

fully accomplished by means of two control components: a focal component

(related to the segmental motion that performs a goal-directed movement) and a
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postural component (related to the rest of the body involved in stabilizing

reactions). The central nervous system has the task of coordinating these two

components, namely movement and posture. In this regard, gait initiation (GI) is
an interesting process to be studied from the fundamental point of view, because it

involves a precise coordination between posture and movement, as well as from the

clinical one, because unbalances during GI have been shown to discriminate

between stable and unstable patients [2].

The transition phase from a static to a dynamic condition involves contradictory

postural stabilization functions: to prepare to an action and to recover from the

perturbation. During this phase, the motor system is in a state of transient disequi-

librium, which means that equilibrium will be restored in the next support phase of

periodic movements like walking [3]. In this regard, GI is the task used to under-

stand the anticipatory postural adjustments needed to make the transition from

standing posture to cyclic walking.

GI is a common task performed in daily life that requires a complex muscular

synergy to generate the decoupling of the center of mass (COM) and center of

pressure (COP) during standing, which results the COM to move forward [4]. It

encompasses the period from the preparation for the first step until the reach of a

steady state gait speed.

In standing position COP and COM are close to each other. Before GI begins,

ankle plantar flexors of both legs are active to maintain COM in a position anterior

to the ankle joints. Now the task is to move the body outside the base of support and

at the same time prevent falling [5]. GI begins with the posterior and lateral

displacement of the COP toward the limb that will oscillate first, namely the

swing limb. This increases the anterior-posterior (AP) and medial-lateral

(ML) ground reaction forces that, in turn, cause the displacement of the COM in

the opposite direction, forward and toward the supporting foot [6–8]. The result is

that COP and COM begin to dissociate.

It has already been demonstrated that dividing the GI into its phases provides

more information related to specific mechanisms present in older people than

analyzing GI by the overall time [36]. Thus to better understand the GI function

the whole event has been divided into phases (Fig. 22.1). Because COP moves to

the swing foot before any detectable foot movement, the first phase is called the

anticipatory postural adjustments (APA) phase (1–2 in Fig. 22.1), where the

anticipatory adjustments to initiate gait begin.

During the APA phase, the COP backward movement and toward the swing limb

is considered an efficient strategy, because it generates the impulse needed to begin

walking without requiring the COM to move forward of the base of support [9]. The

second phase is called swing foot unloading phase (2–3 in Fig. 22.1) and it begins

with heel-off of the swing foot and COP movement to the support limb, which is

necessary for the subsequent unloading of the swing leg and for shifting body

weight from the swing to the support limb, while COM is accelerated forward. By

the end of the second phase, the transition from double to single support has

occurred. The COP now starts to accelerate forward under the support limb [6]

and this third phase is called support foot unloading phase (3–4 in Fig. 22.1),
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which encompasses the roll-over of the support foot, while COP moves anteriorly

until toe-off of the same foot is completed. COM moves forward through the whole

GI process.

The most challenging event for stability control during GI is recognized to be the

instant prior to the first contact of the swing foot [2]. GI process will be completed

when the body reaches a constant walking speed, about the beginning of the third

and the end of the eighth step [10]. In steady state walking or running the COM is

always outside the base of support, except during the double support phase in

walking [5]. During walking and running, the swing limb has a trajectory that

searches balance conditions during the next support phase and for this reason this

state of balance has been described as a dynamic balance [5]. Thus the main goal of

GI is to forward propel the body to perform the first step of a new walking cycle

while maintaining dynamic balance in order to deal with instabilities during the

transition from standing to walking.

The APA in GI is mediated by a central motor program [11]. Muscles of the

lower extremities are activated stereotypically and create moments of force around

the ankles and hips that rotate the body like an inverted pendulum [12].

During the APA phase the stereotyped activities of ankle muscles are known to

be the inhibition of m. soleus (S) and m. gastrocnemius (GA) that are followed by

activation of m. tibialis anterior (TA) in both legs [13]. The anticipatory m. soleus

inhibition and m. tibialis anterior activation are not observed in all young healthy

adults [15] and this functional variability of APA behavior is probably influenced

by initial trunk posture (backward or forward inclination), speed of the first step and

initial tonic m. soleus activity [15].

In the frontal plane, the ML COP displacements during GI are controlled by

coordinated action of hip abductor and adductor muscles [14]. While COP moves

backward by ankle muscles synergism, swing limb hip abductors move the COP to
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the swing limb [5] during the anticipatory phase. Next, support foot hip abductors

move the COP to the support limb and the swing limb is unloaded. At the time of

swing foot toe-off, the support limb is carrying the total weight of the body. Then,

the support limb plantar flexors increase activity and the COP moves forward under

this foot [5]. While the stereotyped activity of ankle muscle is well documented, we

were not able to find any study that has evidenced stereotyped and invariant

characteristics of muscle activities at the hip level in different populations or

experimental conditions during GI, therefore, this question need to be investigated

in the future.

Bilateral electromyography of m. tibialis anterior and m. gastrocnemius has

revealed five evidences for the existence of this motor program: the invariant

relative timing of support (1) and swing limb (2) m. tibialis anterior onsets (support

limb TA action preceeds swing limb TA action), (3) the fore-aft ground reaction

forces, (4) the swing limb toe-off, and (5) the swing limb heel-strike happen at

14, 16, 20, 43, and 87% of the entire GI process, respectively, regardless of changes

in speed [7]. An experiment using two force plates, foot switches, and motion

analysis revealed specific limb functions during GI: since forward impulse

increases rapidly after toe-off of the swing limb, the support limb is considered to

be responsible for controlling forward impulse, while the swing limb is mainly

concerned with weight shift from the swing foot to the support foot, because

loading of the swing limb in the anticipatory phase occurs simultaneously to the

unloading of the support limb and the onset of forward acceleration of the COM [7].

22.2 Influencing Factors

Many studies have investigated how the motor pattern of GI is affected by factors

related to cognitive demands, foot-floor interface, speed and initial body posture

among others, like aging that will be further discussed later in this chapter.

Dual tasking has been shown to affect GI in healthy older adults. Two groups of

older adults, one called “fear of falling (Fof)” and another called “no - Fof group”

performed GI as a single task, while counting backwards from 100 to 1. Despite

both groups were not different regarding all clinical measures of functional balance

(“Timed up and Go,” “10 m walking,” and “Functional Reach” tests), the Fof group

produced longer GI phases during dual tasking compared to the single task, whereas

for the no-Fof group no differences were found between both tasks [16]. The

prolonged APA phase for the Fof group is interpreted as an attempt to stabilize

the body in order to reduce the risk of falling when attention resources for initiating

gait are limited [16].

Footwear type has been shown to influence the number of steps necessary to

reach steady state gait: habitual shoes with foot orthoses have helped to reach

steady state walking with fewer steps than when barefoot or wearing habitual shoes

without orthoses [17]. When using foot orthoses ML COM range of motion is

reduced during walking and GI, and this advantage has been related to a higher

level of stimulation of mechanoreceptors activity and improved dynamic postural
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stability [17]. On the other hand, reduction in the afferent somatosensory informa-

tion under the foot by means of immersion in iced water resulted in a reduced ML

COP excursion during the anticipatory phase and this loss of sensitivity was not

compensated by visual input [18], indicating that plantar cutaneous afferents

contribute to the control of GI. Supporting this idea, we have observed that when

GI is performed barefoot, ML COP path and velocity during the anticipatory phase

are higher than when using footwear, probably because of the enhanced somato-

sensory perception provided by the barefoot condition [19].

We have also analyzed the relative contribution of each foot to the swing foot

loading and unloading processes and evidenced that when GI is performed on a

soft surface made of foam the swing and support foot peak forces in the ML

direction are smaller than when the subject is shod or barefoot [19]. Still regarding

foam conditions, significant Spearman correlations (Fig. 22.2) between COP

integral and force impulse revealed that COP shift is responsible for only about

3.8% of ML impulse production, whereas in barefoot and shod conditions COP

shift is responsible for 26.6% and 37.4% of impulse generation, respectively.

On the other hand, COP shift is responsible for 89.5%, 84.9%, and 86.7% of

impulse production in the AP direction in barefoot, foam, and shod conditions,

respectively.

According to our results, we can state that the production of impulse in AP

direction is more dependent on the COP shift than in ML direction and thus the

influence of other mechanisms for impulse generation than COP shift is stronger for

the ML direction. Additionally, the foam surface limited the impulse-generating

capacity of the COP shift in the anticipation phase of GI and produced smaller force

peaks in ML direction, resulting in limitations to body weight transfer from swing

to support foot. Thus our results suggest that footwear and soft surface affect COP

patterns and force features during GI especially in ML direction of the APA

phase [19].

Starting leg, whether freely chosen or predetermined, does not change the

muscle activity during GI phases, but when the leading leg is predetermined the

reaction time to start GI is shorter than when using a freely chosen leg for older and

younger adults, with the older people needing longer reaction times [20]. Interesting

is the fact that tibialis anterior (TA) anticipatory activity gradually improves with

subsequent trials in a series of 10 trials [20], which may suggest a learning effect

that could have implications in rehabilitation contexts.

APAs are considered to be under prospective control [21] and, as such, they are

an index for the ability to feedforward control motor actions. Thus limiting factors

to properly integrate posture and voluntary locomotion in standing are associated

with difficulties in activating the motor program involved in the APAs for GI,

especially regarding forward propulsion [22]. Concerning locomotion ability, it is

likely that dynamic instabilities during step transitions may be more critical factors

to reach a steady state walking speed than standing postural control.
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22.3 GI and the Older People

The task of GI challenges the balance control system, because the person moves

from a relative stable static balance to the continuously unstable gait [23]. The skills

necessary to maintain stability, weight transfer, foot clearance, and propulsion

Fig. 22.2 AP

Impulse�COP Path Integral

graph for phase 1 of GI. See

text for explanations. Blue:
barefoot condition; Red: foam
condition; Green: shod
condition
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become more critical during transitions like accelerating in GI, decelerating in gait

termination [17], and changing directions [24]. Individuals with postural

instabilities and locomotion impairments may experience even more problems

reaching equilibrium during GI. Thus GI represents a risky activity for the older

people [25], considered as a fall prone population given their well-known problems

with static and dynamic balance. It is accepted that the transition from standing to

steady state gait is an ideal paradigm to examine the impact of advancing age on

mobility [26], since those changes may not be apparent during quiet support and

steady state walking tests.

GI studies in the older people have revealed some important age-related changes

in this process. In the older adults, decreased COP displacements in the APA phase

are evidenced [23] and despite the central motor program for GI is present, it is less

frequently observed in electromyography data than in younger adults [25]. For this

reason, COP displacements in the APA phase have been accepted as a sensitive

indicator of balance dysfunction [2].

Two measures have revealed that the biomechanical effectiveness of the GI

motor program in generating impulse (given as the time integral of GRF in a

specific direction) in the older people is limited [25]:

(1) time integral of backward COP shift and the amount of forward impulse are

highly correlated in young as well as in the older adults, though older people

generate significantly less impulse for each increment in COP displacement;

(2) time integral of the AP COP displacement and walking speed are also highly

correlated for both populations, though the correlation coefficients are signifi-

cantly lower for the older group.

Together these indicators reflect that the older group may generate the impulse

needed for the execution of the first step by other strategies than moving the COP

backward [25]. Reduced backward COP excursions may be associated with the fact

that m. soleus and m. gastrocnemius remain active while m. tibialis anterior

becomes active during the anticipatory phase [25].

Although the stereotyped muscle activity of GI remains invariable in healthy

older people [23], electromyography studies have demonstrated some alterations in

muscle activity durations. The duration of m. tibialis anterior (TA) anticipatory

activation tends to be shorter for the physically active older than for younger adults

[20]. When compared to younger adults m. lateral gastrocnemius (LG) activity of

the support leg starts later and the percentage of delay between TA and LG

activations is greater in the older people, whereas mean duration of the simulta-

neous activation is shorter [20]. Thus LG activation of the support limb does not

start before swing limb has left the ground in the majority of the older adults studied

[20] and this delay may impair not only the propulsion, but also the control of the

forward movement of the body in preparation for the swing leg to leave the

ground [27].
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The initial steps of GI are shorter with greater variability for older people, even

when step length is normalized to body height [20]. Step lengths are even shorter in

older fallers, as compared to younger adults [28].

Fear of falling is a factor that influences GI specially in older adults. Older

adults transitioning to frailty are those who do not meet the criteria for either frail or

vigorous based on a specific classification scheme [24]. They are highly susceptible

to falls and produce smaller and less forceful COP displacements during the APA

phase when compared to healthy older adults [29]. The same is known to happen

with Parkinson’s disease patients [23, 30], a population that perform even worse in

APA phase of GI than older adults transitioning to frailty [24].

Vestibular impairments have been shown to also limit APAs and thus the

dynamic balance in older adults [2]. Unilateral vestibular patients have been

compared to healthy older controls during GI [34]. TA anticipatory activation is

not present in most patients. Longer anticipatory phase durations, smaller backward

COP shifts, larger ML COP shift toward the support foot, as well as more pro-

nounced TA/LG co-activation for the support limb when swing limb leaves the

ground (swing foot unloading phase) were observed in vestibular patients when

compared to matched healthy controls. It is suggested that unilateral vestibular

patients may perceive COP backward shift as too destabilizing, so that the lack of

stereotyped ankle muscles activity to generate COP backward displacement

indicates that these patients may use a different strategy to initiate gait. Indeed

rapid unilateral arm rotation could be observed in several patients [34]. Limitations

to start gait with one limb could not be related to an influence of ipsilateral

vestibular loss [34], which should be further investigated.

Parkinson’s Disease (PD) patients are more likely to fall than other neurologi-

cal patients [31], for this reason GI has been studied to provide information about

changes in dynamic postural control of this population. Patients with PD place their

COP further ahead of their ankle joint than healthy older people, which means that

they lean significantly further forward when standing [23]. This posture prior to GI

may contribute to prolonged delays between APAs and step executions when

patients with PD are tested in “ON” dopaminergic medication state. Additionally

these patients have reduced COP backward displacements when compared to

healthy and transitionally frail older adults [23, 24, 29]. As a result, swing foot

unloading phase is prolonged and forward impulse is smaller, which may indicate

that these patients have a relative inability to generate forward impulse via appro-

priate soleus–tibialis interactions and probably place greater emphasis on ML

weight transfer to take a step. Indeed increased values of ML COP displacements

and velocities [24] have been related to this situation, although decreased values for

these variables have also been reported [23, 32], a fact that should be further

investigated.

Reduced COP backward displacement in the APA phase has been shown to be

an important pathophysiological aspect related to inefficient GI process in PD

population [23], which is considered an indication that the mechanism responsible

for generation of forward impulse may be more susceptible to deterioration of the

complex interaction of central and peripheral changes associated with dopamine
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depletion than to aging alone [24]. Very interesting is the fact that the smoothness

index significantly and negatively correlates to the Unified Parkinson Disease

Rating Scale and to the Hoeln and Jahr Disability Rating [24]. Together these

results may reflect that PD patients are more concerned with postural stability than

with forward progression and that they are less able to coordinate COP movements

during GI. Difficulties or hesitation at initializing or maintaining movement, a

characteristic of patients with PD, are also related to a subtype of freezing of gait

[33], which has been shown to cause failures in starting and scaling APAs, as

evidenced by the fact that absent of adequate COP ML shift toward the swing leg is

more present in freezers than in non-freezers.

22.4 GI and Training Effects

Some authors have suggested training strategies that would improve GI in older

people, based on results of studies that have compared groups with different

characteristics. Evidences of task memorization [20] indicated that when GI is

repeated in a series of successive trials this task specific repetitive training could

be advised for older people in order to prevent falls. Biofeedback and relaxation

exercises [25] have also been suggested to improve COP shift mechanism and thus

probably prevent falls.

Other researchers have performed specific interventions and achieved

improvements in GI performance.

Tai Chi training [29] as a martial art is considered a potential tool to prevent

falls, because it emphasizes concentration, awareness of environment, slow weight

shifting, endurance, and strength. When the typical slow transitions from double to

single support in Tai Chi techniques are trained by frail older adults during

48 weeks twice weekly, these individuals improved the backward COP shift during

the APA phase to values similar to those exhibited by healthy older adults [29]. Fur-

thermore, the movement smoothness values during the swing foot unloading phase

were improved in the Tai Chi training group. A comparative group engaged in

wellness education program, including techniques of fall prevention, diet and

nutrition advisement, mental health and other health related issues, was less effi-

cient in improving backward COP translations and movement smoothness. These

results indicate that Tai Chi may help to restore m. soleus inhibition and m. tibialis

anterior activation patterns during APA phase. Additionally, the smoothness value,

as a movement coordination index, is sensitive to this training. On the other hand,

neither interventions improved ML COP displacements in the anticipatory and

swing foot unloading phases.

Improvements in GI characteristics of patients with PD have been reported after

a Progressive Resistance Training [35]. In a pilot study, a 10-weeks program

beginning with 70% of 1 RM (Repetition Maximum) was designed to be developed

with dynamic variable resistance exercise machines. Significant increases of 29%

for COP backward displacements in the anticipatory phase were found for the

exercise group, as well as improvements in stride velocity, length, and knee flexion
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and extension at 1 RM. No changes were observed for the control group. For the

ML direction no differences were found. On the basis of these results, it is

suggested that progressive resistance training may be an interesting modality to

reduce hypokinetic APAs for gait and spatiotemporal parameters of the first step in

patients with PD [35].

Training effects should be further investigated to highlight how impairments in

GI can be overcome in older adults, especially to prevent falls. Randomized

controlled clinical studies are of interest to accomplish this goal.

The GI is frequently studied using force plates. Literature reports some common

descriptors and specific variables selected by the authors to identify special aspects

of GI. The next section of this chapter will deal with the computational description

of the variables we consider relevant that are derived from the dynamometric

method using force plates.

22.5 Forces and COP Calculations During GI

It is important to mention that electromyography and motion analysis provide

complementary descriptors of the GI process, but the respective variables are not

in the scope of this chapter.

Some authors use the forces recorded by a force plate in the study of GI. These

variables can be associated with kinematic variables, obtained through optical

systems, or electromyography (EMG) data, and some information can be extracted

using multivariate statistics tools like principal component analysis (PCA) and

statistical parametric mapping (SPM). However, the COP, a derived variable

from the ground reaction forces, is the most used variable to study GI due to its

peculiar behavior in this task, especially with respect to APAs. For this reason, we

will focus on analyzing the COP in GI, although we will also comment on the

ground reaction forces (GRF).

The raw data of force plate can be sampled at different frequencies (Table 22.1).

When kinematic data are acquired by an optic system together with the kinetic data

it is advisable to adopt a sampling frequency that is multiple of the acquisition

frequency of the cameras. This will facilitate further operations like synchroniza-

tion, decimation, and data normalization. However, considering that kinematic and

kinetic signals of human movement are low frequency signals and they primarily

occupy the lowest band of the frequency spectrum of the raw data [37], setting the

force plate sampling frequency at 100 Hz will be sufficient in most cases.

It is recommended filtering the raw data to remove noise. The noise can be

reduced adopting a careful protocol to collect data, including an equipment heating

period. The force plate manufacturers recommend turning on the equipment for at

least 1 hour before their use in data collection.

The data should be filtered by a second or fourth order low-pass-band

Butterworth filter. The approximation provided by a Butterworth filter has a flatter

frequency response and a phase closer to the linear in relation to other

approximations such as Chebyshev or Elliptic. A linear phase is important because
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it provides an equal delay to all frequencies contained in the original signal.

However, the Butterworth filter introduces a delay or phase shift in the filtered

signal, and a reverse filtering should be performed to eliminate this delay or phase.

In other words, the filter must be applied to the raw signal in forward and reverse

direction, canceling the phase introduced by the Butterworth filter. This means that

in fact a fourth or eighth order filter is applied to the raw data.

The cutoff frequency is a critical point in the filter design and depends on the

sampling frequency used in data acquisition and on the maximum relative mean

residual allowed [68]. There is no consensus on the cutoff frequency of the filter

used in the analysis of the GI (Table 22.2) among authors and many of them omit

this information.

Considering the low frequency of the signals in biomechanics [37] and the

recommendations to the choice of the cutoff frequency in filter design [68], we

suggest a zero-lag fourth order low-pass Butterworth filter with a cutoff frequency

of 6 Hz and a sampling frequency of at least 100 Hz in GI studies using force plate.

22.6 Analyzed Variables

The data collected with one or two force plates are processed to calculate the COP

trajectory during the entire task or during each phase of GI or to analyze the

behavior of the ground reaction forces. In fact, the COP trajectory is a current

index used in basic and clinical research to evaluate balance and locomotion control

[47], being an indicator of instability to both healthy and pathological

populations [62].

Table 22.1 Sampling

frequency of force plates

in GI studies

Sampling frequency (Hz) Authors

1000 [16, 18, 38, 42]

600 [30, 43, 45]

500 [8, 46, 57]

250 [58, 59]

200 [60, 61]

100 [20, 34, 62, 67]

Table 22.2 Filter cutoff

frequency to process

the force signal

Cutoff frequency Sampling frequency Authors

5 Not reported [69]

6 1000 [16, 42]

10 500 or 1000 [18, 39, 40]

10.5 500 [49]

30 500 or 100 [46, 66]

50 600 or 1200 [45, 63]

100 500 [48, 50]
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The behavior of the GRF is analyzed in several situations and with different

populations [18, 20, 34, 38, 58, 64–66, 69–72]. Some authors used the force peak

values of the swing and support limb [8], or force values in specific instants of the

task [39, 70], as well as the force impulse, given by the area under the force curve

[22, 41].

Most studies have considered only discrete parameters from GRF for extraction

of information about the GI and other tasks, usually local peaks or minimum values,

as reported above. However, different methods of multivariate analysis based on

variance estimates, such as PCA and SPM, have been used in the interpretation of

GI data. The PCA considers the complete pattern of GRF and can provide addi-

tional insight about GI [66], reducing the dimensionality of the data, while keeping

their original variability: PCA reduces the number of variables to a subset of

orthonormal factors or principal components, which maximize the representation

of variance of the original data [73]. Besides, the use of PCA with a pattern

recognition tool has been proven to be useful for discriminating different groups

[66, 74], or for evaluating how far the gait deviates from a typical pattern [66, 75].

In order to capture features of the entire COP or force time series a vector

analysis using statistical parametric mapping (SPM) methods should be conducted,

as described by Pataky et al. [76]. This statistical approach captures features of the

entire time series instead of a few discrete variables and may improve the effec-

tiveness of the GI analysis. Discrete variables fail to capture sufficient portions of

the data and covariance among vector components [76]. SPM analysis uses random

field theory to identify field regions which co-vary with the experimental

protocol [77].

To perform the SPM analysis , each component of the resultant COP or force

time series is interpolated with cubic splines to contain 100 points (normalization to

100% of the task). The average over the trials performed by the study participants

should be used in the analysis. Next, the components are organized in an array with

n rows, one for each participant, 100 columns and M matrices, one for each

component X and Y of COP time series (or X, Y, and Z components of GRF

time series). One array should be constructed for each condition analyzed in the

study.

Taking the COP time series as an example, each column of the (n� 100) COP

matrices is regarded as a single-vector field Cop(t)¼ {Copx(t) Copy(t)}, where
t indicates time. Within-subject mean Cop(t) is calculated for each ith subject at

each time instant and among the different conditions analyzed, taken two by two:

ΔCop tð Þi ¼ Cop tð Þcondition
� �

i
� Cop tð Þcondition
� �

i
ð22:1Þ

where conditions are before and after an intervention, for example.

The paired Hotellings T2 test statistic trajectory is calculated as:

T2 tð Þ ¼ n Δ �Cop tð Þð ÞW tð Þ�1 Δ �Cop tð ÞT
� �

ð22:2Þ
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where n is the number of subjects (number of rows), Δ �Cop tð Þ is the cross-subject
mean, and W(t) is the 2� 2 covariance matrix of ΔCopx and ΔCopy at time t.

For vector analysis, statistical inference is conducted by calculating the T2

threshold taking α¼ 0.05. Conditions effects are assessed using paired t tests on
COPx, COPy with a Sidák correction threshold taking α¼ 0.05 producing

p calculated as follows:

pcritical ¼ 1� 1� αð Þ1=N ð22:3Þ
where N¼ 2 is the number of scalars for COP (x and y). Equation (22.3) produces

p¼ 0.0253 for N¼ 2.

Additional information and the codes to conduct SPM analysis can be

downloaded from www.spm1d.org.

Variables such as COP maximum lateral displacement and COP maximum

backward displacement during the APA, as well as the APA duration [16, 30, 39,

41, 42, 52, 58, 59, 61, 78–80] are very common in the literature, as well as in studies

of child development [60, 81] characterizing the motor behavior during GI of a

given population [82].

Some variables can only be calculated using two force plates such as the COP

displacement under each foot [34], especially in amputees [43], or the body weight

on the swing foot at the beginning and at the end of APA [47, 82], or the force peak

on each foot [45]. The trajectory of the COP under the swing foot and the support

foot can be analyzed separately, usually normalized by foot length [81]. In the latter

case, the use of two force plates is necessary. Specifically, when comparing adults

and children, Malouin and Richards [81] proposed an index given by the ratio

between the swing foot AP displacement and the support foot AP displacement.

Another variable used is the resultant COP trajectory [24, 63, 83, 84], or the

resultant COP displacement in the AP and ML directions [18, 34, 54–57, 59, 67, 69,

70, 72, 85].

The duration of each GI phase and the COP mean velocities in the AP and ML

directions, at each phase or during the entire task, are also widely used [24, 27, 29,

40, 50, 67, 86, 87] and can be calculated as suggested in Table 22.3.

The movement smoothness, a variable used to evaluate the motor performance

of healthy and pathological individuals [88–90], has also been used in the study of

GI [24, 29]. Maximum smoothness is obtained when the movement oscillations are

minimized, indicating that the movement smoothness results from learning pro-

cesses and better motor coordination [90]. Smoothness is defined as the integral of

the square of the third derivative of COP trajectory in the AP and ML directions

[29] as presented in Table 22.3.

Another variable used to understand the rocker behavior created by the knee-

ankle-foot system is the roll-over, measured by transforming the COP from a

laboratory-base coordinate system into the leg-based coordinate system [91],

which can be useful in the design of prostheses.
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22.7 Recommendations for Analytical Studies of GI

In order to standardize the analytical procedures to assess GI, some

recommendations are suggested to enable future comparisons of different studies.

Table 22.4 presents Matlab code suggestions for filter design.

The butter command will design an infinite impulse response (IIR) Butterworth

filter. Using, in this case, a second order filter means to assign a ripple smaller than

3 dB in the pass-band and a 60 dB attenuation in the stop band.

The filtfilt Matlab command will perform an IIR filtering using the filter

coefficients calculated by the butter command, forward and reverse, canceling the

phase introduced by the Butterworth filter. This means using, in fact, a fourth order

filter, as already explained.

The COP instantaneous position is calculated by considering the ground reaction

force components, the moments around the AP and ML axes, and the data

concerning the true origin of the force plate, as reported by the manufacturer. It

should be considered that the actual origin of the force plate does not always

coincide with the force plate geometrical center due the limitations in the

manufacturing process (Table 22.5).

When the plate has some kind of cover used to hide the plate to prevent the

subject to aim at the plate and to modify his step, the pad thickness (e) have to be

added to plate true origin z coordinate (Table 22.5).

Analyzing the equations presented in Table 22.5, we can conclude that the COP

is sensitive to errors in force and moments values to very small Fz values, com-

monly acquired at the beginning and the end of foot contact on force plate. Hence, it

is important to establish an Fz force threshold, under which the COP will not be

calculated. This threshold depends of the analyzed subject. We recommend values

around 2% of the average individuals body weight.

While we use the reaction-oriented coordinate system, it is important to observe

that some force plate manufactures use action-oriented coordinate system. In this

case, a conversion should be done as follows (Table 22.6).

Table 22.3 Matlab code suggestions to calculate COP descriptors

Matlab script Description

path_x¼ sum (abs (diff (COPx))); Total COP path in ML direction

path_y¼ sum (abs (diff (COPy))); Total COP path in AP direction

duration¼ length(COPx)/Fs; or

duration¼ length(COPy)/Fs

Duration of corresponding phase.

mean_veloc_x¼ displacement_x / duration; Mean velocity in ML direction.

mean_veloc_y¼ displacement_y / duration; Mean velocity in AP direction

smoothness_x¼ trapz((diff(COPx,3)./(1/Fs)^3).^2); Smoothness in the ML direction

smoothness_y¼ trapz((diff(COPy,3)./(1/Fs)^3).^2); Smoothness in the AP direction

COPx, COPy ¼ COP trajectory in ML and AP directions, respectively, Fs ¼ sampling frequency
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Table 22.5 Matlab code suggestions for COP calculations

Matlab commands Description

COPx¼� ((Myþ (dz*Fx))./Fz)þ dx; ML COP

COPy¼ ((Mx � (dz*Fy))./Fz)þ dy; AP COP

COPx¼� ((Myþ ((dz-e)*Fx))./Fz)þ dx; ML COP with pad on the

plate

COPy¼ ((Mx � ((dz�e)*Fy))./Fz)þ dy; AP COP with pad on the

plate

COPx_result¼ ((COPx1.*(Fz1./(Fz1þ Fz2))))þ (W1/2)þ
((COPx2.*(Fz2./(Fz1þ Fz2))))�(W2/2)

++
Resultant ML COP

between two plates

COPy_result¼ (COPy1.*(Fz1./(Fz1þ Fz2)))þ (COPy2.*(Fz2./

(Fz1þ Fz2)))

Resultant AP COP between

two plates

Fx ¼ML GRF component, Fy ¼ AP GRF component, Fz ¼ Vertical GRF component,Mx ¼ML

moment,My¼ AP moment, dx, dy, dz¼ plate true origin coordinates x, y and z, e¼ pad thickness

on the plate. W1 ¼ force plate 1 width, W2 ¼ force plate 2 width. The indexes 1 and 2 refer to the

first and second plates, respectively, when using two force plates.þþ The COP coordinates should

be described in relation to the origin of the corresponding force plate. If the COP coordinates are

described in relation to the global reference system of the laboratory, W1/2 and W2/2 are not

necessary

Table 22.6 GRF

coordinate systems
Action-oriented

coordinate system

Reaction-oriented

coordinate system

Axes x Axes -x

Axes y Axes y

Axes z Axes -z

Fx Fx

Fy -Fy

Fz Fz

Mx Mx

My -My

Mz Mz

Table 22.4 Matlab code suggestion for filter design

Matlab code Description

Fs¼ 100;

Fc¼ 6;

order¼ 2;

Wn¼ Fc/(Fs/2);

[b,a]¼ butter(order,

Wn,’low’);

data¼ filtfilt(b,a,raw_data);

Sampling frequency

Cutoff frequency

Filter order

Cutoff frequency in radians relative to the sampling frequency

Filter coefficients

Zero-lag filtering

raw_data ¼ raw data, data ¼ filtered data
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22.8 Calculating the Beginning and the End of GI

An important aspect for analyzing GI is the determination of task beginning. In

some studies, the volunteers are instructed to initiate the task after a vocal com-

mand, an acoustic stimulus, a cutaneous stimulus, or a visual stimulus. However,

even when the laboratory is equipped with devices capable of synchronizing the

start command to data acquisition, this does not mean the volunteer will begin the

task immediately after the start command. Some procedures have to be done to

properly identify the task beginning. Table 22.7 presents different protocols

adopted by different authors.

Therefore, for force plate protocols, data should be acquired prior to the start

command. The data acquisition has to be triggered at least 2 s before the command

to initiate the movement. The individual should be instructed to maintain a quiet

posture on the force plate until the start command.

If two force plates are being used, the calculations for the beginning of the

movement should be made from the ground reaction force of the swing foot force

plate, and for the end of the movement from the support foot force plate.

The end of the movement is defined by the instant at which the support foot loses

contact with the force plate, when the ground reaction force vertical component drops

to zero or is smaller than the established threshold. Thus, the data can properly be cut.

Table 22.8 gives some examples of Matlab codes for these calculations consid-

ering that the data acquisition has begun 2 s before the beginning of the task, with a

sampling frequency of 100 Hz and with a threshold of 15 N for the vertical

component of ground reaction force.

Table 22.7 Strategies to determine task beginning in GI

Beginning of the task Authors

When the COP medial-lateral deviation toward the swing foot is greater than

three times the standard deviation of the COP average initial position during

the first 1.5 s before the stimulus

[16, 42, 81]

When the COP moves beyond 10 mm laterally in relation to its initial

position

[62]

When the velocity of the resultant COP is > 0.01 m/s [49]

By the first medial-lateral COP displacement in frontal plane [92]

When the first medial-lateral COP deviation toward the swing foot is> 4 mm [93, 94]

By the first COP trajectory sample toward the swing foot [32]

At the instant in which occurred a 4 mm displacement in relation to COP

baseline with a duration of at least 10 ms

[95]

By an alteration in ground reaction force vertical component immediately

before the anticipatory postural adjustment

[66]

By a detectable increase in swing foot ground reaction force vertical

component

[34]

At the instant in which the ground reaction force vertical component exceeds

its average value plus two times the standard deviation acquired during the

first 0.5 s of quiet stance

[9]
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22.9 Final Remarks

Considering the importance of the GI process in older people and the studies cited

in this chapter, we can point some final remarks: (1) GI studies have improved our

understanding of dynamic balance in older people; (2) clinical trials are needed to

verify whether GI characteristics are sensitive to interventions; (3) prospective

studies are needed to identify whether improvements in GI are related to less

frequent falls in the elderly population; (4) frontal plane ML COP mechanism

during GI must be better understood in order to identify invariant characteristics

for ankle and hip joint motions in this plane during the phases of GI; (5) results of

different studies must be compared with caution, considering the respective calcu-

lation methods; (6) data processing should consider the characteristics of the

process and should focus the search for the underlying mechanism that control GI.
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Abstract

The purpose of this chapter is to discuss the use of a commercially available

video game console for intervention and/or rehabilitation. This chapter is

organized into four main topics. The first one focuses on technology and basic

principles and concepts of Nintendo Wii. The technology behind of the Wii

gaming system will be described emphasizing the aspects regarding the rele-

vance of such technology to motor behavior. The second topic describes the

effect of Wii gaming system in older adults without movement disorders, on

healthy aging. Exercise training based on the use of Wii gaming may have a

positive impact on metabolic parameters and functional capacity such as balance

as a result of aging process. The third topic describes the effect of Wii gaming

for rehabilitation of stroke patients. The use of Wii gaming for stroke patients

may bring some positive outcomes for motor recovery. Finally, the fourth topic

discusses some of the relevant underlying mechanisms of motor learning related

with the use of Wii gaming system for health exercising and rehabilitation.

Keywords

Virtual reality • Nintendo Wii • Health • Ageing • Balance • Intervention •

Rehabilitation • Stroke patients • Motor learning • Practice

C.Y. Hiraga (*) • A.M. Pellegrini

Universidade Estadual Paulista (Unesp), Department of Physical Education, Campus Rio Claro,

S~ao Paulo, Brazil

e-mail: cyhiraga@rc.unesp.br; anapell@rc.unesp.br

M.G.M. Tonello

Department of Health Promotion, University of Franca – UNIFRAN, S~ao Paulo, Brazil

e-mail: gina@ginatonello.com.br

# Springer International Publishing AG 2017
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23.1 Virtual Reality: Focus on Nintendo Wii

Virtual reality (VR) is the term mostly used to describe technologies involving the

interaction between a person and a computer generated environment. The concept

of virtual reality resides on the idea of presence [1]. According to Steuer, “virtual
reality is defined as a real or simulated environment in which a perceiver
experiences telepresence” [pp. 76–77]. In this context, the user becomes part of

this virtual environment and through a combination of a set of devices he/she may

perform a variety of actions and have sensory experiences. Products designed for

educational, medical, industrial, military, and entertainment purposes are available

to customers to explore the virtual world. Examples of such products are body

trackers, head mounted displays, motion-sensing gloves, stereoscopic 3D display,

joysticks, and virtual reality software [2].

Some studies showed that sensory experiences by virtual reality systems provide

advantages according to its applications (e.g., [2, 3]). McIntire and colleagues [2],

for instance, found studies (about 60%) showing that viewing with the stereoscopic

3D display to execute a variety of tasks improved performance over the non-stereo

2D display. Another example of the usefulness of virtual reality systems is for

worker safety in the industry [3]. According to these authors, an environment with

virtual hands involving the use of motion-sensing gloves provides an application for

risk prevention, as well as for training workers in tasks to increase their skill and

safety.

The sense of existence from the user distinguishes two main types of VR, the

immersive and nonimmersive [4]. According to Man [4], immersive VR systems

project the user into a 3D environment produced by a sophisticated system.

Immersive VR systems combine a set of devices such as head mounted display or

motion-sensor gloves (e.g., PneuGlove) into an integrated system with computer

and customized software. It permits the user to interact directly with the simulated

world (e.g., [5]). Last generation devices for the immersive VR maximize user’s

experience. A stereoscopic 3D view moves relative to the user with such realism in

which he/she perceives himself/herself in a real world that may be miles away from

his/her actual location [6]. The idea of immersion in the artificial environment,

therefore, is for complete interaction that allows the person to explore that environ-

ment fully.

Nonimmersive VR systems implement a simulated world using a high-resolu-

tion monitor. The user is not fully immersed in the artificial environment, but he/she

interacts with simple devices such as computer mouse [7]. Furthermore, the inter-

action may be enhanced by using input devices such as motion tracker or sensor

glove which the user may act in a more natural fashion [8, 9]. Both systems are

widely used in a variety of applications, but immersive VR systems provide a closer

experience of a real situation compared to nonimmersive VR systems. An

immersive VR system is expensive and demands a sophisticated technology

whereas a nonimmersive VR system is a low-cost solution for easy access, and it

is still effective for many applications.
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The industry of gaming and entertainment has developed a variety of low-cost

nonimmersive VR systems. The Wii gaming system, a type of video game by

Nintendo (Kyoto, Japan), is one of these systems, being released in 2006 as the

fifth company’s home console. Row [10] in his review comments the mimetic

motion-control interface between user and machine, an idea that revolutionized

the concept of a video game. It means that the user may control the game using

physical gestures as well as pressing buttons of the controller (i.e., Wii remote or

Wiimote). For example, in the Wii Sports, while playing a tennis match, the user

performs the gesture of forehand (i.e., the action to strike a ball with a racket held by

the hand on the same side of the body) holding the Wii remote as if he/she were

holding a racquet in real tennis game. The same assumption applies to other games

and exercises. The user as part of a real and virtual reality interacts with a virtual

reality activating perceptual and motor systems to properly act in such virtual

reality. On the other side, the Wii system is able to detect responses from the user

and immediately the virtual environment alters challenging the user to a different

scenario.

A relevant feature of Wii remote is a wireless motion-sensitive controller. It is

used either as a handheld pointing device or as an implement serving to be a

racquet, a paddle, a ball, steering wheel, and others [11]. As reported by Jones

and Thiruvathukal [11], the Wii remote detects changes in direction, speed, and

acceleration in three dimensions with high precision due to built-in accelerometer

and gyrosensors. An optical sensor at one end of Wii remote helps to determine

where it is pointing [12]. Some of the games in Wii need a second controller, the

Nunchuk, which plugs into the Wii remote, requiring the two-handed coordination.

The Wii remote communicates with a sensor bar placed at the center and above or

below the television. The Wii remote sends via bluetooth the data regarding

position, acceleration, and the button’s state to the Wii console [13].

The bluetooth technology changed the concept of playing video game.

The control of the games is now based on movements generated by the user

(holding the Wii remote). Movements from the user holding and manipulating the

Wii remote reflect on the TV display through his/her avatar. Holzwarth and

collaborators [14] define avatars as, “general graphic representations that are
personified using computer technology” (p. 20). In the Wii gaming system, the

avatar is called Mii [11]. The user controls a Mii with his/her actions by holding the

Wii remote giving him/her the perception of being part of such virtual world.

The games in the Wii system (e.g., Wii Sports, Wii Fit, Wii Sports Resort, Wii

Play – these are some of the packages of games and exercises collected in a compact

disc) give to the user through a display visual feedback of the performance.

Also, the games give to the user motivational feedback, positive comments, and

progress information. The Wii system shows the potential to contribute to motor

and perceptual development as well as motor skill acquisition and physical training.

Another wireless device that communicates via bluetooth with the Wii gaming

system is the Wii Balance Board (WBB). Such a device comprises of four force

transducers placed on at each corner of the platform, and then it measures the body

weight and motion, precisely [15]. Also, the built-in concept of the WBB is similar
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to that of a laboratory force platform that contains four force transducers that assess

force distribution and the resultant movements in COP (center of pressure).

The concept of this rigid platform is that the user uses the body over the WBB to

control the game [11]. The user controls the balance games (Wii Fit) by adjusting

the weight on either leg. A Mii (i.e., an avatar that represents the user) displayed on

a screen shows the adjustments done by the user over the WBB. COP shown on the

screen generally requires displacement on medial–lateral and anterior–posterior

axes. The most popular game for WBB is the Wii Fit that features activities such as

yoga, strength training, aerobics, and balance games. The focus of the Wii Fit is to

offer the users a program that he/she can work towards personal goals to enhance

health and motor control and coordination, mainly for balance and posture.

Some of the games featured in theWii require the users to be physically active or

exercise with physical effort. This style of gaming is known as “active video game”

or “exergaming” that means to exercise using video games [16]. Games such as

bowling and boxing (Wii Sports) require the whole body movements to participate

in virtual games, although the intensity for exercising the games is still low

compared to a real boxing and bowling games. Activities in the Wii Fit particularly

in aerobics or strength training appear to require more energy expenditure, and

therefore it would be helpful to promote an active lifestyle. Moreover, the need of a

system for physical training or motor rehabilitation that is motivating and enjoyable

is one of the reasons for growing interest to incorporate video game systems into

clinical and fitness settings.

23.2 The Use of Wii Gaming for Healthy Aging

The regular practices of exercises contribute to a healthy aging process. According

to the American College of Sports [17], physical exercises for older adults should

include exercises based on aerobic capacity, muscle strengthening, and flexibility.

The lack of physical activity in the adult population leads to obesity and higher

body-weight conditions. These conditions are strongly associated with a sedentary

lifestyle [18]. Physical activity programs for older adults must be designed to

encourage them to maintain an active daily routine minimizing the effects of a

sedentary lifestyle. All alternative ways must be available to adults and older adults

to engage in physical activity practices, particularly to those who did not have

previous physical exercise experiences and do not feel themselves motivated to

begin to practice.

Video game consoles, such as Wii gaming system, have largely been

incorporated into physical fitness programs. The use of technology from the

entertainment industry is an enjoyable way that has recently been explored to

encourage people of all ages for physical exercise. It provides at least an ambiance

with fun and an opportunity to discover the level of his/her abilities (through his/her

avatar) as well as to experience all sorts of motor skills. A benefit of such one-to-

one interaction (i.e., user and machine) is the time available to the user to familiar-

ize with motor skills required for playing and exercising without exposing
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himself/herself to others. Therefore, the Wii gaming may constitute an opportunity

to warrant an extra motivation for physical activity adherence. It would also be an

excellent opportunity to those who are not accustomed to physical exercises and

sports to initiate a fitness program.

Is the exergame or playing an active video game such as Wii system enough for

activating energy expenditure rates for general health? Graves and colleagues [19]

revealed that the physiological cost of exercising – such as heart rate, oxygen

consumption – VO2, and energy expenditure – on Wii Fit games was greater than

handheld video gaming. However, costs of exercising with the Wii Fit games were

lower than treadmill exercise for older adults, young adults, and adolescents.

Guderian and colleagues [20] found similar results showing that a session of Wii

Fit games of approximately 25 min duration in middle age and older adults activates

physiological and metabolic responses. In both studies [19, 20], the Wii Fit games

applied to older people were considered moderate according to the metabolic

equivalent of task (MET). MET expresses the energy cost of a physical activity.

Therefore, exercising with Wii Fit games benefits health and is within the

recommendations for improving and maintaining cardiorespiratory fitness.

The Wii Sports and Wii Fit are the most frequent games explored for research.

The energy expenditure measure in the games and exercises of the Wii Fit and Wii

Sports was classified as of light and moderate intensities [21]. Specifically, the

mean MET values in yoga and balance exercises in the Wii Fit were 2.1 and 2.0,

which reflect the activity as of light intensity. Resistance and aerobic exercise of

Wii Fit and a set of games of Wii Sports (golf, bowling, tennis, baseball, and

boxing) were, 3.2, 3.4, and 3.0 METs, classified as of moderate intensity. Games

and exercises as of vigorous intensity were not found either on Wii Fit or on Wii

Sports. Overall, these findings are relevant to design exercise training programs for

the adult and elderly individuals. Both Wii Fit and Wii Sports games may contrib-

ute to enhancing cardiorespiratory fitness, but also muscle strength, motor coordi-

nation, and balance, critical for physiological capacities.

The intervention based on the Wii gaming system on motor abilities in healthy

elderly has positive effects on balance. Cho and colleagues [22] showed that Wi Fit

training is effective at improving the balance of elderly participants, in a program of

three times per week for eight weeks. Similarly, Chao and colleagues [23] showed

that Wii Fit exercise group improved in balance and mobility practicing twice a

week for four weeks compared with a group that received health education pro-

gram. In an elaborate research protocol, Toulotte and colleagues [24] showed that

Wii Fit games improved the static balance on bipedal conditions, whereas the

adapted physical activities improve the dynamic balance, after 20 weeks of one

oriented session per week lasting one hour each. Furthermore, the authors showed

that adapted physical activities combined with Wii Fit games did not have signifi-

cant additional benefits. Overall, the Wii Fit games, featuring yoga, balance games,

strength training, and aerobics activities, appear to be an alternative for older adults

to exercise and improve balance.

Other attempts, however, showed little or no effects of Wii gaming system on

motor abilities for older individuals. Franco and colleagues [25], for example,
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found small improvements in balance using Wii Fit training program after twice a

week for three weeks. The improvement was not significantly greater than that

observed for the control group, who did not receive any training intervention.

A serious limitation of the previous study is the number of training sessions,

which might have an impact on the lack of effect. An intervention protocol

comparing exercises based on videogame and physical exercise training [26] for

eight weeks, two training sessions per week, showed that exercises in theWii Fit are

effective as the Tai Chi training program is on postural control and balance

measures. Therefore, there was no distinction between the results of both virtual

and real training program. It is possible that improvements on postural and balance

measures with Wii Fit may be due to the activation of similar neuromuscular

mechanisms of the physical training programs.

If the Wii Fit training is sufficient to improve postural and balance control, then

such improvements may have some effect on fall prevention. A recent literature

review [27] reported that for the majority of the studies examining the Wii gaming

system for balance training and fall prevention in older adults both with and without

balance impairment improves balance control, balance confidence, and gait

measures. Furthermore, such positive effect was shown in the middle-aged adults

and the hospitalized frail elderly participants. According to the authors [27], it is not

evident the association between the lack of effect and any aspect of the study design

for the few studies failing to show improvements. Although the research is not

conclusive about the effectiveness of Wii for preventing falls, evidences of using

Wii gaming as an adjunctive method show the potential to improve physical

functions related to balance control in healthy older adults.

The underlying motor process of positive effects for balance control with Wii

gaming in older people is still in discussion. Exercises with Wii Fit improve muscle

strength because the practice of Wii gaming demands single-leg balance and body-

weight resistance workouts [28]. Furthermore, the visual feedback of the center of

gravity or altering body postures to meet task requirements, for instance, promotes

motor learning [28]. Many of the Wii Fit activities that require static and dynamic

balance demand higher postural adjustments, thus activating neural pathways at the

spinal cord and cortical levels.

Is the Wii gaming viable for the older adults to engage in exercise training?

There is evidence to support that the Wii gaming is safe and feasible to engage older

adults to exercise training [29]. Based on previous findings, Chao and colleagues

[23] described that the Wii gaming increases social interaction, alleviates

symptoms of depression, improves adherence to exercises, and improves mood.

Such positive effects may benefit a long-term effectiveness intervention program.

In addition, older adults have reported that the Wii gaming was an enjoyable and

acceptable method for exercise and that they would continue to practice after the

research protocol. The use of Wii seems attractive not only for the positive results

but also because of stimulating settings for both therapists and the elderly

population.
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23.3 The Use of Wii Gaming for Stroke Rehabilitation

The Wii gaming system is being used for motor rehabilitation in adults with

movement impairments, particularly stroke survivors. Stroke is the second major

cause of death worldwide and one of the leading cause of disability [30]. Among

several factors, the clinical condition following stroke depends on the affected

cerebral region and the extent of the injury. Often stroke patients experience

sensory, motor, and cognitive impairments, which impact on their abilities to

perform daily living activities. The recovery to maintain upright posture, walking,

reaching, and manipulating objects with the affected arm following stroke is the

objective of any rehabilitation. A range of an array of rehabilitation techniques are

available, some are more effective than others [31]. There is not a gold standard

treatment and research focusing on recent technologies for stroke rehabilitation is

an avenue to establish effective protocols that may maximize the motor and

functional recovery.

The high cost associated with stroke-related healthcare encourages the clinicians

and researchers explore the effectiveness of devices of easy access, low cost, and

with a broad range of environments for movements. There is a consensus that the

Wii gaming for stroke patients displays a series of advantages [32]. For instance,

theWii gaming system provides repetitive task-specific training; it offers training in

an enriched environment; it simulates real-world activities giving more ecological

validity; and it is interesting and enjoyable encouraging patients for training.

The Wii gaming appears an alternative to establishing an innovative and

stimulating rehabilitation in clinical settings and at home. A further aspect of

relevance is to gain some understanding on the mechanisms associated with the

motor and functional amelioration in stroke.

Physical therapy based on commercial gaming consoles and off-the-shelf video

games shows some benefits to stroke patients [33, 34]. A pilot study with patients

less than three months after a stroke (subacute phase) tested the effect of Wii

gaming therapy for upper limbs [35]. Joo and colleagues (2010) showed significant

improvements in the Fugl-Meyer Assessment and Motricity Index scores on pre-

and post-intervention. However, due to the lack of control group the effect of Wii

gaming is uncertain. The set of games in the Wii Sports (i.e., boxing, bowling,

tennis, golf, and baseball games and training) was used for six sessions of upper

limb exercises, 30 min each over two weeks. During Wii gaming therapy, all

patients received daily one hour of occupational therapy and one hour of physical

therapy. According to the authors, the contribution of spontaneous recovery, as well

as the conventional therapy administered simultaneously with Wii gaming, cannot

be discarded over the positive effects on the Fugl-Meyer Assessment and Motricity

Index scale. The main conclusion by the authors is that Wii gaming system appears

to be viable and complementary to conventional rehabilitation in stroke patients in

the subacute period with moderate impairments of upper limbs.

Similar to a previous study [35], Saposnisk and colleagues [36] showed benefi-

cial effects of Wii gaming therapy for stroke patients in a pilot randomized

controlled trial study. The Wii therapy group had a significant improvement in
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the Wolf Motor Function Test compared with recreational therapy group. Patients

were those with less than three months poststroke with moderate impairments.

Wii gaming therapy focused on upper limbs with eight sessions of one hour each

over a period of two weeks. During the Wii gaming protocol, all stroke patients

were receiving conventional occupational therapy and physiotherapy. The Wii

gaming group played Wii Sports games and Cooking Mama, 30 min each, whereas

recreational therapy group played cards, bingo, or Jenga. The use of video game

such as Wii appears to maximize gains in upper limb movement and function.

According to the authors, Wii gaming practice by observing his/her representation

on the screen of a context-specific task activates the mirror neuron circuit. These

neurons are selectively activated by only seeing a similar action [37] helping in

promoting neural plasticity and function recovery.

An elaborate study of Wii gaming program for stroke survivors focused on an

intensive training protocol for the upper limbs [38]. The results showed

improvements in the Wolf Motor Function Test and the Fugl-Meyer Assessment

scores of stroke patients. Moreover, patients reported (MAL-QOM scores) using

the affected hand and arm in more activities of daily living. The therapy program

comprised of the one-hour session of five days per week for two weeks. The stroke

patients had additional home sessions that gradually increased in duration from

30 min to three hours per day over the two weeks. Similar to previous studies, the

set of games of Wii Sports was administered to patients. Mouawad and colleagues

[38] argued that the positive results for stroke group substantially reflect the benefits

of Wii gaming protocol. Five participants from a total of seven were chronic (i.e.,

more than six months poststroke) stroke patients, and they were not receiving any

other type of rehabilitation. The spontaneous movement recovery would be mini-

mal. An intensive Wii gaming therapy had an impact on limb function of chronic

stroke patients. According to the authors, Wii gaming might elevate motivation

facilitating compliance with the therapy. Whether intensive gaming therapy applied

in clinical and home settings led to significant improvements in function and

movement outcomes is a matter of further investigation.

Whereas some studies with Wii gaming system were dedicated to the upper

limbs, others focused on lower limbs. In particular, Wit Fit with balance board may

provide a viable means of improving postural control and balance. A randomized

controlled trial study run therapy programs for 30 subacute stroke patients [39].

The authors showed improvement in postural control (Step Test and the COP

measured on WBB) for patients submitted to Wii Fit training on a balance board

in standing position. Whereas the control group trained with the Wii Sports and Wii

Sports Resort in sitting position showed an improvement in arm function, but it was

not significant. Both groups trained for three sessions per week, 45 min each, over

two to four weeks, in addition to conventional physiotherapy and occupational

therapy. These results strongly indicate task-specific training effects according to

training programs.

Comparing two equivalent physical therapy programs related to lower limb

exercises, Barcala and colleagues [40] showed beneficial effects in both groups of

physical therapies for chronic stroke patients. Both the physical therapy program
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combined with activities of Wii Fit and the conventional physical therapy only led

to improvements in body symmetry, balance, and function. The therapy was done in

two sessions per week, 60 min for each session over five weeks. Wii Fit balance

training lasted an extra 30 min for the combined therapies. The combination of

exercises involving muscle strengthening, static and dynamic balance training,

training of functional activities (conventional physical therapy) and specific bal-

ance exercises with visual feedback that strengthen the sensory-motor integration

(Wii Fit exercises) appears to enhance the effect of stroke patients rehabilitation.

Another randomized controlled trial study with chronic stroke patients

demonstrated that the Wii Fit therapy group was more effective than conventional

weight-shift training instability on some sensory-challenged positions [41].

However, both groups showed improvement in the Timed Up and Go Test and

forward reach tests and fear of falling. Physical therapy protocols occurred twice a

week, 30 min each for 12 weeks and simultaneously with another physical mainte-

nance program. Different from a previous study, Hung and colleagues (2014) run

the follow-up of three months; the Wii Fit group did not maintain the training

effects in terms of stability, while the weight-shift training (i.e., control group)

showed more improvement in weight-bearing symmetry than the Wii Fit group.

According to the authors, the gain from Wii Fit training was not enough to be

maintained possibly due to the rapid weight shifting between the legs.

Wii gaming system appears to provide some additional gain to stroke patients

and may be part of rehabilitation. The results in the literature suggest that Wii

gaming system may be introduced as physical therapy as soon as possible, at least in

the subacute stage. The lack of high-quality evidence prevents one to conclude

about the effectiveness of the Wii gaming system and other similar systems – such

as PlayStation and Kinect Microsoft [33, 34]. The Wii gaming is still exploratory in

clinical settings and much research is still to come to consolidate some of the

preliminary findings. The protocol incorporating Wii gaming system needs further

research contemplating large-scale samples, randomized control trials, comparable

procedures and types of video game systems, complete assessment such as limb

movement, limb function, and activities of daily living, aspects of training related

with the number of trials, frequency training, intensity, duration period, and long-

term follow-up.

23.4 Underlying Mechanisms of Motor Learning and Wii
Gaming

The Nintendo Wii Fit and Wii Sports are widely spread both for health exercise

training and rehabilitation. Studies using the Wii gaming to promote healthy aging

and prevent degenerative diseases demonstrated the efficacy on energy expenditure.

More recently, Wii gaming is being incorporated into rehabilitation of functional

and movement recovery of stroke patients. The safety and feasibility of Wii gaming

for exercise training and rehabilitation (e.g., [34]) are fairly established in research.

Wii gaming system was primarily designed as consuming product for entertainment
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purposes for health people. The application to healthy aging and rehabilitation

should be further examined in terms of adapting the devices for individuals who

do not have sufficient hand control or are not able to stand on the Wii Fit board

because of balance deficits [42].

Wii gaming allows the user to interact with a computer-simulated environment

in a range of games and activities. The user produces motor actions that reflect on a

screen by a character, avatar, which represents him/her in the virtual environment.

Playing Wii games requires sensory-motor integration and cognitive effort.

The user must capture relevant visual or auditory information from a screen full

of elements. Moreover, he/she must interpret such information to elaborate a plan

and execute the appropriate response. In some of the Wii games, the user does not

have the opportunity to correct his/her movement during a play. Frequently, in these

contexts the user must plan his/her actions in advance before a movement begins

and correction is made on the next attempt (e.g., Wii Sports Resorts: archery).

In other games, visual or auditory cues (i.e., real-time feedback on performance)

may supplement coordination and motor control during a play. The user may

correct or adjust his/her movement for a better performance on ongoing task

(e.g., Wii Sport: wakeboarding).

The understanding of the mechanisms that promotes improvements both on

healthy aging and on motor impairments is one of the key points to consolidate

Wii gaming as exercising program and rehabilitation, respectively. The motor skill

performance to play games and to exercise in the Wii system demands explicit

knowledge to operate Wii devices and the usage of real-time feedback to achieve

game or exercise objective. Feedback plays a significant role for motor skill

acquisition and learning [43]. The Wii games provide visual, auditory, and tactile

(haptic) feedback [42]. The haptic (e.g., presented in the form of rumbles) and

auditory feedbacks are transmitted through the Wii remote (i.e., the main game

controller), while the visual feedback is showed on the screen [11]. The feedback

information serves to reduce the uncertainty of the virtual environment to achieve

task goal.

Two main types of feedback are available to learners [43]. The intrinsic feed-

back refers to the sensory information as a result of producing movement. Intrinsic

feedback comes from sources outside of the body (exteroception) and inside the

body (proprioception). The former informs about the events in the environment,

mainly with vision and hearing. The latter informs about the own body movement

such as limb position and movement using the vestibular system, muscle, joint, and

cutaneous receptors. The extrinsic feedback is additional information over the

content of intrinsic feedback and comes from an outside source (e.g., verbal or

written instruction, and images of a video played). According to Schmidt and Lee

[43], after the completion of a motor action extrinsic feedback is categorized into the

knowledge of results (KR) and knowledge of performance (KP). KR is the feedback

about the outcome of the movement relative to the performance’s goal, whereas KP is

the feedback about the movement pattern generated to achieve the goal. According to

Deutsch and colleagues [42], KR is the predominant type of feedback in the Wii

gaming, specifically in the Wii Sports and Wii Fit, compared to the KP.
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Feedback provided by Wii gaming system is abundant and diverse. In many

cases, KR may be redundant with the intrinsic feedback, and it is meaningless to the

user. However, KR is not always redundant with inherent feedback. KR about the

partial or total scores or the precise location of a target shooting helps to ameliorate

performance. Deutsch and colleagues [42] argue that the abundance of KR in the

Wii gaming may explain the positive outcomes for rehabilitation based on the

assumption that KR is used to facilitate learning and skill acquisition. In the Wii

Fit balance exercises, for instance, online visual feedback (KR) informs the user

about how much and in what direction he/she is oscillating while performing

balance exercises. Moreover, Wii gaming consistently rewards the user with posi-

tive feedback that is not linked to the performance but related to enhancing

motivation and engagement [42]. For example, in the Wii games and exercises,

there is cheering in the stadium, there are ribbons and pleasing music when the user

wins a game or succeeds in the execution of an exercise, and stars appear to reward

the winners. Feedback, mainly the positive or rewarding ones, may serve to

motivate patients and individuals to rehabilitation and exercise programs.

A fundamental principle that directly affects motor skill acquisition and learning

is practice. The repeated rehearsal of a movement or motor action may guarantee

the motor skill acquisition, but it does not guarantee the retention of acquisition

(i.e., learning) over time [43]. One of the first concerns about rehabilitation and

exercise training refers to organizing practice schedule, such as the frequency per

week, the duration of each practice session, and the length of a practice protocol. At

first glance, one could argue that providing as much practice as possible would

maximize the practice effect. However, there is a limit to the amount of practice per

day for the effective learning, at least for the non-patient individuals [43].

An approach in stroke rehabilitation based on intensive massed practice (i.e.,

constraint-induced movement therapy – CIMT) restored substantial motor function

in chronic stroke patients [44]. This protocol limits the use of the unaffected limb

stimulating the utilization of the affected limb through massed practice (approxi-

mately six hours a day for two weeks) in daily activities. Although the CIMT

improves upper limb function following stroke when compared to alternative or no

treatment, it remains controversial in a number of issues (e.g., [45, 46]). Practice

methods that do not involve physical execution may also improve learning

[43]. Intensive massed practice such as CIMT for stroke rehabilitation may inte-

grate with a practice that does not involve physical rehearsals. For example, the

observation of a model executing a task takes the learner to gather all relevant

information and think about his/her execution [43]. Similar processing may occur

with a mental practice that requires mental effort for imagery processing.

The variable practice of a given task is better for retention and generalizability

compared to constant practice [43]. According to the authors, variability of a

particular task operates on a generalized motor program that defines a pattern of

movement and its parameters. Neurological patients may benefit from strong and

flexible generalized motor programs for functional and movement recovery over

time. Wii gaming system offers a varied and enjoyable environment for exercise

training and rehabilitation. In such environment, the chance of individuals to

sustain the motivation to practice for an extended period is promising.
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The positive effect of Wii gaming system in stroke patients is possibly due to

brain plasticity [47]. A cortical reorganization and a rewiring damaged neural

circuit occur as a result of training and practice. You and colleagues [48] showed

that cortical reorganization associates with improvements on lower limb function

for stroke patients after a VR rehabilitation. Practicing with Wii gaming facilitates

motor representation and promotes reorganization of motor cortical function.

Functional magnetic resonance imaging study reported related changes in cortical

activity accompanied by behavioral improvements in the upper limbs of chronic

stroke survivors after VR rehabilitation [49]. Similarly, physical therapy with Wii

Fit modulated cortical motor excitability of stroke patients accompanied by

improvement in dynamic balance and balance confidence [50]. Behavioral

improvements demonstrated in clinical trials associated with rehabilitation based

on Wii gaming need further understanding about the underlying neural circuit

changes.

23.5 Conclusion

The finding related to the use of Wii gaming system is that the energy requirements

of playing the games correspond to moderate exercise meeting the recommended

guidelines for health and fitness. Wii gaming system is feasible as physical therapy

to improve motor control and coordination in patients as well as to enhance

physiological and functional capacities in healthy aging. Although the use of

commercial video games may be complex and hard for patients, it is still an

alternative for an adjunctive therapy.
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Deep Brain Stimulation in Parkinson’s
Disease: Effects on Gait and Postural
Control

24

Ariel Tankus and Jeffrey M. Hausdorff

Abstract

Patients with Parkinson’s disease (PD) commonly suffer from gait and postural

disorders (Bloem et al., Mov Disord 19:871–84, 2004), often leading to falls and

injuries (Segev-Jacubovski et al., Expert Rev Neurother 11:1057–75, 2011; Mon-

tero-Odasso et al., J AmGeriatr Soc 60:2127–36, 2012).When the symptoms of the

disease become resistant to drugs, a routine neurosurgical treatment is implantation

of electrodes for deep brain stimulation (DBS). Whereas DBS is most effective in

alleviating the symptoms of tremor and rigidity, it has also been demonstrated to

reduce gait variability, thus improving stability (Hausdorff et al., Mov Disord Off J

Mov Disord Soc 24:1688–92, 2009). We therefore begin by reviewing the effect of

DBS on gait and posturewhen electrodes are implanted in themost common targets:

the subthalamic nucleus (STN) and the globus pallidus internum (GPi) and with the

commonly used high frequency parameters (around 130 Hz), considering the
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possible mechanisms underlying its therapeutic effect, negative effects, and the

deterioration in therapeutic effect over time. We continue by examining a recently

suggested change of parameters, reduction of stimulation frequency to 60 or 80 Hz,

in order to specifically treat gait impairment. Another phenomenon that has been

addressed by DBS in recent year is freezing of gait, which is a particularly

debilitating phenomenon experienced by a subpopulation of patients with PD. To

alleviate freezing, the pedunculopontine nucleus (PPN) has been suggested as the

target brain area. Mixed evidence as for the effectiveness of this treatment and the

exact symptoms it affects imply that more studies are necessary in order to establish

PPN DBS as a routine treatment. We conclude with a brief summary of open

questions and work that should be addressed in future studies.

Keywords

Deep brain stimulation • DBS • Gait • Walking • Posture • Stability • Parkinson’s

disease • Basal ganglia • Subthalamic nucleus • Neurosurgery

Abbreviations

DBS Deep brain stimulation

fMRI Functional magnetic resonance imaging

GPi Globus pallidus internum

PD Parkinson’s disease

PIGD Postural instability and gait disturbances

PPN Pedunculopontine nucleus

STN Subthalamic nucleus

UPDRS Unified Parkinson’s disease rating scale

24.1 Introduction

Deep brain stimulation was introduced in 1987 for the treatment of the extrapyra-

midal tremor in Parkinson’s disease (PD) [5]. Today, it has become routinely used

for treatment of PD, dystonia, and essential tremor, and is also applied for chronic

pain, obsessive-compulsive disorder, and even epilepsy. Here we briefly describe

the evidence regarding the effects of deep brain stimulation (DBS) on gait and

postural disorders in PD, the pros and cons of low versus high frequency stimula-

tion, and stimulation of the pedunculopontine nucleus (PPN) for treatment of gait

and posture disorders.

Gait disturbances, both those that are continuous and those that are episodic, in

PD severely affect the quality of life and functional independence [1, 2, 3,
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6]. Surgical treatment by deep brain stimulation (DBS) reduces the symptoms of the

disease and the dyskinetic effects of levodopa [4, 7]. To date, multiple brain areas

have been suggested as targets for implantation of DBS. No doubt, the subthalamic

nucleus (STN) is the most common target. The increased tendency of burst

discharges in the STN in PD may by itself serve as a direct cause of parkinsonian

locomotor deficits, even in the absence of impaired dopaminergic innervations

[8]. The relationship between STN activity and gait is further supported by func-

tional magnetic resonance imaging (fMRI) of PD patients with freezing of gait.

These patients have increased STN activation during bilateral finger movements

with respect to PD patients having no freezing of gait and healthy controls

[9]. When implanted in the STN, DBS may improve, among other things, gait

and postural symptoms of PD to an almost normal level [10] (see [11–15] for

additional reviews of the impact of DBS on gait and mobility). Among the

improved gait parameters are stride length, gait velocity [16, 17], angular leg

excursion, reduced double-stance duration and normalization of the leg muscles

pattern, and frequency of the center of foot pressure (CoP) as well as increased

amplitude of arm and leg swing movements. Stimulation also reduces the spatial

foot position asymmetry, stride-to-stride variability, and inter-limb coordination.

The effects on locomotor activation of lower limb muscles in PD exhibit differen-

tial topographical (distal versus proximal) and stride-phase (stance versus swing)

consistency and absence of the lateralized actions typically observed for the clinical

signs of the disease [18]. However, evidence exists that stimulation improves gait

performance during turns but not gait velocity or stride length during forward

walking [19]. Treatment by combined STN DBS and levodopa improved gait

speed, reduced gait variability (enhanced stability), and yielded lower Unified

Parkinson’s Disease Rating Scale (UPDRS) scores [4]. UPDRS scores improved

with DBS alone, but not gait variability. The effect of STN DBS on posture includes

reduction of the forward trunk-bending and significant decrease of the inclination of

the shank, which induces a reduction of the mechanical moment at the hip and

ankle. Bilateral STN DBS improved gait and postural stability, as measured using

UPDRS III scores, by about 50% [20].

Mixed evidence exists in the literature for the effect of STN DBS on freezing of

gait, an episodic gait disturbance. Whereas for some patients STN DBS failed to

reduce the freezing [16], for others it reduced the occurrence and severity of the

phenomenon at 6 months postsurgery with largely sustained effects at 12 months

follow-up [21–23]. However, the DBS-mediated effects are modest on gait

impairment and extremely variable depending on the clinical phenotype and indi-

vidual clinical profile, suggesting that the indication for DBS should become more

individually tailored [24, 25].

24.2 Possible Mechanisms

DBS has been developed empirically during thalamotomy operations, when stimu-

lation of the thalamus has been observed to be effective in stopping the extrapyra-

midal tremor [5]. As such, the mechanisms behind its therapeutic effect are still
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unclear today, as are the mechanisms underlying the disorders it targets. Gait as

well as other disorders of PD appear to result from pathological output of the basal

ganglia which disrupts the activity in thalamocortical and brainstem networks.

Accumulating evidence suggests that stimulation of the STN or GPi does not

restore normal basal ganglia function, but rather replaces the abnormal basal

ganglia output with a more tolerable pattern, which helps to restore the functionality

of downstream networks [26]. More specifically, DBS dissociates input and output

signals, resulting in the disruption of abnormal information flow through the

stimulation site [27]. A number of alternative hypotheses are suppression of

abnormal activity, striping basal ganglia output of misinformation, reduction of

abnormal stochastic resonance effects due to increased noise in the disease state,

and reinforcement of dynamic modulation of neuronal activity by resonance effects

[28]. A systems-level approach suggests that DBS could be achieving its therapeu-

tic effects by overriding pathological network activity [29]. It has been proposed

that the overall effect of DBS is to inhibit the neural activity in the region stimulated

[30, 31]. However, the effect of extracellular stimulation on cellular activity in the

stimulated site appears to depend also on the neurotransmitter of the afferent fibers

and axons projecting to that site [32, 33].

24.3 Negative Effects

Notwithstanding, STN DBS may also have adverse effects on gait [34]. Six months

of DBS in the STN impaired anticipatory postural preparation for step initiation

[35]. STN DBS resulted in increased rate of falls, postural instability, and gait

disturbances in comparison with the best medical therapy [36]. The number of falls

was significantly greater in STN DBS patients also in comparison with GPi DBS

patients [37, 38], and so were gait disorders, disequilibrium, falls, and balance

disturbances, 4 year postoperatively [39]. In the latter study, these disorders were

not found in any of the GPi DBS patients.

Although a number of studies reported that DBS enhances gait (as described

above), some found little or no improvement to gait and posture following STN

DBS [40]. Despite overall improvements inmotor function and reduction of dyskinesia

following STNDBS, Kelly et al. [41] found no significant group effects of unilateral or

bilateral stimulation on gait and mobility compared to pre-surgical function.

24.4 Deterioration of the Therapeutic Effect Over Time

Over time, patients with DBS often develop levodopa-resistant symptoms including

freezing of gait and postural instability [42, 43]. In a meta-analysis of the long-term

effects of DBS, St. George et al. [44] showed that DBS initially improved postural

instability and gait disturbances (PIGD) compared to the presurgery OFF medicated

state, but performance declined over time. Within an average of 9 years

postsurgery, subjects would reach presurgery levels again. When ON medication,
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DBS improved PIGD to a much better level than before the implantation. In this

state, the site of stimulation, STN or GPi, had an important effect on the postopera-

tive decline in PIGD. With STN DBS, PIGD progressively declined and within

2 years became worse than its presurgery level. In contrast, GPi DBS did not cause

significant long-term decline in PIGD. Thus, GPi DBS in combination with levo-

dopa seemed to preserve PIGD better than did STN DBS. In contrast with PIGD,

DBS improved cardinal signs in both medication states and at both sites for about

5 years.

Following surgery, STN DBS improved postural stability and gait, which

deteriorated between the first and fifth years postoperative [45]. However, after

5 years, postural stability and gait were still at a better level than the pre-operative

baseline. Notwithstanding, gait was still improved with respect to the pre-operative

condition even 8 years after surgery, whereas postural stability worsened at that

time [46–48]. These findings suggest that GPi stimulation is more appropriate for

PIGD than STN DBS, but regardless of the implantation site, the therapeutic effect

is limited and may last several years only. The aforementioned literature raises

new questions as to the causes of the deterioration. Is it due to adaptation of the

STN, change in STN neuronal properties due to the long-term electrical current

it receives, or the treatment is no longer effective as the disease advances

further? Does the course of the disease change in advanced stages, rendering

electrical stimulation no longer effective? How can DBS be modified to prevent

or slow down the deterioration? Additional studies are needed to address these

questions.

24.5 Low Frequency Stimulation

Empirically, it has been observed that different parameters of stimulation may

improve different symptoms. Recently, Picillo et al. [49, 50] suggested specific

algorithms for programming the DBS in order to target gait impairments.

An especially important parameter in targeting gait disturbances by STN DBS is

the frequency of stimulation. In a comparison between high (130 Hz) and low

(60 Hz) frequency stimulation, only the low frequency reduced the number of

freezing episodes [51–53]. The improvement persisted after 8 months for

11 patients, but 2 switched back to the high frequency due to deterioration of

movements. Ricchi et al. [54] evaluated patients who developed gait impairment

several years after surgery by switching their DBS parameters to low frequency

stimulation at 80 Hz. This change had an immediate positive effect on gait in STN

DBS treated patients, but the improvement was not maintained over time.

Of 11 patients, 3 switched back to 130 Hz because of unsatisfactory control of

motor symptoms, 3 showed no change, and 5 exhibited global improvement.

The reduction in stimulation frequency seems to have produced better results for

the non-tremor dominant subpopulation of patients. In 2 patients who developed

freezing immediately following the activation of STN DBS at 130 Hz, the reduction

of frequency to 60 Hz, with no change in contacts, voltages, or pulse widths,
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immediately alleviated the freezing of gait [55]. The effect was maintained in a

10 months follow-up. Thus, recent studies [51, 54–56] suggest that low frequency

subthalamic stimulation is beneficial for treatment of gait impairments in a subpop-

ulation of PD patients, especially the non-tremor dominant, and its use should be

tailored to the individual patient. The therapeutic effect of STN DBS may be

explained in part by the indirect effect its stimulation has on the firing patterns in

the PPN [57, 58] (see below).

In contrast to the above studies, a prospective study by Sidiropoulos et al. [22]

found no significant improvement in UPDRS scores, and axial and gait subscores in

45 advanced PD patients when switching from high (130–185 Hz) to low

(60–80 Hz) stimulation. Voltage was increased at the same time in an attempt to

keep the total electrical energy delivered at a comparable level, but not kept

constant. The percentage of tremor dominant patients in the population was not

reported, which makes it difficult to compare with the previous studies. Another

limitation of this prospective study is that patient evaluation was not uniform, with

different evaluators at different patient visits.

In another study, 20 postoperative PD patients were randomly assigned to either

60 Hz or 130 Hz stimulation sessions of 1 hour, following which they were

evaluated primarily for stride length, with sit-walk-stand test, UPDRS III, and

gait parameters as second outcomes [59]. The study found no significant difference

between the 60 Hz and 130Hz stimulations, using the same voltage for both.

Low frequency stimulation appears to fit better PIGD, whereas tremor or rigidity

is better improved by high frequency stimulation. It is for future research to

investigate the different mechanisms and the different basal ganglia outputs

induced by each type of stimulation, and the underlying neuronal mechanisms. If

indeed DBS generates more tolerable basal ganglia patterns of activity as men-

tioned above, it seems that the different frequencies generate different patterns,

each more tolerable to a different part of the cortico-basal-ganglia-thalamo-corti-

cal network. Deeper investigation of the parameters of stimulation may allow to

enrich our ability to generate patterns of activation of the basal ganglia, to explore

which part of the network responds to them, and which symptoms they target.

This may lead to both improved DBS and better understanding of the network

physiology.

24.6 PPN Stimulation for Gait and Posture Disorders

Anatomically, the pedunculopontine nucleus (PPN) is a part of the mesencephalic

locomotor region [60]. Physiologically, it is considered part of the gait control

network, and specifically, the control of postural muscle tone and locomotion

[61, 62]. Its single neurons were found to be phase-locked to alpha oscillations,

and to respond to limb movements and imagined gait by dynamically changing

network activity and decreasing alpha phase locking [63]. Different synchronous

networks were activated during initial motor planning and actual motion. Electro-

physiological studies suggest that “bursting” glutamatergic PPNd (pars dissipatus)
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neurons are related to the initiation of programmed movements while non-bursting

cholinergic PPNc (pars compacta) neurons are related to the maintenance of steady-

state locomotion [64]. See [65, 66] for a review of PPN physiology. Lesions to this

area in rats [67] and monkeys [68] resulted in gait and balance disorders. Therefore,

the PPN has been suggested as a therapeutic target to improve gait in certain

parkinsonian patients [42, 64, 69, 70].

In particular, PPN stimulation has been proposed as a therapy to alleviate

freezing of gait [71–76] and improve balance function [77] (see [78] for a short

review). When freezing of gait persists despite drugs, it is usually not improved by

STN stimulation [79, 80]. Recently, concomitant stimulation of the STN and

substantia nigra pars reticulata (SNr) was demonstrated to improve freezing of

gait, but not balance impairment or UPDRS scores (Scale II items 13–15, Scale III

items 27–31) [81]. However, gait may be improved by low frequency stimulation of

the PPN [80, 82–84]. Notwithstanding, the limited studies of PPN DBS in treating

gait symptoms have had mixed clinical outcomes, which likely reflect targeting

variability and the inherent challenges of targeting a small brainstem structure that

is both anatomically and neurochemically heterogeneous [85, 86]. A recent meta-

analysis showed significant improvement in postural instability and motor

symptoms of PD on and off medications, but failed to show improvement in

freezing of gait [87]. A recent comparison of the therapeutic effect of DBS

implanted in the STN vs. one implanted in PPN was demonstrated in a patient

implanted in both locations [88]. The PPN-DBS provided modest improvements in

the gait disorder and freezing episodes, while the STN-DBS failed to improve the

dominant problems (rigidity and mild tremors). Nevertheless, the PPN has been

examined as a DBS target to alleviate gait disturbances also in progressive

supranuclear palsy [89, 90].

24.7 Conclusions and Future Directions

Unlike rigidity or tremor, which is routinely examined during the DBS implantation

surgery in search for an optimal implantation site, gait and postural symptoms, for

example, freezing of gait, are far more difficult to assess intraoperatively due to the

supine posture of the patient. As such, the ability to pinpoint an electrode to an

optimal location is more limited. Nevertheless, the aforementioned evidence

indicates that gait and postural symptoms may be improved by electrical stimula-

tion of the STN, GPi, or PPN. As the mechanism behind the therapeutic effects

achieved by DBS is yet unclear, further studies are necessary in order to:

1. elaborate our understanding of the underlying mechanisms.

2. target specific symptoms related to gait and posture by means of DBS. For

example, perhaps, episodic and continuous gait changes will benefit from differ-

ent stimulation settings.

3. better assess the electrode targeting intraoperatively.

4. explore the overall benefit related to gait and postural control.
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5. better understand changes over time in order to enhance long-term efficacy.

6. locate and evaluate novel targets with therapeutic effects.

7. improve the effectiveness of DBS by closed-loop stimulation, i.e., stimulation

that will take place only based on gait-related neuronal activity or gait-related

external cues.

Some investigators refer to PD as a form of advanced aging. Indeed, many older

adults share gait disturbances that are typically seen in PD (e.g., small, shuffling

steps, and reduced arm swing). In the future, as DBS technology improves and we

learn more about the mechanisms that are common and distinct in aging and PD, it

may lead to the possibility of treating gait disturbances associated with aging using

some form of DBS. Of course, much work needs to be done before this intriguing

possibility can become a reality.
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Sánchez T, Almenares JL, et al. Effect of neurotoxic lesion of pedunculopontine nucleus in

nigral and striatal redox balance and motor performance in rats. Neuroscience.

2015;289:300–14.

68. Grabli D, Karachi C, Folgoas E, Monfort M, Tande D, Clark S, et al. Gait disorders in

parkinsonian monkeys with pedunculopontine nucleus lesions: a tale of two systems. J

Neurosci. 2013;33:11986–93.

69. Pierantozzi M, Palmieri MG, Galati S, Stanzione P, Peppe A, Tropepi D, et al.

Pedunculopontine nucleus deep brain stimulation changes spinal cord excitability in

Parkinson’s disease patients. J Neural Transm. 2008;115:731–5.

70. Martinez-Ramirez D, Hu W, Bona AR, Okun MS, Shukla AW. Update on deep brain

stimulation in Parkinson’s disease. Transl Neurodegener [Internet]. 2015 [cited 2016 Mar

21]; 4. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4529685/.

71. Moreau C, Defebvre L, Devos D, Marchetti F, Destée A, Stefani A, et al. STN versus

PPN-DBS for alleviating freezing of gait: toward a frequency modulation approach? Mov

Disord. 2009;24:2164–6.

24 Deep brain Stimulation in Parkinson’s Disease. . . 395

http://www.sciencedirect.com/science/article/pii/S0079612303430239
http://www.sciencedirect.com/science/article/pii/S0079612303430239
http://www.nature.com/neuro/journal/vaop/ncurrent/full/nn.3642.html
http://www.nature.com/neuro/journal/vaop/ncurrent/full/nn.3642.html
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4529685/


72. Ostrem JL, Christine CW, Glass GA, Schrock LE, Starr PA. Pedunculopontine nucleus deep

brain stimulation in a patient with primary progressive freezing gait disorder. Stereotact Funct

Neurosurg. 2010;88:51–5.

73. Wilcox RA, Cole MH, Wong D, Coyne T, Silburn P, Kerr G. Pedunculopontine nucleus deep

brain stimulation produces sustained improvement in primary progressive freezing of gait. J

Neurol Neurosurg Psychiatry. 2011;82:1256–9.

74. Acar F, Acar G, Bir LS, Gedik B, O�guzhano�glu A. Deep brain stimulation of the

pedunculopontine nucleus in a patient with freezing of gait. Stereotact Funct Neurosurg.

2011;89:214–9.

75. Nonnekes J, Snijders AH, Nutt JG, Deuschl G, Giladi N, Bloem BR. Freezing of gait: a

practical approach to management. Lancet Neurol. 2015;14:768–78.

76. Wen P, Li M, Xiao H, Ding R, Chen H, Chang J, et al. Low-frequency stimulation of the

pedunculopontine nucleus affects gait and the neurotransmitter level in the ventrolateral

thalamic nucleus in 6-OHDA Parkinsonian rats. Neurosci Lett. 2015;600:62–8.

77. Yousif N, Bhatt H, Bain PG, Nandi D, Seemungal BM. The effect of pedunculopontine

nucleus deep brain stimulation on postural sway and vestibular perception. Eur J Neurol.

2016;23:668–70.

78. Fytagoridis A, Silburn PA, Coyne TJ, Thevathasan W. Understanding the human

pedunculopontine nucleus in Parkinson’s disease. J Neural Transm Vienna Austria.

1996;2016.

79. Faist M, Xie J, Kurz D, Berger W, Maurer C, Pollak P, et al. Effect of bilateral subthalamic

nucleus stimulation on gait in Parkinson’s disease. Brain. 2001;124:1590–600.

80. Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain stimulation of the subthalamic

nucleus for the treatment of Parkinson’s disease. Lancet Neurol. 2009;8:67–81.

81. Weiss D, Walach M, Meisner C, Fritz M, Scholten M, Breit S, et al. Nigral stimulation for

resistant axial motor impairment in Parkinson’s disease? A randomized controlled trial. Brain.

2013;136:2098–108.

82. Mazzone P, Lozano A, Stanzione P, Galati S, Scarnati E, Peppe A, et al. Implantation of

human pedunculopontine nucleus: a safe and clinically relevant target in Parkinson’s disease.

Neuroreport. 2005;16:1877–81.

83. Stefani A, Lozano AM, Peppe A, Stanzione P, Galati S, Tropepi D, et al. Bilateral deep brain

stimulation of the pedunculopontine and subthalamic nuclei in severe Parkinson’s disease.

Brain. 2007;130:1596–607.

84. Plaha P, Gill SS. Bilateral deep brain stimulation of the pedunculopontine nucleus for

Parkinson’s disease. Neuroreport. 2005;16:1883–7.

85. Morita H, Hass CJ, Moro E, Sudhyadhom A, Kumar R, Okun MS. Pedunculopontine nucleus

stimulation: where are we now and what needs to be done to move the field forward? Front

Neurol [Internet]. 2014 [cited 2016 Mar 20]; 5. Available from: http://www.ncbi.nlm.nih.gov/

pmc/articles/PMC4255598/.

86. Welter M-L, Demain A, Ewenczyk C, Czernecki V, Lau B, El Helou A, et al. PPNa-DBS for

gait and balance disorders in Parkinson’s disease: a double-blind, randomised study. J Neurol.

2015;262:1515–25.

87. Golestanirad L, Elahi B, Graham SJ, Das S, Wald LL. Efficacy and safety of pedunculopontine

nuclei (PPN) deep brain stimulation in the treatment of gait disorders: a meta-analysis of

clinical studies. Can J Neurol Sci J Can Sci Neurol. 2016;43:120–6.

88. Liu H-G, Zhang K, Yang A-C, Zhang J-G. Deep brain stimulation of the subthalamic and

pedunculopontine nucleus in a patient with Parkinson’s disease. J Korean Neurosurg Soc.

2015;57:303–6.

89. Doshi PK, Desai JD, Karkera B, Wadia PM. Bilateral pedunculopontine nucleus stimulation

for progressive supranuclear palsy. Stereotact Funct Neurosurg. 2015;93:59–65.

90. Kondziolka D. Comment on the paper by Doshi et al. Entitled “bilateral pedunculopontine

nucleus stimulation for progressive supranuclear palsy”. Stereotact Funct Neurosurg.

2015;93:66.

396 A. Tankus and J.M. Hausdorff

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4255598/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4255598/


Using Virtual Reality to Advance
the Understanding and Rehabilitation
of Gait Impairments in Parkinson’s Disease

25

Kaylena A. Ehgoetz Martens, James M. Shine, and Simon J.G. Lewis

Abstract

Virtual reality (VR) provides a unique platform to study the complex

interactions between an individual’s movement and their environment. Although

this innovative technology has not yet been widely used in Parkinson’s disease

(PD) research, it has tremendous potential to advance both our understanding

and treatment of gait impairments. In this chapter, we will first outline the

variety of virtual reality systems available and contrast the associated

advantages and disadvantages that warrant consideration for using virtual reality

in experimental and/or therapeutic settings. We will then discuss the utility of

VR in the scientific exploration of mechanisms that underlie gait impairments in

PD. Finally, we will examine the effectiveness of using VR in a therapeutic

setting based on the current research, and provide future directions for therapeu-

tic interventions for gait in PD utilizing virtual reality.

Keywords

Virtual reality • Parkinson’s disease • Gait • Sensorimotor • Cognition • Freezing

of gait • Rehabilitation

25.1 Assessing the Utility of Virtual Reality

Virtual reality can be defined as a high quality computer interface which enables a

person to interact with a virtual environment generated by a computer in real-time

[1]. Similar to the real world, where we explore our environment with our senses,

a virtual environment (VE) offers many comparable perceptual experiences, where
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our senses are able to gather information using vision, auditory, and somatosensory

feedback. This information from the virtual environment, in combination with

natural sensory (e.g., proprioception) inputs, is then used to guide movement

within the virtual environment, and in most instances creates an immersive and

realistic virtual experience for the user [1, 2]. Due to the compelling reality that an

interactive and immersive virtual experience can elicit, this tool allows

investigators to move beyond traditional laboratory experiments which focus on a

specific component of behavior (in an artificial setting), and begins to examine the

complexity of the brain and resultant behavior in a way that it is much closer to its

actual form.

The key elements that contribute to an immersive virtual experience are:

(1) delivering a 3-dimensional high-resolution image which incorporates stereo-

scopic display, and (2) integrating the user’s movement (using a movement tracking

system) to display relevant sensory feedback about movement in real-time. Without

these key elements, a less immersive experience is achieved that is more akin to

looking through a window and observing a scene rather than being present and

involved [1]. Therefore, the quality of the virtual reality system utilized will have an

impact on the immersive presence that can be elicited (see Table 25.1, for examples

of different virtual reality systems).

For example, a head-mounted display that allows stereoscopic viewing paired

with motion tracking that simulates movement in the VE will provide a much more

immersive sensory experience for the user compared to a 2-D computer display

monitor with a mouse/keyboard to navigate a virtual environment. Nonetheless

both systems (and everything in between) have advantages and disadvantages that

should be weighed and considered. While the latter is convenient, easy to use/setup,

relatively cheap, less likely to produce cybersickness (a form of motion-sickness

that can occur as a result of VR), without a motion tracking system it has limited

utility for the study of gait since it lacks the most relevant feedback (i.e., vision,

proprioception, vestibular). Recent research has advanced this more basic virtual

reality setup by constructing toe tapping pedals that were paired with a desktop

monitor to facilitate the study of “gait” in virtual reality [3–5]. Although pressing

pedals does not simulate the complexities of walking, it provided an opportunity

to examine “gait” in virtual reality while simultaneously capturing functional

magnetic resonance imaging or recording electroencephalography in order to

study the neural underpinnings of severe gait impairments in PD. Interacting with

a projection on the floor, such as walking to step over virtual obstacles or transverse

Table 25.1 Range of virtual reality setups that vary in immersive presence

VR system Stereoscopic vision Motion tracking Immersion

Head-mounted display ✓ ✓ High

Projections into real environment ✕ ✓ Moderate

Wall projections + treadmill walking ✕ ✓ Moderate

Computer with keyboard or joystick ✕ ✕ Low
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lines, is another relatively cheap, convenient, and easy to use format of virtual

reality, although might be argued to be less immersive since it remains heavily

rooted in the real-world rather than being surrounded and moving through a virtual

environment. Finally, a wireless head-mounted display (HMD) with motion track-

ing (e.g., vicom, optotrak, wearable accelerometers) is arguably the most

immersive virtual experience one can achieve. It allows stereoscopic

3-dimensional viewing achieved with small monitors in front of each eye.

Additionally, the user’s viewpoint can be synchronized to their head movement

so that the user can explore the entire environment by “looking” and moving

around. When paired with full body kinematics, avatars can be used to represent

the person’s body position and movements in real-time providing even more

detailed feedback about self-motion. Thus, the HMD virtual reality system can

provide rich sensory feedback making the user’s virtual experiences strikingly

immersive. However, this system is also more likely to result in greater

cybersickness due its intensity [6, 7], and is problematic for individuals with PD

that have dyskinesia or severe head tremor since this excessive movement would

disrupt one’s ability to view the virtual environment and cause even greater

cybersickness.

In addition to the features and limitations inherent to the virtual reality

system, there are also many strengths from both an experimental and therapeutic

perspective that makes virtual reality a sought after technology to investigate and

rehabilitate gait in PD. Experimentally, virtual reality brings ease in creating

controlled and safe, yet complex and dynamic environments and also extends the

capabilities that the real world limits. For example, it is possible to:

• Create busy sidewalks for individuals to navigate through (which might

normally be very difficult to capture rich kinematic data)

• Create stressful situations in order to observe how/whether gait breaks down

(which would normally be potentially dangerous to perform in the real-world)

• Provoke gait impairments which are typically difficult to elicit in experimental

settings (such as freezing of gait)

• Quantify information processing of stimuli and other cognitive processes, while

walking in ecologically valid virtual environments which resemble tasks of daily

living

• Isolate, manipulate and even reweight sensory systems, or provide faulty sensory

feedback (which can be insightful in trying to further understand visual control

or sensorimotor integration necessary for adequate gait control).

Overall, interactions in virtual reality maximize gait and cognition simulta-

neously (e.g., requiring planning, attention, information processing of stimuli in

the virtual environment, sensory integration) [1, 2, 8–10] (see Fig. 25.1), which is

why this novel and innovative technology has the potential to advance the under-

standing of gait impairments.

Therapeutically, virtual reality offers many additional perks. Beyond being safe

and affordable, training in virtual reality has been argued to provide similar if not
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greater benefits when contrasted with real-world equivalent training programs

[1, 2, 8, 11–14]. These greater benefits have been suggested to result from enhanced

motor learning through the use of augmented feedback, knowledge of performance,

and knowledge of results which virtual reality can easily capitalize and exploit.

Some additional reasons virtual reality may be superior are that it often eliminates

distracting elements that are difficult to escape in rehab settings, it can be delivered

in a personalized manner—adapted for those who need it, and it could even be

delivered within the home by using gaming consoles. Therefore, virtual reality may

also be a valuable rehabilitative tool for gait interventions in PD.

25.2 Using Virtual Reality to Understand Underlying
Mechanisms of Gait Impairments in Parkinson’s Disease

Although limited research has utilized virtual reality to study gait in PD, there has

been three main arms of scientific investigation that have benefitted from this

innovative technology which has contributed to the advancement in understanding

underlying mechanisms of gait impairments in Parkinson’s disease. The first has

focused on understanding the role of sensory feedback and examining deficits in

sensorimotor integration which might contribute to gait impairments in

PD. The second has examined how gait deficits are exacerbated in complex

situations which require additional cognitive abilities (such as planning, attention,

and task-switching) or interpretation of environmental demands (such as obstacles

or threatening situations). The final contribution has arguably had the most dramatic

impact on the understanding of a severe gait phenomenon, known as freezing of gait

(FOG), commonly experienced in PD (and thus received a substantial amount of
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Fig. 25.1 Virtual reality has the capacity to simulate and integrate real-world complexity in both

cognitive and motor domains
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attention in this chapter). Although the underlying cause and mechanism of freezing

of gait remains unknown, virtual reality paired with brain imaging techniques such

as fMRI and EEG has allowed research to make gigantic leaps in understanding

FOG and developing devices to predict or prevent FOG episodes altogether.

25.2.1 Visual Control and Sensorimotor Integration During Gait

It has been well-established that individuals with PD are highly dependent on

vision, particularly dynamic visual information (i.e., optic flow) during locomotion

[15–19]. This excessive dependence on visual feedback during gait in PD has been

suggested to reflect abnormal sensorimotor integration as a result of the disease

[20–23]. Evidence of this has been provided by early studies which examined PD

patients walking on a treadmill at a trained pace while manipulating the optic flow

speed using virtual reality [24, 25]. In healthy older adults it is expected that

increases in optic flow will lead to increases in gait speed, but eventually

individuals demonstrate an adaptive shift in dependence from visual to propriocep-

tive feedback due to the “false” information delivered through VR [24]. Individuals

with PD, however, demonstrate an exaggerated response in relation to changes in

optic flow, which provides additional support that PD has increased susceptibility to

depend on visual information to modulate gait [18]. There was also little evidence

that PD patients actually reweighted visual and proprioceptive feedback like

healthy older adults did. Instead, many PD did not even notice the incongruity,

leading the authors to conclude that a discrepancy between the two kinesthetic

signals (optic flow and proprioception) was likely already present. Corroborating

these findings, another virtual reality study (utilizing HMD with kinematic move-

ment tracking) manipulated optic flow speed in effort to further understand whether

sensory-perceptual information contributed to gait impairments [26]. Previous

research has noted that individuals with PD show distance estimation deficits

only when required to walk to a target (compared to pointing or being passively

moved with VR or in a wheelchair) [27, 28]. A follow-up study was done to

disentangle whether delayed perceptual processing versus corrupt sensory integra-

tion was responsible for impairments in self-motion perception during gait. Similar

to Schubert and colleagues, optic flow speed was increased and decreased relative

to the participants’ gait speed; however, PD participants did not notice the discrep-

ancy between the various forms of sensory feedback [26]. More interestingly, the

study found that decoupling sensory feedback made older adults perform similarly

to PD, in fact speeding up the optic flow speed made older adults display similar

judgment accuracy and variability as PD at baseline (when optic flow matched gait

speed). However, decoupling did not significantly influence PD participants’

estimations [26]. Taken together, these research studies (amongst others) suggest

that proprioceptive deficits along with delayed sensory processing result in a

mismatch of competing sensory information which not only disrupts normal senso-

rimotor integration in PD, but the erroneous signal (proprioception) eventually
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becomes suppressed in favor of the more appropriate information (vision), and gait

suffers and is more vulnerable [24, 26, 27].

Other researchers have also used virtual reality to exploit visuoperceptual

deficits such as impaired perception of optic flow [17, 29]. It has been argued that

asymmetrical dopamine levels between the brain hemispheres might lead to

the compression of one visual field more than the other (depending on side of

asymmetry) [29]. As a result of this asymmetrical compression of the visual field,

individuals with PD can misperceive optic flow since it appears that one hemi-field

is moving faster than the other, and thus misrepresenting the speed of movement

and heading [17, 29, 30]. Nonetheless PD participants are still highly dependent on

optic flow to control gait, such that when the richness in optic flow information was

reduced (Fig. 25.2), gait in PD was also shown to worsen (i.e., slower and smaller

Fig. 25.2 A virtual hallway where optic flow speed was manipulated separately on the right wall

from the left wall, but dot density was equal (a); whereas (b) shows a manipulation of optic flow

richness, where the dot density is significantly less on the left wall compared to the right. (Adopted

from: [29])

402 K.A.E. Martens et al.



steps) [29]. Considering that even the visual form of kinesthesia (optic flow) may be

disrupted in PD, and knowing how heavily individuals with PD rely on vision

during gait to compensate for proprioceptive deficits, it is not surprising that these

sensory-perceptual impairments could play a primary role in the breakdown of

gait and balance in PD. Furthermore, accurate sensory feedback is essential for gait

planning, selecting the correct motor program, making online gait adjustments, and

correctly distributing attention. Taken together, gait impairments may become only

more problematic when faced with navigating complex and threatening

environments.

25.2.2 Gait in Complex Environments

One of the key features of virtual reality is that it provides an ecologically valid

platform for cognition and movement to be assessed and further understand how

they interact in PD. Up until recently, cognitive functions were primarily assessed

with pen and pencil type assessments which not only lacked the complexity of the

everyday world and thus lacked ecologic validity [31, 32], but they are also limited

in the generalizability and meaningfulness of their findings to reflect the capabilities

in tasks of daily living [33]. For this reason, researchers have utilized virtual reality

to create “everyday” environments in order to assess daily tasks that include

different cognitive functions [32–34]. For example, one study constructed a virtual

supermarket where participants were given a grocery list of items that needed to be

bought (Fig. 25.3) [34]. This type of task focused on evaluating action planning,

and showed that individuals with PD needed more time to execute this task

Fig. 25.3 An example of the virtual environment used in the virtual multiple errands test.

(Adopted from: [33])
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(even though they moved at a constant speed using a joystick), covered a longer

distance, and made more hesitations and stops. The authors concluded that this

behavior demonstrated that individuals with PD had slower action planning, and

were often inefficient at using contextual elements in the environment to aid the

search for products. A similar paradigm was also employed where participants

were asked to “walk” around an apartment (viewing the VE in a helmet and moving

using a joystick) remembering objects and rooms that they had viewed in order

to estimate cognition [32]. Interestingly, virtual narrow spaces were found to

exaggerate reduced speeds in early non-freezing PD participants (even though

they were not actually walking), something commonly seen in the real-world in

PD and known to provoke FOG. Although this research has great potential in

improving the assessment of cognition in a more ecological manner, more research

studies are needed to know whether this will be useful, reliable, and clinically

meaningful. Once this is established it would be useful to use these cognitive tasks

to assess and quantify changes in gait in order to understand gait impairments

outside of the laboratory and potentially prevent falls that are common in the home.

Gait in PD has been shown to deteriorate in more complex situations which

encompass a threat or secondary tasks, for example. The current theory as to why

individuals with PD are so susceptible to interference in these more complex

environments goes back to how PD consciously monitor and control gait with

vision as a compensatory strategy to deal with the loss of useful proprioceptive

feedback which is necessary for gait to be automatic. Because PD patients

constantly having to pay attention to their walking, it has been proposed that this

limits their attentional capacity to do other tasks and monitor other relevant

information in the environment. By using virtual reality to create a carefully

controlled complex environment, one can evaluate aspects of gait that are

susceptible to interference and make recommendations for therapeutic

interventions.

Stressful situations are commonly reported to elicit gait problems, falls, and

freezing of gait in PD. In a series of studies, virtual reality was used to create a

stressful and “virtually dangerous” environment to understand if and how threat/

anxiety influenced gait in PD and whether dopaminergic replacement therapy

mediated this relationship [35–38]. These studies were performed using an HMD

integrated with full body kinematics. Participants were asked to walk in virtual

environments with and without threat (i.e., across an elevated plank versus a plank

located on the ground) (Fig. 25.4). Across all studies, all participants

(PD and healthy older adults) had greater levels of anxiety (self-reported and skin

conductance levels) when they walked across the elevated plank compared to the

plank on the ground. All participants also walked with a slower velocity, smaller

steps, and greater step-to-step variability across the elevated compared to the

ground plank. These findings were similar to what has been found when older

adults were asked to walk across an elevated plank in the real-world, confirming

that the experimental manipulation of threat with VR was effective, immersive, and

realistic enough to elicit more cautious gait. The most interesting results of this

work found that the elevated plank provoked a greater number of freezing of gait
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episodes in PD freezers and significantly more variable gait specifically in freezers

compared to non-freezers [38] and in those with PD who had high trait anxiety

(non-freezers) compared to those with PD who had low trait anxiety (non-freezers)

and healthy older adults [35, 36]. Highly trait anxious PD also appeared to be less

able to use visual feedback about their lower limbs when it was provided to improve

gait, especially when walking across the elevated plank [35]. Notably, the fre-

quency of FOG in freezers and step-to-step variability (among other gait

parameters) in highly trait anxious PD were improved with dopaminergic replace-

ment therapy [35, 36, 38]. Furthermore, dopaminergic medication also improved

step time variability in highly trait anxious PD when visual feedback about their

lower limbs was available. Taken together, this research provided strong evidence

to suggest that anxiety influenced PD gait, possibly by demanding shared

processing resources at the level of the basal ganglia, which may interfere with

other processes (such as processing sensory feedback) necessary to control gait

[39]. Researchers postulated that dopaminergic replacement therapy might have

improved information processing within the basal ganglia and thus alleviated some

of the interference due to the competition for shared resources [40]. In conclusion,

this VR approach allowed investigators to evaluate the impact anxiety has on gait in

Fig. 25.4 Virtual environments that have been used to induce anxiety by asking participants to

walk across a plank that is located on the ground (a) compared to a plank located above a deep pit

(b). Virtual visual feedback about the lower limbs was also manipulated (c, d) and synchronized

using a full kinematic motion tracking system. (Adopted from: [41])
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PD, and offer a mechanistic explanation for how anxiety exacerbates gait

impairments in PD. Overall, walking in threatening environments likely demands

greater voluntary control and as result also demands more attentional resources

(similar to being distracted by a dual-task while walking), however, given the

limited resources available in individuals with PD, anxiety and threatening

environments may overload the system and manifest gait deficits.

25.2.3 Using VR to Uncover Neural Correlates of Freezing of Gait

Other studies have used a VE that requires participants to navigate a virtual corridor

using binary response buttons while performing a modified stop-signal task to elicit

a behavioral surrogate of FOG that occurs in either the hands [42] or feet

[4, 5]. Although the task does not require balance, postural adjustments, or utiliza-

tion of the muscles of the upper legs, by manipulating cognitive and perceptual load

(through the administration of a complex stop-signal task and through the naviga-

tion of embedded narrow doorways, respectively), the task (displayed in Fig. 25.5)

has been shown to elicit many of the known clinical characteristics of FOG,

Fig. 25.5 An example of the virtual environment used during fMRI. The configuration of the foot

pedals is shown in the top right corner inset which enabled a simulation of virtual “gait.” The

bottom image depicts the varying complexity of the task/cues and an example of a patient’s

footstep pattern as these cues are presented. (Adopted from: [5])
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including paroxysmal cessations in ankle flexion [5], heightened step-to-step

variability [3], and worsening of motor output in the presence of cognitive [43]

and perceptual load [44].

Importantly, the gait-based VE has been successfully combined with functional

neuroimaging to improve our understanding of the neural mechanisms underlying

the manifestation of freezing behavior. In an early fMRI study, Shine and

colleagues contrasted paroxysmal freezing episodes with epochs of normal “walk-

ing,” and found that episodes of freezing were related to an increased BOLD

response in prefrontal cortical regions, with a decreased BOLD response in motor

cortex and bilateral striatum [45]. These results suggested the hypothesis that

freezing of gait is related to impaired functional connectivity between the striatum

and frontoparietal cortex, a prediction that was later confirmed using the same VE

task [46] in combination with a novel method for estimating fluctuations in cou-

pling strength between neural regions over time [47]. Subsequently, the same VE

paradigm was used to delineate the patterns of abnormal BOLD response associated

with cognitive load [48] and the completion of turns [49], both of which are known

to exacerbate freezing episodes in susceptible individuals [50]. Together, these

results highlight the importance of utilizing VE tasks to understand symptoms of

neurodegenerative disorders that would otherwise be difficult to interrogate using

neuroimaging analyses.

In sum, it should be emphasized that virtual reality has advanced researchers’

ability to examine more complex gait as well as cognition in greater detail than ever

before. In the last decade, these lines of research have provided data that has helped

progress the current understanding of gait impairments in PD, and also re-assess

existing pathophysiological models of gait deficits (such as freezing). For example,

prior to examining gait with fMRI, mechanisms underlying freezing of gait

were initially discussed using broad concepts such as executive dysfunction,

sensory-perceptual deficits, decoupling of anticipatory postural adjustments, and

so on (see these reviews for more detail [50, 51]). In fact, only in the past

decade have various hypotheses begun to incorporate more detailed levels of

neurobiology and consideration for damaged circuitry. One of the most widely

accepted theoretical views focuses primarily on the dopaminergic depletion within

the basal ganglia, which was theorized to limit information processing of comple-

mentary yet competing inputs from different cortico-striatal pathways (see

Fig. 25.6). However, after taking into consideration recent neuroimaging findings

that highlight reduced functional connectivity and decoupling between key neural

networks during virtual gait, researchers have revised theoretical models of gait

impairment in PD to be more sophisticated [52], and identified a key paradigm shift

that is necessary in order to fully understand underlying neural mechanisms of gait

(Fig. 25.6a, b). Therefore, virtual reality has played a tremendous role in advancing

our understanding mechanisms of gait impairments in PD.
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25.3 Rehabilitating Gait in Parkinson’s Disease
with Virtual Reality

As our understanding of gait deficits in PD becomes more comprehensive, the

ultimate goal of this research is to translate the current knowledge about

mechanisms underlying gait impairment into novel therapeutic interventions that

will effectively improve gait in PD. One way to facilitate this translation is to create

rehabilitative strategies that focus on improving or overcoming contributing factors

by entraining the brain to either repair itself or compensate in through some form of

neuroplasticity to restore function. As stated above, one mechanism that VR has

highlighted is the role of sensory feedback and sensorimotor integration on gait.

Complex situations which require cognitive abilities (planning, attention, task-

switching, etc.), or interpretation of environmental demands (obstacles, threat),

are also known to exacerbate gait deficits in PD. Based on these findings, recent

therapeutic strategies have focused primarily in two domains: (1) sensory cueing

and (2) intense motor-cognitive training (i.e., walking with continuous cognitive

tasks). In recent years, by utilizing virtual reality, research has advanced therapeutic

interventions and their efficacy. For example, research has shown that visual and

auditory cue training is more effective when delivered in an integrated feedback

fashion (e.g., closed-loop) rather than being feedforward (e.g., open-loop), which

has been shown to be less effective [53, 54]. VR provides an easy, consistent, and

controlled method to maximize gait and cognition simultaneously [1, 2, 8, 32, 55].

Another advantage of virtual reality is the way in which training can be

implemented. It creates a fun, “game-like” atmosphere that is enjoyable and

conducive to high adherence. Training in VR has even been suggested to be

superior compared to real-world equivalent training programs [1, 2, 8, 11–14],

since it capitalizes on principles of motor learning with enhanced and immersive

feedback (such as auditory and visual feedback of successful and unsuccessful

performance). This was confirmed by a recent Cochrane review which favored VR

therapeutic approaches for stroke rehabilitation compared to conventional therapies

[56]. Difficulty and intensity of training programs can also be easily modulated with

a VR format by increasing number of stimuli, distractors, and speed, which are

difficult to control and manipulate in real-world settings [8]. Finally, one of the

major advantages of VR is that training can simulate daily activities. It also enables

at-home training, due to the portability and current computing capacity which is

capable of measuring and providing performance feedback to users during and

following gait training. Overall VR training may be a practical and useful tool to

target sensory and cognitive deficits that contribute to gait impairments, and thus

provide new opportunities to improve gait, mobility, and ultimately quality of life

in those living with PD. In the following sections we will discuss research utilizing

virtual reality as a method for therapeutic intervention for gait impairments in PD.
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25.3.1 Using Sensory Cues in VR for Gait Improvement

It has been known for some time now that using sensory cues such as a metronome

or transverse lines on the ground can significantly help impaired gait in those with

PD, and even alleviate FOG in some instances. The notion that sensory input can

help overcome these severe gait deficits suggests that the motor program for gait

might be intact but not adequately selected due to sensory impairments in

PD [20, 54]. The spinocerebellar, spinothalamic, spinoreticular, and spinohy-

pothalamic tracts carry somatosensory information/feedback (such as propriocep-

tion) up to the brain during gait [20, 54], which modulates internal timing that

helps to plan and predict future movements. Internal timing has been shown to be

disrupted in PD [57], as a result of striatal dopaminergic depletion since the

underlying neural networks for internal timing involve the basal ganglia (BG),

supplementary motor area (SMA), and primary motor cortex (PMC) [58, 59], where

the BG serves the most crucial role as it generates the internal pacing required for

time estimation [60, 61]. In fact, a reduction in dopaminergic innervation to the BG

in PD causes slower internal pacing [60], which manifests impaired motor and

perceptual timing abilities [28, 62]. Not surprisingly, research has also shown that

internal timing is argued to be more affected among those PD with gait deficits

(e.g., freezing of gait) compared to those without [63].

It is important to note that although PD patients have impairments with internal

timing, they can still use external cues to inform temporal-based decisions such as

when the next footstep should be carried out. The effectiveness of external cues is

thought to be due to distinct neural networks underlying internal versus external

timing [54]. External timing mainly engages automatic timing systems by

recruiting the cerebellum and thus is less dependent on the faulty BG and SMA

[64]. Therefore, external cues (such as metronome beats or transverse lines) can

serve as a proxy for impaired internal timing [65, 66] and improve gait by inducing

motor-sensory feedback signals that recalibrate internal pacing. Virtual reality

provides yet another medium to deliver external cues that the BG is unable to

effectively generate and thereby repair a key issue that is at the core of gait

impairments in PD.

Recently, researchers have begun to develop virtual reality devices that enhance

external cues for rehabilitation in both the auditory and visual domains. Although

cueing has been used over the past two decades as a helpful therapy for gait in PD,

recent advancements in wearable VR technology have improved the efficacy of this

rehabilitation strategy. One example is “intelligent glasses,” designed to be portable

and have built-in headphones which enable users to listen to a metronome like

auditory cue while walking [67]. In a small study of just ten PD patients these

auditory cues have been shown to improve cadence, stride length, and walking

speed compared to walking without auditory cues [67]. Likewise, many studies

have shown that matching footsteps to visual cues such as transverse lines on the

ground or using VR glasses which deliver visual cues while walking on a treadmill

improves gait (increased stride length and velocity, while reduced gait variability

and FOG) in PD [68–70]. One of the main limitations of fixed-tempo auditory and
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fixed-equidistant visual cueing is that they require increased attentional demand to

synchronize individual footsteps, which imposes a cognitive load and promotes gait

breakdown [54, 71, 72]. Additionally, fixed cueing is also easy for the participant to

fall out of sequence with the cues, making them less effective and potentially even

more problematic, such as provoking FOG [73].

Recent research has argued that these open-loop “fixed-cueing” strategies may

not be the most effective for improving gait, since these sensory signals are not

generated or affected by the users’ ownmovement which is arguably a key feature of

gait-related feedback [53, 73]. Thus, recent work has begun investigating closed-

loop effects of visual cues on the regulation and rehabilitation of gait [73]. Research

that directly compared open- and closed-loop visual cues showed that the closed-

loop configuration produced nearly twice the improvement in average walking

speed and stride length. This led to the conclusions that closed-loop VR systems

are more effective at improving gait in PD patients than open-loop versions [73].

WalkMate is a closed-loop device which synchronizes foot pressure sensors to

auditory cues. This apparatus appears to be a promising tool based on its ability

to reduce gait variability in PD patients [74]. Another recent study used VR glasses

to project a virtual checkered floor into the user’s visual field. As the user walks, the

VR floor adapts to the user’s body movements by simulating the visual effect of

walking [41]. The user’s goal was to match their steps with the adjacent floor tile in

order to regulate gait. This closed-loop system also produced encouraging results

which demonstrated improvements in walking speed and stride length.

Since limited research has implemented closed-loop VR sensory feedback of

whole body movement in locomotion, further research is needed to conduct

randomized control trials with sufficient power to stringently evaluate the efficacy

of VR-based therapies for PD. It also remains unclear whether current VR

interventions have long-lasting effects. Future research should attempt to maximize

the effects of cueing by utilizing multi-sensory cueing systems that can provide

responsive and dynamic cues in the auditory, visual, and tactile domains [1, 54].

If a multi-sensory and adaptive VR device could respond to patients’ movements, it

may also demand less attention which might lead to a superior gait therapy.

Research has assessed how receptive the Parkinson’s population would be to this

type of virtual reality technology (e.g., smart glasses wearable computers) [75],

and overall patients were very enthusiastic about this type of assistive device to

facilitate daily living activities.

25.3.2 Utilizing VR to Challenge Cognitive Functioning
During Gait Training

Executive functions play a critical role in the regulation of gait and freezing [76–78],

especially in complex environments where decisions need to be made in real-time

[18, 19, 79]. Based on the strong relationship between cognitive functioning and gait

impairment, it has been suggested that motor and cognitive training combined are

likely to be more efficacious compared to simple gait training or using sensory cues.
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Instead of training with sensory cues, which consume attention and reduces their

capacity to cope with complex situations, motor-cognitive training promotes these

situations and provides an opportunity to improve planning, decision making, and

online adjustments. For example, dual-tasking (DT) and obstacle negotiation both

rely heavily on the availability of ample cognitive resources due to the need for

motor planning and visually dependent gait regulation [80, 81]. Thus, it seems

reasonable to focus training on improving one’s ability to cope directly with these

situations, with the objective of transferring these skills to instances encountered on

a daily basis. This is the approach thatMirelman and colleagues took by designing an

intense and progressive rehabilitation program. The aim of the program was to

promote cognitive processing by monitoring multiple stimuli simultaneously (deliv-

ered in VR), while walking and continuously negotiating obstacles on a treadmill

[8, 55]. The virtual environment was able to impose varying degrees of cognitive

load which demanded attention, response selection, and several perceptual pro-

cesses, while tracking participants’ foot movements. This training program was

performed 3 times per week for 6 weeks, and produced very promising results.

Typical gait improvements were found (increased gait speed, stride length, and

increased obstacle clearance) which resemble treadmill training without VR

imposing a cognitive load [8]. However, the added benefit of training with VR

was made evident during evaluation of DT performance at post-test. Dual-task costs

improved dramatically after training (31%) and participants also demonstrated

improved performance on the trail making tasks (a test of set-shifting and processing

speed). It was suggested that this intense motor-cognitive combined therapy

utilizing VR improved gait and also improved attention, set-shifting, and planning,

which positively impacted DT ability [8]. These impressive gains were retained for

at least 4 weeks after training ceased. Limitations of this study should be noted, since

training was performed with a small sample, and a historical control group was used

as a comparison rather than active control group.

Finally, a major advantage of virtual reality is the possibility that these

motor-cognitive therapeutic interventions could be delivered in a home setting.

Off-the-shelf gaming consoles make this idea feasible, relatively cheap, and acces-

sible. For example, the Microsoft Kinect tracks full body motion using an infra-red

camera while promoting integrated simulation of motor and cognitive functions.

In fact, a recent study assessed the feasibility, safety, and outcomes of playing four

existing Kinect Adventures!™ games (which encompass undefined motor and

cognitive training) in 7 PD participants [82]. The participants completed fourteen

1-h sessions 3 times per week. The main findings of this study were that the Kinect

training was both safe and feasible for patients with Hoehn and Yahr stage 2 and

3 Parkinson’s disease. Additionally, improvements in gaming performance and

other gait assessments were also seen, although due to small sample and a lack of

control group, no statistical results were reported. Nonetheless this study provides

evidence that at-home training, which utilizes virtual reality using gaming software,

is feasible and possibly effective for improving gait. However, further research is

needed to investigate and develop effective at-home motor-cognitive training

programs that are aimed at improving gait.
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The Applicability of Inertial Motion Sensors
for Locomotion and Posture 26
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Abstract

Wearable sensors are now ubiquitous consumer devices, enabling the general

population to track their physical activities - providing estimates of time in each

activity and measures such as steps and calories. Clinicians can benefit from this

growth in wearable devices to better evaluate patient activity and posture for

diagnosis and evaluating outcomes. The technologies involved range from

low-grade, inexpensive consumer-oriented sensors to high-grade clinically

validated activity monitors with associated analytics suites. In this chapter, we

review the relevant technologies and how they can be applied to track locomo-

tion and posture in clinical populations. We will review the form for these

devices, the enabling analytics technology, and patient-specific applications.

Beyond the limitations of more traditional measures, we will see that wearable

devices enable convenient, objective, and continuous information that can

assist clinicians in better diagnostics to quantify the impact of therapeutic

interventions.

Keywords

Wearable • Monitoring • Activity recognition • Automated measures •

Accelerometer

M.V. Albert (*) • I. Shparii • X. Zhao

Department of Computer Science, Loyola University Chicago, Chicago, IL, USA

Rehabilitation Institute of Chicago, Chicago, IL, USA

e-mail: mva@cs.luc.edu; Ishparii@luc.edu; xzhaoib@luc.edu

# Springer International Publishing AG 2017
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26.1 Introduction

Inertial sensors are small, portable devices that are capable of measuring patient

movement and posture continuously. They are compact, efficient, and inexpensive

enough to be a part of all standard smartphones as well as dedicated wearable

devices—some of which are seamlessly integrated into everyday fashion. Com-

bined with modern analysis tools and techniques, the depth of information available

to clinicians about patient posture and movement outside the clinical setting is

dramatically increasing. This will likely bring many benefits not only to evaluating

therapeutic interventions, but also to assessing individuals on a more personalized

level.

26.1.1 Motivation

In order to evaluate the effectiveness of therapies, it is important to collect accurate

information on the patient’s state before and after intervention. However, for

movement and posture the best available information is often limited. In-clinic

assessments present snapshots of a patient’s experience and contributing lifestyle

factors, while at-home journaling of symptoms is often met with low compliance,

frustration by patients, and subjective scoring. This lack of quality assessment of

individuals and applied therapies suggests a role for devices that can provide such

information.

26.1.2 Limitations of in-Clinic Assessments

There are limitations to what can be learned of patients through in-house clinical

visits. Patient histories are limited by subject memory; this presents not only

general concerns of accuracy and completeness in patient reports but also concerns

of subject bias in what they report. Performance measures acquired in the clinic are

relatively time-consuming and costly, and only offer a snapshot of ability. For

longitudinal studies, the costs are particularly high for repeated visits, not only in

terms of clinician time and the associated financial burden, but also the inconve-

nience of travel for subjects—especially for those with mobility impairments. Due

to these costs, although clinical assessments provide valuable information, they are

often administered relatively infrequently for long-term care.

26.1.3 Limitations of at-Home Subject-Reported Measures

Beyond the subjective and potentially inaccurate recollections of relevant

experiences that may relate to the current condition, the state of a person when

visiting a clinic can be significantly different than their condition in their daily lives.

To provide more accurate data of daily patient experiences, many studies rely on

418 M.V. Albert et al.



patient journaling of symptoms. However, as with in-clinic patient histories,

at-home patient journals can still be subject to memory and subjective bias

depending on the questions asked. Also, compliance is difficult to achieve with

paper journaling, and with electronic methods (e.g., tablets or web-based) the

inconvenience of charting experiences daily, or ideally multiple times per day, is

a burden on the subject. Though perhaps an extreme example, compliance rates

can be as low as 11% in subjects who agree to journal their symptoms study using

paper journals with an embedded sensor to check when notes were made [1].

Relieving patients and research subjects of such annoying tasks would clearly be

welcome.

26.2 Wearables: Objective, Continuous, and Convenient
Measures

Wearable devices can provide a more complete view of subject movement and

posture, particular outside the clinic, while minimizing the costs and inconve-

nience compared to traditional methods of assessment. Instead of relying on

biased subject memories of their experiences, objective data can be collected—

this is particularly relevant for lifestyle influences on posture and locomotion,

which can be challenging to measure by personal recollections. To get a picture of

daily fluctuation in symptoms, even patient journaling has limits of only a few

times per day for assessment, whereas worn sensors can be configured to record

continuously.

However, the primary advantage of inertial sensors is in convenience. This is the

reason they have taken off in the consumer landscape with an expanding array of

dedicated fitness sensors (e.g., Fitbit, Jawbone) and integration with wearable

devices (smartphones and smartwatches). Small, portable, efficient sensors can be

configured to be worn with minimal interference is a subject’s normal daily

experience—incorporated into clothing including shoes, belts, or necklaces. From

a research perspective, this promotes very high compliance and simplifies obtaining

information on much larger groups of subjects than were available before. More

importantly, this improves the patient experience, both in clinical research studies

and during assessment with these tools.

26.2.1 Types of Wearables

There are many different types of wearable technologies available. First, they can

vary in the type of signal they measure—here we focus on accelerations and

rotations, but magnetic fields, air pressure, and even the Global Positioning System

(GPS) coordinates can be useful for measuring motion. In addition to the sensors

themselves, there is a constellation of design aspects for any wearable—battery life,

storage needs, size, and in some cases fashion. Increasingly these technologies are

being integrated into devices we already carry around regularly—making some
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application in medical care as simple as downloading an app. However, it is

important to keep in mind that the hardware is in many cases secondary to the

analyses applied to those signals to provide useful information.

26.2.2 Types of Sensors

The most common sensor used in measuring posture and locomotion is the acceler-

ometer, which as the name implies measures linear accelerations, often along three

axes. In addition to movements of the device itself, accelerometers provide device

orientation relative to the measured 9.8 m/s2 gravitational acceleration, which can

be particularly valuable for measuring posture. The smallest accelerometers are

microelectromechanical systems (MEMS) based, with sizes measured in

millimeters, making them exceptionally portable.

Accelerometers measure translational motion, while the equivalent sensor for

rotations are gyroscopes. Similar to accelerometers, gyroscopes can be equivalently

small and portable; however, they do not provide static orientation information.

Most device movements are a combination of linear motion and rotation, so

inference can often be done on one signal alone, making accelerometers the more

standard inertial sensor of choice. When both sensors are available on a device, the

resolution of inferred motions can often be increased, and for quick motions (like

fall detection) this can be substantial. Due to the size and complementary nature of

accelerometers and gyroscopes, they are often used in conjunction. Because such

sensors rely on translational or rotational inertial in their design, they are collec-

tively referred to as inertial sensors.

In addition to inertial sensors, there are a number of additional sensors that can

be used to understand patient movement, often in ways that seem counterintuitive.

For example, magnetometers measure passive magnetic fields—like the Earth’s

magnetic field used widely in compasses. Combined with a gravitational axis from

an accelerometer, this can provide a device with a 3-axis reading of orientation.

Detecting the difference between stair climbing and walking can be challenging

using accelerations alone, but with an air pressure sensor (e.g., altimeter) elevation

changes of floors in a building can be easily estimated. Additionally, with slightly

more power and size, GPS coordinates can be collected. Aside from distances

traveled, a thorough analysis can estimate whether someone is walking, running,

biking, or riding in any number of vehicles. Magnetometers, altimeters, and GPS

sensors are only some of the many additional sensors that can be used in wearable

devices.

26.2.3 Sensor Placement

Sensor placement to measure locomotion or posture depends significantly on the

location of the body. Sensors in the shoe may be particular useful for measuring

steps, but would clearly provide little information on posture, while sensors placed
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in hats, chest straps, or belts may provide valuable postural information, but less

resolution for locomotion. Accelerometers have been used to identify activities in a

variety of locations including the head, chest, arm, foot, and thigh [2]. Fixing the

location provides consistency, which is valuable for maximum accuracy, but

attaching sensors at particular locations on the body can be impractical or inconve-

nient for long-term use.

One of the standard arrangements is the waist-mounted accelerometer.

Depending on the activities being studied, such a simple setup can be capable of

98% activity recognition accuracy [3–6]. However, caution should be exercised as

the nature of the movement being studied can have a dramatic impact on results. For

example, typically in-lab acquired motions are more standardized than at-home

movements. Signals from walking, sitting, and standing are more repeatable and

regular when instructed in a lab setting. For a more natural analysis, when subjects

simply wore such a device for 24 h accuracy was closer to 80% [7]. Proper sensor

selection and location often depends on the activities being identified and the

limitations of the subject population for compliance.

26.2.4 Integrated Device Constraints

In any sensor, there are a number of design choices that are necessary due to

constraints of size and price. Memory is often limited. Clinical research-grade

devices like the Actigraph can carry raw accelerometer data for months, but also

cost hundreds of dollars and are bulkier than their slimmer consumer device

counterparts. In many cases, the incoming sensor data is processed quickly, and

only the results of processing on small timescales are stored (e.g., incrementing

steps or calorie estimates). Battery life and size is also a major issue. Always-on

sensors can drain inexpensive batteries and require daily charging, often negating

the convenience factor. Many sensors now also attempt to offer wireless transmis-

sion, with some options for intermittent low-power Bluetooth providing conve-

nience and efficiency, again at the sacrifice of battery life. Ultimately, modern

devices make appropriate choices along these dimensions given the size, price

point, and market targeted.

It should be added that in addition to dedicated wearable sensors, many are

embedded in technologies that we already carry daily—e.g., mobile phones.

Smartphones already have adequate memory, computing power, and battery that

many sensors need, and the sensors often have alternate uses for traditional

smartphone use (gaming, rotating screens, providing map directions). Because of

this, many advanced processing techniques to extract useful information can be

applied to smartphone wearers with only a download. However, because the

position of the phone on the body must be inferred and is unreliable, the results

are certainly less accurate. Mobile phones conveniently contain many of the

hardware and software capabilities to create a stand-alone activity tracking system,

but have limited utility due to accuracy of analytics.
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26.3 Analysis of Sensor Signals

26.3.1 Standard Analytics Framework for Wearable Devices

In this section, to better understand the limitations of information that can be

extracted from wearable devices, we will review a standard analytics approach

used to extract information from sensor signals.

When creating and analyzing tools applied to extract useful sensor information,

the standard approach is to collect sensor information during a set of known

activities to be inferred. For example, if walking is to be inferred from other

activities, the sensor is to be worn during observed situations when the subjects

are walking and not walking—ideally with examples that may be misclassified in

real-life situations. With this data, analytic tools can be created and validated, but a

number of steps must be performed to get the best accuracy.

In its simplest form, any system that uses inertial sensors will record signals and

extract quantifiable features from those signals for later analysis. Sometimes, the

magnitude of the reading is helpful (like acceleration due to gravity, which allows

accelerometers to be used to measure inclination) but generally it is the change in

the sensor values over time that is most useful. For individual clips in time, features

of that changing signal can be extracted. For example, the average fluctuation in

acceleration over a two second window can be a useful feature for determining if

someone is walking or running. Of course, there are many simpler measures that

can be extracted (e.g., skew, kurtosis, squares, cross products, absolute values) and

more complex measures like Fourier coefficients that can be used to estimate the

periodicity of signals. At this stage, the goal is to select features that are straight-

forward to extract from a clip of sensory data that, when combined with other

features, may help in discerning different behaviors.

After appropriate features are extracted, a machine learning algorithm is used to

predict the class or type of activity from the extracted features. Any number of

algorithms can be used to perform this purpose (e.g., support vector machines,

random forest, logistic regression). In addition to selecting the right classifier, many

of these classifiers require tuning of higher-level so-called hyperparameters for

maximum accuracy. This selection and tuning is performed using the collected

training data. After proper model selection and tuning, the selected model can then

be trained on the data and be ready for prediction on sensor data for which the true

activity is not known. It is important to note that this is a standard approach, with

many variations that extend this general strategy.

26.3.2 Applications and Limitations

The above framework can be used to estimate a wide variety of useful metrics. If

the type of activity the person is performing is recorded, standard machine learning

classifiers can recognize the activity with varying levels of accuracy. Activities to

recognize can include lying down, sitting, standing, walking, running, stair
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climbing. Specific to clinical population, use of a wheelchair or walker can also be

estimated with the right training data. If the inference is a number rather than an

activity class a regression model can be used (e.g., for step counts or calories

expended per unit time). In general, if features extracted from the sensor signal

have any degree of relationship with the predicted activity, prediction systems can

be made and tested.

There are a number of limitations with this general strategy to be aware of. First,

relevant features need to be extracted, and in some cases that is not possible—e.g.,

determining if someone is sitting in a stationary chair versus a wheelchair from an

accelerometer. In other cases, there are useful features that we may not perceive but

the algorithms can—for example, standing can be disambiguated from sitting on a

chest worn sensor depending on the amount of imperceptible sway seen in a subject

over time. Second, all models are limited by the quality and quantity of data

available. If there are not enough samples available in any particular class, learning

will be poor. Also, it is important that the designed sensor analytics are trained and

validated on the same populations for which they will be applied to assure accu-

racy—patients with impaired mobility often have unique movement patterns in

comparison to unimpaired subjects.

26.4 Activity Recognition in Patient Populations

Although a variety of metrics can be estimated from movement data using inertial

sensors, the outcomes we are most interested in are the activities of daily living that

are most closely associated with quality of life [8]. This can be a challenge, as many

inferred activities from sensors must be calibrated to specific populations for the

best accuracy.

For example, let us examine some concerns when developing and applying

sensor-based measures for patients with Parkinson’s disease. Parkinson’s disease

(PD) responds to a variety of treatment options, including drugs and various

exercise therapies. Having quality metrics on outcomes can help select and improve

upon the best strategies [9–12]. Unfortunately, applying current activity recognition

techniques to populations with motor disabilities is challenging. PD symptoms

include tremor, slowed motion (bradykinesia), rigid muscles, loss of common

automatic movements, and impaired posture [13]. These symptoms all can

adversely affect activity recognition.

Activity recognition has been applied to large number of patient populations.

Activity recognition strategies have been tailored specifically for the elderly [14],

individuals with muscular dystrophy [15], and even PD [16]. In a study involving

patients with Duchenne muscular dystrophy, a single monitoring device worn on

the chest reliably quantified walking parameters and time spent performing differ-

ent activities [15]. Patients with PD wore three body-fixed inertial sensors which

were used to accurately identify activities including walking, sitting, standing,

lying, sit to stand, and stand to sit transitions [16]. It has also been shown that a

mobile phone placed in a pocket can be used to recognize activities in people with
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PD [17]. In many of these studies, it is either implied or explicitly measured that

there is a need to adapt the recorded data to the unique movement patterns of the

population being studied to improve accuracy.

26.5 Examples in Locomotion and Posture

Accelerometers provide a non-invasive, portable method for evaluating the smooth-

ness or variability of walking patterns. They are able to measure certain aspects of

gait and detect variations in gait to provide clinically useful measures [18] includ-

ing stride time, stride symmetry, and speed. The accelerations detected by the

sensor during walking reflect the cyclical movement as it slows down and speeds

up, rises and falls, and moves from side to side [19, 20]. One of the major benefits of

using accelerometers on evaluating locomotion is to support the diagnosis of certain

diseases. For example, walking symmetry and velocity can provide useful

indicators that people may be suffering from neurologic or musculoskeletal

disorders. Changes over time in measured movements can also alert a clinician to

a subject’s deteriorating health condition—for example, a sudden decrease in

walking speed or stride length noting elderly frailty [21].

Bad posture is both a cause and indicator of adverse health conditions. The risks

of posture deformation also increase with aging. For example, the head may lean

forward and shoulders round for older adults. Such changes may affect chronic back

and/or neck pain. Over time, this might lead to even more serious problems such as

difficulties to maintain a posture balance, spinal deformities, and hyperkyphosis.

Some treatment approaches suggest providing accurate feedback for patients about

their posture, so they are able to correct their posture resulting in a long-term

improvement. Some methods for posture measurement such as goniometry, photo-

grammetry, and video analysis have been widely used. However, many of these

techniques require laboratory equipment and technicians to record data which

comes at great expense [22]. Inertial sensors can provide accurate feedback about

a person’s posture by measuring position and orientation in space. For instance,

accelerometer-based systems measure angle relative to gravity, with dedicated

devices for this purpose referred to as inclinometers. Such sensors can train patients

to improve their posture by giving them appropriate feedback [22, 23].

26.6 Conclusion

The ultimate objective of therapies for patients is to improve quality of life. Better

outcomes data allows clinical researchers to directly compare and optimize many

available therapies. Inertial sensors provide a continuous, convenient, and objective

set of measures on the activities of subjects that otherwise would not be available.

Such recorded information is useful for assessing individuals, or for making

decisions on practices based on research studies. Through improved sensors,
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analysis techniques, and validation these wearable assessment tools will continue to

improve over time, enabling more convenient and higher quality information to

better improve patient health.
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Age-Related Changes in the Neural
Control of Standing Balance 27
Selma Papegaaij and Tibor Hortobágyi

Abstract

Controlling body sway while standing is an active process involving lower as

well as higher neural centers. This chapter examines how the central nervous

system controls undisturbed standing balance and summarizes the current

knowledge concerning the effects of task difficulty and old age on postural

control of standing. There is an age-related reorganization of neural control of

standing, with decreased efficacy of Ia afferents to activate spinal motor neurons,

increased cortical activation and corticospinal excitability, and reduced

intracortical inhibition. Age does not affect the motor control strategy of reduc-

ing intracortical inhibition with increasing postural challenge. However, the

threshold for down-modulation decreases with aging. It thus seems that motor

cortical involvement in the control of standing balance becomes more prominent

with age and postural task difficulty. Future studies will determine if it is

beneficial and necessary through interventions to reduce the cortical involve-

ment in the control of standing balance in healthy old adults especially if this

involvement should increase in old adults with a history of falls.
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27.1 Introduction

Undisturbed standing is a specific form of daily activity. Humans assume an upright

body position as a transition between locomotor tasks. Occasionally, standing is

also a purposeful and somewhat disliked activity such as when we are forced to

patiently wait in the checkout line in the grocery store, wait for a bus, stand in a

military formation for long minutes, or, as recently recommended, stand steadily by

the office desk for bouts of 10–12 min every hour to reduce the deleterious effects

of prolonged sitting [1, 2].

Maintaining an unperturbed erect posture, i.e., a body position in which ankle,

knee, and hip joints are at their anatomical zero, involves seemingly passive

biomechanical, physiological, and perceptual processes. The present chapter will,

however, challenge the appearance of simplicity and passivity and demonstrate that

against long-held views standing is very much an active process involving higher

neural centers including the primary motor cortex (M1). The chapter also

highlights the emerging view that even healthy aging affects the neural control

of unperturbed standing, necessitating compensations for the many age-related

sub-clinical structural and functional changes in the neuromuscular system

[3, 4]. The involvement of higher neural centers is amplified when standing

becomes less unstable due to modifications in the quality and size of the support

surface under the feet or when leaning, a frequent postural challenge in daily life.

The chapter examines the motor cortical, subcortical, and spinal control of

undisturbed standing and summarizes the current knowledge on how healthy

aging affects the neural control of standing with and without postural and surface

challenges. The first part provides an overview of the control mechanisms of sway

during standing in healthy young adults and the second part of the chapter

summarizes recent data in healthy old adults.

27.2 How Do Healthy Young Humans Stand? Mechanical
Considerations

Healthy human infants can independently stand on two feet a year after birth and

stand with adult-like postural control properties by age 12 [5–8]. Healthy humans

spontaneously sway while standing quietly, unsupported, and unperturbed. Routine

quantification of sway indexed by center of pressure in the time and frequency

domains consistently showed that sway amplitude, area, speed, and frequency

decrease steeply during the period between infancy and adulthood [5–16] and

then sharply increase again several fold by old age, starting at around age

60 [3, 4, 9, 14, 17–28].

The source of low frequency, ~0.5–2.5 Hz, sway is the continuous correction of

the imbalance between the constant gravitational force field and the fluctuations in

forces generated by lower extremity and trunk muscles. Because both sets of forces

act through moment arms, standing balance is ultimately the result of the equilib-

rium between two counteracting torques created by gravitational and muscle force.
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Even quiet, unperturbed standing requires the activation of lower extremity muscles

to a level of about 5–10% of maximum, suggesting that standing certainly is an

active process [17, 18].

Quiescent standing is inherently and mechanically unstable. About 63–67% of

total body mass, with its center located at 58–62% of body height, is controlled

over a narrow base of support corresponding to a foot length of only 10–15% of

body height [29, 30]. As the center of mass sways, the toppling torque increases at

the boundaries and exceeds the passive ankle torque. Mechanical analysis classifies

the unstable standing equilibrium as a saddle-type, meaning that there are instances

when the postural state transits close to a point of equilibrium and when the postural

state falls away from vertical [31, 32]. The insufficient levels of ankle stiffness,

considered as a key mechanical and passive controller of standing balance, further

compounds instability while quietly standing [33, 34] because the gravitational

torque, exceeding the restorative torque generated passively by the ankle, tends to

topple the lower extremity joints, preventing the system from ever reaching asymp-

totic stability [32, 33, 35]. Studies examining neural strategies via numerical

simulation challenged the ankle joint-only control hypothesis because an increase

in stiffness of ankle, knee, and hip joints by co-contracting all of the muscles

surrounding the three lower extremity joints was still insufficient to ensure stability,

implying that in addition to mechanical factors neural control must be also strongly

involved [36].

Because the linear relationship between torque and the angular acceleration it

generates and because such a relationship simplifies the neural command to control

sway, many studies modeled standing balance as a single-link inverted pendulum

that pivots at the ankle joint in the sagittal plane to explain normal human sway

during unperturbed standing [37–44]. However, it is becoming clear that muscles

surrounding the knee and hip joints also become activated and a multi-joint model

is more appropriate to explain normal standing sway [45–52]. Overlooked even

today in the imaging and transcranial magnetic brain stimulation (TMS) literature

that focuses exclusively on ankle plantarflexor and dorsiflexor function in standing

and leaning [4, 17, 18, 53–59], there is long-standing experimental evidence

suggesting that the angular accelerations at the hip joint are as high or even higher

than those measured at the ankle during quiet standing [46, 51]. These antiphase

accelerations at the ankle and hip joints tend to minimize the sway-inducing

horizontal linear acceleration of the center of mass. There is also evidence for a

tight coupling in the fluctuation between ankle and knee torques during standing

and uncontrolled manifold analyses point to coordinated variations among the

ankle, knee, and hip joints to stabilize variables important to postural control during

quiet stance in healthy young adults [48–50, 60]. These observations culminate in

the concept that inter-joint coordination controls sway while healthy humans stand

unperturbed. That is, sway-control can be best characterized not by a one-joint

inverted pendulum but by a double inverted pendulum model consisting of multiple

degrees of freedom [32, 35]. The control of sway is an active rather than a passive

stiffness-driven process, necessitating a neural oversight.
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27.3 Need for Neural Control of Sway During Standing

There is thus a need to actively stabilize sway during undisturbed standing. An

automatic, unsupervised control of active joint torques is unlikely because standing

control and preparatory readiness to impending mechanical perturbations should be

customized to environmental and task constraints, such as standing surface and

concomitant manual or cognitive tasks [21, 61, 62]. The neural control of sway is

complicated by a neural transmission delay of about 200 ms [15, 42]. Therefore,

any neural control must meet the requirement of being flexible and accurately timed

relative to the phase of sway. A decades-long debate has focused on intermittent

and continuous neural control of sway.

According to the intermittent control model, neural activation is turned off when

the sway pendulum is at or near a stable phase of sway and neural activation is

turned on, with a physiologically appropriate delay, during the unstable phase of

sway [37, 63]. Continuous [40, 64, 65] and discontinuous intermittent feedback

control models [39, 66–68] can successfully reproduce healthy human postural

sway and produce a robust yet flexible stability of erect posture through a single

inverted pendulum model that operates at the ankle joint. However, these models do

not and cannot account for documented actions arising from knee and especially

from the hip joint. Thus, a double inverted pendulum model, consisting of upper

(head, arms, trunk) and lower links (ankle, hip) and driven by an intermittent neural

controller that can synchronize ankle and hip activation at a low metabolic cost

would have higher ecological validity [32]. Numerical simulations revealed that

such neural coupling between ankle and hip muscles [69, 70] modeled by a double

inverted pendulum [32] can stabilize erect posture. The emerging idea is that

perhaps there is a single neural controller of multiple muscles supervising inter-

joint coordination. A reliance on local feedback within each individual joint would

make the control of sway complex, perhaps redundant and an unsuitable strategy to

stabilize sway [35, 71].

27.4 Neural Control of Undisturbed Standing in Young Adults

There is a remarkable lack of overlap between the body of literature reporting on

the biomechanical models of postural sway that makes inferences how the nervous

system stabilizes erect posture (references in previous section) and another body of

literature reporting on the neural control of unperturbed standing using imaging,

electroencephalography (EEG), electrophysiology, and TMS [3, 4, 17, 21, 53, 54,

56, 57, 59, 72]. While modeling studies correlate triceps surae activation and ankle

muscle stiffness [39], quantify the neural coupling between ankle and hip muscles,

and invoke muscle synergies as neural control mechanisms of standing balance

based on surface electromyography [32, 64], a correspondence between these

outcomes and those described by imaging, TMS, and electrophysiological studies

is absent. On the other hand, TMS studies target specific excitatory and inhibitory
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circuits during standing and imagery studies in the MRI scanner examine brain

activation but do not measure muscle synergies, muscle-to-muscle couplings, or

mechanical properties of muscles.

A lack of correspondence between these two bodies of literature is

understandable in so much that linking model-predicted neural outcomes in the

context of posture control with imaging, EEG, and TMS outcomes is at the core of

the fundamental question of what M1 actually controls, i.e., individual muscles or a

group of (synergistic) muscles, or activation patterns (synergies). Primate data with

implanted electrodes suggest that loads only at the elbow, only at the shoulder, or at

both joints modulate neural activity of certain motor cortical cells, assigning a

putative role to M1 controlling not only individual muscles but also muscle

synergies in a multi-joint reaching task [73, 74]. While motor modules (synergies)

and their roles in gait and posture have been reviewed extensively, links with

imaging, EEG, electrophysiological, and TMS studies examining M1 involvement

in such synergies invariably remain elusive [75–77].

Standing balance is the result of integration of visual, vestibular, cutaneous, and

proprioceptive inputs, with signal processing, motor planning, and motor execution

occurring in the spinal cord, brainstem, cerebellum, basal ganglia, andM1 [3, 21, 72].

The ability of animals to stand and even modify erect posture after transections at the

level of the midbrain gave rise to view that “. . .the whole righting apparatus. . .is
arranged sub-cortically in the brainstem, and in this way made independent of direct

voluntary influences” [78]. Extending classical studies [79], several lines of evidence

converge to the idea that cerebral structures contribute to the control of unperturbed

standing. Although spinal circuits have a major role in the maintenance of erect

posture and in the recovery of lost abilities to stand [80], cortical recordings revealed

strong activation of M1 neurons when the support surface under small quadruped

mammals’ paws oscillated [81]. In these animals, tonic supraspinal drive and phasic

supraspinal commands tended to facilitate the otherwise weak spinal networks that

receive somatosensory inputs from the limb signaling postural perturbations [81].

In intact healthy humans, evidence for M1 involvement in standing control

comes primarily from magnetic stimulation studies. Such studies discovered that

postural instability caused by the tilting of the surface platform modifies the state

and the role of M1 in equilibriummaintenance. Indeed, the size of the motor evoked

potentials (MEPs) in the soleus muscle increased 2.2 times when subjects stood on a

moveable compared with stable surface [82]. When peripheral nerve stimulation

was adjusted so that the peak of the H-reflex coincided with the peak of the long-

latency stretch reflex evoked by posterior translation of the feet while standing,

conditioning the H-reflex by subthreshold TMS resulted in a facilitation [83]. As the

increase in cortical excitability contributed to the augmentation of the stretch reflex

peak, these results provide evidence for a direct involvement of corticospinal

projections in postural control. Moreover, motor cortical excitability is similarly

[84, 85] or even more strongly [86] modulated with background electromyography

(EMG) in postural compared with voluntary contractions, suggesting that these

contractions require at least a similar level of cortical involvement. In a series of

experiments that compared M1 involvement during postural and non-postural
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contractions with varying levels of postural challenge (i.e., leaning), the area of

EMG suppression was ~60% smaller ( p< 0.05) in unsupported vs. supported

leaning and sitting, suggesting that postural challenge rather than the aim of the

contraction (postural, non-postural) or posture (sitting, supported and unsupported

leaning) reduced motor cortical inhibition [57]. Finally, when healthy subjects

performed motor imagery and action observation of balance tasks in an MRI

scanner, during the combined imagery and action observation task participants

activated the putamen, cerebellum, supplementary motor area, premotor cortices

(PMv/d), and M1, with imagery showing the same activation except for M1 and

PMv/d. The brain activation scaled by intensity of balance task [72].

Despite these series of technically highly challenging studies pointing toward

supraspinal involvement in the control of standing balance, there are also contra-

dictory findings. The size of MEPs increased when healthy young adults stood

unsupported compared with a condition in which a board provided support at the

chest, relieving the central nervous system to control sway [59]. However, these,

unlike the spinal and corticospinal responses were independent of sway phase.

Therefore, it seems that M1 is not involved in the direct on-going control of postural

sway, leaving the exact role of M1 in postural control unclear.

27.5 Structural, Functional, and Behavioral Changes
with Aging in the Neuromotor System

The aging central nervous system undergoes unfavorable structural changes such as

declines in quality and quantity of cortical gray and white matter [87–89]. Such

structural changes may affect how the brain operates during motor tasks, resulting

in functional changes (Fig. 27.1). For example, more brain activation may be

required to achieve the same behavioral outcome. Structural and functional changes

often lead to declines in motor performance, i.e., behavioral changes. As

age-related structural changes are evident at different levels of nervous systems

involved in postural control (spinal, subcortical, and cortical), functional and

behavioral changes can also be expected. The following segment provides a

summary and systematic review of the existing literature regarding the

age-related changes in neural control of posture with a focus on standing.

27.6 Age-Related Changes in Spinal Control of Standing

Spinal reflexes can be assessed using the H-reflex, an electrical variant of the tendon

stretch reflex. The amplitude of the H-reflex quantifies the efficacy of primary

(Ia) afferents to activate spinal motor neurons. A consistent finding in the literature

is that old compared with young adults exhibit smaller soleus H-reflexes, both in

absolute units and relative to the maximal compound action potential, M-max,

during standing [18, 90–94]. This age-related reduction in H-reflex may be caused

by degeneration in the spinal motor neurons or Ia afferents, reduced excitability of
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the spinal motor neurons, changes in presynaptic inhibition, or more homogeneous

excitability thresholds of the afferent and efferent axons [18, 93]. How age affects

the size of the H-reflex can perhaps be most insightfully ascertained by examining

the interaction between age and postural task difficulty. Although most studies

agree on a down-modulation of the soleus H-reflex with postural task difficulty in

young adults [18, 90–93], the effect of age on this modulation remains controver-

sial. Some studies reported an upregulation from lying or sitting to standing in old

adults [90, 91], whereas others reported no modulation [92, 95], or even greater

down-modulation than young adults [18]. It should be noted that only the last study

controlled properly for background EMG which usually differs between conditions

and age groups, probably explaining at least in part the differences in results

between studies. The greater H-reflex down-modulation with task difficulty is in

agreement with a previous study by the same group showing a greater increase in

presynaptic inhibition with postural task difficulty in old compared with young

adults [94]. Greater presynaptic inhibition was associated with greater

co-contraction among lower leg muscles. In conclusion, age decreases the efficacy

of Ia afferents to activate spinal motor neurons and changes the modulation of

spinal reflexes between postures. The reduced spinal excitability in old adults may

suggest a greater need for higher centers to control the leg muscles during standing.

Fig. 27.1 A classification model of the different domains of age-related changes in the

neuromotor system controlling postural and manual tasks. Three domains can be distinguished:

structural changes, functional changes, and behavioral changes. Structural changes refer to the

degeneration of brain or nerve structures with aging, whereas functional changes refer to the

age-related modification in how these structures operate in the act of motor control. Behavioral

changes denote the changes in performance on the motor task, which can be both a postural or a

manual task. Functional changes can be divided into deterioration (as a direct result of the

structural changes) and compensation (changes in function to counteract the deterioration).

Structural degeneration causes functional deterioration [133], which triggers the need for func-

tional compensation [134]. Functional deterioration has a negative impact on performance [135],

whereas functional compensation has a positive impact [134]. The dashed arrows acknowledge
the influence that acute or chronic behavioral changes, i.e., intervention or differences in lifestyle,

have on structure and function of the neuromotor system [58, 136, 137]. The model can be used in

future studies to systematically examine the structure-function-behavior link in the aging

neuromotor system and could also be applied to other fields of research. Reproduced from

Papegaaij et al. [3]
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27.7 Age-Related Changes in Subcortical Control of Standing

Subcortical structures such as the basal ganglia, cerebellum, and brain stem are

important for postural control [96–98]. Indeed, age-related declines in white matter

integrity, gray matter volume, and striatal dopaminergic activity contribute to

postural instability in older adults [99–103]. However, little is known regarding

the age-related functional changes in subcortical control of standing. Two fMRI

studies do provide some relevant information [104, 105]. When stimulating the foot

muscle spindles, older adults exhibited less activity in the right putamen [104]. Fur-

thermore, less activity in the right putamen and pallidum was associated with

greater body sway during standing with the eyes closed. In contrast, Zwergal and

collaborators [105] reported no differences in activation of the subcortical

structures during imaginary standing between young and old adults. It can therefore

be concluded that age-related changes in subcortical structures do affect postural

control but more research is needed to identify the specific functional changes.

27.8 Age-Related Changes in Cortical Control of Standing

Aging causes a reorganization of cortical control of voluntary manual movements,

with an increase in brain activation and decrease in cortical inhibition [3, 106–109].

As the neural circuits affected by age-related degeneration are also involved in

postural control, it is likely that changes in brain activation and inhibition also occur

during standing.

Measuring BOLD responses related to postural control is a challenging task

because it is not yet possible to perform fMRI during upright standing. One solution

is to instruct participants to imagine that they are standing while they are lying in

the scanner. Consistent with the literature on voluntary manual tasks, Zwergal and

collaborators [105] reported age-related increases in activation of the multisensory

vestibular cortices, motion-sensitive visual cortices (MT/V5), and somatosensory

cortices (right postcentral gyrus) during imaginary standing. Focusing on the

sensory aspect of postural control, Goble and collaborators [104] measured the

proprioception-related neural activity by stimulating the foot muscle spindles in

young and old adults and observed an age-related decrease in right putamen

activation. In both age groups, greater activation in parietal, frontal, and insular

cortical areas, as well as structures within the basal ganglia, was associated with

better balance performance. The age-related decrease in brain activation during

passive sensory processing is consistent with studies examining neural processing

of visual and auditory stimuli in old adults [110, 111]. It seems likely that the

increase in activation of multisensory areas observed by Zwergal and collaborators

[105] is a compensation for the decline in unimodal sensory systems, a view that

still awaits additional experimental confirmation.

Although the above-mentioned studies provide an interesting perspective on

changes in balance-related brain activation with aging, we note that imaginary

standing is quite different from actual standing. As TMS can be applied during
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upright stance, this has become a popular method to assess neural activity

associated with balance. Using this method, the group of Jacques Duchateau has

published several papers consistently reporting an age-related increase in

corticospinal excitability [18, 54, 112]. Old compared with young adults exhibited

increased motor evoked potentials (MEPs) and TMS-induced facilitation of the

Hoffmann (H)-reflex in the soleus muscle during quiet standing. They also reported

an age-independent modulation in corticospinal excitability between postures, with

greater MEP amplitude during standing as compared with sitting [18]. The major

limitation of these studies is that background EMG also differed between age

groups, possibly contributing to the age-related increase in corticospinal

excitability. Indeed, another study reporting similar tibialis anterior and lateral

gastrocnemius background EMG in young and old adults during standing also

reported no difference in MEP amplitude in these muscles [113].

In addition to corticospinal excitability, TMS can also be used to assess

intracortical inhibition. Old compared with young adults exhibited a shorter silent

period after an MEP during standing, suggesting that intracortical inhibition

decreases with aging [18, 54]. In a series of interlinked studies we assessed

intracortical inhibition using paired pulse [17, 56] and subthreshold TMS [57]

during postural tasks of varying difficulty in young and old adults. The first study

examined whether or not age interacts with sensory manipulation during standing

by measuring short-interval intracortical inhibition (SICI) in the tibialis anterior

[17]. There was an overall age-related decrease in SICI. Old but not young adults

reduced SICI even further when standing on foam vs. a rigid platform. As

age-related sensory and motor deficits complicate postural control [114–118],

standing on foam can be considered a more challenging task for old than for

young adults. Therefore, the age-related difference in modulation of intracortical

inhibition may have been due to the relatively higher postural challenge. In

subsequent experiments we examined whether young and old adults also modulate

intracortical inhibition differently when postural task difficulty is low [56] or

adjusted to individual skill level [57]. Young and old adults exhibited similar

down-modulation of SICI in the soleus and no modulation of SICI in the tibialis

anterior from normal standing to standing with light support at the chest. In the next

study, subjects were asked to lean forward to 75% of their maximum, a position

beyond which they would have fallen forward. Intracortical inhibition during

leaning, as quantified by subthreshold TMS-induced suppression in the on-going

soleus EMG, was compared with that during supported leaning and sitting. The area

of EMG suppression was ~60% smaller in unsupported vs. supported leaning and

sitting, with no difference between these latter two conditions. Even though in

absolute terms young compared with old adults leaned farther, there was no age

effect or an age by condition interaction in EMG suppression. Moreover, greater

reductions in intracortical inhibition were related to greater instability when standing

on foam [17] and to leaning closer to the maximum during unsupported leaning [57].

Together, these results imply that postural challenge is the main factor influencing

intracortical inhibition and that age does not affect the motor control strategy of

reducing intracortical inhibition with increasing postural challenge. However, as
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a similar task can be more challenging for old compared with young adults, the

threshold for down-modulation decreases with aging.

In addition to intracortical inhibition, previous studies also examined

intracortical facilitation during standing in young and old adults [17, 56]. Our

finding of no age-related changes in intracortical facilitation agrees with the

majority of previous studies in manual tasks [119–122], although there are sporadic

reports of a decrease in intracortical facilitation in old compared with young adults

[123, 124]. There was also no modulation in intracortical facilitation between the

different standing tasks. Great inconsistency exists in the literature regarding

modulation of intracortical facilitation between postures, with reports of reduced

[84], similar [125], and increased [86] intracortical facilitation during standing as

compared with sitting. Methodological differences between studies such as the

muscle examined, variation in stimulation intensity and interstimulus interval,

and/or the high between-subject variability in this measure could be behind the

inconsistencies. Overall previous findings suggest that at least during standing

motor cortical excitability is modulated through intracortical inhibition and not

facilitation [17, 56].

Age-related changes in cortical activity before and after postural perturbations

have been studied using EEG. Duckrow and collaborators [126] measured EEG

potentials after an unexpected forward translation of the support surface in young,

old-mobile, and old-frail subjects. They found that in old adults the perturbation-

evoked potential was delayed and the vertex-negative component was smaller and

bifid. The interval between the two components of the bifid negative peak was

longer in a subgroup of old subjects who had also poorer balance. This study shows

that old adults, especially those with impaired balance, exhibit delayed and abnor-

mal sensory processing when their posture is perturbed. Other studies have used a

warning signal before the support surface translation to inform subjects about an

impending perturbation. This paradigm allows the assessment of contingent nega-

tive variation (CNV), a negative slow potential reflecting the cortical activity

related to the motor preparation process and anticipatory attention directed to the

upcoming perturbation. Both young and old adults adapt their CNV over time,

although old adults need more repetitions [127, 128]. This adaptation, quantified by

a greater negative peak in the late CNV, is probably related to the forward shift in

center of pressure as an anticipatory postural adjustment to the forward translation.

In conclusion, there is an age-related reorganization of cortical control of posture

similar to that seen in manual tasks, with different brain activation patterns,

increased corticospinal excitability, and reduced intracortical inhibition. Interest-

ingly, age does not affect the ability to modulate intracortical inhibition with

increasing task difficulty. However, as for old adults the same task can be more

difficult than for young adults, the threshold to reduce intracortical inhibition is

lower. Lastly, EEG studies have shown that cortical activity related to postural

responses to an external perturbation also differs between young and old adults.

Cortical responses are delayed and motor preparation processes need more

repetitions to develop.
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27.9 Age-Related Functional Changes: Deterioration
or Compensation?

In the classification model of the different domains of age-related changes in the

neuromotor system, Fig. 27.1 shows that the functional changes can appear as

deterioration (as a direct result of the structural changes) and compensation

(changes in function to counteract the deterioration). An interesting and important

topic of discussion is whether or not the described functional changes in postural

control are due to deterioration or compensation. For example, old but not young

adults down-modulate intracortical inhibition when standing on foam as compared

to a rigid surface [17]. Greater down-modulation correlated with greater increases

in center of pressure velocity (i.e., worse performance). One interpretation of this

finding is that the down-modulation in intracortical inhibition causes the increase in

center of pressure velocity, suggesting functional deterioration. Alternatively, old

adults with higher center of pressure velocity had a greater need to adjust

intracortical inhibition, as a compensation for the greater instability. The latter

explanation was supported by subsequent experiments [57], where task difficulty

was adjusted to individual skill level, and modulation of EMG suppression, pre-

sumably representing intracortical inhibition, was similar between young and old

adults. Moreover, leaning closer to the maximum was correlated with greater

reductions in EMG suppression; again suggesting that intracortical inhibition

decreases in unstable situations. Therefore, assuming that both studies measured

similar inhibitory mechanisms, the different modulation in old adults [17] was most

likely a compensatory mechanism. Importantly, this discussion exemplifies the

need to include at least two of the three domains in the model in order to get a

better understanding of the relationships between the different domains.

27.10 Age-Related Functional Changes: Related
to Co-contraction?

As in many activities of daily living and laboratory tasks [129], old adults also tend

to use more co-contraction among the lower leg muscles when standing, especially

when balance is challenged [130, 131]. When fitting a double inverted pendulum

model to behavioral data of young and old adults, intrinsic and reflexive stiffness

around the ankle joint was found to increase with age [132]. The functional changes

described in the section “Age-related changes in spinal control of standing” may be

related to this co-contraction. Indeed, on a spinal level, greater presynaptic inhibi-

tion was associated with greater co-contraction during standing in old adults [94].

The authors suggest that old adults shift from using muscle afferents to a simpler

co-contraction strategy to control standing balance. Whether the functional changes

on cortical level contribute to the co-contraction is not yet known and a promising

topic for future research.
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27.11 Conclusions and Recommendations

Indubitably, holding one’s balance and control sway while standing is far from a

passive and automated process. Even though the majority of studies focused on the

ankle, it is now clear that all three lower extremity joints but especially the hip in

addition to the ankle, contribute to the control of sway present in undisturbed

standing. A multi-segment inverted pendulum model, for now, seems the most

suitable model to predict inter-joint coordination of sway and relies on an intermit-

tent neural controller. Behavioral, TMS, EEG, and imaging data provide convinc-

ing evidence for the involvement of M1 in the control of standing posture and that

this role becomes more prominent with age and postural task difficulty. Age does

not seem to affect the ability to modulate intracortical inhibition with postural

challenge. Unraveling the neurophysiological mechanisms underpinning muscle

synergies and inter-muscle coupling through the use of imaging, TMS, and other

methods will help to better understand how and where in the mechanical and

nervous systems do interventions bring about adaptations standing balance in

young and old adults and in those with disability. Future studies will determine if

it is beneficial and necessary through interventions to reduce the cortical involve-

ment in the control of standing balance in healthy old adults especially if this

involvement should increase in old adults with a history of falls.
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Activities of daily living (ADLs), 76, 265, 269,

273, 325, 327, 328, 330

Adaptive gait, 184
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cardiac sympathetic, 182

high-intensity, 182
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definition, 76

dynamic balance test, 78

exercise programs, older adults, 77

multimodal programs, 77

neuromuscular responses, 76

progressive sensorimotor exercises, 332
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sedentary lifestyle, 76

and walking, 76
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and agility (see Agility)
balance control (see Balance control

system)

exercise, 85

eye movements and postural control, 230,
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and falls, 77

fatigue (see Fatigue)
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health professionals, 264

individual constraints, 264

(see also Postural control)

and lifestyle, 4

locomotor system alterations, 78

muscle fatigue, 146–147

population aging, 74

postural control mechanism, 4, 82–84

(see also Posture and locomotion)

sedentary lifestyle, 76

stability and development, 48–50

Air pressure sensor, 420

Ambulation, 78, 330, 331

American Alliance for Health, Physical

Education, Recreation and Dance

(AAHPERD), 78

Amputees control identification, 49

Ankle strategy

description, 311

motor plan characterization, 95

slow and/or small perturbations, 267

Anticipatory postural adjustments (APA)

anticipatory adjustments, gait, 350, 351

COP displacements, 355, 356

forward propulsion, 353

Anticipatory postural control, 266

Asymmetric gait theory, 38

Auditory and visual cues, 180, 333

B
Balance control system

assessment

dynamic balance tests, 252, 255

functional balance tests, 253, 255–256

static balance tests, 252, 254

subjective, 252, 254

subsystem test, 253
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center of mass (COM), 238
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Balance control system (cont.)
CNS, 242

aging, 245

cerebellum, 244

cortex, 244

predictable balance perturbations, 244

definition, 238

feedback loop, 241

gait

avoidance, balance perturbation,

249–250

perturbations, 250–251

unperturbed gait, 248–249

motor system, 242, 245, 246

sensory system, 242

exteroceptive somatosensory system,

243

proprioceptive somatosensory system,

243

vestibular system, 240

visual system, 241

standing, 240

external perturbation, 247–248

unperturbed stance, 246–247

testing, 256

Balance Evaluation Systems Test (BESTest),

180, 256, 332

Basal ganglia (BG), 116, 410

automatic movements, 313

cortical and subcortical structures, 299

defective internal rhythm, 35

dopamine (DA) projections, 334

dysfunction, 33

hypometric movement deficit, 34

neuronal mechanisms, 390

PD, 116, 163

standing balance, 431

and supplementary motor area, 38

thalamocortical and brainstem

networks, 388

BESTest. SeeBalance Evaluation Systems Test

(BESTest)

Body balance control

CoP excursion, 292

electromyographic analysis, 300

evaluated dancers, 292

feet muscle spindle stimulation, 299

fundamental mechanisms, 301

ground reaction forces and postural

stability, 292

hemispheric specialization, 292

impedance control, 300

left hemisphere lesions, 299

malleable support surface, 300

neural process, 299

positional stabilization, 301

postural asymmetries, 295

postural control, cerebral stroke (see
Cerebral stroke)

proprioceptive signals, 299

RHL and LHL cerebral hemisphere, 298

soccer players, 292

spatial attention and/or representation, 298

spatial orientation of body, 299

unanticipated stance perturbations, 300

unipedal stance, 292

unreliable proprioceptive afference, 299

upright postural control, 292

visual occlusion, 300

WBA (see Weight-bearing asymmetry

(WBA))

Body sway

COP displacement, 8

light touch, 210, 215

vision and no vision conditions, fingertip

light touch, 214

V-NT and NV-T condition, fingertip light

touch, 214

C
CBGD. See Corticobasal Ganglionic

Degeneration (CBGD)

Center of gravity (CoG), 311

Center of mass (COM)

balance control, 238

without participants’ awareness, 9

postural control system, 8

static balance assessments, 254

unperturbed gait, 248–249

Center of pressure (COP), 7, 11, 12, 211–214,

292, 308, 350, 352, 355–357

Cerebral stroke

and age-matched healthy individuals, 294

anteroposterior and mediolateral directions,

CoP, 293, 295

body balance sites, 293

cortical with subcortical structures, 293

distal posterior leg muscles, 294

healthy individuals, 292

inter-leg synchronization, postural

adjustments, 293

kinematic analysis, 294

muscular activation, 294
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self-produced balance perturbations, 294

sensorimotor integration, 295

short-latency and vigorous postural

reactions, 293

stance stability, 295

synergistic muscle groups, 293

verticality misperception, 295

Cholinesterase inhibitors (ChEIs), 109

CIMT. See Constraint-induced movement

therapy (CIMT)

Claudication, 50

CNV. See Contingent negative variation
(CNV)

CoG. See Center of gravity (CoG)

Cognition

complex gait navigation, 133–134

FOG, 132, 133

gait instability, 93–95

MD, 130

PD, 133–134

COM. See Center of mass (COM)

Compensatory postural control, 267

Complex systems approach

age-associated “frailty”, 4

balance and locomotion behaviors, 5

dynamic systems, 5–7

gait patterns, 13–16

motor behavior, 4

older adults and postural control, 9–13

variability and postural control, 7–9

Constraint-induced movement therapy

(CIMT), 381

Contingent negative variation (CNV), 436

CoP. See Center of pressure (CoP)
Cortical control

age-related changes, 436

aging, 434

BOLD responses, 434

brain activation with aging, 434

EMG suppression, 435

H-reflex, 435

intracortical facilitation, 436

SICI, 435

TMS, 435

Corticobasal ganglionic degeneration (CBGD),

23, 25, 26

D
Deep brain stimulation (DBS)

during thalamotomy operations, 387

dyskinesia reduction, 388

extrapyramidal tremor, treatment of, 386

gait disturbances, 386

GPi stimulation, 389

impaired anticipatory postural

preparation, 388

locomotor activation, lower limb

muscles, 387

low frequency stimulation, 389–390

mediated effects, 387

PIGD, 388, 389

STN activity and gait, 387

surgical treatment, 386

systems-level approach, 388

thalamocortical and brainstem

networks, 388

UPDRS score, 387

Dementia with Lewy bodies (DLB), 25, 26

Dopamine replacement therapy, 35, 404, 405

Dual-task gait assessments, 98–99

Dual tasking

and cognitive disturbances

PD, 327, 328

stroke, 328

gait and balance

PD, 329, 330

stroke, 330–331

Dynamical systemsdescriptive variables,

gait analysis, 47

evaluation, 47

gait stability, parameters, 53

local dynamical stability, 48

nonlinear behavior of, 47

and partial equations, 46

walking, 47

Dynamic systems approach

COP complexity, 7

dedifferentiation, 6

description, 5

loss of complexity, 6

patterned behavior, 6

Dynamometry, 358

Dysarthria, 25, 28

Dysphagia, 25, 28

E
Elderly

peripheral sensory impairment, 210

postural stabilization (see Fingertip light

touch, postural stabilization)

sensory cues, 210

Electroencephalography (EEG), 401, 430, 431,

436, 438

Electro oculography, 117
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Even terrain locomotion, 178–179

Exercise and balance, older adults

dual tasking

PD, 329, 330

stroke, 330–331

motor-cognitive interaction

dlPFC, 327

PD, 327, 328

stroke, 328

multimodal exercise, 332–336

neuroplasticity, 336, 338

physical and exercise-based therapies

assessment, 331, 332

coordination and dual-task ability, 331

poststroke cortical reorganization, 338

primary balance and gait deficits

PD, 325

stroke, 325, 326

Exergames (computer games), 84, 180, 181,

184, 375

Exproprioception, 64, 116, 118, 121–123

Eye–head stabilization

compensatory mechanisms, 227

driving, 228–229

dynamical skills, 227–228

motor actions, 227

Eye-tracking technology, 116, 117

F
Falling and postural control

accidental death, older age, 264

ageing research, 56

annual expenses, fracture treatments, 264

balance disorders, 265

brain activation, 265

brain mobility control, 92

clinical tests, mental status, 93

cognitive healthy individuals, 101

cognitive impairment, 92

cortico-cerebellar areas, 265

defined, 264

disability and cause, death from injury, 56

extrinsic risk factors, 264

functional constraints, 265

gait performance and cognitive, 93, 94

gait variability, 99

hospitalization of, 308

impaired cognitive abilities, 92

intrinsic risk factors, 264

MCI, 93

peripheral structure impairments, 264

physical exercises/activities, 266

physical, behavioral and functional

constraints, 264

postural control and cognitive/motor tasks,

265 (see also Postural control)

prevention trials, 100

specific brain networks, 93

stooped posture, 308

syndrome, 92

walking tasks, 56

Fall prevention exercise programmes

American College of Sports Medicine, 284

balance-challenging exercises, 282, 283

benefits, 282

clinical trials, 281

defined, 280

dehydration, 287

group-based, 286

health-care costs, 280

healthy ageing, 287

impaired muscle strength and poor postural

control, 281

injury-related hospitalisation, 280

LiFE (see Lifestyle-Integrated Functional

Exercise (LiFE) Programme)

medical conditions, 287

minor injuries, 280

multifaceted, 281

Otago Exercise Programme, 282, 284

postexercise recovery period, 287

postural control (see Postural control)
residential aged care facility, 280

Tai Chi exercise, 285

unintentional injury death, 280

walking programmes, 282

Fall syndrome, 92, 97

Fatigue

central fatigue, 146

definition, 145–146

development, 144

disabilities, occupational activities, 144

muscle (see Muscle fatigue)

PD, 147, 148, 152

peripheral fatigue, 146

prevalence, 144

productivity, workplace, 144

Feedback postural control, 266

Festination/festinating gait, 22

Fingertip light touch, postural stabilization

apparatus, task and procedures, 211

applied vertical force, 216

data analysis, 212

mean absolute applied forces, 214, 215

mean values, MSA, 213, 214
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participants, 211

postural control performance, 216

somatosensory cues, 210, 215

statistical analysis, 212–213

times series, CoP, 213

Freezing of gait (FOG), 329, 330, 333, 400,

404, 406–407

deficits, 132

definition, 36, 132

episodes, 37

experimental paradigms, 36

gait disturbances, 132

mind-wandering, 37

motor activity, 37

motor disease progression, 36

walking situations, 132

Frontal/parkinsonian gaits, 100

Fugl-Meyer Assessment score, 377, 378

Functional capacity

cognitive functions, 29

components, aging, 76

definition, 74

multimodal programs, 77

multimode training, 182

Functional incapacity, 80

Functional magnetic resonance imaging

(fMRI), 338, 387, 401, 406, 407, 434

G
Gait

asymmetry, PD, balance control, 164, 167,

169, 170

avoidance, 249–250

perturbation, 250–251

unperturbed gait, 248–249

benefits, visual cues, 121–123

cognitive function, 78–80

HD, 135, 136

instability, 49

PD, 131–135, 401

posture disorders (see Deep brain

stimulation (DBS))

PSP, 136, 137

unperturbed gait, Gait initiation (GI), 245

analytical studies, 362

APA phase, 350, 351

COP and COM, 350, 351

filter design, 363

force plates, 358, 359, 361

force signal, 359

GRF coordinate systems, 360, 363

influencing factors, 352, 353

Matlab code, COP calculations, 362, 363

movement, beginning and end, 364, 365

and older people

biomechanical effectiveness, motor

program, 355

COP displacements, 355

fear of falling, 356

gait freezing, 357

PD, 356

stereotyped muscle activity, 355

vestibular impairments, 356

progressive resistance training, 357

SPM, 360, 361

support foot unloading phase, 350

swing foot unloading phase, 350

Tai Chi training, 357

transition phase, 350

Gait performance

with AD and PD, 98

dual-task gait, 97

fall syndrome, cause, 97

psychotropic drugs, 98

visual/hearing problems, 97

walking, 97

“The General problem of the stability

of motion”, 48

GRF coordinate systems, 363

H
Haptic information

angular tau, 12

body sway, 10

cues, 16

tasks, 10

Harmonic ratio, 51

Head-mounted display (HMD), 399, 401, 404

Healthy aging

fall prevention, 376

intervention protocol comparing

exercises, 376

long-term effectiveness intervention

program, 376

MET, 375

on motor abilities, 375

physical activity adherence, 374, 375

physiological cost of exercising, 375

regular practices of exercises, 374

single-leg balance and body-weight

resistance workouts, 376

static balance on bipedal conditions, 375

video game consoles, 374

Wii Fit and Wii Sports, 375
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Hemiparesis

ipsilateral hemibody, 292

6-month treadmill-based aerobic exercise

program, 333–334

post-stroke, 326

WBA, 296

Hip strategy, 95–96, 267, 311

H-reflex, 431, 433, 435

Huntington’s disease (HD)

autonomic dysfunction, 29

autosomal dominant inheritance, 28

choreic movements, 28

dementia, 29

depression, 29

description, 27, 28

dysarthria, 28

gait disturbances

attentional deficits, 136

cognitive dual task, 136

hyperkinetic and involuntary

movements, 135

parkinsonian gait characteristics, 135

subcortical and cortical damage, 135

subcortical deficits, 135

symptomatic treatment, 28, 29

tremors, 28

I
Immersive VR system, 372, 373

Index of harmonicity, 51

Inertial sensors, 49, 254, 418–420, 422–424

Insole therapy

array of spikes, 316

barefoot, soft and hard, 316

and 5 min walking without sensory

stimulation, 316

postural control improvement, 309

Integrated device constraints, 421

Intracortical inhibition, 435–437

L
Lifestyle-Integrated Functional Exercise

(LiFE) Programme, 285, 288

Local dynamic stability (LDS)

close trajectories converge, 52

nonnegative Lyapunov exponents, 52

Parsimonious relation, 53

Rosenstein’s algorithm, 52

Locomotion

AAHPERD, 78

balance behaviors, 5

bipedal, 4

cognition, 78

falls, 5

gait patterns, 13–16

and posture

accelerometers, 424

activity recognition, 423, 424

clinic assessments, 418

inertial sensors, 418, 423

posture measurement, 424

sensor signals analysis

applications and limitations, 422, 423

wearable devices, 422

walking (see Walking)

wearables (see Wearable devices)

Locomotion in PD

bradykinesia and hypometria, 178

cognition, 179

dopaminergic medications, 178

even and uneven terrains, 178

general descriptive way, 178

healthy peers and fractures, 178

physical, psychological and functional

impairments, 178

specific descriptive way, 178

uneven terrain/dual-task condition, 178

M
MAL-QOM scores, 378

MANOVA. See Multivariate analysis of

variance (MANOVA)

Matlab code

COP calculations, 362, 363

filter design, 363

task begining calculation, 365

Maximum Floquet multipliers, 51

MbM therapy. See Music-based movement

therapy (MbM therapy)

Meissner’s corpuscles, 309

Memantine, symptomatic treatment, 110

Memory (amnestic) domains, 100

Metabolic equivalent of task (MET), 335, 375

10 Meter Walk Test, 331

Methylphenidate (MPH), 105, 106

Mild cognitive impairment (MCI) syndrome,

93, 97, 100, 110

Mind-wandering, 37

Mini Mental Status Exam, 93

Mobility

and cognition, 78

definition, 80

falls, 77
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functional incapacity, 80

improvement, older adults, 81

low-mobility capacity, 81

maintenance, 82

SSE intervention, 81

weight training, 81

Motor control, 210

fingertip light touch, postural stabilization

(see Fingertip light touch, postural

stabilization)

muscle fatigue, 145, 148

Motor impairment, 163, 164, 181, 293,

316, 380

Motor learning mechanisms

balance deficits, 380

behavioral improvements, 382

computer-simulated environment, 380

cortical reorganization and neural circuit

rewiring, 382

extrinsic feedback, 380

intensive massed practice, CIMT, 381

intrinsic feedback, 380

motivation and engagement, 381

neurological patients, 381

Nintendo Wii Fit and Wii Sports, 379

practice schedule, 381

skill performance, 380

visual, auditory and tactile feedbacks, 380

Motor planning, 132, 133, 390, 412, 431

Motricity Index scale, 377

Movement disorders (MD)

basal ganglia, 34

bradykinesia, features, 34

clinical motor symptoms, 33

cognitive deficits, 36

cognitive resources and/or

neuropsychological decline, 34

dopamine replacement therapy, 35

dual-task paradigms, 35

FOG (see Freezing of gait (FOG))

gait disturbances (see Gait)
gait variability, 35

goal-directed locomotion, 34

HD, 27–30

neurodegenerative conditions, 33

online adjustments, 34

Parkinsonism (see Parkinsonism)

PD gait studies, 35

spatial/temporal, gait control, 33

step time variability and length

variability, 36

visual cueing rehabilitation studies, 34

MPH. See Methylphenidate (MPH)

Multimodal exercise, 332–335

Multimode training

indoor and outdoor environment, 183

means and standard errors, 183

sensory, cognitive and motor deficits, 182

task complexity and physiologic

parameters, 182

water revealed positive effects, 183

Multiple-System Atrophy (MSA), 25,

212, 213

Multiscale entropy, 51

Multivariate analysis of variance (MANOVA),

201, 203–204, 212–214

Muscle fatigue

aging, 146–147

definition, 145

obstacle avoidance, 151

on gait, PD, 151

physical activity level, 153

physiology, 146

reduced muscle strength, 151

reduction, step duration, 152

and walking, 148–150

Muscle power training, 182

Music-based movement therapy (MbM

therapy), 181

N
National Institute for Health and Care

Excellence (NICE), 274

Neural control

sway, 430

undisturbed standing

magnetic stimulation studies, 431

motor modules, 431

TMS studies, 430

young adults, 432

Neuroplasticity, 334, 336, 338

Nonimmersive VR system, 372

Nonlinear systemic reorganization, 4

Non-memory (non-amnestic) domains, 100

Non-pharmacological approach, 101–107

Nordic walking, 180

O
Obstacle avoidance

gait asymmetry

auditory cues, 169, 170

characterization, 167

muscle fatigue, 153

neurological older individuals, 171

obstacle walking, 170

PD, 169
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Obstacle avoidance (cont.)
reduced step duration, 151

unobstructed walking, 170

PD

dynamic condition, 119

foot clearance difficulties, 119

proprioceptive impairment, 120

static condition, 119

Obstacle crossing, visual control

‘backup’ defence, 63

depth perception, 65

door thresholds and broken sidewalks, 63

dual tasking/limb-selection, 64

in environment, 67

feedforward mode, 64

locomotor performance, 64

multifocal lenses, 67

representative body positions, 65, 66

visual cues in, 64

visual field obstruction, 66

Otago Exercise Programme, 282, 284, 288

P
Pacinian corpuscles, 309, 310

Parkinson EDGE Task Force (PDEDGE), 332

Parkinson’s disease (PD)

asymmetry, 163

bradykinesia, 313

cardinal symptoms, 312

challenging tasks, 313

CoM and CoP, 312

compensatory responses, 314

degenerative process, 23

dual-task interference, 130

and fatigue, 147–148, 152, 153

FOG, 23, 333

gait and cognitive-motor dual tasking,

329–330

gait disturbances, 131–134

gait and postural control, 116

gait asymmetry, 164–166

hypometria, 312

impairments, postural control, 116

incidence, 130

locomotion (see Locomotion in PD)

lower limits of stability, 313

motor-cognitive interaction

and falls, 327, 328

motor impairment, 116, 163

motor and sensory deficits, 308

neurodegenerative disease, 312

non-motor symptoms, 24

obstructed walking, 168

pharmacological treatment, 164

physical and speech therapy, 24

physical exercise (see Physical exercise)
postural instability, 308, 312

primary balance and gait deficits, 325

proprioceptive system, 312, 313

rigidity and bradykinesia, 308

sidedness, 163

treatment, 24

unobstructed walking, 168

vision (see Visual control)
visual deficits, 117

walking, 164

Parkinsonism

atypical, 24, 25

bradykinesia, 22

CBGD, 26

description, 22

DLB, 26

festination/festinating gait, 22

impairment of postural reflexes, 22

MSA, 25

muscular rigidity, 22

PD, 23, 24

PSP, 25

rest tremor, 22

vascular (see Vascular parkinsonism (VP))

Parkinson-plus syndromes, 24

PDEDGE. See Parkinson EDGE Task Force

(PDEDGE)

Pedunculopontine nucleus (PPN), 386, 390,

391, 408

Pharmacological approach, 105–110

Phase coordination index (PCI), 332

Phase space portraits, 51

Physical exercise

adherence and engagement, 181

dopaminergic therapy, 179

duration, 180

even terrain

aerobic training, 182

description, 181

multimode training, 182, 183

resistance training, 182

exergames, 180

and falls, 77

functional incapacity, 80

function and quality of life, 179

gait parameters, 179

low-intensity aerobic activities, 82

low-mobility capacity, 81

multimode training, 183

muscle fatigue, 151, 153

nonconventional therapies, 181
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nordic walking, 180

robotic resources, 180

sensory cues, 180

square-stepping exercise (SSE), 81

treadmill walking, 180

uneven terrain

adaptive gait, 184

anteroposterior and mediolateral

directions, 184

description, 181

short-duration physical exercise, 184

smartphone applicative, 184

step velocity, 184

virtual reality, 180

PIGD. See Postural instability with gait

disturbances (PIGD)

Poincaré plots, 51

Postural asymmetries, 295, 296, 298

Postural control

adequate muscular activation, 274

aging, 198, 204

age-related alterations, 267

ankle strategy, 267

anticipation and adaptation, 266, 309

attentional demands, 198

body stability after single perturbation, 96

body sway coupling, 198

center of pressure (CP), 266

central/peripheral mechanisms, 268

central processing, 206

CNS, 267

compensatory postural adjustments, 266

daily activities, 268

daily motor activities, 274

defined, 280, 309

environment interaction, 266

feedback, 266

feedforward control mechanisms, 267

(see also Fingertip light touch,

postural stabilization)

functional parameters, 269–271

groups/training methods, 269

guidance and stability, 309

health professionals, 269

high-intensity strength training, 273

hip strategy, 267

kinetic parameters, aging, 311

larger sway magnitude, 206

light physical activities, 269

mild parkinsonian signs, 97

nervous and musculoskeletal systems, 309

neural activation and sensorimotor

coupling, 274

parallel and hierarchical reflex

pathways, 266

perceptual-motor skills, 273

peripheral deterioration, 268

physiological systems, 281

prefrontal brain regions, 273

programs, 274

proprioceptive impairments, 309

protective arm response, 97

quiet stance, 220

risk factors, 281

sensory influence, 206

sensory information, 220, 265, 268

sensory inputs, 267

sensory reweighting process, 268

somatosensory system, 268

specific/multimodal exercise programs, 269

stabilization phase, 309

stepping strategy, 267

stooped posture, 310

trunk and ankle flexibility, 95

unexpected and expected disturbances, 311

vision, healthy individuals (see Vision on

postural control, healthy

individuals)

vestibular system, 268

visual system, 267

Postural impairment with gait disturbance

(PIGD), 24, 27, 388, 389

Posture and locomotion

COP sway, 13

deterministic and stochastic influences, 10

Down syndrome, 16

dynamic systems approach, 5–7

gait patterns, 13–16

haptic task, 10

toppling point, 12

variability and postural control, 7–9

trunk and ankle flexibility, 95

PPN. See Pedunculopontine nucleus (PPN)
Prevention of Falls Network for Dissemination

(ProFouND), 274

Primary motor cortex (PMC), 410

Progressive supranuclear palsy (PSP), 25

cognitive deficits, 136

downgaze deficits, 136, 137

executive and visuospatial

functions, 137

movement impairments, 136

walking patterns, 136

Proprioception, 243, 247, 253

Public Health System, 264, 274

Purdue Pegboard Test, 332
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Q
Quiet balance control

spatial orientation of body, 299

verticality perception, 295

vision/proprioception, 300

R
Recurrence quantification analysis

(RQA), 48, 51

Rehabilitation, VT

advantage, 409, 412

cognitive functioning, 411

motor learning, 409

sensory cues

BG, 410

intelligent glasses, 410

PMC, 410

SMA, 410

WalkMate, 411

sensory feedback and sensorimotor

integration, 409

training program, 412

Resistance exercise training, 77

linear intensity progression, 182

muscle power, 182

people with muscular weakness, 182

Right hemisphere specialization

lower limb proprioception processing, 299

quiet balance control, 300

unanticipated stance perturbations, 300

Rosenstein’s algorithm, 52

S
Saccade

definition, 116, 220

posture, 222–223

saccadic suppression, 221

Sensor signal analysis, 422, 423

Sensory-motor coupling

coherence values, 203, 204

data analysis, 200–201

exemplar time series, moving room

and body sway, 201, 202

gain and phase values, oscillated

room, 203, 205

mean sway amplitude, younger

and older adults

oscillated room, 203

stationary room, 201, 202

participants, 199

procedure, 199–200

statistical analysis, 201

visual manipulation, 199, 203–206

Sensory reweighting process, 268

Severe gait deficits

asymmetric gait theory, 38

balance and speech control, 37

freezers and non-freezers, 39

neuropsychological impairment and

severity, 37

sensorimotor integration malfunction, 38

“sequence effect”, 38

visual stepping cues, 38

Short-interval intracortical inhibition

(SICI), 435

Short-term Lyapunov exponents, 49, 51

Sidedness, 163, 164

SMA. See Supplementary motor area (SMA)

Smooth pursuit effect

definition, 221

posture, 223

Somatosensory system, 268

age-related impairments, 310

atherosclerosis and diabetes, 315

automatic postural adjustments, 310

CoP velocity and mediolateral RMS, 316

diabetic neuropathy, 315

insoles densities, 316

mechanoreceptors, 308, 314, 317

mediolateral sway, 317

Meissner’s/Pacinian corpuscles, 309

motor output, feedback, 308

motor-sensory integration, 316

older adults and patients with PD, 309

plantar sensitivity, 308

plantar sensory feedback, 315

protocols, 316

receivers, 309

receptors, classification, 314

sole of foot, 315

tactile plantar sensibility, 315

and vestibular, 314

visual system, 310

SPM. See statistical parametric

mapping (SPM)

Square-stepping exercise (SSE), 81

Stability and aging

body’s equilibrium, 46

claudication, 50

during motor action, 46

dynamical systems, 47

fallers and non-fallers, 50

and gait speed, 50–51

LDS, 51, 52
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local dynamical stability, 48

Lyapunov exponents and RQA, 48

orthopedic conditions, 50

partial equations and dynamical

systems, 46

repeatability and predictability, 48

and sampling frequency, 51–52

visual feedback, 50 (see also Walking)

whole body center of mass, 49

young and old adults, 49

Stair walking

environmental conditions, 63

fall-related deaths, 61

foot placement parameters, 61

head posture and gait parameters, 62

postural and balance control, 62

reduced foot/heel clearances, 63

security video footage, 61

specific age-related changes, 62

transitions, 62

visual descriptors, 61

Standing balance

age-related changes

behavioral changes, 433

classification model, 433, 437

cortical control, 434–436

EMG suppression, 437

functional changes, 433

neuromotor system, 432

spinal control, 432, 433, 437

structural changes, 433

subcortical control, 434

external perturbation, 247–248

mechanical considerations, 428–429

neural control

sway, 430

young adults, 430–432

primary motor cortex, 428

undisturbed standing, 428

unperturbed stance, 246–247

Static posture and eye movements

distance, fixed object, 221

saccades, 222–223

smooth pursuit, 223

Statistical parametric mapping (SPM), 358,

360, 361

Stepping strategy, 63, 96, 267

Stooped posture, 22, 116, 178, 308, 310, 312

Stroke rehabilitation

chronic, 378

combination of exercises, 379

Fugl-Meyer Assessment, 377

gait and cognitive-motor dual tasking,

330–331

improvements i, 379

MAL-QOM scores, 378

mirror neuron circuit, 378

motor and functional recovery, 377

Motricity Index scores, 377

physical therapy protocols, 377, 379

PlayStation and Kinect Microsoft, 379

postural control and balance., 378

primary balance and gait deficits, 325–326

repetitive task-specific training, 377

stroke survivors, 377

Wolf Motor Function Test, 378

Supplementary motor area (SMA), 410

Support foot unloading phase, 350, 351

Swing foot unloading phase, 350, 351, 356, 357

T
Tai Chi exercise, 84, 181, 183, 184,

285, 357, 376

Thematic Networks, 274

Transcranial magnetic stimulation (TMS), 338,

429–431, 434–435, 438

U
Uneven terrain locomotion

dual-task conditions, 178

locomotor behavior, 178 (see also Physical

exercise)

walking impairments, 178

Unified Parkinson’s Disease Rating Scale

(UPDRS) scores, 179–180, 330,

387, 390, 391

Upright postural control, 292

Usual-walking gait velocity, 102

V
Vascular parkinsonism (VP)

differential diagnosis, 26

gait disturbance, 27

imaging studies, 26

levodopa response rates, 27

treatment, 27

Vestibular system, 240, 242, 256, 268

Virtual reality (VR)

advantages, 372

brain imaging techniques, 401

cognitive and motor domains, 399, 400
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Virtual reality (VR) (cont.)
defined, 372, 397

fMRI, 406

gait impairments, PD

advantages, 409

cognitive functioning, 411, 412

dopaminergic replacement therapy, 404

fMRI, 407

freezing of gait, 407

motor learning, 409

rehabilitative strategies, 409

sensorimotor integration, 401, 402

sensory cues, 410, 411

sensory feedback, 401

therapeutic strategies, 409

visual control, 401, 402

walking, 404

HMD, 399

immersive systems, 372

motion tracking, 398, 399

nonimmersive system, 372, 373

person and computer generated

environment, 372

products, 372

stereoscopic vision, 398

training programs, 400

virtual multiple errands test, 403

Vision on postural control, healthy individuals

aging, 230–231

eye–head stabilization

driving, 228–229

dynamical skills, 227–228

optic flow and arm movements

grasping movements, 223–225

juggling movements, 225–227

static posture and eye movements

fixed object, 221

saccades, 222–223

smooth pursuit, 223

Visual control

closed-loop control process, 58

early gaze transfer and stepping

inaccuracies, 60

environmental hazards, 60

eye-foot coordination, 56

eye kinematics, 58

eye movement control/maladaptive gaze

strategies, 56

eye-stepping coordination, 58

fixation, 57

gaze behaviour, 60

gaze fixation, timing, 59

locomotion, PD

exproprioceptive visual

information, 118

“freezing”, gait episodes, 117

gait benefits, 121–123

gaze and stepping patterns, temporal

relationship, 123–125

gaze behavior, 117

optic flow and voluntary visual

sampling, 118–120

saccade, 116

visual exproprioception, 116

visual sampling measures, 116, 117

visual stimuli, 117

“voluntary visual sampling paradigm”,

117, 118

walking task, 117

medial-lateral stepping adjustments, 60

obstacle crossing, 63–67

in older adults, 59

open-loop/ballistic manner, 57

preprogrammed ballistic limb

movements, 58

primate neurophysiological studies, 57

PSP patients, 59

‘quiet eye duration’, 57

saccadic dysmetria, 59

self-confidence and anxiety, 60 (see also
Stair walking)

visual and non-visual information, 57

VP. See Vascular parkinsonism (VP)

VR. See Virtual reality (VR)

W
Walking

agility and aging, 76–78

chaotic motion, 48

during motor development and learning, 47

dynamical systems approach, 47

erect bipedal walking, 74

exercises, older adults, 80–82

falls, 75

function x(t), critical number, 48

functional capacity, 75

gait and cognitive function, 78–80

impairment, 75

motor action, 47

physiological systems, 47

stride frequency/gait cadence, 47

time series of variables, 48

Walking behavior of people. See Parkinson’s
disease (PD)

Wearable devices
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advantages, 419

sensor

integrated device constraints, 421

placement, 420

types, 419, 420

Weight-bearing asymmetry (WBA)

ankle dorsiflexors, 297

asymmetry profiles, 296

CoP displacements, 296

dorsi-/plantar-flexion, 297

dynamic balance evaluation, 297

hemiparesis, recovery of, 296

limb paresis, 296

long-latency-antagonist response, 298

motor unit firing rate, 298

muscle gastrocnemius medialis, 297

postural asymmetries, 295

stroke to body balance stabilization, 295

The Wii gaming system, 374–379

accelerometer and gyrosensors, 373

active video game/exergaming, 374

in aerobics, 374

general graphic representations, 373

for healthy aging (see Healthy aging)

mimetic motion-control interface, 373

motor and perceptual development, 373

(see also Motor learning

mechanisms)

physical gestures, 373

stroke rehabilitation (see Stroke
rehabilitation)

via bluetooth, 373

video game, Nintendo (Kyoto, Japan), 373

WBB, 373

wireless motion-sensitive

controller, 373

Wii Balance Board (WBB), 373, 374, 378

Wolf Motor Function Test, 377, 378

Index 457


	Preface
	Contents
	Contributors
	Editors´ Biography
	Part I: Background Concepts to Motor Control in Aging and Movement Disorders
	1: Complex Systems Approach to the Study of Posture and Locomotion in Older People
	1.1 Introduction
	1.2 The Dynamic Systems Approach and How It Can Explain Changes in Movement Patterns in Older Individuals
	1.3 Variability and the Control of Posture
	1.4 Older Adults and Their Strategies for Postural Control
	1.5 Gait Patterns Are Flexible During Locomotion, Yet Regularity Is Task Context-Dependent
	1.6 Final Remarks
	References

	2: Clinical Aspects of Movement Disorders: Effects on Walking and Posture
	2.1 Introduction
	2.2 Parkinsonism
	2.2.1 Parkinson´s Disease
	2.2.2 Atypical Parkinsonism
	2.2.3 Multiple-System Atrophy (MSA)
	2.2.4 Progressive Supranuclear Palsy (PSP)
	2.2.5 Dementia with Lewy Bodies (DLB)
	2.2.6 Corticobasal Ganglionic Degeneration (CBGD)
	2.2.7 Vascular Parkinsonism

	2.3 Huntington´s Disease
	2.4 Final Remarks
	References

	3: Neuropsychological Aspects of Gait Disorders
	3.1 Introduction
	3.2 Freezing of Gait
	3.3 Other Mechanistic Explanations for Severe Gait Deficits
	References


	Part II: Walking
	4: Gait Stability and Aging
	4.1 Introduction
	4.2 The Tools to Evaluate the Stability on Walking
	4.3 Stability, Development, and Aging
	4.4 Stability and Gait Speed
	4.5 Sampling Frequency and Stability
	4.6 Algorithms to Calculate Lyapunov Exponent
	4.7 Conclusion
	References

	5: Visual Control of Adaptive Locomotion and Changes Due to Natural Ageing
	5.1 Introduction
	5.2 Visually Guided Target Stepping
	5.3 Visual Control of Stair Walking
	5.4 Visual Control of Obstacle Crossing
	5.5 Conclusions
	References

	6: The Walking Ability in Healthy Older Adults: The Role of Aging and Physical Activity and Its Interface with Agility, Balanc...
	6.1 Introduction
	6.2 Agility and Aging: Parameters to Perform a Motor Intervention
	6.3 Gait and Cognitive Function
	6.4 Exercises to Help Older Adults Master Walking Ability in Different Environments
	6.5 Understanding the Mechanisms of Postural Control During the Aging Process: From Assessment to Professional Intervention
	6.6 Final Considerations
	References

	7: Cognition, Gait Disorders, and Fall Risk in Healthy Neurological Older Individuals
	7.1 Introduction
	7.1.1 Are Falls in Older People a Manifestation of Brain Failure?
	7.1.2 Cognition and Gait Instability

	7.2 Mechanism and Pathophysiology of Falls
	7.2.1 Basis of Posture Control
	7.2.2 Cognitive Aspects of Fall Risk
	7.2.3 Dual-Task Gait Assessments
	7.2.4 Gait Variability and Risk of Falls

	7.3 Emerging Therapeutical Approaches
	7.3.1 Learning from Cognitively Impaired Populations
	7.3.2 Strategies to Prevent Falls and Enhance Mobility Targeting Cognition
	7.3.2.1 Non-pharmacological Approaches
	7.3.2.2 Pharmacological Approaches


	7.4 Conclusions and Future Directions
	References

	8: Visual Control of Locomotion in People with Parkinson´s Disease
	8.1 Introduction
	8.2 Defining a Protocol for Assessing Visual Control of Locomotion in Parkinson´s Disease
	8.3 Experiment #1: Optic Flow and Voluntary Visual Sampling During Normal Walking and Obstacle Avoidance in Parkinson´s Disease
	8.4 Experiment #2: Which Piece of Visual Information is Key for Gait Benefits Offered by Visual Cues in PD?
	8.5 Experiment #3: Temporal Relationship Between Gaze and Stepping Patterns in People with PD (A Precision Stepping Task)
	8.6 Conclusions and Future Directions
	References

	9: Gait Disturbances in Movement Disorders: A Motor-Cognitive Problem
	9.1 The Relationship Between Gait and Cognition in Movement Disorders
	9.2 Parkinson´s Disease
	9.3 The Influence of Cognitive Decline on Gait of Individuals with Parkinson´s Disease
	9.4 The Relationship Between Cognition and Freezing of Gait in Parkinson´s Disease
	9.5 Cognition and Complex Gait Navigation in Parkinson´s Disease
	9.6 Falls and Cognition in Parkinson´s Disease
	9.7 Huntington´s Disease
	9.8 Progressive Supranuclear Palsy
	9.9 Final Considerations
	References

	10: The Influence of Muscle Fatigue on Walking: The Role of Aging and Parkinson´s Disease
	10.1 Introduction
	10.2 Definition of Fatigue
	10.3 Physiology of Muscle Fatigue
	10.4 Muscle Fatigue in Aging
	10.5 Parkinson´s Disease and Fatigue
	10.6 Muscle Fatigue and Walking
	10.7 Remarks and Considerations
	10.8 Practical Applications and Future Directions
	References

	11: Parkinson´s Disease and Gait Asymmetry
	11.1 Introduction
	11.2 Parkinson´s Disease and Unilateral Motor Impairment
	11.3 Gait Asymmetry in People with Parkinson´s Disease
	11.4 Effects of Obstacle Avoidance on Gait Asymmetry in People with Parkinson´s Disease
	11.5 Influence of Auditory Cues on Gait Asymmetry during Obstacle Avoidance
	11.6 Final Remarks
	References

	12: Effects of Physical Activity on Walking in Individuals with Parkinson´s Disease
	12.1 Introduction
	12.2 Locomotion in Parkinson´s Disease
	12.3 Walking and Exercise in Parkinson´s Disease
	12.4 Physical Exercise in Walking Over Even Terrain
	12.5 Physical Exercise and Walking Over Uneven Terrain
	12.6 Final Remarks
	References


	Part III: Posture
	13: Older Adults Are Incapable of Changing Sensory-Motor Coupling During Upright Stance with Visual Manipulation and Different...
	13.1 Introduction
	13.2 Methods
	13.2.1 Participants
	13.2.2 Procedures
	13.2.3 Data Analysis
	13.2.4 Statistical Analysis

	13.3 Results
	13.4 Discussion
	13.5 Final Remarks
	References

	14: Contribution of Fingertip Light Touch on Postural Stabilization of Older Adults
	14.1 Introduction
	14.2 Materials and Methods
	14.2.1 Participants
	14.2.2 Apparatus, Task, and Procedures
	14.2.3 Data Analysis
	14.2.4 Statistical Analysis

	14.3 Results
	14.4 Discussion
	References

	15: Effects of Vision on Postural Control in Neurologically Healthy Individuals
	15.1 Introduction
	15.2 Static Posture and Eye Movements
	15.2.1 Effects of Distance to Fixed Object
	15.2.2 Effects of Saccades on Posture
	15.2.3 Effects of Smooth Pursuit on Posture

	15.3 Posture, Optic Flow, and Arm Movements
	15.3.1 Effects of Grasping Movements Under Different Optic Flow Conditions
	15.3.2 Effects of Juggling Movements Under Different Bases of Support Conditions

	15.4 Eye-Head Stabilization in Complex Contexts
	15.4.1 Stabilizing Posture During Dynamical Skills: Ballet and Table Tennis
	15.4.2 Eye and Head Stabilization During Driving

	15.5 Effects of Aging on Eye Movements and Postural Control
	15.6 Final Considerations
	References

	16: Balance Control in Older Adults
	16.1 Introduction
	16.2 The Balance Control System
	16.2.1 The Sensory System
	16.2.2 The Central Nervous System
	16.2.3 The Motor System
	16.2.4 Conclusion

	16.3 Balance Control in Standing
	16.3.1 Unperturbed Stance
	16.3.2 External Perturbation of Standing Balance
	16.3.3 Conclusion

	16.4 Balance Control in Gait
	16.4.1 Unperturbed Gait
	16.4.2 Avoidance of Balance Perturbation in Gait
	16.4.3 Perturbations of Balance in Gait
	16.4.4 Conclusion

	16.5 Assessment of Balance Control
	16.5.1 Subjective Assessment of Balance Problems
	16.5.2 Static Balance Tests
	16.5.3 Dynamic Balance Tests
	16.5.4 Functional Balance Tests
	16.5.5 Testing the Balance Control System
	16.5.6 Conclusion

	References

	17: Falls and Postural Stability in Older Individuals: Implications for Activities of Daily Living
	17.1 Introduction
	17.2 Aging and Postural Control
	17.3 Physical Activity and Postural Control of Older Adults
	17.4 Final Considerations
	References

	18: Exercise to Maximise Postural Control and Reduce the Risk of Falls in Older Age
	18.1 Introduction
	18.2 Postural Instability and Falls
	18.3 Interventions to Prevent Falls
	18.4 Effective Fall Prevention Exercise
	18.5 Exercise-Based Fall Prevention Programmes
	18.5.1 Otago Exercise Programme of Home-Based Strength and Balance Exercise
	18.5.2 The Lifestyle-Integrated Functional Exercise (LiFE) Programme
	18.5.3 Tai Chi
	18.5.4 Other Group-Based Exercise Programmes

	18.6 Implementation Considerations
	18.7 Conclusion
	References

	19: Interlateral Asymmetries of Body Balance Control Resulting from Cerebral Stroke
	19.1 Introduction
	19.2 Impairment of Postural Control by Cerebral Stroke
	19.3 Interlateral Asymmetries of Body Balance
	19.4 Interhemispheric Cerebral Asymmetry in Balance Control
	19.5 Concluding Remarks
	References

	20: Postural Control and Somatosensory Information: Effects of Aging and Parkinson´s Disease
	20.1 Introduction
	20.2 Postural Control in Healthy Older Adults
	20.3 Postural Control in Patients with Parkinson´s Disease
	20.4 Somatosensory Information and Postural Control in Older Adults and Patients with Parkinson´s Disease: Role, Changes, and ...
	20.5 Final Considerations
	References

	21: Exercise and Balance in Older Adults with Movement Disorders
	21.1 Primary Balance and Gait Deficits in Aging and Neurodegenerative Disease
	21.1.1 Parkinson´s Disease: Impact on Falls´ Risk and Balance
	21.1.2 Stroke: Impact on Falls´ Risk and Balance

	21.2 Motor-Cognitive Interaction and Falls: Dual Tasking and Cognitive Disturbances
	21.2.1 Parkinson´s Disease
	21.2.2 Stroke

	21.3 Dual Tasking: Effects on Gait and Balance
	21.3.1 Parkinson´s Disease: Impact on Gait and Cognitive-Motor Dual Tasking
	21.3.2 Stroke: Impact on Gait and Cognitive-Motor Dual Tasking

	21.4 Options in Physical Therapy and Exercise-Based Therapies
	21.4.1 Assessment

	21.5 Novel Approaches to Multimodal Exercise
	21.6 Hypotheses for Mechanisms Underlying Deficit and Recovery in Stroke and PD
	21.7 Conclusion
	References


	Part IV: Technology and Rehabilitation Applied to Locomotion and Posture
	22: Gait Initiation in Older People: Concepts, Clinical Implications and Methodology
	22.1 Gait Initiation General Aspects
	22.2 Influencing Factors
	22.3 GI and the Older People
	22.4 GI and Training Effects
	22.5 Forces and COP Calculations During GI
	22.6 Analyzed Variables
	22.7 Recommendations for Analytical Studies of GI
	22.8 Calculating the Beginning and the End of GI
	22.9 Final Remarks
	References

	23: Contribution of Virtual Reality (Nintendo Wii) for Exercise Training and Rehabilitation
	23.1 Virtual Reality: Focus on Nintendo Wii
	23.2 The Use of Wii Gaming for Healthy Aging
	23.3 The Use of Wii Gaming for Stroke Rehabilitation
	23.4 Underlying Mechanisms of Motor Learning and Wii Gaming
	23.5 Conclusion
	References

	24: Deep Brain Stimulation in Parkinson´s Disease: Effects on Gait and Postural Control
	24.1 Introduction
	24.2 Possible Mechanisms
	24.3 Negative Effects
	24.4 Deterioration of the Therapeutic Effect Over Time
	24.5 Low Frequency Stimulation
	24.6 PPN Stimulation for Gait and Posture Disorders
	24.7 Conclusions and Future Directions
	References

	25: Using Virtual Reality to Advance the Understanding and Rehabilitation of Gait Impairments in Parkinson´s Disease
	25.1 Assessing the Utility of Virtual Reality
	25.2 Using Virtual Reality to Understand Underlying Mechanisms of Gait Impairments in Parkinson´s Disease
	25.2.1 Visual Control and Sensorimotor Integration During Gait
	25.2.2 Gait in Complex Environments
	25.2.3 Using VR to Uncover Neural Correlates of Freezing of Gait

	25.3 Rehabilitating Gait in Parkinson´s Disease with Virtual Reality
	25.3.1 Using Sensory Cues in VR for Gait Improvement
	25.3.2 Utilizing VR to Challenge Cognitive Functioning During Gait Training

	References

	26: The Applicability of Inertial Motion Sensors for Locomotion and Posture
	26.1 Introduction
	26.1.1 Motivation
	26.1.2 Limitations of in-Clinic Assessments
	26.1.3 Limitations of at-Home Subject-Reported Measures

	26.2 Wearables: Objective, Continuous, and Convenient Measures
	26.2.1 Types of Wearables
	26.2.2 Types of Sensors
	26.2.3 Sensor Placement
	26.2.4 Integrated Device Constraints

	26.3 Analysis of Sensor Signals
	26.3.1 Standard Analytics Framework for Wearable Devices
	26.3.2 Applications and Limitations

	26.4 Activity Recognition in Patient Populations
	26.5 Examples in Locomotion and Posture
	26.6 Conclusion
	References

	27: Age-Related Changes in the Neural Control of Standing Balance
	27.1 Introduction
	27.2 How Do Healthy Young Humans Stand? Mechanical Considerations
	27.3 Need for Neural Control of Sway During Standing
	27.4 Neural Control of Undisturbed Standing in Young Adults
	27.5 Structural, Functional, and Behavioral Changes with Aging in the Neuromotor System
	27.6 Age-Related Changes in Spinal Control of Standing
	27.7 Age-Related Changes in Subcortical Control of Standing
	27.8 Age-Related Changes in Cortical Control of Standing
	27.9 Age-Related Functional Changes: Deterioration or Compensation?
	27.10 Age-Related Functional Changes: Related to Co-contraction?
	27.11 Conclusions and Recommendations
	References


	Index

