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“Pain is temporary. Quitting lasts forever.”

Lance Armstrong
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Summary

My doctoral thesis contributes to the understanding of gait, mobility, and falls in older people. All
presented projects investigated the most prominent and sensitive markers for fall-related gait changes,
that is gait velocity and gait variability. Based on the measurement of these spatio-temporal gait
parameters, particularly when using a change-sensitive dual task paradigm, it is possible to make
conclusions regarding walking, balance, activities of daily living, and falls in older people. The
research summarized in my doctoral thesis will help in the detection of early fall risk and modulation of

therapeutic interventions to improve gait and consequently reduce fall risk in older people.

To identify modifiable fall risk factors, such as gait disorders, the GAITRIite electronic walkway system
was used for objective spatio-temporal gait analysis. The simplicity and feasibility of the administration
of single and dual task gait analysis make it a desirable clinical and research measurement tool. Gait
analysis with walking as a single task condition alone is often insufficient to reveal underlying gait
disorders present during everyday activities. However, measuring gait with a dual task paradigm can
detect subtle gait deficits. Dual-tasking, walking while simultaneously performing an additional task,

was used to assess the effects of divided attention on motor performance and gait control.

The presented publications in this doctoral thesis investigated the association between gait
parameters and several hypothesized fall-related modalities: (a) Our first review article highlighted the
association between gait disorders and falls, and how related motor and cognitive impairments can be
detected by measuring gait while dual-tasking. (b) A second review looked at how the dual task
paradigm can be used for gait assessment in older people and how spatio-temporal gait parameters
are associated with increased fall risk. (¢) Our systematic literature review provided evidence about
effective fall prevention interventions (exercise, home modifications, footwear, and walking aids) to
reduce the risk of falls in vulnerable older people. (d) To evaluate which exercise modalities are
effective in modifying risk factors for falls, we conducted an eight-week salsa intervention trial and
measured the effect of dancing on static and dynamic balance, and leg muscle power in older people.
(e) Besides exercise, inadequate nutritional intake is another modifiable risk factor for falls in older
people, and therefore our most recent cross-sectional study examined how serum 25-hydroxvitamin D
levels are associated with functional mobility in older people assessed in a memory clinic. (c) Walking
aids are commonly prescribed for older people with a high risk of falls which is why we examined the
influence of walking aids on spatio-temporal gait parameters in older people who used a cane, a
crutch or a walker. (g) Finally, besides predominantly investigating fall risk factors for motor abilities,
our prolonged and ongoing randomized, double-blind, and placebo-controlled intervention trial
explores the potential influence of ginkgo biloba on the cognitive domain relevant for dual-tasking in

older people with mild cognitive impairment.



V.

Introduction

1.1 The aging population

Aging is not a clearly defined single entity, but the result of a combination of anatomical, biochemical,
and physiological changes that occur over time." These changes can either be functional or
pathological, modifying the individual’s health status.? Successful aging does not only reaching a very
old age, but also being able to live independently.3 Older people, mostly defined as people aged 65

»3

years and older,” have the goal to “age gracefully”™ which includes living in their own homes,

remaining independent and active, and contributing to social life of relatives and the community.4

In the past, life expectancy increased steadily by about two years per decade showing little sign of
change.“'6 Higher life expectancy and declining birth rates are a worldwide phenomenon, including

I>"® and developing countries.” Worldwide, the number of people over 60 years is growing

industria
faster than any other age group and expected to grow from 688 million in 2006 to almost 2 billion by
2050." In Switzerland, the proportion of people over the age of 65 years increased from 13.9% in
1980 to 16.6% in 2008, representing about one-sixth (1,276,400 persons) of the general population
(57.6% female).9 This increase will continue, at least partially, due to the generation of baby boomers
from 1955 to 1964 who will reach retirement age between 2015 and 2035.2"" Within the population of
older people, the sector of people aged 85 years and older is rapidly increasing (15.4% in 1970 to

28.4% in 2008).%°

Although population aging is one of humanity’s greatest triumphs, it presents today’s societies with

7,10

major challenges for the health and aged care systems.” - The future increase of the proportion of

older people is important for public health,'? because aging is generally associated with progressive

decline in physiological health.">"

Aging is further associated with an increased risk of disability and
dependency,13 as well as an increase in the number of comorbidities.'® The research presented in this
doctoral thesis helps to understand several of these detrimental outcomes of age-related changes in

health and functionality (e.g. gait),4 and investigates new intervention strategies.

1.2 Gaitin older people

Gait is defined as any method of bipedal locomotion in humans.'® The most frequently used gait in

17,18

humans is walking. Walking requires synchronization of more than 1,000 muscles over 200 bones

and 100 moveabile joints (Clark JE in Prince et aI.,1997),19 and is used to move the body forward while

10



maintaining postural stability. In this doctoral thesis the terms gait and walking are used

interchangeably.

1.2.1 Walking is a complex motor skill

20,21 22-24

Walking is the primary human movement for means of transportation and physical activity

across ground level, uphill, or downhill."® The average person takes between 5,000 and 15,000 steps
per day.18 Walking often happens effortlessly and subconsciously, and therefore it is difficult to
appreciate the immense complexities involved.' An important aspect of walking is the constant
adaptation to the changing environment. The ability to walk results from coordinated processes

involving sensory, respiratory, circulatory, cognitive, neuromuscular, musculoskeletal, and

25-28

biomechanical systems sending nerve signals via the spinal cord and peripheral nerves to the

16,29

muscles which in turn move joints and limbs. Thereby, walking constantly integrates numerous

30,31

sensory, conscious, and competing inputs from all modalities of perception to control the center of

mass in relationship to the constantly changing base of support and achieve gait stability.32

1.2.2 Safe gaitin older people

A safe and efficient gait is not only integral to functional mobility and independence,®® but also as a
protective factor for falls."® Older people’s gait is mainly influenced by age and the effect of

pathological conditions.® Typical age-related gait changes start taking place between 60 and 70 years

16,34

of age,16 and are believed to increase gait stability while walking. To date, there are no clearly

accepted definitions for “normal” gait in older people.35 Many older people adopt a stiffer, less

25,36

coordinated, more conservative and precautious gait, characterized by a slower walking speed,

widened base of support, decreased stride length, increased double support time, increased stride

1626353739 However, it is still unknown if these changes represent

38,40

time, and increased gait variability.

either a loss of stability or a compensatory strategy to stabilize gait39 and avoid falls.

1.3 Skeletal muscles and physical function in older people

Skeletal muscles, also known as striated or as voluntary muscles, are responsible for the movement of

the limbs."® A certain minimal amount of muscle strength is needed for human movement throughout

41,42

life. However, strength eventually declines to the point where activities of daily living (ADL), such

as walking, become challenging.***®

1.3.1 Aging and inactivity cause loss of skeletal muscle mass

General causes of age-related skeletal muscle mass loss are manifold (i.e. cellular, neural, metabolic,

14,44,45

hormonal contributors), including sedentary lifestyle, inadequate exercise, decreased functional

11



capacity, decreased basal metabolic rate, inadequate nutrition, reduced levels of trophic hormones

(e.g. growth hormones), decreased protein metabolism (i.e. reduced rate of muscle protein synthesis,

14,42,46

protein degradation exceeds synthesis), neurodegenerative processes (e.g. decrease in motor

units),* and muscle fiber atrophy.***® Humans loose approximately 20% to 30% of their skeletal
muscle mass between young adulthood and 80 years of age.47 The term used to describe this age-

associated loss of skeletal muscle is sarcopenia (“sarx” is Greek for flesh and “penia” for

49 42,45 50,51

deficiency)™, but to date there is no consensus on the definition of sarcopenia. Operationally,

sarcopenia is defined as a height-adjusted appendicular skeletal muscle mass of more than two

46,49

standard deviations (SD) below the young normal mean. The prevalence of sarcopenia increases

from about 20% in people under the age of 70 years to over 50% in people over 80 years.***

Sarcopenia is a multifactorial”® condition that is associated with functional decline,®® impaired physical

55,56 49,51

function, and frailty, eventually leading to disability, dependence, and death in older people.

1.3.2 Loss of muscle strength and muscle power decrease postural stability

The aforementioned loss of skeletal muscle mass leads to an age-related muscle strength (ability of
the neuromuscular system to generate tension)® loss.***® Despite the direct correlation between the
two measurements, muscle strength decline is faster than the concomitant loss of muscle mass,” and
therefore may be more crucial for muscular function in older people. Beginning at age 30 to 40 years
muscle strength declines at a rate of 3% to 5% per decade.”® By the sixth or seventh life decade the

42,59,60

decline in muscle strength increases up to 20%. Age-related strength loss mainly depends on

type Il (fast twitch) muscle fibers'® which are used for brief bursts of powerful contractions generating

high forces (e.g. lift grocery bags).16’18

The precise cause of the loss of type Il muscle fibers is unclear,
but it has been suggested that the number of type Il muscle fiber motor neurons decreases during
aging, eliminating innervation of these muscle fibers.** This predominant loss of type Il muscle fibers
supports recent research which shows that muscle power is more rapidly decreasing than overall
muscle strength.61 Muscle power reflects the maximal rate of rapid force production (generation of

62,63

muscular work per unit of time) which is important in walking, because sometimes quick postural

reactions are needed in response to perturbations62 to maintain balance and avoid falls.** Older
people often try to maintain balance by increasing the size of the base of support using the step
strategy (fall avoidance via a rapid step) rather than the hip strategy (fall avoidance through weight

%2 A decrease in

65,66

shifts at the hip) when the center of mass is moved toward the stability limits.
muscle power would delay such postural reactions to external perturbations (e.g. correction step),

probably leading to loss of balance®” and falls.*®

1.3.3 Muscle power and mobility in older people

Decreased muscle strength and power mostly stems from disease and inactivity rather than aging per

25,36,52
ki

se and can therefore be counteracted. Traditional strength training usually consists of

progressive resistance training (PRT) which is defined as work in form of muscle contractions against

12



68,69

an external force that is increased as muscle strength increases. PRT is required for acute and

45,46

long-term adaptations in skeletal muscle mass and neuromuscular systems. A standard protocol of

PRT (e.g. 80% of one repetition maximum, three times per week, for a duration of eight weeks)
primarily results in morphological adaptations through an increase in contractile proteins which in turn
leads to an increased skeletal muscle mass (e.g. from 11.4% to 33.5%) and muscle strength (e.g.

from 107% to 227%).68 More recently, power training has shown to cause rather neuromuscular

61,62

adaptations than skeletal muscle mass hypertrophy compared to PRT. For example, eight weeks

of power training elicited significant gains in muscle strength (e.g. 82% for leg curls) and muscle power

(e.g. 17.2 = 18.3%, mean = SD, for knee extension at 607s), leading to increased physical

performance (e.g. 10.4% reduction in chair rise time).” A recent study by Reid et al. (2008)’

compared a 12-week muscle power training with traditional PRT in older people. The results showed
that both training modes significantly increased muscle strength (49% vs. 41%), but muscle power
training lead to higher gains in leg power (55% vs. 44%).°" It can be concluded that power training
may be superior in improving measures of physical performance and ADL in older people compared to
traditional PRT."%*%72 However, both muscle power and muscle strength training are currently

recommended to improve physical performance and prolonged functional independence in older

5,62,68,73-76
people.”” ">

1.4 Fallsin older people

Falls are among the most common and serious public health problems"’83 facing the growing

84,85

population of older people, and will increase to epidemic proportions in all parts of the world over

the next few decades.”® The consequences of falls in older people can be devastating, contributing to

y25,38,82,86—88

a considerable increase in mortality and morbidit negatively impacting autonomy, health

care systems and the community."*®® In many societies, falls in older people are perceived as “an

inevitable natural part of aging” or “unavoidable accidents”, but most often they are predictable and

preventable.m’40

1.4.1 Epidemiology of falls

Falls among older people often result in decreased physical activity, injury, and loss of autonomy

10,12,90

which frequently require medical attention. A fall due to a sudden or unexpected event, such as

25,36,88,91-94

tripping, slipping, stumbling, hitting obstacles, or by falling from stairs may also imply that an

older person is not able to walk safely anymore.40 The majority of older people over the age of 65

9% 35 a consequence of irregular gait,”” unstable balance, as

25,36

years falls during level-ground walking
well as reduced postural control, reflexes, muscle strength, and stepping height (Figure 1).

13



The prevalence of falls in community-dwelling older people increases with age.98 A fall is commonly

defined as “an unexpected event in which the person comes to a rest on the ground, floor or lower

level »10,99-101

Between 33% and 40% of community-dwelling people aged over 65 years fall at least

once a year, and of those 50% will have repeated falls.*®"® In people aged over 75 years the rate of

falls and fall-related complications can increase up to 60%.2>* Falls and fall-related injuries in older

people generate costs of about CHF 1.4 billion per year (average in Switzerland from 2003 to 2007).

102

Complications can be rather expensive, with a single fall-related hip fracture causing direct costs of

about CHF 63,000.%*'% As a result, healthcare impacts of direct (i.e. health care) and indirect (i.e.

societal productivity) costs of falls in older people are significantly high.10
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1.4.2 Fall-related injuries

Although young children and athletes fall more often than older people, older fallers sustain more fall-
related injuries due to comorbid diseases and age-related physiological decline 238 Additionally,
recovery from a fall injury is often delayed in older people, which in turn increases the risk of
subsequent falls through deconditioning.25 Overall, 10% to 20% of all falls in older people result in

injury, hospitalization, or death.?

Although the relative proportion of falls resulting in a fracture is low, the absolute number of older

people suffering fall-related fractures is considerably high.'® One in ten falls causes serious injuries'®’

25,107,108

of which 5% are a hip, pelvic, wrist, forearm, arm, or collar bone fracture. In terms of morbidity

and mortality, one of the most devastating fall-related injuries for older people is the hip fracture."%"%

When older people lose their balance in the mediolateral plane,’"*""

110

they tend to fall to the side which
can lead to a femoral neck fracture. ™ In Switzerland, accidental hip fractures have a rate of 7.7 per
1000 persons (3.9/1000 men, 10.3/1000 women).112 Older people are prone to post-operative
complications which often result in partial immobility, reduced ADL, and death.""® As a consequence,
hip fractures often affect functional ability and the potential for independent living."® Overall mortality
of older people who sustained a hip fracture ranges from 11% to 23% at six months, 22% to 29% after

one year, and up to 47% at five years after injury.mg’114

In survivors, 40% of older people are able to
ambulate independently one year after hip fracture compared to 79% before fracture.'® In this context,
27% of older people require more walking aids one year after a hip fracture surgery.113 This hip
fracture associated decline in functionality and mobility has a detrimental effect on living independently
in the community and quality of life of older people."® Despite participation in multidisciplinary
rehabilitation programs after a hip fracture, many individuals do not regain the level of functional
performance they had before the fracture, which often prevents them from returning to their homes.'®

Hence, it is of uttermost importance to prevent a fall and possible consequent injuries in first place.

1.4.3 Fall risk factors in older people

Early, simple and effective detection of modifiable fall risk factors is important in geriatric medicine.”™

The detection of fall risk factors is integral to implement effective fall prevention strategies, as well as

92,116,117

to prevent falls and its serious consequences. This is a difficult endeavor, because falls in older

78,98

people are often multifactorial, and attributed to complex interactions between several intrinsic and

extrinsic risk factors, as well as exposure to fall risk (e.g. due to a high activity Ievel).m’ma’ﬁo’112 Fall
risk assessment involves either the use of multifactorial assessments or functional mobility
assessments. Multifactorial assessments identify possible fall risk factors and consequently implement

appropriate interventions adjusted for the identified fall risk factors.®®!"" 118

Functional mobility
assessments identify possible fall risk factors in the physiological and functional domains of postural
stability including strength, gait, and balance.” Some risk factors are irreversible while others are
potentially modifiable with appropriate interventions."®® The major focus of the projects in this doctoral

thesis lies on three of the most common modifiable intrinsic fall risk factors: muscle strength (relative

15



risk ratio/odds ratio 4.4), gait (relative risk ratio/odds ratio 2.9), and balance (relative risk ratio/odds
ratio 2.9) which are further discussed in chapters 1.3, 1.6 and 1.12 (Table 1).36'72'85 A description of
modifiable fall risk factors within the home (home falls hazards) or outdoors (public falls hazards)'"®

was recently reviewed by Pighills et al. (2011)""® and Gschwind et al. (2011) (Table 2).'%

1.4.4 Somatosensory decline and fall risk

Over 400 risk factors for falls have been identified.” Many of those risk factors also contribute to
immobility and functional decline in older people.™" Risk factors for falls can be attributed to biological,
medical, behavioral, environmental, and socioeconomic factors. Particularly, structural and functional
declines in the somatosensory system seem to increase the risk of falling due to their association with

26,65,92

postural instability. The affected sensorimotor functions are: vision and contrast sensitivity

necessary to navigate safely through the environment,”® and avoid tripping over obstacles (i.e. steps,

26122 tactile information from the soles of the feet

curbs, tree roots);26 hearing and vestibular function;
important for walking and balance control;*® and sensory information from receptors in the muscles,
tendons and joints providing feedback regarding joint position and body movement.?®'% Intake of
prescription and over the counter drugs are important as fall risk factors,'® because their possible side

36,81,117

effects or sedative effects may influence the somatosensory functions, and thus improve or

impair physical functioning.22 It is important to critically review drug dosage and the possibility of drug

118,123,124 Furthermore, falls can also

reduction or drug withdrawal for fall risk reduction in older people.
have psychological and social consequences. In this context, fear of falling is a well-recognized
concept.85 Older people who fall can develop fear of falling even if the fall does not cause an injury.27
The prevalence of fear of falling (54%) and consequent avoidance of activities (38%) is considerably
high in community-dwelling older people.’®'**'* As a result, ADL, mobility and social participation are

decreased leading to weakness, isolation, and risk of future falls.'®?’

1.45 Walking aids and fall risk

For older people with gait and balance problems specific assistive devices may provide a safer gait.25
Walking aids, such as canes and crutches are used to support part of the body weight through the
arms rather than the legs to increase stability and generate moment."® The use of walking aids may
stabilize gait in older people with an increased fall risk, but such aids also require considerable

91127 which may paradoxically increase fall risk (see publication (f).

attention and energy for handling,
Instead of improving walking ability, improper use or tripping over the walking aid may be responsible
for developing a cautious gait pattern'?® (slower walking speed, smaller steps, increased stance time,

and decreased swing time)'* or falling.
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1.4.6 Low vitamin D levels and fall risk

%0 and calcium homeostasis''

132

In the past, vitamin D studies predominantly focused on bone health

(e.g. rickets in children, osteomalacia, and osteoporosis in older people). ™ Vitamin D levels may

decrease as a result of poor nutrition, missing supplementation,133 and lack of sunlight in combination

with age-related skin structure modifications."*?"**"%®  Serum 25-hydroxyvitamin D [25(OH)D]

137

represents the best clinical measure of systemic vitamin D status. ™ In older people, 25(OH)D levels

often lie between 50 nmol/L and 75 nmol/L (to convert to nanograms per liter divide by 2.496),138

which is markedly below healthy levels between 75 nmol/L and 190 nmol/L."*" Low 25(OH)D is defined

139

as less than 50 nmol/L" while the optimal upper level ranges over 100 nmol/L."*""*® In terms of

improved physical, muscle, or lower limb function in older people, several lower 25(OH)D thresholds

exist: 40 nmol/L,"*' 50 nmol/L,"° 60 nmol/L,"" and 75 nmol/L"* Further, low 25(0OH)D levels (<75

nmol/L) are associated with lower muscle mass, greater visceral fat,"?

143 144

decreased distance vision (<25

145 146

nmol/L), ™ cognitive impairment (<25 nmol/L), ™ dementia (<25 nmol/L), ™ and fall risk.

In community-dwelling older people low 25(0OH)D (<50 nmol/L) is associated with poorer physical

135 139,147

performance,’* lower muscle strength,’® decreased mobility, ADL disability,’*® and frailty.

Previous research showed that gait may be affected by low 25(OH)D concentrations adversely

135,144

affecting different subsystems involved in gait control including muscular and neuronal

components.148 In older people, vitamin D seems to improve muscle properties, postural and dynamic

144149 A recent study by

balance, and also executive functions which are all needed for walking.
Annweiler et al. (2010)144 highlighted the association between 25(OH)D and spatio-temporal gait
parameters. Particularly, gait velocity has been linked to vitamin D by mechanisms involving skeletal
muscles and the nervous system."* ' In older women, slow walking speed is associated with low
25(0OH)D concentrations,'** suggesting a higher risk for disability, institutionalization, and mortality in

older people (see publication (e).*

Falls may be reduced by oral vitamin D supplements in older people who have low 25(OH)D levels
(risk ratio 0.96, 95%CI 0.92 to 1.01),151 and in malnourished older people (hazard ratio 0.41, P =
.02).87 A meta-analysis by Michael et al. (2010)89 showed that vitamin D supplementation (median,
800 IU/d) with or without calcium is associated with a 17% (95%CI 0.77 to 0.89) reduced risk for falling
during 6 to 36 months of follow-up. In another meta-analysis of eight randomized controlled trials
(RCT) in older people, the pooled relative risk for any dose of vitamin D preventing a fall was 0.87
(95%CI 0.77 to 0.99), whereas daily vitamin D doses in the range of 700 IU to 1,000 IU reduced fall
risk by 19% (pooled relative risk 0.81, 95%CI 0.71 to 0.92)."** Additionally, a meta-analysis of 12
RCTs in older people, vitamin D doses of more than 400 IU/d showed a pooled relative risk of 0.80
(95%CI 0.72-0.89) for non-vertebral fractures and 0.82 (95%Cl 0.69 to 0.97) for hip fractures.'® The

importance of 25(OH)D for gait velocity and fall risk is further discussed in publication (e).
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Table 1. Potential intrinsic fall risk factors in older people.

Domain Fall risk factor Domain Fall risk factor
Mobility / Physiological impairments27 Muscle Sarcopenia123
Gait Low activity level” strength Frailty®
Activities of daily living"™ Muscle function®®®
Functional impairment® Muscle weakness>®%>981%
Poor mobility"'*'%* Decreased muscle strength’21%
Gait deficit / instability / impairment / Lower extremity impairments / weakness""®8% 1%
disorder?”36.78:85.89.96.110123.154-157 Reduced muscle power’
Reduced walking speed'®* Poor grip strength®
Balance / Balance deficit / impairment®®78828589.110.123,155-157 Cognition Disordered central nervous system? %
Posture Reduced static and dynamic balance'* Cognitive deficit / impairment / disorder?®26.8596.110.154.155
Reduced postural stability'* Dementia'" 123154157
Deficits in postural control” Executive function (i.e. attention)'®®
Mental Mental status’®®2 Vision Poor vision?>26:26.78,8289,110,123,154

Psychic disorders'"°

Depression78,98,110,123

Fear of falling®'"°

Dizziness78,107,123,155
Vertigo155
Delirium®

Confusion'®

Bone Unstable joints?>*

Degenerative joint disease'®

Osteoporosi525'36'82

Arthritis™®

Kyphosis®

Foot problems?>*

Foot deformitygs

Toe deformities (e.g. hallux valgus)'®

Incontinence Urinary tract infections®

Urinary incontinence®® 8110123

Nocturia'®

Sensation Impaired sensory input®
Neuropathy1,26,98,107,154
Impaired proprioception®®'%
Medical Chronic diseases®™'>*
25,36,154

Acute illness

Recent hospitalization89

Hypothyroidismzs'36

Insomnia'?®
Reduced reaction time"?%'%*

Normal pressure hydrocephalus107

Cardiovascular

Parkinson

Hearing /

Vestibular

Others

Visual deficit / impairment / disorder "88%87:98155

Decreased / loss of contrast sensitivity1'26'155

Decreased depth perception™'®*1%®

Visual field dependence’

Reduced peripheral vision'®*

Poorer visual construction ability'®

Cataracts'®®

Loss of consciousness
Syncop698,107,110.155
Hypoglycemia110

Orthostasig’®% 110,123,155

Drop attack'""'%®

Transischemic attack'"®

Stroke®* "%’

Epilepsy™'"°

Cardiac arrhythmia''®'%®

Cerebrovascular disease®

Anemia®>*

Cardiorespiratory insufficiency™
Reduced endurance’

Parkinson’s disease® 107123154
Cerebellar syndromes98

Cervical myelopathy'®’

Hearing impairmentm'110

Vestibular impairment / dysfunction1'26'98'154

27,82 123
( )

Age >75 years

Sex® (female gender)'®

Obesity160

History of falls / fall history / previous fallg®®110123.155

Malnutrition'®®

Low 25-hydroxyvitamin D™¢

Alcohol use? %829
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Table 2. Potential extrinsic fall risk factors in older people.

Domain Fall risk factor Domain Fall risk factor

27,81,82,89,98,110,155 81,155

Drug Medication use Drug Benzodiazepines

78,98,110,123,155

Cardiovascular drugs Analgesics78

Psychotropic drugs”™'" Diuretics'™

Antiepileptic drugs'"'%° Adverse drug effects*>**'%

Neuroleptics'** Combination of drugs’'*®

Sedatives® Polypharmacy

Hypnotics®"%1% (use of 4 or more prescription drugs)®>®"9%1%1%
Antidepressants®''%®

Environment  Environmental hazards’®#*% Stairs Stairs®
Streets® Steep stairs'"
Walkway cracks and ridges®'** Missing stair railing / lack of handrails on stairs®""**
Ice and snow'** Missing handrails'"®
Home hazards®®'%® Bedrails®®
Accidents'®® Lack of grab bars around toilet'®*

Bedroom size in hospitals'®’

Floor Unsafe floor conditions®™**'#* Furniture Low and instable furniture®®'**
Slippery floors'"° Bed height36
Wet floors (caused by spills)® Low toilet seat'™*
Polished or waxed floors'>* Shelving®
Cords and wires on the floor'®* Lack of bathroom safety equipment®
Tripping hazards?" %% Bathtubs®
Loose carpets / rugsﬂ'sz'gs'”o'154 Lack of grab bars around bathtub'>*
Walking aids ~ Use of walking aid’®'"® 12157 Footwear Inappropriate footwear™ "%
Walker use'®*
nghtlng lnadequate Iightingzl,'dﬁ,ﬁz,&b,gﬂ,'l1U,123,1b4 other Pets110
Brightness'** Inappropriate clothing'*

Placement of switches and fixtures'®*

1.5 Gait analysis

The assessment of physical functioning and mobility in older people is a crucial component in many

162

clinical and research settings. Measures of physical performance allow the quantification of

therapeutic treatment of older people with disability, functional decline, and gait disorders at an early

Stage.39,163,164

1.5.1 Gait analysis in older people

Gait analysis is the systematic study of human walking16 used to improve our understanding of gait,
and the quantification of benefit of a treatment in older people.16 As a vital sign, such as body weight

or blood pressure, gait analysis may offer a powerful mechanism to understand and act on the health
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26,33

of older people.165 Many gait changes are common with aging, but when gait becomes impaired

(see chapter 1.7) this is associated with postural instability leading to falls.?>7®

Gait problems
adversely affect function in 20% to 40% of people over 65 years and 40% to 50% of people aged over

85 years.”®

Standardized performance-based measures are used to assess the contribution of gait and balance

166,167

impairment to outcomes such as fall risk. For example, a health professional could screen older

people using a gait assessment to identify underlying treatable medical and fall risk factors, and

consequently attempt to intervene to prevent adverse outcomes, 8254079164

A gait assessment
includes the synthesis of data from gait analysis, information about the older person obtained from the
medical history and physical examination, combined with the experience of the observer.' In general,
a gait assessment forms a basis of clinical decision making, helps with the diagnosis of disordered
gait, or documents a patient’s health condition.’® Quantitative gait markers may improve the

aforementioned diagnoses and help set intervention targets in older people.zg’35

1.5.2 Limitations of observing gait

Measures of gait are not constant but rather fluctuate with time and change from one stride to the
next, even when environmental and external conditions are fixed.** Visual observation is the most
common method of assessing gait disorders, but it lacks objectivity, validity and reliability. The eye has
a limited ability to discern rapid motion,"® gives no permanent record, cannot measure forces, and
depends entirely on the skill of the individual observer."® Although some gait disorders can be

identified by eye, others can only be detected with appropriate measurement systems.16

1.5.3 History of measuring gait

The first movement recording systems were complex, expensive, required highly trained staff, took a
long time to administer, and were not sensitive to detect clinically significant changes.154’168’169 Gait
was measured by measuring tape, stopwatch, and adhesive felt pads with soluble dye or talcum

powder attached to the foot."®

One of the major disadvantages of these approaches was the need to
attach equipment to the subject’s foot or footwear, thereby inhibiting natural gait, and the time needed
to obtain a single measurement.'® Currently a variety of clinical and laboratory measurement tools are
commercially available for the assessment of complex neuromuscular functions of gait, balance, and

82154 Motion

postural control, change over time, baseline status, and the effect of interventions.
analysis systems started with cine photography, before marker systems including television screens'®
were introduced.'® Passive marker systems with light reflecting material are still in use today:'® Vicon
(Oxford Metrics Ltd., Oxford, UK), Elite (Bioengineering Tech & Systems, Milan, IT), Coda MPX 30
(Charnwood Dynamics Ltd., Loughborough, UK)18, or Expertvision (Motion Analysis Corp., Santa
Rosa, CA, US). Active marker systems, typically with light emitting diodes (LED)16 include: Selspot

elspo , olnaal, or atsma ortnern Igital Inc., aterioo, , . major
Selspot AB, Molndal, SE Watsmart (Northern Digital Inc., Waterloo, CA, US)."® A maj
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disadvantage of these marker systems is the difficulty in appropriately placing the markers on the skin

and digitizing the position of markers."®

In the past decades, technologies such as computer or direct video recording to a digital versatile disc
(DVD) allowed extensive gait examination on computer or television (TV) monitor."® A more modern
gait analysis system is the Clinical Stride Analyzer (B&L Engineering, Tustin, CA, US) which consists
of footswitches placed inside the shoes (e.g. instrumented insoles),17 and is attached to a portable

7% Another wireless wearable system to collect quantitative gait

data logger worn at the subject’s waist.
data is called GaitShoe."*® The GaitShoe has the advantage that it can be worn in any shoe, is
designed to collect data over long periods, and can be applied even outside the traditional gait
Iaboratory.138 Recently, instrumented walkways are becoming increasingly popular for measuring the
timing of foot contact, the position of the foot on the ground, or both:"® GaitMat I (E.Q. Inc., Cahlfont,
PA, US) or GAITRite (CIR Sytems Inc., Havertown, PA, US)." These user-friendly portable gait
analysis systems allow a simpler measurement of spatio-temporal gait parameters, for both the
examiner and the subject. These various gait analysis systems are often combined with

1 force

measurements of further devices such as balance platforms (GKS 1000, IMM, Mittweide, DE),
platforms (Kistler Corp., Winterthur, SUI), accelerometers (DynaPort MiniMod, Mc Roberts Moving
Technology, The Hague, NL), electrogoniometers (Gait Analysis System, MIE Medical Research Ltd.,
Leeds, UK), or angular velocity transducers (Swaystar, Balance International Innovations Ltd., SUI).39
Additionally, pedometers and gyro sensors can be put into small pods attached to the shoe and used
via a wristwatch to measure steps and monitor activity: FitSense FS-1 (FitSense Technology Inc.,

Southborough, MA, US), or Nike sdm(triax 100] (Nike, Portland, OR, US)."

1.6  Quantifying gait with the GAITRite walkway system

Electronic walkways have been developed to simplify gait analysis by eliminating the need to apply
any instrumentation to the individual."” A commonly used tool to collect gait data, in the form of
footfalls representing the interface between body and floor,' is the GAITRite instrumented walkway

(Table 3).172 The GAITRIite system is a simple, efficient'” and fast clinical tool for objective automated

measurement of spatio-temporal gait parameters, both for the subjects and the test administrator.'"

Quantitative gait analysis with the GAITRite system was shown to be feasible, reliable, having strong

70174 GAITRite is sensitive to relevant gait changes in

174

concurrent validity and test retest variability.

older people (e.g. detection of early signs of falls risk), " even in vulnerable older people with mild

170,174,175

cognitive impairment (MCI) or dementia. In addition, assessment of quantitative gait data

using the GAITRite system is highly reliable under single and dual task conditions."*'"®
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Table 3. Specifications of the GAITRite Platinum walkway model.

Length 972 cm

Width 61cm

Number of pressure sensors 29,952

Sample rate 60, 80, 100, 120,180, 240 Hz
Spatial resolution +1.27 cm

Walkway top cover Flame retardant, anti-slip vinyl
Walkway bottom cover Open cell neoprene rubber
Internal materials Uncoated polyesters
Electronic boxes (on the right-hand side of the walkway) 6 mm high

Note: cm = centimeters; mm = millimeters; Hz = hertz.
Adapted from Bridenbaugh and Kressig (2011).%

1.6.1 Standardization of the test environment for gait analyses

Gait analyses require sophisticated methodology and equipment to reduce the potential for systematic
error.'® They should be performed in a standardized, quiet, closed, and well-lit room with indirect
Iighting.177 Subjects should wear comfortable and non-restricting clothing, footwear, glasses and
hearing aids if needed, as well as a safety-belt around the waist for easy support by the examiner in

""" Furthermore, when using the GAITRite system, the test environment should

case of loss of balance.
be spacious while subjects can wear their own clothes, their own shoes and use their own walking
aid.*® Although wearing shoes may reduce standardization of the measurements, they should be worn
to closely match normal, everyday walking."® The beginning and end of the walkway should be fixed to
the floor to avoid tripping while an acceleration and deceleration phase of at least two meters ensures

measurement of steady-state walking.177

It is generally recommended that walking is measured under
steady-state conditions to exclude measurements from phases of acceleration and deceleration.'® The
author Whittle MW (2008)16 states that a preferable length for a gait analysis walkway is 10 m to 12 m,
while Kressig et al. (2005)177 recommend the measurement of six gait cycles, and Lord et al. (2011)172
suggest analyzing 12 steps from continuous walking. The instructions should be standardized and all
walks conducted in the same direction."”” It is further not recommended to constrain walking by urging

an older person to walk in time with a metronome or to step on particular places on the ground.16

1.6.2 Phases of the gait cycle

Each time a leg goes forward, it makes a step.18 A step comprises the distance between sequential
initial floor contacts by the ipsi- and contralateral leg. A stride, also referred to as one gait cycle,48
consists of two steps (Figure 2). Broadly described, the gait cycle starts with the initial contact (0%) of
one foot, and ends with the next contact (100%) of the same foot.”® The gait cycle is further divided
into stance phase (approx. 60%) which designates the entire period during which the foot is on the

ground, and swing phase (approximately 40%) which refers to the time the foot is in the air."”""® Both
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the start and end of the stance phase involve bilateral foot contact (double support), while during
middle proportion of stance only one foot has contact."”” The described phase of double support is the
basic characteristic of walking17 comprising about 20% of the gait cycle.18 If double support were

missing, a person would be running."®

% step length

/N

h 4

gait cycle (stride length)

Figure 2. Right and left footfalls indicating spatial gait parameters. Adapted from Bridenbaugh and Kressig (2011).39

The gait cycle consists of an initial contact (0% to 2%, right leg colored in black in Figure 3)17 which
marks the beginning of the loading response equal to the first period of the stance phase.16 After the
loading response (2% to 12%)17 the double support period between initial contact and opposite toe off
follows."® Toe off with the opposite foot is the end of the double support period known as loading

response and the beginning of mid-stance (12% to 31%).16’17

Mid-stance is the period of the gait cycle
between toe off and heel rise, reflecting the first period of single support.'® The time at which the heel
begins to lift from the walking surface (heel rise) marks the transition from mid-stance to terminal
stance (31% to 50%)."®"" Opposite initial contact occurs roughly at 50% of the gait cycle marking the
end of single support and the beginning of pre-swing (50% to 62%),17 the second period of double
support.16 The part of stance phase between the double support phases, when only one foot is on the
ground, is also referred to as single support.18 Toe off (terminal contact) generally occurs at about
60% of the gait cycle separating pre-swing from initial swing (62% to 75%),17 indicating the point when
the stance phase (foot is on the ground) ends and the swing phase (foot is in the air) begins.16 The
time when the swinging leg passes the stance phase leg and the two feet are side by side is called
feed adjacent, separating initial swing from mid-swing (75% to 87%)."®" When the tibia of the
swinging leg becomes vertical at about 86% of the gait cycle, the terminal swing (87% to 100%)17
begins.16 The gait cycle ends at the next initial contact of the same foot (also known as terminal foot
contact)."®
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Figure 3. Temporal gait parameters of one gait cycle. Adapted from Bridenbaugh and Kressig (2011 ).39

1.6.3 Gait velocity is a vital sign for global health and functional status

The terms gait velocity and walking speed are used interchangeably in this doctoral thesis."”® Gait

velocity represents a simple, practical and informative “vital” clinical marker for global health (i.e.

163,180,181

disability, chronic disease, physiological decline, cognitive impairment, falls, mortality) and

functional status (ADL)180 in older people.18’182’183 Changes in gait velocity may occur up to six years

before clinical manifestation.'®”'®

164,166,182

These changes in gait velocity are useful for understanding the risk

and causes of falls, and when monitored over time they may also indicate a new health

problem that requires evaluation.”®

Gait velocity decreases with age in healthy older people.184 In community-dwelling older people gait

28185 \whereas at least 100 cm/s seem to be

28,186

velocity ranges from 40 cm/s to more than 140 cm/s,
required for unimpaired walking, and greater than 120 cm/s suggests exceptional life expectancy.
A walking speed of less than 100 cm/s is associated with an increased risk for limitations in gait and
ADL."® Higher risk for adverse outcomes (i.e. functional and/or cognitive decline) is associated with a

181

walking speed of less than 80 cm/s. ™ Severely impaired walking can be defined as walking slower

than 60 cm/s'® and is a sign for increased risk of early mor’[ality.28 In a group of older people with
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various medical conditions, 4 cm/s to 6 cm/s was calculated as a small but meaningful improvement in
physical performance, however, for moderate effects, 10 cm/s to 14 cm/s change were needed.'®
Furthermore, meta-analytic statistics showed that the overall hazard ratio for survival for each 10 cm/s
increase in walking speed was 0.88 (95%CI 0.87 to 0.90) in community-dwelling older people,
especially after the age of 75 years.28 Improvement in gait velocity over time might indicate improved
physiological health due to medical interventions or change in health behaviors such as exercise.'®
Significant improvement in usual gait velocity one year after baseline is associated with a 17.7%

reduction in absolute mortality risk through the subsequent eight years in people aged 65 and older."®

1.6.4 The association between quantitative gait parameters and gait stability

Robust evidence supports the routine use of quantitative gait analysis182 to enhance the understanding

¥ The current

of movement control in older people and to better target preventive interventions.
literature reports several quantitative spatio-temporal gait parameters that offer important insight in
normal and pathological walking patterns,169 to make diagnoses (e.g. identifying older people at risk
for falling),”® determine appropriate therapy, and monitor patient progress.'”® Gait analysis usually
comprises measurements of temporal (time) and spatial (distance) parameters.169 In the literature, gait
velocity, cadence, cycle time and stride length are common spatio-temporal gait parameters used for
screening, performance measure, or monitoring a therapy (Table 4).18 Today the major limitation is not
to collect gait data, but identifying changes in spatio-temporal parameters associated with significant
clinical change.16 While established reference values for gait velocity exist, many spatio-temporal gait

188

parameters, particularly those quantifying variability, are lacking. To date, there is no good

consensus about normative ranges for spatio-temporal gait parameters, however, Table 5 and Table 6

offer an overview of selected published data."®

1.6.5 Gait velocity and fall risk

Gait velocity is a simple and quick option for measuring fall risk.® There is a U-shaped relationship

between gait velocity and falls with both extremes of walking speed showing higher rates of falls.'®

Older people with faster (=130 cm/s, incident rate ratio 2.12, 95%CI 1.48 to 3.04) and slower (<60

cm/s, incident rate ratio 1.60, 95%CI 1.06 to 2.42) walking speed had more falls compared to those

189

with normal walking speed (100 cm/s to <130 cm/s). = Fallers often walk slower than non-fallers®® with

walking speeds below 70 cm/s having a 1.5-fold increased risk for falls.** Under a dual task condition

190

the fall risk is already increased if gait velocity is below a threshold of a 100 cm/s. ™ Any decrease in

gait velocity of 10 cm/s is associated with a 7% increased risk for falls (risk ratio 1.07, 95%CI 1.00 to
1.14),"" while a decline in gait velocity (relative risk 5.9, 95%CI 1.9 to 8.5), requirement of a caregiver
(relative risk 9.5, 95%CI 1.3 to 2.5), and new falls (relative risk 5.4, 95%CI 2.0 to 4.3)."®° However,

other spatio-temporal gait parameters should be taken into account when looking at gait velocity,

because walking is a complex functional activity and many variables influence gait velocity,'”

16,18,178 16,18

especially cadence (steps taken per minute), stride length, or both. There is a relationship
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between cadence and leg length: those with shorter legs usually have a higher cadence.'® Because

cadence hardly changes with age (range of 100 steps/min to 130 steps/min),

1834 stride length is more

likely to be the source of decreased walking speed.18 In addition, older people who fall may also walk

with pronounced gait variability (see chapter 1.6.6 and 1.6.7).%*"'%

Table 4. Definitions of selected spatio-temporal gait parameters.

Gait parameter

Definition

Temporal parameters

Cadence (steps/min)
Step time (s)
Stride time (s)

Stance time (s)

Swing time (s)

Single support time (s)

Double support time (s)

Ambulation time (s)
Velocity (cm/s)

Stride velocity (cm/s)

Spatial parameters

Step length (cm)

Stride length (cm)

Base of support (cm)

Step width (cm)

Stride width (cm)

Gait variability

Stride-to-stride fluctuations (%)

Number of steps per minute
Time elapsed from first contact of one foot to first contact of the opposite foot
Time elapsed between the first contacts of two consecutive footfalls of the same foot

Starts with heel contact and ends with toe off of the same foot and is equal to the weight bearing portion of
each gait cycle: time elapsed between the first contact and the last contact of two consecutive footfalls of the
same foot

Starts with toe off and ends with heel strike: time elapsed between the last contact of the current footfall to
the first contact of the next footfall of the same foot

Swing time is equal to the single support time of the opposite foot

One foot is on the ground: time elapsed between the last contact of the current footfall to the first contact of
the next footfall of the same foot

Single support time is equal to the swing time of the opposite foot

Both feet are on the ground simultaneously: consists of two periods called initial double support and terminal
double support; initial double support occurs from the first contact of one footfall to the last contact of the
opposite footfall; terminal double support occurs from the first contact of the opposite footfall to the last
contact of the support footfall; total double support is the sum of the initial double support added to the
terminal double support

Time elapsed between first contact of the first and the last footfalls

Distance walked divided by the ambulation time

Stride length divided by stride time

Measured from the heel center of the current footprint to the heel center of the previous footprint on the
opposite foot

Measured between the heel points of two consecutive footprints of the same foot (left to left, right to right)

Two steps compromise one stride or one gait cycle

Vertical distance from heel center of one footprint to the line of progression formed by two footprints of the

opposite foot

Measured from the midline midpoint of the current footprint to the midline midpoint of the previous footprint

on the opposite foot

Vertical distance from midline midpoint of one footprint to the line formed by midline midpoints of two
footprints of the opposite foot

The CV is calculated by dividing the SD across all strides by the mean times a 100 [CV = (SD / mean) x 100]

Note: cm = centimeters; CV = coefficient of variation; min = minutes; s = seconds; SD = standard deviation.
Modified from Hollman et al. (2011)"®® and GAITRite Electronic Walkway Technical Reference (2012)."%
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1.6.6 Gait variability and gait instability

Research on the variability of walking began in 1960,® but the fluctuations in gait were largely ignored,

24,172

or erroneously viewed as instrumental and physiological noise. To date, gait variability (stride-to-

stride fluctuations) seems to be a more sensitive marker of gait performance than conventional spatio-

temporal measures such as gait velocity, step time, or cadence.'?1%

24,194

Measures of gait variability
provide a clinical index of gait instability, whereby increased variability represents a more unstable
walking pattern174 characterized by reduce postural control and stability which probably makes older
people more susceptible to falls.?”'"®'®"% Gaijt variability may therefore serve as a sensitive and
clinically relevant marker for impaired mobility,196 fall risk,%* and falls."" Further, gait variability has

been used as an outcome measure for frailty,198

cognitive decline, and the response to therapeutic
interventions.?* In healthy people gait variability remains fairly stable throughout the Iifespan184 which
is why changes in gait variability seem to reflect underlying disease processes rather than age-related

changes.199

Stride-to-stride variability is measured by the coefficient of variation (CV) and is a marker for the
control of leg movements when walking.?**"
strides'’® by the mean times a 100 [CV = (SD / mean) x 100].2°*?®® The SD reflects the dispersion

around the average value, and CV quantifies the magnitude of the deviations of the gait parameter
203

The CV is calculated by dividing the SD across all

with respect to each subject's mean value.”” Using CV for expression of gait variability has the

advantage of being a dimensionless unit, facilitating comparability with other studies,'? and being

more accurate than solely reporting sSD."®

The latter is often largely due to biological and instrumental
variability making normative ranges based on SD rather wide, indicating that too many measurements

would be considered normal (a false negative result)."®

1.6.7 Stride time and stride length variability are associated with fall risk

Stride time variability, the magnitude of the stride-to-stride fluctuations in the gait cycle duration,”® is

considered the neural control for maintenance of a steady walking rhythm.?** The CV of stride time

variability is a good marker of higher-level subcortical and cortical involvement in gait control,20%205:208

Significantly low and high stride time variability provide objective information for the diagnosis of gait

194205208 and serve as a fall predictor in older people.’®”*°"*® Generally,

201,207

unsteadiness and instability,
lower stride time variability is associated with a safe gait, because older people with a history of
falling have a higher, up to twice or more, stride time variability compared to older people who had no
fall."®*"%® The CV of stride time variability is usually below 3% among young healthy adults®® with
higher values being associated with decreased muscle strength, balance, walking speed, functional
status, health status, and physical performance.'®® A stride time variability threshold of CV >4% for
walking alone and CV >10% for walking during backward counting is proclaimed for older people at
risk for falls and subsequent admission to an acute care geriatric department.'” Furthermore, high
stride length variability is a fall predictor,197 whereas low stride length variability is associated with a

safe gait.?"?" Stride length variability under dual task conditions is significantly greater in older
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208

people compared to younger adults,”" whereas already a small increase of 1.7 cm in stride length

variability doubles the likelihood of falling in the upcoming six months."®’

Other spatio-temporal gait parameters are not covered by this doctoral thesis, because the literature

may only provide limited evidence for their interpretation, or they are not relevant for the presented

24,178,196,209 . . 16,18,33,126,197,210 196,210,211
stride width,

publications: swing time, stride width variability, and

stride velocity variability. '%®9"12
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1.7 Gait control and disorders

A gait disorder is, at best, an inconvenience, and at worst, a major risk factor for falls and injury (see
publication (a).40 Gait problems have many e’[iologies25 resulting from specific dysfunctions of the
locomotor system including the nervous, muscular, skeletal, circulatory, and respiratory system.'®?>%
A gait disorder may indicate a systemic decompensation in an older person35 due to health problems
such as stroke, different forms of arthritis, cerebral palsy, spinal cord injuries, multiple sclerosis,
amputation, traumatic brain injuries, systemic diseases, foot deformities, and falls.® Further
contributing factors to gait disorders are metabolic disorders, urinary disorders, cognitive decline,
subdural hematoma, depression, anxiety, psychotropic medication, vitamin B12 and folic acid

%8128 Often these problems stem from age-related changes and fall into five functional

deficiency.
categories: deformity (e.g. contracture), decreased muscle strength (e.g. muscle atrophy), sensory
loss (e.g. impaired proprioception), pain (e.g. excessive tissue tension), and impaired motor control

(e.g. central neurological lesion in the brain or spinal cord).'’*>%

1.7.1 The generation of walking

Human movement is controlled and monitored by the nervous system consisting of the central nervous
system (CNS) (brain and spinal cord) and the peripheral nervous system (all branches of nerves
outside the spinal cord).*’ Three areas in the brain are particularly involved in the regulation of gait: the
basal ganglia which learn and reproduce basic movement patterns,24 the motor cortex which calls into
action the necessary muscles for movement, and the cerebellum which monitors activity and provides

feedback about the performance.'®*%'®

The central pattern generator which produces the nerve
impulses initially causing walking is not located in a single place, but consists of networks of neurons
in various parts of the brain and spinal cord."® On the spinal level, the central pattern generator
provides cadence and rhythm for walking.”"

Walking begins with incoming afferent sensory information from the periphery which is processed by
the hippocampus and related regions to plan walking.30 The plan of walking is then transferred to the
primary cortex with simultaneous processing in the basal ganglia (long-term storage of motor
programs) and cerebellum (control of timing).30 On the efferent pathway from the brain to the
periphery, spinal cord interneurons pass muscle firing patterns to motor neurons which activate

skeletal muscles.* Lastly, the skeletal muscles will be activated to perform the movement of walking.41

1.7.2 Three levels of gait control

Gait disorders are often classified according to the location in the nervous system of the sensorimotor
deficit.*® The low sensorimotor level classifies gait disorders into peripheral sensory impairment,
commonly caused by vestibular disorders, peripheral neuropathy, proprioceptive deficits, or visual
ataxia.>® Older people usually can compensate to such gait disorders and learn to overcome issues

including Trendelenburg, antalgic and steppage gait characteristics.*® The middle sensorimotor level
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classifies gait disorders in lower switching structures of the CNS (i.e. cerebellum, brain stem).40 Such
middle-level deficits result from spasticity, hemiparesis, paraplegia, Parkinsonism, and cerebellar
ataxia.*® In these middle-level disorders, posture and locomotion are also impaired, resulting in
impaired stepping patterns such as shuffling steps, reduced arm swing, and increased trunk sway due
to disrupted sensory and motor modulation of gait.35 High sensorimotor level gait disorders are due to
disrupted or altered cortical control of gait.40 Such disorders can impair the generation of gait impulse40

185

which often results in walking patterns that are not suitable for safe ambulation.™ High level

sensorimotor deficits are characterized by deficits in planning, intention, and executive functions,117
and are prominent in older people with frontal-related white matter lesions, normal pressure
hydrocephalus, cognitive decline, cognitive dysfunction, slowed cognitive processing, or depression

(see publication (a).*®

1.7.3 Frontal brain areas are associated with motor control

The prefrontal cortex which plays a prominent role in cognitive aging, cognitive flexibility, attention

174,216-219

division, executive function, dual-tasking and multi-tasking, provides the stimulus to reach a

destination and avoid obstacles while walking.?”® In dementia, particularly with impaired executive

203,204,220

function, dysfunction of the frontal lobe and its motor circuits may be related to balance

203,204,220,221 Hence, in line with

disturbances, gait disorders, gait instability, and increased risk of falls.
the cognitive theory of falling, aging of the frontal cortex may alter executive function, attention
domains, and motor responses, prior to the generalized changes seen in normal cognitive aging,92 and

thus plays a key role in the regulation of routine walking."

1.8 Walking while performing an attention-demanding task

Daily life offers countless situations where locomotion requires coordination of multiple sensory stimuli
for concurrent performance of motor and cognitive functions, such as carrying a cup of tea.?'**** Such

multi-tasking, performing several activities simultaneously, or dual-tasking, doing two tasks

223 31,219,223,224

concurrently (often a cognitive and a motor task),” are omnipresent in daily life.

1.8.1 Walking is not an automated motor activity

Gait has been traditionally considered as an automated motor activity not involving cognition in form of

27,225-227

executive control. However, as described in chapter 1.9, current evidence shows a close

relationship between gait and cognition.228 Even in older people who have intact locomotor and

229

cognitive function, routine walking requires executive function (e.g. attention) for motor

Contr0|.31'37'203'230

This is particularly evident in frail older people who stop walking when they have to
start a conversation with or answer a question to a walking companion.231 Older people who “stop

walking when talking” have more future falls, impaired gait, and difficulties with ADL compared to
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those who continue walking.231 Once they have fallen, older people may pay more active attention and
consciously monitor their movements in an attempt to ensure safety.226 Ironically, conscious

movement control may be another factor that contributes to disruption of automaticity of walking,

increasing the likelihood of subsequent falls.**®

1.8.2 Multi-tasking

Young adults do not have much difficulty performing several activities at the same time,*** and
therefore the performance of additional tasks during walking, dual-tasking per se,”® does not
represent a threat to stability. When the postural system is quite stressed, and young adults are

required to perform a fairly complex additional task,”’ only minor changes in spatio-temporal gait

207,209

parameters can be observed, implying that minimal attention is needed. In contrast, in older

people many concurrently performed simple cognitive and motor tasks drastically interfere with each
other due to divided attention (see chapter 1.8.4), and have deleterious effects on mobility and

safety,3!39160224232234-239 Thiq interference is often evident by a decrease in gait velocity”® and an

27,32,212

increase in gait variability compared to normal walking. A resultant decrease in walking speed

can be interpreted as an implicit strategy to avoid loss of balance and gait stability201 while an increase

in gait variability is viewed as a reflection of the inconsistency in the central neuromuscular control

system’s ability to regulate gait and maintain a steady walking pattern.z“’32

1.8.3 The dual task paradigm

In recent years, dual-tasking became the most popular method for testing the relationship between

91,209,218,220,229

gait stability, executive functions and attention in older people. Dual task paradigms are

used to examine impaired attention function, attention allocation between two simultaneously

220 30,202,203

performed (cognitive challenging)27 tasks,””” and involvement of cortical control in older people.

Instead of focusing on either motor or cognitive impairment, dual-tasking allows to assess the ability of
an individual to pay with some attention resources for maintaining cognition, and vice versa.”*® The

use of the dual task paradigm in gait assessment consists of walking and simultaneously executing an

232

attention-demanding task,”™ and permits early detection of gait and cognitive impairments due to a

central overload, which under a single task condition of walking may otherwise go unnoticed.>*%*

Such deficits in dual task performance are often due to difficulties performing the attention-demanding

task?’ and predict clinically significant impairment in motor or cognitive function®® which increases the

risk and occurrence of falls in older people.sz’”s’zm’237

1.8.4 The attention-demanding task in dual-tasking

Older people attempt to compensate for disrupted attention allocation between two simultaneously

207 241

performed tasks™' by either slowing their gait to improve the cognitive output,

224

or by sacrificing the

performance of the attention-demanding task to avoid gait instability. In this context the
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unconscious, healthy posture first or safety first strategy84 suggests that older people tend to protect

their motor functioning at the expense of cognitive performance when their balance is threatened

during walking® in order to avoid hazards and falls.?**

The choice of the attention-demanding task in dual task gait assessment has to be made carefully.92

How attention is divided between two simultaneously performed tasks depends on the efficiency of

91,200,202,203,207

executive functions and the attention load of each task. The amount of attention needed

for a task depends on the type and difficulty of the task, 2

91,225,229,232

as well as the priority given to one or both
tasks. Relatively simple tasks can already reveal much about the underlying limitations on
people’s ability to perform different tasks at the same time.?* Compared to walking alone, gait
becomes instable when walking and forward counting and even more when walking and

202220 or naming animals.'*?*° A verbal fluency task relies on

simultaneously backward counting
semantic memory which is not directly associated with executive functions while an arithmetic task,
like backward counting, depends on working memory which is a system for temporary storage and
processing of information related to executive functions.®? An arithmetic task may provoke higher gait
instability compared to a verbal fluency task,” because counting has a strong rhythmic component
which can influence the walking pattern when performed simultaneously (“magnet effect”).?* In this
context it is interesting, that older people who counted fewer numbers while subtracting aloud starting

from 50 when seated compared to when walking, had a higher risk of falling and more falls.*°

1.8.5 Motor-cognitive interference

When older people are required to divide attention among two simultaneously performed tasks

performance in one or both tasks may decline.® The resultant deterioration in performance is known

30,242

as dual task decrement or dual task interference. The most widely accepted concept of dual task

interference is the capacity sharing theory which assumes that older people share processing capacity

2 |f more than one task is performed at the same time, there is less capacity for each

232

among tasks.

individual task, and performance is impaired.”™ In terms of gait this assumes that walking, or the

execution of the concurrent task, or both are altered.?*®

232

The bottleneck theory suggests parallel
processing for certain mental operations.”™* If two or more tasks need the processing capacity at the
same time, then a bottleneck results, and one or more tasks will be delayed or impaired.?*? In terms of
gait, this results in slower walking speed or delayed performance of the concurrent task, because the

29 Another concept of dual task interference

neuronal networks involved in the two processes overlap.
is the cross-talk model. It depends on the information being processed, suggesting that it may be
easier to perform two tasks at the same time when they involve similar inputs and need similar
processing machinery.?*? Detection of dual task-related interference is relevant for fall prevention in
older people, because a safe locomotion depends on efficient gait control.?” Further, dual task-related
interference may show the need of therapeutic interventions,?*® such as exercise or drugs, to improve

attentional resources or make a particular task (e.g. walking) more routine.*'®
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1.8.6 Gait and executive function

Executive function consists of initiation, planning, execution, response, inhibition, and attention

associated with the prefrontal cortex and related brain networks. %9922

30,195,203,229

They are required for the

and ensure that the appropriate
209,232

timing and sequencing in motor control and walking,

amount of attention is allocated to gait in dual-tasking and other multi-task situations. Attention is

a complex cognitive function that describes the information processing central capacity of an
individual.*"?*
209,228

Older people often have difficulties maintaining a stable gait pattern while dual-tasking which can

219

be related to executive dysfunction.”™ With aging and pathological conditions, especially when a gait

disorder is present or under a dual task condition, executive functions become even more important

204,229 209

for the performance of gait. Impairment in executive function, especially in the ability to divide

and rapidly switch attention from one task to another®' may impair mobility and gait stability194

229,243

required to overcome hazardous situations (e.g. obstacles, uneven path), and avoid

falls. 2?99?2923 Thjs is particularly evident in older people with impaired cognitive function due to

cognitive decline (e.g. dementia).'**?9*?°

Gait variability is sensitive to the ability to divide attention under a dual task walking condition, because

executive function input is needed to allocate attention among simultaneously performed tasks.?®

)31‘194 is associated with impaired executive functions in

Generally, irregular gait (e.g. CV of stride time
older people.?*>#%%° The latter possibly causes a disturbance of the automatic stepping mechanism
due to abnormal higher cortical levels of gait control.'*® Consequently, the detection of impaired
executive function in older people emphasizes the importance of clinical gait analysis in the evaluation
of walking,91 and the suitability of spatio-temporal gait parameters as markers in the early diagnosis of

dementia.194,203,220,225

1.9 The association between cognitive decline and gait

Recent findings suggest that cognition is essential for maintaining gait and balance, and that impaired

30.92117.118,203.216 Hance, one of the major aims

cognition is associated with the risk of falls and fractures.
of dementia research is, or at least should be, to improve or maintain not only cognitive but also

physical functioning.218

1.9.1 Gait analysis for detection of cognitive decline

Older people with cognitive disorders are one of the most vulnerable populations of our society and

215

are more likely to experience mobility decline and falls.” > Recent evidence shows that gait disorders

can be found in early stages of cognitive decline and dementia.*”'®® Compared to older people with

healthy cognition, those with Alzheimer’s disease (AD) have slower and more irregular gait,zo3 more

37



107 30,118

falls (a first clinical symptom of cognitive decline), ~* and more fall-related injuries. Research is

currently uncovering the associations between dementia subtypes and gait characteristics, although
the value of gait analysis in the diagnostic process has yet to be fully recognized.29 Identifying early

quantitative gait markers of dementia may help detecting high risk older patients for further evaluation

178

and intervention. "~ Spatio-temporal parameters collected during gait analysis represent such early

markers and may be as sensitive as traditional tests of cognitive function.*® Gait depends on and is a

marker of executive function””® which allows prediction of future risk of cognitive decline and dementia

178

in initially non-demented older people. "° Hence, gait analysis can help postponing or attenuating the

diminishing components of cognitive decline.**

1.9.2 Mild cognitive impairment

A wide range of cognitive functions decline in older people (e.g. attention and executive functions),245

245,246

leading to MCI, a transitional zone between normal and pathological cognitive function. Early

detection of MCI is critical in order to begin therapeutic treatment as early as possible,247 because
older people with MCI appear to be at an increased risk of developing AD at a rate of 10% to 12% per

year.248 There are neither generally accepted criteria nor major classification systems providing

249

consensus diagnostic criteria for MCI. MCI is characterized by subjective and/or objective

complaints of deterioration in cognitive performance, but no evidence of dementia.?* In addition, ADL

are preserved and complex instrumental functions are either intact or only minimally impaired.245

Cognitive impairment can be in the memory (amnestic) or non-memory (non-amnestic) domain.?*
Either single or multiple cognitive domains can be affected.**®> Older people with MCI would greatly

benefit from therapeutic interventions to prevent the progression towards dementia.?*® However, there

246

is a lack of treatment options for MCI patients,”” and the efficiency of drug interventions in older

people with MCI is still unclear.”®® Besides brain atrophy, older people with MCI show deficits in
regional cerebral blood flow,?** for which ginkgo biloba with its microcirculation-increasing modalities

offers a promising therapeutic option (see publication (g). Furthermore, exercise may substantially

251

reduce the odds for developing MCI,“>" but the effective characteristics of such interventions are not

yet defined.

1.9.3 Dementia

Dementia is widely recognized as a global public health problem,178 and its prevalence is steadily

increasing due to an increase in Iongevity.252 An estimated 30 million people in the world are affected

by dementia, and there are about 4.6 million new cases every year (one new case every 7 s).>

Dementia is a syndrome caused by a great variety of diseases and progressively affects cognitive

247

functioning in older people.”™" AD represents the most common form of dementia, leads to death

within 3 to 9 years after diagnosis,”®® and accounts for over 50% of cases at autopsies and clinical

254

studies.”" The pathology of dementia and AD is mainly characterized by cerebral lesions and loss of

97 254,255

neuronal cells causing cognitive decline and memory deterioration in older people. Brain
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changes in AD are marked by severe neurodegenerative alterations, such as the loss of synapses and
neurons, atrophy, and the selective depletion of neurotransmitter systems (e.g. acetylcholine) in the
hippocampus and cerebral cortex.?*® AD is characterized by an accumulation of misfolded proteins in
the aging brain which results in oxidative and inflammatory damage and consequently to energy failure

254

and synaptic dysfunction.”™ Vascular injuries from strokes and white matter lesions also promote to

the cycle of protein aggregation and oxidation in the brain contributing greatly to cognitive decline.®

Two pathological hallmarks of AD are amyloid plaques and neurofibrillary tangles.253

The deposition of
amyloid B seems to trigger neuronal dysfunction and death in the brain while changes in tau, an
insoluble microtubule-associated protein and major constituent of neurofibrillary tangles, may disrupt
the structure and function of neurons.”*® Amyloid plaques correlate with subtle deficits in cognitive

functioning and suggest early disease processes leading to AD.%’

Expensive and time-consuming
tools such as computer tomography (CT), magnetic resonance imaging (MRI), single-photon emission
computer tomography (SPECT), positron emission tomography (PET), and cerebrospinal fluid (CSF)
are used for detection of these AD markers. However, AD can only be definitely diagnosed post
mortem,?* and gait analysis increasingly qualifies as a simple, cost-effective supportive diagnostic tool
in the contribution to set a diagnosis for AD in vivo.” To date, the focus in treating cognitive decline
lies on pharmaceutical therapy (see chapter 1.10) to enhance both cognitive and motor function (i.e.
acetylcholine esterase inhibitors (AChEI) and memantine).***** However, dementia does not appear to
be contraindicated for exercise.?'® Exercise may help to reduce the prevalence of the disease and the

253

high rate of falls,” as well as decrease associated morbidity (see chapter 1.11).30 Efficient exercise

strategies in older people with AD include training of complex over-learned motor activities, such as

gait or dancing which prevent or improve higher level gait disorders.?*

1.9.4 Brain plasticity may improve cognitive function

Traditionally, it was believed that anatomical structures of the human brain only change in morphology

258

due to aging or pathological conditions.”™ However, recent research suggests that the brain maintains

its ability to change in function and structure in response to environmental stimuli throughout life.?*?

Theoretically based concepts suggest that structural brain plasticity plays a crucial role in coping and

adaptation to environmental changes and disease.?****°

58

It has been shown that learning-induced brain

259 As a

plasticity is also reflected at structural level,? allowing the acquisition of new skills.
consequence, age-related functional decline in large brain systems seems to be an evitable process of
aging and can be reduced and possibly reversed in a stimulus-response specific manner.”'"*®" It has
been shown that even in older people the brain remains plastic and responsive to changes due to
exercising.?"” Exercising modulates those features of the brain anatomy specifically associated with
the demands of the exercise,?® and therefore repetitive learning of a new skill is more critical for the
brain to change its structure compared to continued training of an already mastered skill.”®° This
implies that exercise should consist of long-term performance of several different motor tasks
combined with changing sensory inputs to have the greatest effect on brain plasticity and related

263,264

functional improvement. With proficiency, lower activity in cortical motor control areas suggests
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more efficiency in the control of movements™ and a reduction in neural effort to perform a motor

16,267
)

task.?®® As an example, gray matter (contains many cell bodies and nerve endings brain plasticity

on a structural level is specific and fast adjusting to an exercise stimulus.?*”® An increase in gray

9

matter may be partially due to changes in blood flow”® while the effect of increased sensory,

cognitive, and motor activity must be induced via enhanced synaptic and neuronal activity.268 In
general, brains which have received increased stimulation through enhanced mental and physical
activity are better protected from neurodegenerative processes, traumatic insults, or other forms of

neural dysfunction.268

1.10 Cognitive enhancers and their effect on gait

The preservation of cognitive function is important in older people to maintain independence and to

269

prevent institutionalization.”™ Pharmaceutical therapy with AChEI and ginkgo biloba helps to diminish

the negative effects of cognitive decline in older people with MCI and dementia.

1.10.1 Acetylcholine esterase inhibitors and memantine

Usually AChEI, such as donepezil, galantamine, rivastigmine, and tacrine are used in the symptomatic
treatment of cognitive decline in dementia.”’® The molecular mechanism of action of AChEI is through
increased cortical and hippocampal acetylcholine, an important neurotransmitter for memory
regulation and neural plasticity.215 These drug-associated cognitive enhancements in
neurotransmission”>* may also be important for gait performance®” as shown by a study of Assal et al.
(2008)270 which reported a significant increase of stride time under dual task conditions in the control
group compared to a galantamine group. Memantine is another drug used to treat symptoms of
moderate to severe AD showing similar effects on gait. It is hypothesized that combined effects on the

glutamatergic and dopaminergic systems improve high level sensorimotor deficits.?”"

A recent study by
Beauchet et al. (201 1)271 showed that after 16 months of treatment with memantine 20 mg once daily,
the CV of stride time in patients with AD was significantly lower (3.6 = 1.3%) than at baseline (6.3
6.1%). The effect of memantine on CV of stride time was attributed to changes in higher-level gait

control including prefrontal cortex whose atrophy is partly responsible for cognitive decline.””"

1.10.2 Ginkgo biloba

It is expected that in older people with MCI, gait and balance performance can be improved and fall
risk reduced by treatment with cognitive enhancers due to an improvement in attention and executive

function.?"

The approach to target 