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ABSTRACT

Balance impairment, reduced mobility skills, and falls are major concerns with

increase in aging population. Studies to date have used expensive laboratory tests to

assess sensory and motor aspects of balance on fixed, level and firm support surfaces.

This makes their use unavailable to clinicians. For these reasons, investigators are now

employing dense foam as an alternative test surface.

Purpose: To develop a clinically relevant and objective tool which can emulate both the

Sensory Orgarization Test and the moving platform paradigm for the evaluation of

predictive and unpredictive motor control processes.

Objectives: 1) To examine the test-retest reliability of the protocol. 2) To evaluate the

effects of support surface and vision on balance performance.

Methodology: Fifteen subjects (30t10 years) participated in this study. Tasks were

performed on a fixed surface and foam pad (4 inches thick). Seven tasks were performed

which included: 1) Standing still on foam, eyes closed 2) oscillating forward and

backward using ankle strategy on a noÍnal and foam surface with eyes open 3)

oscillating forward and backward using hip strategy on fixed and foam surface with eyes

open and eyes closed. Subjects attended two sessions one week apart for test-retest

reliability. Two miniaturized bi-axial accelerometers were used, of which one was placed

on the trunk and the other on the shank. Light reflective markers were used for

calculation of the center of mass in the sagittal plane.

Main Findings: 1) Intra Class Correlation of test-retest reliability yielded moderately

acceptable values. 2) Surface characteristics, as a single factor, brought about differences

in balance performance when compared to conditions where vision was eliminated. 3)
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Coordination between trunk and shank segments increased with the difficulty level of the

task condition.

Conclusion: The use of a foam surface made balance control difficult since it induced

sway in both pitch and roll planes. However, the altered vision-surface condition proved

to be more challenging for the subjects.
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CHAPTER ONE

INTRODUCTION

In recent years there has been a proportional rise in the aging population. With

aging human physiological systems, the prevalence of sustained chronic and disabling

conditions of the nervous system, heart and lung disease and musculoskeletal disorders

increase. These disabling conditions lead to physical dependence and falls, which in turn

lead to reduced mobility. Reduced mobility has become a major concern for future health

care delivery systems. Interventions to prevent functional decline can lead to over-

utilization of services, which in turn drive up the health care costs. Therefore, it is

important that these interventions target those people who are most at risk for falls, thus

making screening for high-risk older people a priority. Balance impairment is one

important factor that has received considerable attention in research on mobility and falls

in the elderly (Peterka and Black, 1990; Teasdale, Stelmanch and Breunig, 1991; Lord

and Clark, 1996). Dynamic balance is a prerequisite skill for the ability to perform

activities of daily living and maintenance of mobility necessary for independence.

Ferrucci et al., (1991) considered Basic Activities of Daily Living (BADL) and

Instrumental Activities of Daily Living (IADL) as independent predictors of loss of

autonomy to perform functional skills and as predictors of mortality. The BADLs include

bathing, toileting, preparing food, dressing, and eating. The IADLs include walking a

mile, taking public transportation, shopping and crossing streets. Further studies by

Reuben, Rubenstein, Hirsch and Hays (1992);Rozziti, Frisoni, Bianchetti, Zanetti and

Trabucchi (1993); Scott, Macera, Cornman and Sharpe (1997); Sauvaget, Tsuji, Aonuma



and Hisamichi (1999) used BADLs and IADLs to describe the level of autonomy

required for physical function. Based on this autonomy for physical function, studies

have grouped the elderly into the following categories:

o Physically independent: adults independent in all BADLs and IADLs and can

typically walk outdoors for 800-1000 m.

e Physically frail: adults independent in BADLs but dependent in many IADLs.

They are capable of light housekeeping but often require assistance to continue

living independently.

c Physically dependent: adults who are dependent in both BADLs and IADLs.

The last two groups need assistance and supervision to walk outdoors.

The restriction or lack of ability to perform a task in a manner considered normal

for a human being, due to impairment, is called disability. Impairment is loss or

abnormality of a physiological or anatomical function (World Health Organization

[WHO], 1980). The transition period between the two states has been described as the

preclinical state. Preclinical disability (Lilienfeld and Lolienfeld, 1980) is a state of early

identif,rable functional loss. This loss progresses with the inability to perform the most

demanding to the least demanding tasks (loss in IADLs preceding the loss in BADLs). It

is often said that prevention is better than cure. If the loss of mobility or functional skills

is not detected and treated in this preclinical stage, it will progress to a less healthy life

that includes physical dependency, deconditioning, loss of an activity and an increased

chance of falls.

Wilkin's community based surveys in 1999 indicated that approximately 30% of

people older than 65 years of age fall each year. According to this study, between 1983
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and 1992, falls were the second leading cause of hospitalization among women aged 65

or older and the fifth leading cause among men in the same age group in Canada. Eighty

percent of the most serious injuries reported at age 7 5 years or older were caused by falls.

This study also reported that among the seniors who reported a fall between 1996 and

1997 , 49yo sustained fractures and 22o/o suffered from sprains or strains. Among the body

parls most frequently injured, legs or feet had a30o/o chance of getting injured and arms

or hands had a 25Yo chance of getting injured. At least 90% of hip fractures were

estimated to be caused by falls. In Canada, the cost of 25,000 hip fractures that occurred

in 1990 was estimated to be about $400 million. So Wilkins predicted that current costs

are expected to double over the next 30 years unless comprehensive programs addressing

prevention and treatment are initiated. Older patients who survive hip fractures often

suffer permanent disability and dependency. These observations from Wilkin's study

indicate that falls and their sequelae constitute important clinical and public health

problems.



CHAPTER T\ryO

REVIEW OF LITERATURE

A fall is defined as an event, which results in a person coming to rest

unintentionally on the ground or other lower level surface (Tinetti, 1988). Instability may

also reflect occurrence of falls, presence of fall risk, or the sense that conscious effort is

needed to prevent falling (Studenski and Rigler, 1996). This perceived instability, with or

without a history of prior falling, might be manifested in a syndrome of fear of falling

which was named in 1982 as "post fall syndrome" by Murphy and Isaacs. Later on Bhala

et al., termed it "ptophobia"-phobic reaction to standing and walking. Other studies have

also shown the importance of fear of falling, restriction of activity, deconditioning,

decreased social functioning leading to isolation, and depression (Kressig et al., 2001;

Lawrence et al., 1998; Friedman, Munoz, West, Rubin and Fried, 2002).

Typically, falls in elderly are not due to a single factor but have multiple

contributing factors, which are categorized as intrinsic and extrinsic (Rubenstein,

Josephson and Robbins,1994; Wilson, 1998; Tideiksaar, 1996; Edelberg, 2001). Intrinsic

factors include the following:

. Peripheral sensory loss disorders: diabetic neuropathy, cataracts, macular

degeneration, glaucoma, vestibular deficits;

o Neurological disorders: cerebrovascular accident, Parkinson's

disease, myelopathies, traumatic brain injury, intracranial mass,

vertebrobasilar insuff,rciency, cerebellar disorders;

¡ Cognitive dysfunctions: attention disorders, perceptual def,rcits, anxiety and



depression;

o Arthitic changes, pain, joint arthroplasty of hip, knee and ankle, foot

problems;

o Postural hypotension, metabolic or electrol¡e abnormalities, hypoglycemia,

hypoxia, anemia and hypoxemia;

o Deconditioning leading to reduced muscle strength, range of motion,

decreased endurance, reduced reaction time;

. Cardio-vascular diseases and Chronic Obstructive Pulmonary Disease;

o Use of drugs such as sedatives, antidepressants, diuretics, vasodilators and B-

blockers.

A number of extrinsic factors have been identified. Some of them include the following:

c tjneven or unfamiliar terrain, snow, ice, wet or slippery surfaces;

o Presence ofstairs, lack ofhand rails, slippery steps, absence of

color-contrasted nonskid tape for visibility;

o Throw rugs, curled carpet edges, worn out carpets;

o Raised thresholds, obstacles;

o Low lighting, darkness, increased lighting glare.

Balance Control

Balance control is an important factor when considering mobility and falls in the

elderly. Balance control is frequently defined as the ability to control position and motion

of the body's center of mass over a base of support, such as in standing, or on a track to a

new base of support such as in walking, running or stumbling (Winter, 1995; Pai and

Patton, 1997). The human body consists of multiple segments. Stability of each body



segment is the result of a balance of multiple forces (Winter, 1995; Johansson and

Magnussson, 1 99 1 ; Bouisset and Zatfaru, 1987):

n Gravitation force

o Ground reaction forces

o Motion dependent forces (inertial forces, acceleration)

o Forces produced by muscle activity, and passive tension in ligaments, tendons

and joint capsules.

The dynamic requirements of balance control systems are determined both by the

demands of task (degree of difficulty, static or dynamic) (Maki, Holliday and Fernie,

1990; Balasubramaniam, Riley and Turvey, 2000) and the demands of environmental

conditions. The environmental demands can change substantially according to the nature

of the surface (uneven, complaint, slippery, obstacles) (Jeka and Lackner, 1995;

Shumway-Cook and Horak, 1986), and conditions such as lighting and crowds.

Environments comprise both fixed and varying elements. In order to overcome

obstructions or collisions, the subject must calculate the distance, plan and try to avoid

these obstructions. Such complex central calculations use cognitive and attention

resouÍces for maintaining balance. Extemally paced activities such as stepping onto an

escalator, dual-task performance, and complex or changing environments provide greater

uncertainty, thus producing disturbances depending on the amount of uncertainty present.

In order to meet the challenges of task and environment, the balance system requires

adequate sensory input, efficient central processing and motor processes (i.e.,

coordination, muscle strength, and joint range of motion) (Horak, 1997; Konrad, Marian

and Robert, 1999).



Sensory øspects of balønce control

No sensor alone can provide the necessary information for sensing motion and

orientation of the whole body relative to the environment in which the task is performed

and relative to another body part. Each sensor contributes unique information about

position and motion of the body relative to a reference frame or vertical. There is some

redundancy of sensory information available under certain circumstances. However,

sensory conflict is a situation where one or more sources of sensory input provide

misleading or functionally inappropriate orientation cues relative to the orientation and

motion of the body. The otolith end organs of the vestibular system located in the inner

ear become essential for resolving conflicting sensory information Q'trashner, Black and

Wall 1982). Infomation from each sensor is integrated depending on the state of balance

of the body and the environment in which a task is performed (Kooij, Jacobs, Koopman

and Helm, 2001; Creath, Kiemel, Horak and Jeka, 2002; Peterka, 2002). Some sensors

provide an external frame of reference and some employ intemal ones for spatial

information related to balance control. External frames of reference are provided by

visual, vestibular, and cutaneous sensory receptors (Kandel, Schwartz and Jessel, 2000;

Corso, 1981)

Vision provides position and motion information of foreground and background

items. These inputs provide position information from objects that are aligned vertically

such as doors and windows, thus using them as a vertical frame of reference, and use the

horizon as a horizontal frame of reference. A visual field is divided into foveal (central)

and peripheral fields. Fovea is the central part of the retina that produces high resolution

images with the highest visual acuity. The direction of movement and velocity or



acceleration information is detected by the peripheral visual fields (Kandel et al., 2000)

The vestibular system located in the inner ear provides input concerning the

position and motion of the head with respect to gravity and other inertial forces due to

motion. The semicircular canals sense angular acceleration of the head. The otoliths sense

linear position and accelerations, thus providing information about gravity or the vertical.

Signals from the vestibular system help resolve visual and somatosensory conflicts.

However, the vestibular system sometimes cannot provide the central nervous system

(CNS) with correct information of how the body is moving in space. For example, the

CNS cannot distinguish between a simple head nod and a linear head movement relative

to gravity (i.e., movement of the head while flexing the trunk at the hips using vestibular

inputs alone) (Zupan, Peterka and Merfeld, 2000).

The cutaneous sensors include rapidly adapting Pacinian corpuscles which are

sensitive to vibration, and Meissner's corpuscles which are sensitive to light touch and

vibration. The slowly adapting cutaneous sensors include Merkel's discs, which are

sensitive to local pressure, and Ruffini endings, which are sensitive to skin stretch.

Meissner's corpuscles and Merkel's discs have a small receptive field with fine spatial

resolution, whereas the Pacinian and Ruffrni have a large receptive field with coarse

spatial resolution. Slowly adapting receptors like Merkel's discs detect forces acting on a

specific area of the body, thus detecting pressure. Velocity information is obtained from

rapidly adapting receptors like the Pacinian corpuscles (Gardner, Martin and Jessell,

2000; Gardner and Kandel, 2000).

Proprioceptors provide an internal frame of reference for balance control. They

provide information about the alignment of body segments with respect to each other and
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also about the velocity of movements. Muscle spindles provide this information through

the change in length of muscles and the velocity at which muscle stretch occurs. The joint

receptors are sensitive to changes in the position ofjoints, but can fire only when a joint

has reached its end range because the capsular surface and ligaments are slack in other

ranges. The Golgi Tendon Organs (GTO) provide information about the total tension in a

muscle, which can develop either by muscle contraction or by the stretch of a tendon.

Hence, the GTO cannot provide position information, but can provide some velocity

information (Sargent, 2000).

Age-related changes in the sensory systems

There are age-related changes associated with the sensory systems (Corso, 1981).

In the vestibular system, Issacs (1985) found that otoliths get fragmented and detached,

setting up abnormal signal patterns in the hair cells. Studies by Ross (1979), determined

that deminerahzation of otoconia of the otolith organs occur with age. Rosenhall (1973)

and Rosenhall and Rubin (1975), noted a 40%o reduction in the hair cells of cristae

ampullares in the semicircular canals and also a reduction in the number of nerve cells of

vestibular system by age 70. Krmpotic-Nemanic (1969) observed that there is

accumulation of bony deposits and also a reduction in the number of openings through

which nerve fibers of the vestibular system pass in the endosteal bone of skull. These two

factors produce a compression of nerve fibers and consequently their degeneration.

Stelmach and'Worrington (1985) found that cutaneous sensation and

proprioception show increased th¡esholds for excitability with age. Moreover, the number

of Merkel's discs, and Meissner and Pacinian corpuscles decreased. In addition to

receptor loss, there is a decline of up to 30o/o of the sensory fibers innervating the
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peripheral receptors, causing peripheral neuropathy. Studies by Potvin et al, (1980) and

V/hanger and Wang (I974) showed changes in the peripheral somatosensory system,

which include a loss or decrease in vibration sense mediated by Pacinian corpuscles.

Corbin and Gardner (1937) found that there was a gradual decline in the number of

myelinated fibers of spinal roots. This decrease was attributed to the death of spinal

ganglion cells with age.

Cohn and Lasely (1985) documented losses in visual acuity, depth perception, and

restrictions of the visual field with advancing age. Loss of visual acuity results from

Çataracfs, macular degeneration, glaucoma, diabetic retinopathy, loss of peripheral vision

due to ischemic retinal or brain damage, and decrease in the range of accommodation.

Decline in visual contrast sensitivity causes problems in depth perception and the ability

to perceive objects in glaring conditions. Visual threshold of dark adaptation increases

with age due to reduction in the pupil size.

Motor aspects of bølønce control

External and internal forces act on the human body while performing a task,

which can affect the state of balance. In order to overcome the effects of these forces and

to maintain and to restore balance, the body utilizes two basic neural processes:

Feedforward mechqnisms (also called predictive, anticipatory or proactive)

(Oddsson, 1990; Massion, 1992; Dietz, Trippel, Ibrahim and Berger , 1993; Horak, 1997 ;

Huxman, Goldie and Patla, 2001): These mechanisms predict disturbances and produce

preprogrammed responses that maintain stability. The anticipatory responses are

modified by experience, and the effectiveness of these responses improves with practice.

A first category of feed forward control considers the forces acting on and within
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the body. Segment movements due to disturbances produce inertial and gravitational

forces at distal joints to bring about body stability. The CNS takes into account the

impact of gravity dependent and motion dependent forces on body stability prior to

voluntary movements, thus there is a leamed awareness of how the body moves. The

recruitment of body segments is usually from distal to proximal. In order to stabilize the

segments, muscle activity commences prior to the movements. Activity is noted in the

muscle groups, opposite to the direction of movement (Massion and Wollacotl,1996).

This preparatory muscle activity supports limbs thus minimizingthe disturbances to body

stability during movement.

The second category of feed forward balance mechanisms is based on the visual

system. Information about the presence of obstacles and changes in surface texture is

visually received and interpreted based on experience for its impact on stability (Patla,

reeT).

Feed back mechanisms (also called unpredictive, automatic or reactive) (Mcllroy

and Maki, 1996; Szturm and Fallang,1998; Horak, 1997; Huxman et al., 2001).In this

mechanism corrective balance reactions are evoked following sudden or unexpected

disturbances. The postural adjustments are extremely rapid and reflexive. The reactions

to these disturbances come on in 60100 ms. This timing is too quick for the reactions to

be considered voluntary. Postural adjustments are refined continuously by practice and

leaming, much like skilled voluntary movements.

In standing, minor to moderate unexpected disturbances or perturbations require

only in-place responses like an ankle strategy or a hip strategy. For an ankle strategy the

body behaves as an inverted pendulum or a single mass, rotating about the ankles with no
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appreciable motion about the knees and hips. This describes normal sway pattern during

quiet stance and has been shown for slow and small disturbances Q.[ashner and

McCollum, 1985; Horak and Nashner, 1986). Here, segments of the upper body are in

phase with the movement of lower body segments.

For faster, larger perturbations or when standing on a narrow support surface,

movement around the ankle is not sufficient to maintain balance. This is because the

small muscles of the ankle cannot generate enough force to move the whole body

segment with large velocities, thus restoring the relationship between center of mass and

base of support. Instead multi-link strategies like the hip synergy are utilized, where there

is rapid acceleration of the trunk segment. For the hip strategy the body breaks into two

segments, with the upper segment flexing or extending at the hips. The two segments are

out of phase with each other, as the upper body moves opposite to the lower body.

Movement of body segments is faster in order to combat the impact of large disturbances

on the body's equilibrium, thus achieving a rapid stabilization of the center of mass

(Horak and Nashner, 1986; Szturm and Fallang, 1998; Runge, Shupert, Horak andZajac,

1999; Buchanan and Horak, I999;Ko, Challis and Newell,200l; Schieppati, Giordano

and Nardone,2002). This is brought about by the large hip muscles, which can generate

enough force to produce this movement. Other strategies that have been observed are the

ankle-hip synergy or ankle-hip-knee synergy (Szturm and Fallang, 7998; Ko et al., 2001).

During marked instability, the in-place responses fail as the center or mass cannot

move fast on a stable base of support. Then the base of support is moved to catch up with

the center of mass in a step strategy (Maki and Mcllroy,1997). Here the base of support

is shifted by taking a step away from the perturbation. Other responses to marked
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perturbation include the use of arm as a protective reaction to cushion fall (Horak, 1997).

Balance Assessments

Because of the complex nature of balance, multiple measurement protocols have

been developed to charccterize its various components (Duncan and Studenski, 1994).

The balance assessments developed to date have used tasks that incorporate sensory,

motor, feed forward and feed back aspects of balance control Q'{ashner, l97L; Shumway-

cook and Horak, 1986; Dietz et a1.,1993; Maki and Mcllroy, 1996). But no one single

task can measure all the aspects of balance control. Practical and easy clinical measures

as well as sophisticated laboratory methods have been used earlier for assessments.

Clinicøl assessments of bølønce control

Under the category of clinical assessments, a number of researchers have taken a

functional approach to measure balance performance. Simple tasks like sitting and

standing unsupported, sit-to-stand, reaching for objects at different levels, turning around,

stepping, and standing on one leg were used to measure performance. Performance on

these tasks is typically measured based on the observation of amount of body sway or the

time taken to complete these tashs. All the tasks are voluntary and self-paced and

performed under predictable sensory conditions (i.e., indoors, on aflat, hard, non-

slippery surface with normal lighting conditions). Assessments, which come under this

category, include the following: Tinnetti's Performance-Oriented Assessment of Mobility

and the Berg Balance Test. Other tests like the Functional Reach, Limits of stability test,

Timed Up & Go, and The Step Test are also performed under predictable sensory

conditions as described above, and use the amount of body displacement and time as a

measure to quantify balance performance.
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The Functional Reach and the Limits of Stability test measure performance

through the amount of body displacement over a stable base of support. The Functional

Reach (FR) is defined as the maximum distance one can reach forward beyond arm's

length, while maintaining a fixed base of support in a standing position (Duncan, Weiner,

Chandler and Studenski, 1990). This clinical test is an anticipatory balance control test

and measurement is in inches. Weiner, Pamela, Chandler and Studenski (1992) studied

45 community dwelling elderly with age 78 t 8.4 years. This study showed moderate

correlations between FR and physical and instrumental activities of daily living (r:

0.a8); IADL (r: 0.66) 1O-foot walk time (r: .7I); one foot standing balance (r: .64);

tandem walking (r : .67) and outdoor mobility skills (r : .65).

Duncan, Studenski, Chandler and Prescotl (1992) used FR to predict falls in the

elderly. A total of 217 community dwelling, elderly male veterans were included in this

study. Some of these subjects were diagnosed with significant diseases like Parkinson's

disease, stroke, cerebellar disease, myelopathy, peripheral neuropathy, Meinere's disease,

amputations, joint replacements, hip fractures, and arthritis. Subjects who were able to

stand but unable to reach were eight times more likely to fall than subjects who could

reach 10 in. or farther. Subjects who reached less than or equal to 6 in. were four times

more likely to fall than those who reached 10 in. or farther. Subjects who reached farther

than 6 in. but less than 10 in. were two times more likely to fall than those who reached

10 in. or farther. The shortcoming for FR is that it measures only anterior and posterior

dynamic stability.

Liston and Brouwer (1996) used the Limits of Stability (LOS) test as a clinical

test similar to Functional Reach. The protocol consists of six tests, three of which are
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static and the other three are dynamic. The test involves the use of Balance Master

(Neurocom Inc.) to measure LOS. This test requires the subjects to sway forward and

backward and then sideways to 50o/o of the limits of stability. Another component of the

test battery involves weight shifting to eight targets positioned in an ellipse, the perimeter

of which correspond s to 7 5Yo of the limits of stability. Subj ects were required to maintain

the position at these limits for 3 s. The Balance Master has two separate force plates for

each foot. They are connected to a personal computer with its monitor positioned at eye

level. Center of Foot Pressure (COP) is obtained from the force plate recordings. The

height of the subject and the COP are used to establish the center of mass (COM) of the

subject, assuming that the body moves as a single inverted pendulum. Thus the

displacement of COM is measured in degrees. The theoretical limits of stability are

established tobe 6.25" anteriorly, 4.45" posteriorly and 8o to each side. The area of sway

is calculated and expressed as a percentage of the subject's theoretical limits of stability.

Liston and Brouwer (1996) studied 20 ambulatory hemiparetic subjects, with the age of

subjects ranging from 42 to 75 years, and no history of lower extremity orthopedic

problems or neurological deficits apart from stroke. The LOS scores correlated

moderately with Berg Balance Test. The correlations ranged from r: -0.48 to -0.67. Its

correlation with gait velocity was moderate and ranged from r : -0.49 to -0.72.

Rose and Clark (2000) evaluated the validity of LOS test. Forty-five community

dwelling older adults, with the age of subjects ranging from72 to 85 years were studied.

The inclusion criteria incorporated the following: 1) having sustained two or more falls

requiring medical attention, 2) no known medical diagnosis that might account for

balance difficulties, 3) no cognitive impairments, and 4) independent living status.
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Performance on Balance Master was correlated with Timed Up and Go (TUG) and Berg

Balance Test and the 'r' values ranged from -0.30 to -0.54 and 0.46 to 0.49 respectively.

The Timed Up and Go (TUG) and the Step Test use time taken to perform the

task as an indicator of performance. In TUG test (Podsiadlo and Richordson, 1991), the

time taken by the individual to stand up from a standard arm chair, walk a distance of 3 m

at a comfortable pace without speeding or losing balance, turn, walk back to the chair and

sit down again is measured in seconds. Podsiadlo and Richordson (1991) studied 60

patients with a mean age of 79.4 years from a geriatric day hospital. Subjects were

diagnosed with neurological conditions like mild dementia, cerebrovascular accident,

Parkinson's disease, cerebellar degeneration, rheumatoid or osteoarlhritis, and post

surgical hip fractures. Subjects were excluded if they were medically unstable or with

stage IV Parkinson's disease. The patients' time score on the TUG correlated moderately

with their scores on the Berg Balance Scale (r: -0.72), gait speed (r: -0.55) and Barthel

Index of ADL (r: -0.51). Patients with difficulty in the functional mobility skills were

arbitrarily divided into three groups <20 s (high level functioning), 20 - 29 s (moderate

level functioning), 30 s and more (low level functioning).

Shumway Cook, Brauer and Woollacott (2000), studied 30 community dwelling

older adults, 65 years or older, with no history of neurological or orthopedic disorders.

Fifteen of them had no history of falls, whereas the other 15 had a history of two or more

falls in the past 6 months. The time taken to complete the TUG by older adults with a

history of falls was correlated with the type of assistive device used for ambulation. The

correlation was found to be high (r: .95). For a mean score of 9 s on TUG, subjects used

no assistive devices. For a mean score of 18.l seconds on TUG, subjects used a cane.
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The cutoff value of 14 s was used for predicting the risk of falls among

community dwelling elderly people as investigated by Shumway Cook et al., (2000),

whereas a cutoff value of greater than 30 s was used by Podsiadlo and Richordson

(1991). The differences in the cut off values reflect the differences in subjects used in the

two studies. The study by Podsiadlo and Richordson (1991) used older adults with a wide

range of neurological pathologies, whereas the study by Shumway Cook et al., (2000)

excluded older adults with known neurological diseases. The predictive validity of the

TUG was high, as it correctly classif,red fallers (87% sensitivity) and non-fallers (87%

specificity) (Shumway Cook et al., 2000).

In order to try and improve the sensitivity (predictive validity) of the TUG,

Shumway Cook et al., (2000) modified TUG by adding a manual task (TUGmanuur) of

carrying a glass of water or a cognitive task of counting backwards by threes from a

randomly selected number between 20 and 100. This decreased the sensitivity to 80%

while increasing the specificity to 93o/o. The difference in scores between TUG,nunru¡-

TUG (diffTUG) did not increase the ability to identify community dwelling older adults

prone to falls, which is contradictory to the results of Lundin-Olsson, Nyberg and

Gustafson (1998). Lundin-Olsson et al., (1998) found that with a diffTUG of 4.5 sec or

greater had a higher risk of falling. However the population on which this was tested was

different in both studies. The study by Lundin-Olsson et al., (7998) was again conducted

on subjects with a wide range of orthopedic, neurological and cognitive disorders.

The Step Test (Hill, Bernhardt, McGann, Maltese and Berkovits, 1996) is graded

by the number of steps taken in l5 s. The subjects stand unsupported with feet parallel,

facing a block of height 7 .5 cm. Subjects are told which leg is the stepping leg and
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instructed to place the whole foot onto the block, then return it back down to the floor.

Subjects are to repeat this as fast as possible for duration of 15 s. This test was initially

designed for stroke patients with a wide range of functional disabilities. Hill et aI., (1996)

studied 4i healthy community dwelling older adults with no orthopedic or neurological

disorders (except stroke) affecting balance. Inclusion criteria for the study were as

follows: subjects no older than 60 years, had no history of falls in the lasf 72 months and

who are able to stand unsupported for 30 s. There were strong correlations of r: 0.83

between the Step Test and gait measures (velocity and stride length) but only moderate

corelations of r: 0.68 with Functional Reach. Healthy elderly subjects could complete

12-25 steps on both affected and unaffected legs, whereas stroke patients could perform

0- 16 steps on the affected or unaffected leg. This test utilizes movement patterns and

postural adjustments similar to that required for locomotion or maintaining a stable base

of support while efficiently transferring weight from one leg to the other. This test may

be used for early identification of falling during locomotion.

Under the functional approach are two of the most popular clinical balance

assessments: the Tinetti's Performance-Oriented Assessment of Mobility and the Berg

Balance Test, which have multiple tasks and are similar to the ones described above (i.e.,

FR, LOS, TUG and Step Test). These tests include items such as sitting unsupported,

standing unsupported, standing unsuppofted with eyes closed, sit to stand, stand to sit,

immediate standing balance, reaching for objects at different levels, bending the trunk in

different directions, tuming 360', single leg stance, tandem standing, and step tests. Both

these tests have similarities in the items they contain. About nine items in both the tests

are similar to each other.
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The Performance-Oriented Assessment of Mobility developed by Tinetti (1986)

was designed to predict falls in elderly. This test has nine items in balance assessment

and seven items in gait assessment. Items are scored on a three-point scale from able/safe

to unable/unsafe. The maximum score is 28. The Berg Balance Test (Berg, Wood-

Dauphinee, Williams and Gayton, 1989) consists of 14 items. The items had good content

validity. The Cronbach's alpha for internal consistency was calculated to be 0.96 (Berg et

a1., 1989). Each task is scored on a five point scale (0-4) according to the quality of the

performance or the time taken to complete the task ranging from 0 : cannot perform to 4

: normal performance. The maximum score for this assessment is 56. This test takes

approximately 20 min to complete.

Thorbahn and Newton (1996) used the Berg Balance Test (BBT) to predict falls

in elderly. Sixty-six participants were included who had a mean age of 79.2 years.They

were living independently in the community and were diagnosed with arthritis, hip

arthroplasty, post-laminectomy, fractured vertebrae, stroke and Parkinson's disease.

Scores below 45 indicate that someone is impaired, with an increased risk for falls. BBT

has a sensitivity of 53Yo and a specificity of 96%o to differentiate those at a risk of falls.

The sensitivity of BBT to predict the use of an assistive device was 7 6%o, where as the

specificity was 94%o. Patients with a score of 21-40 on the Berg Balance Test walked with

assistance, and if they reached a score of 4I-56 they were considered independent (Berg

et al., 1989).

The advantage of Tinetti's balance assessment tool is its good sensitivity (%% of

fallers are identified) (Topper, Maki and Holliday,1993).Its disadvantages include poor

specificity (only I I o/o of non fallers were classified correctly), and moderate overall
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predictive accuracy (61% of falls predicted). The study population included 90 subjects

between ages 62-96 years. The inclusion criteria were as follows: able to stand unaided,

able to walk 10 m with or without a walking aid, and no falls within one month prior to

the tests. Though it was found that nine items were similar on the Berg and Tinetti scale,

there was a difference in the sensitivity and specificity levels. This could be due to

differences in the study groups used. But it was surprising to note from the study of

Topper et al., (1993) that, in spite of using healthy elderly subjects without neurological

or orthopedic deficits, the specificity levels of the Tinetti scale were found to be low.

Both the Tinetti balance assessment and the Berg Balance Scale show lack of

consideration of the effects of altered environments (Topper et al., 1993). Not

surprisingly, the literature has shown a high correlation of r: 0.91 between the BBT and

Tinetti Performance Oriented Mobility assessment (Thorbhan and Newton;1996).

Another category, which comes under the clinical assessments, is the perceived

control of balance. Fear is an adverse outcome of falling. Fear of falling associated with

the post fall syndrome is important to assess, as it is likely to confound the factors, which

help in measuring balance performance. This fear may lead to activity restriction and loss

of independence, thus precipitating deterioration in mobility and balance. Therefore,

psychological considerations become important precursors and consequences of falling.

There are two main scales to assess perceived control of balance. They are the Falls

Efhcacy Scale (FES) and the Activity Specific Balance Confidence Scale (ABC). Falls

Efficacy Scale (Tinetti, Richman and Powell, i990) was designed to assess the degree of

self confidence a subject has to avoid a fall during 10 relatively common activities of

daily living, such as taking abath, reaching into cabinets, preparing meals, walking
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around the house, getting in and out of bed, answering the door or phone, getting in and

out of a chair, getting dressed or undressed, personal grooming, and getting on and off the

toilet.

FES is a lO-point, qualitative, continuous scale. Higher scores were associated

with lower number of falls. One denotes extreme confidence and 10 denotes no

confidence at all. Tinetti et al., (1990) studied 56 elderly subjects with a mean age of 78.

Subjects were recruited from a senior center and an elderly housing unit. They had intact

cognitive functioning and were independent in ambulation with or without a walking aid.

To determine independent predictors of FES, a multiple linear regression was conducted.

FES has moderate predictive value for walking speed, witn n3 being 0.487. FES has a

global nature of items and a ceiling effect for higher functioning seniors. The most

diff,rcult task was taking a bath or shower.

Another test developed for perceived control is the Activity Specific Balance

Confidence scale (Powell and Myers, 1995), which includes activities of daily living

performed outside the home. Most of the tasks of FES were included along with some

complex activities, thus having a wider continuum of activity difficulty. It consists of 16

items. Internal consistency for the ABC was 0.96 and FES was 0.90 (Cronbach's alpha)

(Powell and Myers, 1995). For ABC, confidence on a task was recorded from 0 - I00%.

As the percentage increased the amount of confidence on the activity increased. The ABC

scale was more appropriate for assessing seniors at various levels of functioning,

particularly more active persons, whereas the FES was most suitable for seniors who

were frail and housebound.
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Løborøtory tests for øssessment of balønce control

Tests of sensory function

In order to meet the challenges of the task and environment, balance control

system requires adequate sensory input from visual, somatosensory, vestibular systems

and efficient central integration of this information (Horak, Diener and Nashner, 1989).

All three primary sources of spatial information are required to distinguish between

self-motion, visual background or visual target motion, and base of support motion. The

tests developed till now, which measure the ability to stand still under different sensory

conditions, are the Sensory Organization Test (SOT) and the Clinical Test of Sensory

Interaction and Balance (CTSIB).

Nashner in l97I developed a sophisticated laboratory test, The Sensory

Organization Test, with an objective to measure the contribution of each sensor in

maintaining equilibrium when other senses are either eliminated, conflicting or when

sensory information is distorted. The SOT was later commercialized and named the

"Equi Test" (Peterka and Black, 1990). This is an expensive device costing around

$170.000 CAD (Canadian). The Equi Test involves the use of an instrumented platform

system including a movable support surfaces for the feet. This support surface rotates

about an axis co-linear with the ankle joint. In addition to this, there is a movable visual

surface open on the back and bottom sides, which also rotates about an axis co-linear

with the ankle joint. Force plate recordings are used to measure the center of foot

pressure. Six conditions are tested with the subject maintaining an erect standing position.

o In Sensory Condition 1, the subject stands on a firm stable surface with eyes open.

o In Sensory Condition 2,the subject stands on a f,rrm stable surface with eyes
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closed. Information from the visual source is thus eliminated.

In Sensory Condition 3, the subject stands on a firm support surface, which is

stable, but the visual surround sways in proportion to the body sway (visual-sway

referencing). In this situation there is no motion between the head and visual

surround. Thus, the visual system reports that the body is not moving. However,

the body is swaying forward and backward. The visual information is misleading

or in conflict with this reality. In this case, if the subject uses only visual cues,

then he/she will fall. The vestibular and somatosensory cues could provide

accurate and functionally appropriate information to overcome the visual conflict.

In Sensory Condition 4,the support surface on which the subject is standing is

sway stabilized in a manner similar to the visual surround above in Condition 3.

As a subjects sways forward or backward, the platform also rotates forwards or

backwards to null the displacement about the ankle joint (support surface-sway

referenced). Here the somatosensory inputs provide distorted information about

body sway. Vision and vestibular could provide accurate information in this

condition.

In Sensory Condition 5, the subject stands on a sway-referenced support surface

with eyes closed. Here the somatosensory inputs are distorted and visual inputs

eliminated. Vestibular inputs could provide accurate information.

In Sensory Condition 6, the subject stands on sway-referenced support surface.

The visual surround is also sway-referenced. Here, the visual information is

conflicting and the somatosensory information distorted. The vestibular

information is still accurate.
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Performance during the Equi Test is quantified by the maximum peak-to-peak

displacement of the center of foot pressure in a20 second time period. In young, healthy

individuals, for sensory conditions 1 and 2there are only a few degrees of body sway.

The body sway progressively increases through conditions 3 to 6, as established from

performance measures. Sensory conditions 5 and 6 are the most difficult conditions.

Validity of the Equi Test (SOT) has been tested in vestibular disorders, and vestibular

function tests were used to set the criterion validity (Di Fabio, 1996). A number of

studies have used the SOT to examine balance impairment and fall risk in different

patient groups.

Simmons, Richardson and Pozos, (1997) and Di Nardo et a1., (1999) have used

SOT to examine the impact of reduced cutaneous sensibility from the feet in diabetics.

Simmons et a1., (1997) studied a sample of 50 subjects aged 30 to 70. They studied 27

Insulin dependent diabetes mellitus subjects without cutaneous deficits. The remaining23

subjects with bilateral cutaneous sensory deficits in the foot included 17 subjects with

Insulin dependent diabetes mellitus and 6 subjects with Non-insulin dependent diabetes

mellitus. Subjects were prescreened to exclude individuals using medication that would

affect balance, or those with knee, ankle or hip injuries. There were no significant

differences in the equilibrium scores between healthy age-matched controls and subjects

with insulin dependent diabetes mellitus. There were statistically significant (p< 0.05),

substantial differences between age-matched controls and subjects with insulin dependent

diabetes mellitus and cutaneous deficits on Conditions 3 through 6. Differences \¡/ere

most evident in Conditions 5 and 6. Similar findings were found in the study by Di Nardo

et al., (1999), who studied 24 controls, 30 subjects with Insulin dependent diabetes
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mellitus without peripheral neuropathy, and 15 subjects with Insulin dependent diabetes

mellitus with peripheral neuropathy of age 30 + 5 yrs.

SOT has been used extensively for evaluating vestibular patients. Black, Shupert,

Peterka and Nashner (1989) studied 14 patients aged 18 to 85 with unilateral peripheral

vestibular dysfunction. Seven patients underwent excision or section of vestibular nerve

due to unilateral acoustic neuromas or Meniere's disease, andT patients underwent

labyrinthectomy due to Meinere's disease or cholesteatoma. SOT was repeatedat2

weeks, I month, 3 months, 6 months, 7 year and yearly intervals thereafter. Sway was

judged abnormal if the patient fell, was forced to take a step, or if the amplitude of the

subject's sway exceeded the 95tl'percentile limits for the population of 216 normal

subjects. The postoperative session was divided into three periods: 0-9 days, 10-99 days

and 100-999 days. Prior to the operation,36Yo of the patients swayed excessively or fell

in Conditions 5 and 6. Only 5 o/o of the normal population fell in the same conditions.

Recovery of the postural control was rapid. Five patients showed abnormalities in both

Conditions 5 and 6 preoperatively and 6 patients showed abnormalities in the same

conditions at 10-99 day interval. Test results continued to improve slightly at even longer

postoperative intervals. Only 3 patients showed abnormalities in both Conditions 5 and 6

at 100-999 day interval. All the patients with unilateral vestibular deficits were 100%

abnormal on all trials in Conditions 5 and 6 at 0-9 days interval. The abnormality ranged

ftom7)Yo to 20Yo on Conditions 5 and 6 at 10-99 days interval. The proportion further

reduced and ranged from 50% to almost negligible percentages on Conditions 5 and 6 af

100-999 days interval. In addition, two-thirds of the patients also showed abnormalities in

Conditions 3 or 4. The inability of some patients to control posture in Conditions 3 and 4
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disappeared within 2 to 3 weeks of the operation and residual postural control

abnormalities occurred in Conditions 5 and 6, which require vestibular information to

maintain balance. At approximately 6 months following the operation, three fourths of

the patients had recovered normal postural control.

Another study by Evans and Krebs, (1999) used SOT to examine the impact of

bilateral and unilateral loss of vestibular inputs on balance control. Studies were

performed on29 subjects with their age ranging from 31-90 years. Twenty-two subjects

suffered from bilateral vestibular hypofunction and 7 from unilateral vestibular

hypofunction. Detailed vestibular function tests were performed to differentiate between

unilateral and bilateral vestibular hypofunction subjects. None of the subjects had

vestibular rehabilitation before these experiments. Subjects were free from

musculoskeletal disorders and central nervous system deficits. Large differences were

found on Conditions 5 and 6 between people of this study and control groups. Sixteen of

the total 29 patients fell. There were no age-matched controls used in this study.

Therefore, equilibrium scores of the control subjects of other studies were used for

comparison purposes (Whipple, Wolßon, Derby, Singh and Tobin, 1993; Cohen, Heaton,

Congdon and Jenkins, 1996). Large differences can be observed between the normative

scores of the age-matched controls and the bilateral vestibular hypofunction subjects

from Conditions 3 through 6. However,large differences between age-matched controls

and unilateral vestibular hypofunction subjects were found only on Conditions 5 and 6.

Other studies have used SOT to examine the performance of unilateral vestibular

hypofunction patients Q.Jorre, Forrez and Beckers,1987; Barin, Seitz, and Welling,

1992). However, it is difficult to interpret the data of unilaterul vestibular hypofunction
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patients because it is unclear whether their lesion is compensated or uncompensated.

Previous research has shown that SOT detected deficits in72%o of the patients with CNS

deficits or CNS dysfunction combined with Peripheral Vestibular Deficits (PVD). When

patients with only PVD suffering from either Meniere's disease or Bilateral peripheral

vestibular hypofunction were evaluated, only 45Yo had abnormal posturography (Di

Fabio, 1996).

A number of studies have used SOT to evaluate balance control in elderly

subjects. Peterka and Black, (i990) studied 2I4healthy subjects agedT to 81, uniformly

distributed over the entire age range. They had normal neurological and otological

examinations. There \A/ere no histories of dizziness, diabetes, hypertension, heart disease

or other systemic diseases and no use of psychotropic drugs. Conditions 3, 5, and 6 were

found to be difficult, since more falls were reported. The percentage of single and

multiple falls on more than one sensory condition started from the age of 40 and

substantially increased from 60 to 70 years. Linear regression analysis revealed a

significant age effect; as the age increased, balance performance decreased and the

number of falls increased.

In another study by Whipple et a1., (1993),34 young subjects with a mean age of

35 years were compared to 239 elderly with a mean age of 76.5+5 years. They were

independent in ambulation, with no history of skeletal or joint abnormalities, visual

impairments, neurological diseases affecting motor function, episodic loss of

consciousness, and deafness. On Condition 4, there were statistically significant þ<

0.004) moderate differences in equilibrium scores between young and elderly, and

statistically signif,rcant (p< 0.004) large differences on Condition 5 and 6. in both the
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groups, percentage of subjects with loss of balance was zero on all conditions except on

Conditions 5 and 6. Six percent of the young had loss of balance on Condition5 and9o/o

on Condition 6. Thirty-two percent of the elderly had loss of balance on condition 5 and

52Yo on Condition 6.

Cohen et al., (1996) studied a sample of 94 ambulatory and community dwelling

subjects independent in ADL. Subjects had no prior history of otological, neurological or

significant orthopedic problems. Subjects did not take any medications known to affect

vestibular function. Subjects were divided into 4 groups of 32 young(18-44),30 middle-

aged (45-69), 19 old (10-79), and 13 elderly (80-89). Statistically significant (p< 0.0001)

and substantial age effects were observed on sensory Conditions 4 through 6. There were

mild differences in equilibrium scores between the young and middle-aged on Conditions

3 and 4 and moderate differences on Conditions 5 and 6. The old and elderly did not

differ much except on Conditions 5 and 6, where there were large differences. There were

moderate differences between the middle-aged and old on Conditions 3 and 4 andlarye

differences on Conditions 5 and 6. On Condition 5 there were 70o/o falls in the middle-

aged and elderly and only 30o/o falls in old subjects. On Condition 6, there were 100%o

falls in elderly, 30% falls in old and young and only 10% falls in the middle-aged

subjects.

In order to emulate the conditions of SOT, a low technology, clinical based test

called the Clinical Test of Sensory Interaction and Balance (CTSIB) was devised by

Shumway-Cook and Horak in 1986. Here they used a medium density foam pad

(50x50x8 cm) to replicate the sway referencing sensory condition of the SOT. The

advantage of foam over SOT is that the sway referencing of surface is not limited to only
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the pitch plane, but rather can be sway-referenced in all directions. The foam also

manipulates the ground reaction forces, which act on the body. As a result, the subject

receives delayed and distorted information from the pressure sensors of feet and ankle

proprioceptors. This technique uses three visual and support surface conditions timed for

30 seconds. Techniques for quantifying sway included: i) numeric ranking system

(1:minimal sway Z:mild sway 3:moderate sway 4:fall), ii) use of a stop watch to record

the amount of time the patient maintains erect standing in each condition, and iii) use of

grids or plum line to record body displacement.

El-Kashlan, Shepard, Asher, Smith-Wheelock and Telian (1998) evaluated the

correlation between CTSIB and the Equi Test (Sensory Organization Test). This study

was performed on 69 normal subjects with no visual disorders, vestibular disorders, and

peripheral neuropathy. Subjects were divided into four groups from ages 20-49,50-59,

60-69 and 70-79 years. Another group consisted of 35 subjects with vestibular

dysfunction and with vestibular symptoms longer than 4 months. These subjects were

age-matched with the controls. The patients underwent vestibular rehabilitation, which

included exercises like head movements, head straight Hallpike maneì.rver, postural

control activity and graduated walking program. The performance at the baseline and

through a period of 3 months was compared on both CTSIB and SOT in patients with

balance disorders. The correlations of the CTSIB with the SOT through this period

ranged from 0.41 to 0.89 with increased correlation scores at 2 months.

Allum, Zamani, Adkin and Ernst (2002) investigated the differences in the trunk

pitch and roll sway using CTSIB and SOT. Twenty-five normal subjects were studied

within the ages ranging from 20-35 years. Trunk sway was measured under two-legged
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stance conditions once with eyes open and then eyes closed

o While standing on a foam support surface (50 x 50x20 cm height, density 0.5

kg/m3)

Anterior-posterior (pitch) sway referenced condition of the SOT Q.{eurocom Inc.)

Standing on the same sway-referenced surface as in # 2 but with the body tumed

90o so that instability is in the medial-lateral plane (roll).

Trunk sway at the level of Ll -2 was measured using two angular velocity

transducers, one for pitch and another for the roll plane. Peak-to-peak angular velocity

and displacement were computed for pitch and roll plane. Angular displacement was

obtained after integrating the angular velocity traces. Frequency analysis was performed

on the angular velocity traces, separately for pitch and roll over the range 0.8-5.2 Hz and

laterthe values were binnedat7.2,2.4,3.6 and 4.8 Hz. There were significant differences

in roll angular displacement with eyes closed (p<0.01) and roll angular velocity with eyes

open (p<0.05) between foam and ro11 sway referencing condition on SOT. The angular

displacement was increased on SOT and the angular velocity was increased on foam.

There were significant differences in pitch angular displacement (p<0.01) and velocity

(p<0.05) with eyes closed between foam and pitch sway-referencing condition on SOT

with increased displacement and velocity on SOT. There were no signif,rcant differences

in the roll angular displacement with eyes open and roll angular velocity with eyes closed

between foam and roll sway-referencing condition of SOT. There were no significant

differences in pitch angular displacement and velocity with eyes open between foam and

pitch sway-referencing condition of SOT. Trunk roll velocities with roll sway-referencing

of SOT were less than those for a foam support surface. It was concluded that use of a
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foam support surface was a more complex balance task than SOT sway referencing in

pitch plane. Results obtained from roll sway-referencing of SOT were more comparable

to the balance tasks on a foam surface. The use of foam permits sway in both pitch and

roll directions in contrast to the limitation of a uniaxial sway-referenced conditions of

SOT.

Over the years, several studies have evaluated balance performance on foam and

firm surfaces and have used different methods to quantify performance. Studies by

Teasdale, Stelmach and Breunig (1991) and Gill etal., (2001) have used foam to compare

performance of elderly and young. These studies employed four different conditions:

normal, firm surface with eyes open then closed, and standing on foam with eyes open

then closed.

Teasdale et al., in 1991 studied 10 young subjects with a mean age of 2I.5 years

and 18 elderly subjects with a mean age of 74 years. The elderly subjects had no

musculoskeletal defects or neurological deficits, were not taking any medication, and had

no history of falls. Center of foot Pressure (COP) was calculated from the force plate

signals. A number of dependent variables were computed to quantifu performance, which

included COP deviation range, COP variability, COP sway velocity, and COP sway

density histograms. The total sampling period for a trial was 80 s. The sway range,

variability, and velocity were significantly greater (ranging fuom p< 0.001 to 0.05) in

elderly than young by eliminating vision and distorting surface. Sway density histograms

showed that l4yo of time was spent by elderly in an"at risk" area (i.e., outside 20mm of

their COP). Only 7Yo of the time was spent by the young in at risk area for the altered

surface and vision condition. Thus, the eyes closed foam condition highlighted indicated
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marked age impairments in balance control. Results in this study also showed that

exclusion or disruption of only one sensory input was not sufficient to differentiate the

elderly from the young.

Gill et al., (2001) studied young (15-25 years, n:48), middle-aged (45-55 years,

n:50) and elderly subjects (65-75 years, n:49). They were free from musculoskeletal,

vestibular or somatosensory disorders. An angular velocity transducer was used to

measure performance in sagittal (pitch) and frontal (roll) planes. The test protocol

included stance tasks, on normal and foam surface with eyes open or closed. Performance

was measured using the range þeak-to-peak) of angular displacement and velocity in

sagittal and frontal planes. Significant effects of age (p< 0.01, 0.05) were observed on the

performance of stance tasks under four different sensory conditions. The young and

middle-aged performed better than elderly on all conditions except on foam with eyes

closed, where there were no differences between the middle-aged and the elderly. The

drawback of this study was that the angular velocity transducer was placed in the lumbar

region, which is close to the axis of rotation of trunk segment. Any change at the

proximity ofjoint axis requires large displacements of the distal part of the trunk

segment. Hence, minimal or moderate changes in trunk displacements or velocities would

have been missed.

Lord, Caplan, Colagiuri. R, Colagiuri. S and Ward (1993) and Roger, Wardman,

Lord and Fitzpatrick (2001) evaluated balance performance using a compliant surface on

diabetics with and without peripheral neuropathy.

Lord et al., (1993) evaluated body sway of diabetics comprising 10 men and 15

women with a mean age of 67.I X7.6 years. Subjects with diabetes had no clinical
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symptoms of neuropathy (touch, vibration, proprioception). The control group was

matched for age and sex, and included subjects living independently in the community

without a history of any falls in the previous 12 months. Testing was performed on a f,rrm

and foam surface with eyes open or closed. Body sway was measured with a sway meter.

This consisted of a rod attached to the subject at waist level. A pen was attached at the

end of a rod, which measured horizontal displacement of the body in forward and

backward directions on graph paper with a millimeter square grid. Total sway (number of

square millimeters square traversed by the pen) was recorded for 30 s. Results showed

that the magnitude of change in performance of diabetics declined consistently through

the four sensory conditions (firm surface, eyes open or closed; foam, eyes open or

closed). Among control subjects there was virtually no change in the magnitude of

performance until Condition 3. For Condition 4,there was a large change in the

magnitude of performance of controls. However, the performance levels of diabetics

remained lower than that of the controls (p< 0.0I,0.05).

Rogers et al., (2001) performed studies on47 subjects to determine the effects of

passive tactile cues on body stability during standing. Subjects were divided into four

groups: a group of 8 young healthy subjects with a mean age of 26.9 years, a diabetic

group of 14 subjects with peripheral neuropathy (deficits in vibration and touch

thresholds), and with a mean age of 60 years, l0 elderly fallers who reported one or more

falls in the previous 12 months with a mean age of 74.2 + 2.9 years,l5 non-fallers with a

mean age of 74.7 + 4.5 years. Subjects were tested on a rigid and foam surface with eyes

open or eyes closed. The amplitude of body sway in sagittal plane was measured using

video based techniques. Two markers were placed; one on the right tibial tuberosity, and
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the other at the level of T2-4 vertebra. Marker displacements were measured under

conditions with and without tactile stimulus at the shoulder and leg levels. Data for each

trial was collected for 40 s and later the root mean squares were calculated. Under all the

sensory conditions without tactile stimulus, it was observed that the young swayed the

least. Older non-fallers performed better than the diabetics and older fallers (p<0.05).

Subjects swayed 38%o more with eyes closed than eyes open (p<0.0001) and 630/o morc

on foam than on a rigid, firm surface þ<0.0001). Interestingly in this study, the diabetics

performed better than the non-fallers on foam surface with eyes open but swayed more

than the non-fallers on ltxed surface.

Allum et al., (2001) evaluated balance performance of vestibular patients on a

foam surface. They studied 15 acute unilateral peripheral vestibular deficit patients and

88 healthy, age-matched subjects. All healthy-aged were free of any orthopedic,

vestibular or somatosensory disorders that would influence balance control. Stance tasks

were performed on foam and fixed surface with eyes open or closed. An angular velocity

transducer was placed at the lumbar region of back for measuring performance. Balance

performance was quantified as the peak-to-peak angular velocities and angular

displacements in the sagittal and frontal planes for duration of 20 s. Moderate to large,

statistically signif,rcant (p< 0.01) differences were found in the peak-to-peak angular

velocities and displacements between UVD (Unilaterul Vestibular Deficit) and normal

subjects when standing on foam with eyes closed. No differences were observed in the

peah-to-peak angular displacements and velocities, on fixed surface with eyes open or

closed.

Summarizing the results of studies on SOT and foam, we draw conclusions that,
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the SOT surface sway-referenced conditions with eyes closed or visual surround

sway-referenced are found to be distinguished in all patient populations tested. These

findings are similar to the tests performed using a foam surface. Standing on foam

surface with eyes closed condition is found to be distinguished in patient populations. In

the above-mentioned studies, elimination or distortion of only one sensory input is not

suff,icient to differentiate between the healthy and patient populations. However, when

two or more sensory signals are either eliminated or distorted, the differences between the

populations enhanced. In these sensory test conditions, the signals from the vestibular

system are neither eliminated nor distorted. Hence, they are always present unless they

are partially or completely eliminated due to pathology or age-related changes. Therefore,

the vestibular system helps in resolving conflicts arising from other sensors (i.e., visual or

somatosensory). This does not mean that the vestibular system provides the most

important sensory information. Deterioration of perforrnance on these tests is not due to

greater reliance on one sensor and lesser reliance on the other, but it is due to the inability

of body to identify an external reference point to orientate itself when two or more

sensors are altered.

Tests of motor function

A different experimental paradigm, the moving platform, has been used to

examine the motor processes involved in balance control. A number of studies have

abruptly and unexpectedly moved the platform upon which a subject stands. This causes

the subject to lose balance momentarily and requires a rapid compensatory response to

restore balance Q.,lashner, I976;Horak and Nashner, 1986; Szturm and Fallang, 1998). A

good analogy to this test is what happens when we are standing in a bus that suddenly
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accelerates. Feedback mechanisms of balance control are evaluated by this procedure.

For small ramp disturbances, an ankle strategy is used. Here, the body acts as an inverted

pendulum with pivot motion at ankle joints. As the movement of an inverted pendulum

is completely rigid, trunk and lower limb motion are in the same direction and hence are

in phase with each other Q.üashner and McCollum, 1985; Horak and Nashner, 1986). For

fast or large body disturbances, the movement of body segments should be quicker in

order to combat the impact of large disturbances on body's equilibrium, thus achieving a

rapid stabilization of the center of mass. For this the movement at ankle joints alone is

not enough to overcome the forces acting on the body. This necessitates recruitment of

additional degrees of freedom such as hip and knee joint motions. In hip strategy, the

body behaves as a dual-segment dividing at the hips, with the trunk as one segment and

lower limbs as the second. In a hip strategy, hip flexion is accompanied by ankle plantar

flexion and hip extension is accompanied by ankle dorsiflexion. Thus, the two segments

are completely out of phase with each other. Functionally, a pure hip flexion cannot be

elicited (Maki, Mcllroy and Perry, 1996; Maki, Edmonstone and Mcllroy, 2000; Szturm

and Fallang , 1998; Runge et aL, 1999). Hence, the body utilizes multi-link synergies like

the ankle-hip and ankle-hip-knee synergies.

In contrast, when a platform is moved sinusoidally (10-20 continuous cycles), at

frequencies of 0.1-1 .64H2, subjects can anticipate platform movements that is, the stops

and reversals after a few cycles. Subjects maintain their balance by moving different

segments of their body to an appropriate extent, thus producing preparatory adjustments

in advance. These adjustments are in accordance with the direction and frequency of

platform motion (Dietz et aL, 1993; Buchanan and Horak, 1999; Ko et a1,2001).It has
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been shown thatat low frequency platform translations, all the joints showed very small

ranges of angular motion. Subjects froze their degrees of freedom, so that the entire body

operated as a single rigid segment. Body segments were held vertical, and moved forward

and backward together with the platform. This was called the "riding strategy". As the

frequency of platform increased, the postural system changed from a single segment

mode to a multi segment mode that is, from an ankle strategy, ankle-hip mode, ankle-

hip-knee mode (Dietz et a1.,1993; Buchanan and Horak, 1999; Ko et a1.,2001;

Schieppati et aL.,2002). Subjects rely more on vision at higher frequencies (Buchanan

and Horak, 1999; Ko et al., 2001; Schieppati et a1.,2002). For slow sinusoidal

translational frequencies (0.1 and 0.25 Hz), with or without vision, subjects maintained

an erect stance and rode the platform. For fast sinusoidal translational frequencies (1.0

and 1.25 Hz) with eyes open, subjects fixed their head and trunk in space, and the lower

body swayed with the platform, operating as a pendulum hanging down from the trunk.

Without vision, slow sway head and trunk motion emerged for fast frequencies (>0.75

Hz) (Buchanan and Horak, 1999;Ko etal.,200I; Schieppati et al., 2002). The effects of

vision in damping the head motion are first seen at a translational frequency of 0.5 Hz.

In order to examine the role of vision, light touch and vestibular information on

balance control, Horak, Buchanan, Creath and Jeka (2002) studied 6subjects with

bilateral vestibular loss who were paired with age and sex-matched control subjects. Two

experiments were conducted. Experiment 1 studied the response of subjects to six

sinusoidal translational frequencies ranging from 0.1-1 .25 Hz, with eyes open or closed.

The support surface was translated to cover a distance of 12cm. The vestibular subjects

were divided into two groups: poorly compensated consisting of 3 subjects and well-



38

compensated consisting of 3 subjects. Performance was reported based on the magnitude

of linear horizontal displacement of reflective markers located on the trunk, head and

index finger in space. Displacement was measured as the average peak-to-peak

displacement, whereas the standard deviation of displacement was used to quantify

response variability. There were no significant differences in upper trunk displacement

between the well-compensated vestibular loss group and control group. In contrast,

poorly-compensated vestibular loss subjects produced large swaying motion of upper

trunk and head at all frequencies, even with their eyes open (p<0.05). The control and

well-compensated subjects had consistent variability of upper trunk displacement across

all the frequencies of perturbation. The poorly compensated subjects had increasing

variability of upper trunk displacement for each increase in frequency of surface

translation (p<0.05). With eyes closed, falls were observed in 80% of attempted trials in

poorly compensated subjects, 55o/o of trials in well-compensated subjects and 160/o of

control subject trials at higher frequencies.

Experiment 2 studied the response of subjects to f,rve rotational frequenctes

ranging from 0.01-0.4H2. Subjects stood eyes closed, with or without a provision of light

touch. The support surface was sinusoidally rotated, + I.2o toes up and toes down.

Performance was measured based on the magnitude of COM and COP displacements.

The vestibular loss subjects could stabilize the COM to surface at low frequencies but at

high frequencies the COM variability increased with an increase in frequency (p<0.02).

However, when provided with light touch as a stable reference, the COM variability of

vestibular loss subjects was equivalent to the control subjects at all frequencies,

eliminating any deficits in their postural response. It was concluded that both vision and
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light touch were able to compensate for loss of vestibular function by reducing variability

at high frequency oscillations.

From the sinusoidal platform studies, we come to a conclusion that the upper part

of body receives visual information and stabilizes itself with respect to an external frame

of reference of the environment. Body obtains information about surface from the

proprioceptors and cutaneous receptors. The vestibular system plays an equally important

role as obtained from the results of poorly compensated vestibular subjects from the

study of Horak et al., (2002). The task of stabilizing body under the conditions of this

study requires input from all sensory systems. Horak et al., (2002) showed that when two

or more sensors are taken away either partially or completely (in this case vestibular and

vision), the body has difficulty finding a reference point to stabilize itself in the

environment and uses different strategies to maintain the relationship of COM over BOS.

Summary

Balance is necessary for maintaining position, postural adjustments during

voluntary movements, carrying out activities of daily living, and during reactions to

external disturbances. In order to maintain stability during movements and to restore

stability following a sudden disturbance the body depends on a varied source of spatial

information. This spatial information provides internal relationship of body segments

with each other and relationship of body with the external environment. Clinical tests

developed till date, do not focus on all aspects of balance control. Some clinical

assessments of balance either use observation or timed tasks to quantify balance

performance. These tasks are usually self-paced and are performed on fixed, predictable

surfaces. They do not assess sensory or other motor aspects of balance. Ordinal scales
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like those used by the Berg Balance Test and Tinetti's Performance Oriented Mobility

Assessment divide balance performance is into broad categories, thus their ability to

detect borderline pathologies is poor. Tests like the FES and the ABC use subjective

evaluation, which bring about inconsistent scoring. Laboratory tests like the Equi Test

and moving platforms, measure the sensory and motor aspects of balance but they are

expensive tests and are not portable and accessible to an average clinician. CTSIB,

though clinically available, measures balance only in stance tasks and uses either time or

a qualitative approach to measure performance. Other studies, which have used foam to

distort and delay cutaneous inputs, have used quantitative methods to measure body

sway. Studies, which used motion sensors, placed them in the lower lumbar region.

Because of their placement, they do not necessarily provide information about movement

of the whole trunk segment and how the lower extremity movements contribute towards

the displacement and velocity of COM. For example, the amplitude of trunk displacement

is minimal for the ankle strategy when compared to hip. However, the displacement of

COM is minimal for the hip strategy when compared to ankle strategy as the lower parts

of body move to nulliff the effect of large trunk displacement. Hence this methodology

may not be reliable enough. Studies, which have used force plate to measure sway, used

COP as their primary outcome measure. But the measurement of COP only provides a

good estimate of the position and motion of COM when the body behaves as a single

inverted pendulum (Winter, 1979).
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Clinical Relevance

At this point there arises a necessity for the development of a clinical tool, which

is easily accessible and administered in a clinical environment. It should also incorporate

the essential features of assessment of balance control of both the Equi Test and moving

platform. The use of foam to distort the sensors would replicate the sway-referencing

conditions of Equi Test. Recent publication by Allum et al, (2002) has shown that

dynamic balance performance measure on foam is virtually equivalent to the Equi Test.

With foam, the sway-referencing of the surface is not just limited to anterior-posterior

direction, but is random in all directions. The surface being compliant cannot accept

normal forces from the feet as the body moves and sways. Therefore, the subject receives

distorted and delayed spatial information from the pressure sensors of feet and ankle

proprioceptors. When standing on foam there is an increase in frequency and magnitude

of body sway. The direction of movement is unpredictable. Thus, in order to maintain

standing balance, continuous rapid balance adjustments of varying magnitudes are

required.

Moreover, there would be little cost associated with foam as compared to the Equi

Test or other devices like the Balance Master. Till recent, studies have used force

platforms and motion sensors attached to the trunk to quantiff the level of balance

impairment in individuals with peripheral neuropathy (Lord et a1.,1993; Roger et al.,

2001), vestibular disorders (Allum et al., 2001) and in elderly (Teasdale et al., 1991; Gill

et a1.,200I). Based on the methodologies used in these studies and in an attempt to

further refine them, we choose to use accelerometers. These accelerometers will be

placed on the trunk and shank segment to obtain the COM information. Motor tests of
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balance like those of the moving platform paradigm will be incorporated. This will make

the tasks more dynamic and will examine the motor processes and actions involved in

balance control. Thus, this clinical tool will be evaluating feed forward (predictive,

dynamic balance control) and feed back balance control processes, essential to deal with

uncertainty in the environment. Hence this test battery will contain measures related to

sensory and motor processes typically encountered during standing tasks and

indoor/outdoor walking.

Purpose

The purpose of this study was to develop a clinical tool, which would include the features

of

t. Sensory Organization Test of eliminating, distorting or conflicting sensory

information and measuring the contribution of different sensors to balance

control, and

The platform motion paradigm to evaluate both predictive and unpredictive

aspects of balance control, which change according to the characteristics of

environment and as a function of task.

Objectives

The objectives of this study were as follows:

1. To examine the test-retest reliability of the protocol using specific measures

obtained from acceleration signals. Thus, to determine whether the selected

measures from acceleration signals were reproducible in a sample of young and

healthy individuals.

2. To evaluate the differences in balance performance over arange of tasks while

2.
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subjects performed the ankle and hip synergies under conditions where the

sensory frames of references that is, vision and surface were either eliminated or

distorted. To quantity the movement strategies and balance performance of

subjects from the signal analysis of accelerometers located on the upper trunk and

shank and center of mass computed from video based motion analysis in sagittal

plane.

Hypothesis

1. The selected measures from acceleration signals during the two test batteries were

reproducible.

2. Both vision and surface compliance had an effect on the balance control system

of subjects and the frequencies and amplitudes of movement strategies that is, an

ankle strategy and hip strategy.
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CHAPTER THREE

METIIODOLOGY

Subjects

Subjects included 15 (8 females and 7 males) healthy, active, young and

middle-aged adults between ages20 and 40 years. Subjects were volunteers recruited

from student groups and fellow graduate students from University of Manitoba and

friends. They were fully informed of the requirements of the study, recording procedures

and what was expected out of them. Subjects were also asked to sign a consent form. The

University of Manitoba, Faculty of Medicine Ethics Committee approval was sought and

granted prior to the enrollment of subjects. A short discussion with each individual was

held to get information about their activity levels and also to rule out any history of

neurological or musculoskeletal problems that would affect their balance and orientation.

Experimental set-up and procedures

Procedures ønd tøsk

Subjects were asked to wear running shoes, black shorts and a T-shirts to allow

the placement of accelerometers and reflective markers. They were asked to stand on a

fixed or compliant surface at a comfortable stance, weight evenly distributed, and their

feet right below their hips. They bent their arms at90" at elbow in sagittal plane so that

the ASIS (Anterior Superior lliac Spine) and hip markers will not be obscured. A white

screen with random multi-colored dots, 2.5 m wide and 4 m long and 1.5 m away from

subjects encompassed the full field of vision. This prevented the subjects from getting

any information of verticality from the environment. Peripheral vision was restricted
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(with only three fourths of the visual field available) with flaps on either side of a

headband worn by the subjects. Participants performed eight tasks each with duration of

25 s. Rest periods were provided if requested by subjects. A physiotherapist stood at all

times beside the subject and provided aid only when necessary. A trial was classified as a

fall if the physiotherapist aided the subject in maintaining their balance.

Each subject attended two sessions for test-retest reliability. The first session of

tests with accelerometers and motion analysis required 40 min for completion, whereas

the second session with only accelerometers required 15 min for completion. Subjects

stood on two different surfaces: normal, fixed surface and a compliant surface. For

compliant surface condition a foam pad of dimensions 20x20x4 in., purchased from an

upholstery store was used. Density of this foam was 1.58 pounds/cubic foot and its25Yo

IFD (indentation force deflection) was 70 pounds. A wooden board of dimensions

10x16x 0.75 in. was placed on this foam to distribute the forces applied by body on the

foam equally. This was done with a thought to minimize the compression of foam and

normalizing the affect of differences in body weight. As described above, foam was used

to distort the information from cutaneous sensors of feet and the ankle proprioceptors.

This added a degree of uncertainty to the tasks.

The following sets of tasks were conducted:

1) Sensory tasks: Participant stood still on a foam surface with eyes closed, in a

similar way done by Teasdale et al., (1991), Gill et al., (2001), Allum et al., (2001)

for 25 s.

2) Motor tasks: Subjects were instructed to oscillate anteriorly and posteriorly within

limits of stability for 25 s at defined frequencies. In terms of maintaining
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relationship between the position and motion of center of mass relative over a

stationary base of support, these tasks were equivalent to the sinusoidal

translations of a moving platform apparatus (Buchanan and Horak, 1999; Ko et a1.,

2001). Subject oscillated forward and backward at low frequencies of 0.25 Hz for

an ankle movement strategy (i.e., one forward and backward movement in 4 s) and

at moderate frequencies of 0.5 Hzfor hip movement strategy (i.e., one forward and

backward movement in 2 s).

A metronome was used to control the frequency of movements. All the above-

mentioned tasks were performed on normal surface and foam with eyes open or eyes

closed, except for an ankle strategy, which was performed on both surfaces only with

eyes open. All the trials were randomized to control for order effect.

Meøs urement instruments

Bi-axial, 29 accelerometers were used to measure and record the acceleration of

two body segments. This was similar to the methods used by Gill et al., (2001), Allum et

al., (2001) and Allum et al., (2002) who used an angular velocity transducer to evaluate

balance control. Two miniatwized bi-axial accelerometers (ADXL202; +l- 29; ÃnaIog

Devices) were taped to the skin on upper trunk at the level of T2 spinous process and on

the shank, 1 in. below the tibial tuberosity. Care was taken to tape the accelerometers at

exact positions so that there was consistency between the two sessions. 2nd order

Butterworth High and Low pass filters were used with cutoff frequencies of 0.01 Hz and

100 Hz respectively. For the calibration of accelerometers, a reading of the 0 g point was

determined by orientating the accelerometer parallel to the vertical (direction of gravity),

and then perpendicular for + 1 g reading. The sensor was then turned 180" to measure -1
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g reading. The sensitivity of the accelerometer ADXL202 was 300 mV/g at +5 V.

The acceleration signals were collected and stored on computer using a 16

channel, 16-bit, A/D (Analog/Digital) converter Q.{ational instruments) and the sampling

rate was 500H2. An IBM computer with windows ('98) operating system was equipped

with a 16 channel, 16-bit analog to digital converter for data collection. Labview version

6 was installed on this computer for collecting data at a frequency of 500 Hz. A

synchronization system was used to synchronize the acquisition of signals from the

channels and light emitting diodes through the trigger VI. The synchronization system

activated the two light emitting diodes (LEDs) placed in view of the two cameras of

motion analysis system.

Video based motion analysis

Subjects were filmed using a video camera. Panasonic AG-450 was placed on the

left side of sagittal plane and connected to a VCR (Panasonic AG 7350). The shutter

speed chosen for the camera was 11250. The camera was placed on a stationary box at a

fixed distance from the subject. In order to highlight the reflective markers, a spotlight

was focused on the left side of subject's body and placed adjacent to the camera. Before

each experiment, a calibration rod was also filmed, which provided a reference to scale

the coordinate data. This information obtained was used as a scaling factor to relate pixel

units to real units when digitizing the markers.

Circular light reflective markers were placed on anatomical landmarks defining

the end points of body segment joint axes of rotation. The markers were placed on the

following as shown in Figure 1, on:
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Vefiex Heod

Chin/Neck Angle
Shoulder

ACCelerOmeter {-
(T2 spinous process) Centre of Body

Mass - Calculated

Greoter Trochonter

Knee Joint Line

L, Molleolus

Colconeous

5th MetoÌorsol

-------> Elbow

Accelerorneïer 4-
(upper shonk

boord

4" sponge

Fig 1 Placement of reflective markers on anatomical landmarks and the
acclerometers on trunk and shank segments.
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I Vertex of the skull - head

2 Ramus of the mandible - chin-neck angle

3 Mid point of the lateral aspect of the humeral head - shoulder

4 Lateral epicondyle of humerus - elbow

5 Anterior superior iliac spine - pelvis

6 Greater trochanter - hip

7 Laferul condyle of femur - knee

8 Lateral malleolus - ankle

9 Calcaneus

10 Fifth metatarsal

The peak 2D video motion analysis system (Peak Performance Technologies Inc.

7835 S. Revere Parkway, Suite 601, Englewood, Colorado) was used to digilize x and y

coordinates of the centroid of each marker. A sampling rate of 60Hz (60 images per

second) was used by the video system. For each trial, atotal of 600 images were digitized

from the onset of movement. This raw coordinate data was low pass filtered at 5 Hz using

a fourth order Butterworth zero phase lag digital filter.

The following parameters were calculated:

Ð Joint angular displacement, velocity and acceleration of the ankle, knee, hip,

shoulder and neck joints

iÐ Segment angular displacement, velocity and acceleration of the head, trunk,

pelvis, thigh and shank segments

iii) COM displacement relative to space and displacement of center of mass

relative to foot
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The joint and segment angles were defined as follows:

Ð Ankle angle: line which joined knee to lateral malleolus, and lateral malleolus

to fifth metatarsal

ii) Hip angle: line which joined ASIS to greater trochanter and greater trochanter

to knee

iii) Knee angle: line, which joined greater trochanter to knee and knee to lateral

malleolus.

iv) Head segment: vertex to the ramus of the mandible and mandible to the

vertical.

v) Trunk segment: line which joined shoulder to ASIS and ASIS to the vertical

in sagittal plane

vi) Thigh segment: line, which joined greater trochanter to knee and knee to

vertical.

vii) Shank segment: line which joined knee to lateral malleolus and lateral

malleolus to vertical.

The Total Body Center of Mass in the sagittal plane was calculated using the

following:

Ð End point coordinate data

ii) Anthropometric data obtained using Dempster's technique (Winter, 1990)

iiÐ Subject's body mass

The displacement of Total Body Center of Mass was defined as the center of mass

relative to space (CM-S). The displacement of the x -coordinate of the lateral malleolus

was subtracted from the x-coordinate of the center of mass (CM-S) to obtain the
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relationship of the center of mass relative to the foot (CM-F). The CM-F indicated the

position of Total Body Center of Mass in relation to the base of support.

Data Analysis and Performance Measures

For Sensory Tasks

Ð For peak-to-peak analysis, differences between the maximum positive and

negative values of the amplitudes for acceleration signals as well as COM

displacement signals were calculated. The peak-to-peak magnitudes for the

amount of body movement over the 25 s time period was calculated in a

similar fashion to Whipple et aI., (1993); Simmons et al., (1997); Di Nardo et

al., (1999); Evans and Kerbs, (1999).

Root mean square (RMS) analysis was performed for quantifying the amount

of body sway. The peak- to-peak measurements might not take into account

slow drifts in the displacements signals of body segments around the mean

position. RMS brought about some measure of the deviation, with a curve and

a set of data scattered about the curve. The residual difference between the

data point and the curve at the some horizontal value (directly below or above

the data point) was calculated. This residual might be positive or negative.

The mean squared deviation was calculated by adding up all the squared

residuals and dividing the sum by N-l. RMS was calculated for COM position

and acceleration signals in a similar fashion like Rogers et al., (2001); Corna,

Tarantola, Nardone, Giordano and Schieppati, (1999).

iÐ
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i)

For Motor Tøsks

Cross correlation analysis of the accelerometer signals was used as an index for

motor coordination (Lekhel, Marchand, Assainte, Cremieux and Amblard,1994;

Corna et al., 1999; Schieppati et a1.,2002). The cross correlation function was

quantified based on the peak of the function, which in most cases occurrcd atzerc

phase. The cross correlation analysis determined if the segments or signals are in

phase with each other or out of phase while performing the strategies. A value of

r:1 for the correlation coefficient indicates an equal pattern and direction of body

segment displacement; a value of r:-1 in indicates equal pattern but opposite

direction of displacement.

A frequency analysis was performed using the Fast Fourier Transformation

techniques for acceleration and COM displacement signals. The Fourier

Transform separated a waveform or function into sinusoids of different

frequencies, which summed to the original waveform. The Fourier Transform

translated a function in the time domain into a function in the frequency domain.

The original signal could be reconstructed by adding up all the different frequency

components. The end of one signal segment did not often cormect smoothly with

the beginning of the next. These glitches were reduced by making sure that the

ends of a signal matched. This was done by forcing them to be zero at the ends.

For this the signal was multiplied by a'window' function. A window function has

the property that its value and all its derivatives were zero atthe ends. The

amplitude spectrum of a waveforrn was usually the set of amplitudes of the

sinusoidal components into which a Fourier Transform would arnlyze it and the

iÐ
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power spectmm was the square of this amplitude spectrum. A power spectrum

analysis was performed using the Fast Fourier Transformation techniques (Corna

et al., 1999; Allum ef a1.,2002) for the trunk and shank acceleration signals, and

center of mass signals obtained from the motion analysis system. For the present

data we computed the signal powers in the following frequency ranges as those

used by Coma et al., 1999 and Allum eta1.,2002. They were 0-0.5, 0.5-3 Hz

Statistical Analysis

Each subject attended two sessions with a gap of 1.5 weeks. This was done to

assess the test-retest reliability of the clinical tool. It was assumed that the subjects did

not change and did not get any training on foam during this period.

Reliability was used to measure the extent to which a scale or an instrument

would yield the same score when administered at different times, locations, or on

different populations. Test-retest reliability, measured stability over time (i.e.,

administering the same test on the same subjects at two different times). Observed scores

of reliability are usually broken down into two components: true score plus error score.

The error score, in turn, can be broken down into systematic error (non-random error

occurs due to the methodology used-also called method error) and random error (due to

random traits of the subjects-also called trait error). The greater the error component in

relation to the true score component, the lower the reliability, which is the ratio of the

true score to the total (true + error) score.

For this experimental analysis test-retest reliability was evaluated using Inter

Class Correlation coefficient (Cronbach's alpha). SPSS version 11 was used for all

statistical procedures. The following dependent variables were selected for this purpose:
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Average peak-to-peak analysis, RMS analysis, cross coffelation and power spectrum

analysis for acceleration and COM displacement signals. A Cronbach's alpha score of at

least 0.50 was indicative of test retest reliability. Generally, if the time interval is short,

people may be consistent. This occurs if the task involved was influenced by the usage of

declarative memory (events accessible to conscious recollection; easily formed and

forgotten). But in the present scenario, the task involved, required the usage of procedural

memory (recalled without conscious recollection i.e. automatic; longer to form). So the

effect of memory on reliability was considered to be very minimal. However, if the

interval was long, then the results would have been confounded by learning and

maturation that is, changes in the person themselves. Learning through maturation and

changes in a person was avoided by selecting a group of subjects who were active and

healthy and belonged to an age group with highest level of balance control skills. Hence,

active, healthy subjects with lesser diversity in their age groups were preferred. Making

the instructions easily understood, adhering to proper test administration, and providing

consistent scoring reduced measurement error. It was ensured that the lab conditions

remained the same for better reliability of the test.

Analysis of Variance (ANOVA) was used to calculate the variability caused by

the experimental conditions on subjects as same people took part in each condition.

ANOVA partitioned the variance in subjects' scores into between-subjects variation (this

can be ignored), within subject's variation due to the experimental condition (what we are

interested in), and within subject's variation due to "experimental error" (which needs to

be taken into accounÐ. ANOVA allowed us to compare the variance caused by

independent variable to a more accurate error term which has had the variance caused by
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differences in individuals removed from it. The independent variables in this study

included surface and vision. The dependent variables included the average peak-to-peak,

RMS, cross conelation and power spectrum analysis of variables like the COM and

acceleration signals while performing a hip and an ankle strategy. Therefore, ANOVA

was performed to see how vision and surface, individually and in combination, affected

these dependent variables. For ankle strategy only the surface was distorted, whereas for

the hip strategy the surface was distorted and vision eliminated.

Some of the disadvantages of within-subject ANOVA included the carry over

effect and order effect. These disadvantages were solved by randomizingthe trials and

allowing sufficient time between treatments.
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CHAPTER FOIIR

RESULTS

The results section addressed two main objectives of this study

1) Examined the test-retest reliability of the protocol using specific measures from

acceleration signals.

2) Evaluated the differences in balance performance while subjects were performing

an ankle or hip strategy under conditions where the sensory frames of references

that is, vision and surface were either eliminated or distorted.

The results are presented in the following three sections:

1) Intra Class Correlation Coeffrcient (ICC), Cronbach's alpha values for the test-

retest reliability.

2) General features of the data through the sensory conditions for a hip and an ankle

strategy.

3) Effects of vision and surface on different measures of acceleration signals and

COM displacement signal:

o Root Mean Square

o Peak to Peak Analysis

c Cross correlation analysis

o Power spectrum analysis

Test-Retest Reliability

Table ra,b, c present ICC values for hip strategy, ankre strategy, and quiet

standing between trial L and trial 2. Figures 2,3, and 4 present the same as histograms.
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ICC (CRONBACH,S O) VALUES

Table 1a

Root Mean Square Analysis of Acceleration Signals while Performing Dffirent

Strategies.

Note. p value was obtained from /-tests. Eo: Eyes open; EC: Eyes closed; Trunk=

Trunk acceleration signal; shank: shank acceleration signal; NA: Not Applicable.

*p. .05.

COND VALUES

HIP STRATEGY

Trunk Shank

ANKLE STRATEGY

Trunk Shank

QUIET STAND

Trunk Shank

FIXED, EO ICC

p value

ICCFIXED, EC

p value

FOAM, EO ICC

p value

FOAM, EC ICC

p value

0.46

1.00

0.77

0.76

0.30

0.65

0.60

0.10

NA

NA

0.7r

0.10

NA

NA

0.57

0.80

NA

NA

0.81

1.00

NA

NA

NA NA

NA NA

NA NA

0.04 * 0.20 NA NA

0.52

0.20

0.55

0.05

0.64

0.20

0.73

0.30

NA NA

NA

0.91

0.40

NA

0.48

0.20
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Table ib

Power Spectrum Analysis of Acceleration Signals while Perþrming Dffirent Strategies.

Note. p value was obtained from l-tests. EO: Eyes Open; EC: Eyes Closed; Trunk (0-0.5

Hz) : first frequency bin of Trunk acceleration signal; Shank (0-0.5 Hz) : first frequency

bin of Shank acceleration signal; NA: Not Applicable.

COND VALUES

HIP STRATEGY

Trunk Shank

(0-0.5 Hz) (0-0.5 Hz)

ANKLE STRATEGY

Trunk Shank

(0-0.5 Hz) (0-0.5 Hz)

QUIET STAND

Trunk Shank

(0-0.5 Hz) (0-0.s Hz)

FIXED, EO ICC

p value

FIXED, EC ICC

p value

FOAM, EO ICC

p value

FOAM, EC ICC

p value

0.52

0.90

0.61

0.20

0.65

0.80

0.43

0.90

0.77

0.40

0.75

0.70

0.72

0.70

0.65

0.70

0.66

0.93

NA

NA

0.77

0.12

NA

NA

0.62

0.30

NA

NA

0.82

0.80

NA

NA

NA

NA

NA

NA

NA

NA

0.90

0.40

NA

NA

NA

NA

NA

NA

0.58

0.1 1
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Table lc

Cross Correlation Analysis of Accelerations Signals while Perþrming Dffirent

Strategies.

Note. p value was obtained from /-tests. EO: Eyes Open; EC: Eyes Closed; Trunk vs.

Shank: correlation between Trunk and Shank acceleration signals; NA: Not

Applicable.

CONDITION VALUES HIP STRATEGY ANKLE STRATEGY QUIET STAND

Trunkvs. Shank Trunkvs. Shank Trunkvs. Shank

FIXED, EO ICC

p value

ICC

p value

ICC

p value

ICC

p value

FIXED, EC

FOAM, EO

FOAM, EC

0.72

0.40

0.86

0.10

0.61

0.70

0.81

0.11

0.51

0.70

NA

NA

0.80

1.00

NA

NA

NA

NA

NA

NA

NA

NA

0.06

0.10
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TabIe2

Percentage of ICC (Cronbach's a) Values above Acceptable Levels.

Note. The percentage values include all four sensory conditions for a particular strategy.

RMS : Root Mean Square; Cross Cor = Cross correlation analysis

STRATEGY u VALUE RMS CROSS CORR POWER SPECTRUM

HIP

STRATEGY

ANKLE

STRATEGY

QUIET

STANDING

0.5

0.7

0.5

0.7

0.5

0.7

87.50%

3750%

t00%

s0%

50%

s0%

t00%

75%

r00%

s0%

0%

0%

87.50%

37.s0%

100%

50%

r00%

s0%
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Figure 2.ICC values for the Root Mean Square Analysis of trunk and shank acceleration

signals while performing different strategies. The Y-axis represents Cronbach's alpha

values. A horizontal line at 0.6 represents an accepfable level for Cronbach's alpha value.
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Figure 3. ICC values for cross correlation analysis between trunk and shank
acceleration signals while performing different strategies. The Y-axis represents

Cronbach's alpha values. A horizontal line at 0.6 represents an accepted level for
Cronbach's alpha value.
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After a detailed presentation of Cronbach's values for ICC in table la, b, c, and

figures 2,3 and ,table 2 presents a summary of percentages of ICC values above a

moderate level of 0.5 and a higher level of 0.7. The three dependent variables: root mean

square (RMS), cross coffelation and power spectrum analysis of acceleration signals were

compared from trial I and2 while performing an ankle and a hip strategy and during

quiet standing.

The test-retest reliability scores for an ankle strategy were better than hip strategy

or quiet standing. Also the test-retest reliability scores of the cross correlation analysis

were better than RMS oï power spectrum. In general, we saw that an average of 90Yo of

the values from all the three analyses were above an alpha value of 0.5 and about 50%o of

the values were above 0.7 level of alpha value. Therefore, the test battery had moderate

test-retest reliability.

Another approach taken to evaluate test-retest reliability was to compute a paired

/-statistic on each dependent variable of the first and second test. Our objective was to

check if the test measured the same phenomena over time. The probability values of the r-

tests are presented along with the ICC values in table 1 a, b and c. These values mostly

ranged from 0.1 to 1 which showed no significant differences between trial 1 andZ taken

1.5 weeks apart. A few notable exceptions were observed on the most difficult

conditions, in particular, the RMS analysis of trunk acceleration while performing a hip

strategy on fixed, eyes closed condition (p:0.04) and foam, eyes closed condition

(p:0.05). This could have arisen from type I error. An average of 94o/o of the probability

values of f-tests were > 0.1.
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General Features

Seven out of 16 (44%) subjects fell on foam, eyes closed (visionxsurface)

condition when they performed the hip strategy. Four out of 16 (25%) subjects fell on

foam, eyes open (surface effect) condition when they performed an ankle strategy.

Hip Strøtegy: Acceleration ønd Centre of Mass Position Signøls

In terms of trunk and shank accelerations and COM position signals, the hip

strategy performed under the four different sensory conditions have been presented for an

average, typical person and aperson who performed the worst among all the subjects in

the following figures. Figure 5, presents the raw data for a typical person and Figure 6

presents data of the subject with worst performance. Data is presented for the initial 8

seconds ofeach trial.

To note: performance was based on visual inspection of the consistency of sinusoidal

pattern over a 20 s time period and whether afall was recorded.

The peak-to-peak magnitudes of trunk acceleration signal decreased when

subjects performed a hip strategy on foam surface as compared to the fixed floor surface.

There were no consistent increases or decreases in amplitudes observed when vision was

eliminated while performing hip strategy on foam or a fixed surface. Most subjects could

maintain the rh¡hmic cycling of trunk acceleration but a few subjects could not maintain

the cycling and lost balance, in particular on foam surface with eyes closed. Seven out of

16 (44%) subjects fell on foam, eyes closed (visionxsurface) condition while performing

the hip strategy.
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There were small changes in the amplitudes of shank acceleration on different

surfaces with eyes open or closed. One expectation was performing a hip strategy on

foam with eyes closed where the amplitudes decreased consistently. Subjects could not

maintain the rh1'thmic cycling of shank acceleration compared to the trunk acceleration

when standing on foam with eyes open or closed.

The peak-to-peak magnitude and amplitudes of the COM position signals

decreased when the subjects performed a hip strategy on foam surface. Though the vision

conditions did not show any changes on fixed surface conditions, it was observed that the

subjects could not maintain the rh1'thm of cycling and the peak-to-peak magnitudes

increased maximally on foam surface with eyes closed.

Ankle Strategy: Acceleration and Centre of Mass Position Signøls

Figures J and 8 show the raw data for a typical person and a person who

performed worse respectively while performing an ankle strategy. The raw data presented

here is for the initial eight seconds of the trials. In general, the rhythmic nature and peak

to peak magnitudes did not change for the acceleration signals as a function of surface

conditions, whereas for some subjects it was evident that the peak to peak differences in

magnitude for the trunk and shank acceleration signals increased from fixed to foam

surface. For a typical person, performing an ankle strategy on a foam surface, the

rhythmic nature or peak-to-peak magnitude did not change for COM position signals. For

a few subjects, there was a decrease in cycle amplitude and maximal increase in the peak-

to-peak magnitude when there was a loss of balance. Four out of ß (25%) subjects fell

on foam, eyes open condition while performing an ankle strategy.



oo\o

-0.18

Trunk

-0.58

-0.15

Shank

-0.40

8

COM

-8

Fixed, Eyes Open

Time in seconds 8s

Figure Z. Recordings of trunk, shank acceleration and COM position signals for the initial I s are
presented in the order from top to bottom. The recordings are for a typical subject performing an
ankle strategy. The units for Y-axes for COM displacement signals are measured in centimeters.

Foam, Eyes Open

+t

+



o'\o

-0.18

Trunk

-0.58

Fixed, Eyes Open

8

COM

-8

Time in seconds 8s

Figure Z. Recordings of trunk, shank acceleration and COM position signals for the initial 8 s are
presented in the order from top to bottom. The recordings are for a typical subject performing an
ankle strategy. The units for Y-axes for COM displacement signals are measured in centimeters.

Foam, Eyes Open

+t

-F



T..-

-0.18

Trunk

-0.42

-0.20

Shank

-0.35

4.8

COM

-4.8

I

I

Fixed, Eyes Open

0.15 r-

Time in seconds (8 sec)

Figure B. Recordings of trunk, shank acceleration and COM position signals for the initial 8 s are presented

in the order from top to bottom. The recordings are for a worse performer performing ankle strategy. The

units for Y-axes for COM displacement signals are measured in centimeters. The unit for acceleration is

m/st.

Foam, Eyes Open

-0.50

0.10

-0.70

12

-10



7T

Main and Interaction Effects on the Dependent Variables

The main effects of this study were surface and vision. These effects along with

their interaction had an impact on the dependent variables, which included the root mean

square, peak-to-peak, cross correlation, and power spectrum analysis of the acceleration

signals. table 3 a,b, c and d present the results of analysis of variance, which provides

information about the impact of these main and interaction effects on the trunk and shank

segments when the subjects performed a hip or an ankle strategy. 'NS' suggests that the

main or interaction effects had no significant impact on the acceleration of body

segments. 'NA' suggests non-applicability of the main and interaction effects.

Root Mean Square Anølysis

The group means and standard deviation for the root mean square analysis of the

trunk and shank acceleration signals while performing a hip and ankle strategy are

presented in Figure 9. A univariate ANOVA was used to compare the main effects of two

factors, surface (fixed, foam) and vision (eyes open, eyes closed) on the trunk and shank

acceleration signals while performing a hip and an ankle strategy. The results of ANOVA

are presented in table 3a.

The results of ANOVA for a hip strategy showed that there \¡/ere no significant

effects of the main factors (surface, vision) and the interaction (visionxsurface) on the

trunk acceleration. Ap-value of 0.06 for the effect of vision on shank acceleration was

obtained. While the surface factor or visionxsurface interaction did not have significant

effects.

The results of ANOVA for an ankle strategy showed that there were no

significant effects ofsurface on the trunk and shank acceleration.
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MAIN & INTERACTION EFFECTS ON DEPENDENT VARIABLES

Table 3a

ANOVA on Root Mean Square Analysis of Acceleration Signals while Performing

Dffirent Strategies.

Note. Table presentsp values for a univariate ANOVA. Vis*Surf : Vision and Surface

interaction; Trunk: Trunk acceleration signal; Shank: Shank acceleration signal; ns:

not signif,rcant; NA: Not Applicable

EFFECTS
HIP STRATEGY ANKLE STRATEGY

TRLTNK SHANK TRUNK SHANK

VISION

SURFACE

VIS * SURF

NS

NS

NS

0.06

NS

NS

NA

NS

NA

NA

NS

NA
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Table 3b

ANOVA on Peak-to-Peak Analysis of Acceleration and COM Signals while Performing

Diffirent Strategies.

Note. Table presentsp values for a univariate ANOVA. Vis*Surf : Vision and Surface

interaction; Trunk: Trunk acceleration signal; Shank: Shank acceleration signal; COM

: Center of Mass displacement signal; ns : not significant; NA: Not Applicable.

*p 30.05.

EFFECTS

VISION

SURFACE

VIS * SURF

HIP STRATEGY ANKLE STRATEGY

TRTINK SHANK COM TRLINK SHANK COM

NS

0.06

Ns

NS

NS

NS

0.03*

NS

0.04*

NA

NS

NA

NA

NS

NA

NA

NS

NA
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Table 3c

ANOVA on Cross Corcelation Analysis of Acceleration and COM signals while

P erforming Dffi r e nt Str at e gi e s.

Note. Table presentsp values for a univariate ANOVA. Vis*Surf : Vision and Surface

interaction; Trk: Trunk acceleration signal; Shk: Shank acceleration signal; COM:

Center of Mass displacement signal; ns : not significant; NA : Not Applicable.

*p t0.05 *þ 
-<0.01

EFFECTS

VISION

SURFACE

VIS x SURF

HIP STRATEGY ANKLE STRATEGY

Trk vs. Shk Trk vs. COM Shk vs. COM Trk vs. Shk Trk vs. COM Shk vs. COM

NS

0.07

NS

ns

0.003*'e

NS

0.08

NS

NS

NA

0

NA

NA

0.05*

NA

NA

NS

NA
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Table 3d

ANol/A on Power Spectrum Analysis of Acceleration and CoM Signals while

P erþ r ming D iffer e nt Str ate gi e s.

Note. Table presentsp values for a univariate ANOVA. Vis*Surf : Vision and Surface

interaction; Trunk (0-0.5 Hz): first frequency bin of Trunk acceleration signal; Shank (0-

0.5 Hz¡: first frequency bin of Shank acceleration signal; COM: first frequency bin of

Center of Mass displacement signal; ns = not significant; NA: Not Applicable.

? < 0.05 *? < 0.01

EFFECTS

ViSION

SURFACE

VIS x SURF

HIP STRATEGY ANKLE STRATEGY

Trunk Shank COM

(0-0.5 Hz) (0-0.s Hz) (0-0.5 Hz)

Trunk Shank COM

(0-0.s Hz) (0-0.s Hz) (0-0.5 Hz)

NS

0.001**

NS

0.01

0.02*

ns

NS

0.02*

NS

NA

NS

NA

NA

NS

NA

NA

0.02*

NA
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Peøk-to-Peøk Analysis

The group means and standard deviation of the peak-to-peak trunk and shank

acceleration signals and COM position signals while performing a hip strategy, an ankle

strategy and quiet standing are presented in Figure 10. A multivariate ANOVA was used

to compare the main effects of surface and vision on the trunk and shank acceleration and

COM position signals while performing a hip and an ankle strategy. The results of

ANOVA are presented in table 3 b.

Ap-value of 0.06 for the effect of surface on trunk acceleration was found when

the subjects performed a hip strategy. The peak-to-peak magnitudes of the trunk

acceleration decreased when the subjects perfotmed on foam surface as compared to

fixed surface. Vision did not have any significant effects while performing a hip strategy.

There were no significant effects of surface, visual conditions or the interaction on the

peak-to-peak magnitudes of shank acceleration. The peak-to-peak magnitude of COM

position was affected by vision (p<0.05) and visionxsurface (p<0.05). The peak-to-peak

magnitudes of the COM position signals increased from fixed surface to a foam surface

with eyes closed. Judging from the error bars in Figure 9, there was a consistent trend for

increased standard deviations for the more diff,rcult tasks (i.e., on foam and with eyes

closed) for hip strategy.

The results of ANOVA for an ankle strategy showed that the surface factor did

not have any significant effect on the peak-to-peak magnitudes of trunk, shank

acceleration and COM position signals. However, there was a consistent trend for

increased standard deviations on difficult tasks (i.e., foam surface) for ankle strategy.
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Cross Coruelation Analysis

The group means and standard deviation for the cross coffelation analysis of the

trunk and shank acceleration signals and COM position signals while performing a hip

strategy and an ankle strategy are presented in Figure 1 1. A univariate ANOVA was used

to compare the main effects of two factors, surface and vision on the cross correlation of

trunk versus shank acceleration, trunk acceleration versus COM position signal and shank

acceleration versus COM position signal. The results of ANOVA are presented in table

3c. The cross correlation function was quantified based on the peak of the function,

which in most of the cases occurred at zero phase.

Judging from Figure 1 1, the peak cross correlation value oftrunk and shank

acceleration increased when the subjects stood on foam as compared to a fixed surface.

However there was no significant surface, vision or interaction effect on peak cross

correlation value of trunk and shank acceleration while performing a hip strategy.

The surface did have a significant effect on peak cross correlation of trunk

acceleration and COM position signals for both hip and ankle strategy (p<0.05). The peak

cross correlation values between trunk acceleration and COM position signals increased

when the subjects stood on foam for a hip strategy and decreased for an ankle strategy.

Vision and visionxsurface interaction did not have any significant effect on peak cross

correlation of trunk acceleration and COM position signals when a hip strategy was

performed.

Figure 1 1, shows a trend towards increase in peak cross correlation values of

shank acceleration and COM position signals in eyes closed condition as compared to

eyes open condition on either surfaces. Howevet, this difference did not reach statistical
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significance (p:0.08). The cross correlation between shank acceleration and COM

position signals increased with eyes closed while standing on foam/fixed surface for a hip

strategy. Surface and visionxsurface interaction did not have any significant effect on

peak cross correlation value of shank acceleration and COM position signals when hip or

ankle strategies were performed.
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Figure 11. Group means and standard deviations for cross correlation analysis
of trunk, shank acceleration signals and COM position signals while
performing different strategies. The error bars represent standard deviations.
Trk: Trunk acceleration signal; Shk: Shank acceleration signal.
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Power Spectrum Analysis

The total signal powers \¡/ere separated into three frequency bins: 0-0.5 Hz, 0.5-3

Hz andtotal power but the ANOVA was performed only on the f,rrst frequency bin that

is, 0-0.5 Hz as majority of the total signal power was present in the f,rrst frequency.

spectra. The group means and standard deviation for the power spectrum analysis of

trunk and shank acceleration and COM position signals while performing a hip strategy

and an ankle strategy are presented in figures 12 and 13 respectively. A multivariate

ANOVA was used to compare the effects of surface and vision on tmnk and shank

acceleration and COM position signals. The results of ANOVA are presented in table 3d.

Results showed that surface had significant effect on the power in the lower

frequency bin for the trunk and shanl< acceleration and COM position signals (p<0.05)

when a hip strategy was performed. Vision had significant effect only on power spectra

of shank acceleration þ:0.01). The visionxsurface interaction did not show any

significant effects on po\¡/er spectra of trunk and shank accelerations or the COM position

signals. It was observed from the data presented in Figure 12 that as the difficulty levels

of the tasks increased within the sensory conditions the power shifted from higher

frequencies to lower frequencies. Within the low frequency bin, for trunk acceleration

and COM position signals the power increased when the subjects performed a hip

strategy on foam surface, whereas, for shank acceleration the power increased when the

subjects performed a hip strategy on foam with eyes closed.

The results of ANOVA while performing an ankle strategy showed that surface

had a significant effect on power spectra of COM position signal (p:0.02). There were no

significant effects of surface on trunk or shank acceleration. The power of the COM
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position signal increased with the subjects performed ankle strategy on afoam surface

than on a fixed surface.
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CHAPTER FIVE

DISCUSSION

The goal of this study was to work towards the development of a clinical tool to

objectively measure the outcome of dynamic balance skills. The task protocol included

some features of the sensory organization test based on eliminating or distorting sensory

information, and also the platform motion paradigm for evaluating predictive and

unpredictive aspects of balance control.

Main Findings

o Intra Class Correlation of test-retest reliability performed between test 1 and 2

yielded values, which were at moderately acceptable levels of reliability.

o Surface characteristics, as a single factor, brought about differences in balance

performance when compared to conditions where vision was eliminated. Subjects

moved at lower frequencies while standing on a foam surface that is, they moved

slower as the balance requirements increased with the difficulty level of the task

conditions (compliant surface).

. Coordination between trunk and shank segments increased with the difficulty

level of the task condition.

Tes t-Rete s t Re lia b iliry

An Intra Class Correlation was performed and Cronbach's alpha value was

calculated for test-retest reliability. A two-way mixed model was selected where the

subject effects were random and item effects were f,rxed. Most researchers have
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suggested that a Cronbach's alpha value of 0.5 to 0.7 is acceptable (Schmitt, 1996;

Cofiina, 1993).

The alpha value calculated depends on the number of items and total variance in

the test performed. It is impossible to measure something exactly, as some error always

exists. If a measurement taken is symbolized as: X : A * e, then X stands for the exact

measurement of the phenomena, A stands for the avelage of all measurements, and e

stands for the amount of error. There are two types of error: random error and nonrandom

eror. Nonrandom (systematic) enors are those that are inherent to the measure, and build

up with each repeated measurement. These errors are constant and usually arise from the

instrumentation used in experiments. Non-random effors are picked up by validity

studies.

Reliability studies search for random error. An inverse relationship exists between

random error and reliability (Carmines andZeIIer,l9l9). The random elrors in reliability

studies arise due to a person's inability to score the same at different times, and such

differences increase as the complexity of the task increases. These elrors, apart from

systematic etrors, can arise from differences in environmental conditions like lighting and

ventilation. In our experiment care was taken to keep the environmental conditions

constant during the two sessions. To minimize effor arising from different placement of

accelerometers between tests, specific anatomical locations were chosen and distance

measurements were recorded. Even if a test is performed on healthy subjects, variability

in subject's attitude, differences in a general sense ofbalance on different days, other

physiological factors like hunger or headaches, and careless errors may also affect the

quality of a subject's efforts and thus their consistency in performing tasks. A /-test was
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performed to rule out any variations arising from the experimental procedures. The /-test

results showed no significant differences between the values of the dependent variables

of tests I and2. One exception was the root mean square values of the trunk acceleration

while performing a hip strategy on fixed, eyes cl.osed condition (p:0.04) and foam, eyes

closed condition (p:0.05). These were the most difficult tasks and conditions. This

exception could have arisen from a type I error, where a null hypothesis is rejected and

conclusions are drawn that the two tests are different. These are also called false

positives. In the present study, the test-retest reliability scores for ankle strategy were

better than hip strategy or quiet standing. This could be because the data from the task of

performing an ankle strategy on foam, eyes closed condition was not obtained. Since the

tasks while an ankle strategy were comparatively easier than a hip strategy, the reliability

scores for this strategy would have been better than the hip strategy. The scores of cross

conelation analysis were better than RMS or power spectrum. Ninety percent of the

values from all three analyses were above an alpha value of 0.5 and about 50% of the

values were above 0.7 level. Thus, the test-retest reliability performed between test 1 and

2 yielded moderately acceptable levels of reliability.

Importønce of Sensory Inputs and Motor Outputs on Balsnce Performance

Our study showed that surface had a greater influence than vision on the

differences in magnitudes of displacement of COM and trunk acceleration, and also on

the motor coordination of body segments. In addition, surface also had a significant effect

on frequency of movements while performing the hip strategy. Altered vision-surface

proved to be more challenging for the subjects. These findings from our study partially

agree with the findings from earlier studies (Teasdale et al.,I99I; Gill et a1.,200I).
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Teasdale et al., (1991) compared young and elderly while standing still on a fixed

and foam surface with eyes open or closed. Center of foot Pressure (COP) was calculated

from the force plate signals. The dependent variables included COP range, COP

variability, COP sway velocity, and COP sway density histograms to quantify

performance.

1) Between the groups, the cost of distorling the surface alone and the cost of

eliminating vision and distorting the surface together brought about significant

differences between young and elderly while measuring COP range, deviation

and velocity. The range, deviation, and velocity were higher for elderly than

young. Similarly, the cost of eliminating vision brought about significant

differences between young and the elderly while measuring COP range,

deviation, and velocity. The range and deviation were higher for young

subjects than for the elderly; whereas velocity was higher for the elderly than

the young.

2) Within the groups, the cost of eliminating vision and the cost of eliminating

vision and distorting the surface together had a greater significant impact on

sway range, deviation and velocity than when the surface alone was distorted.

The elderly spent I.8%o of the time away from the mean COP for altered

vision, 3.8Yo for altered surface, 14Yo for altered surface and vision. The

young spent 0.9% for altered vision, 0.4o/o for altered surface, and 7Yo for

altered surface and vision.

Gill et al., (2001) compared young, middle-aged and elderly while standing on

fixed and foam surfaces with eyes open or closed. The dependent variables included
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angular displacement and velocity. As this was a comparative study between age groups,

only significant differences between age groups for each variable were explored with

Bonferroni /-tests. T-tests were not performed for within the group differences. ANOVA

was performed to examine differences between groups and this study concluded that

vision played an important role in bringing out differences in balance performance

between three different age groups on a fixed and foam surface. However, when we have

a loolc at the raw data we notice that there could have been a possibility of significant

differences in balance performance within the young subjects' group while standing on

fixed surface with eyes open to that on foam with eyes open condition. But the

significance would not be evaluated (Bonferroni r-tests were not performed) as this study

did not focus on the differences within a group. It was also noted that the young subjects

had difficulty to balance on conditions where vision was eliminated and surface distorted

The cost of eliminating the surface alone brought about changes in the younger

age groups in our study unlike the studies done by Teasdale et al., (1991) and Gill et al.,

(2001). These differences could have arisen as the task chosen in the above studies of

maintaining an erect standing position was a simple task. However, the task chosen for

our study was relatively more dynamic as the subjects moved as single or double inverted

pendulums. Gill et al., (2001) in their study used a single motion sensor, which was

positioned at L1-2 lumbar vertebrae (thought to represent the center of body mass

position). In the present study two motion sensors were used, one positioned on the trunk

at T2 vertebrae and one on the shank segment just distal to the knee joint line.

Information about COM position was obtained from video-based motion analysis system.
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Analysis of the cross correlation function between the two motion sensors permitted an

index of coordination during the rhythmical movement tasks.

Results of peak-to-peak, cross correlation, and power spectrum analysis in the

present study show that the task of performing a hip strategy on foam, eyes closed

condition, was more difficult than on foam, eyes open condition. Seven out of sixteen

subjects fell on foam during eyes closed conditions. There were no falls on foam during

eyes open condition. Therefore, we conclude that elimination or distortion of one sensory

input such as surface or vision independently, was not suff,rcient to bring out differences

in balance performance. The deterioration of performance was not due to greater reliance

on one sensor and lesser reliance on the other, but it was because the body had difficulty

balancing when two sources of external spatial information were either eliminated or

distorted. These results also agree with the Sensory Organization Test studies performed

on vestibular, diabetic peripheral neuropathy, and elderly subjects who showed consistent

increase in sway and greater number of falls on Conditions 5 and 6 (i.e., combined

distortion/elimination of somatosensation and vision) (Evans and Kerbs, 1999; Simmons

et al., 1997; Cohen et al., 1996). Though the percentages of falls in young subjects were

less when compared to other subject groups, it was noted that even the young subjects

had trouble balancing on Conditions 5 and 6 (Whipple ef al., 1993; Peterka and Black,

1990). On foam, eyes closed condition, the surface characteristics were distorted and

vision was eliminated, thus leaving the body to rely on the vestibular sense to control

balance. It has been shown that there is deterioration of the vestibular sense organs with

advanced age (Issacs, 1985; Ross, 1979). Studies have also reported increased th¡esholds

in cutaneous and proprioceptive sensations in oider adults (Stelmach and Worrington,
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1985). A compliant foam surface would further distort the information from cutaneous

sensors offeet and the ankle proprioceptors.

The present study extended previous task protocols from quiet standing to

rh¡hmical whole body movements including single and double inverted pendulum

oscillatory movements to mimic the platform motion paradigms. Ko et al., (2001) studied

young and healthy subjects standing on a sinusoidally translating platform. The frequency

of translations ranged from 0.l9-1.64 Hz. Results from this study showed that at lower

frequencies of predictive, repetitive sinusoidal platform motion, the body produced a

riding strategy (i.e., body moved as a single segment along with the platform). Here, the

linear excursion of the platform matched the linear excursion of body points. This

strategy worked under low translational frequencies < 0.5 Hz For higher frequencies of

platform motion > 0.92Hzfhe body does not adapt strategies, instead it lets the platform

move underneath it. Therefore, the body stayed stationary relative to space. The ankle,

hip, knee, and shoulder moved relative to the platform giving the illusion of a hip

strategy. But this was all passive, as the body points or markers remained stationary with

reference to space while the platform still moved. The reason why the body could safely

stay still and let the platform move undemeath it because the platform was moving so fast

that it came back underneath the body before the body could react. This study did not

include the effects of vision on body segments.

Buchanan and Horak (1999) also performed a study on young subjects who were

translated sinusoidally on a platform at frequencies ranging from 0.7 Hzto I.25 Hz.If

was shown that subjects chose a riding strategy for frequencies below 0.5 Hz. At

frequencies above 0.5 Hz, the subjects introduced compensatory movements at both the
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hip and ankle joints. The lower body swayed in the same direction as the platform,

operating as a pendulum hanging at the trunk. For fast frequencies with eyes open, there

was virtually no head motion relative to space. However, with eyes closed, slow sway

motion of the head starled occurring at frequencies above 0.5 Hz with respect to space.

Therefore, vision had an effect on the response of the body to rhythmical sinusoidal

displacements for frequencies above 0.5 Hz.

In the present study, a frequency of 0.25 Hz was set on the metronome for an

ankle strategy and a frequency of 0.5 Hz for a hip strategy. Our results demonstrated that

for an ankle strategy the total power of sway signals occurred below a frequency of

0.5 Hz irrespective of surface condition. There were no signif,rcant effects of surface or

vision on the ankle joint. However, for a hip strategy on a foam surface, especially with

eyes closed, there was a significant shift in power to lower frequencies of body motion.

The body automatically decreased its frequency and amplitude of motion. In this case, the

body had a choice to move at a selected pace, that is, in this case much slower, when

disturbances were self-initiated.

Coordinøtion between Body Segments

The present results showed that the index of motor coordination of motion of

trunk and shank segments increased when the subjects performed a hip or an ankle

strategy on a foam surface with eyes closed. This was the case even though the

magnitude of center.of mass displacements increased from fixed to foam surface (i.e., as

task conditions became more difficult). These findings are consistent with the studies

done by Nardone ef al., (2000) and Schieppati et al, (2002).
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These studies compared the performance of young and elderly subjects while

sinusoidally translating a platform at frequencies of 0.2 Hz and 0.6 Hz with eyes open or

closed. Average linear displacements of the body points and cross correlation were

calculated in order to evaluate the degree of coupling of body segments. It was shown

that with eyes open, the displacement of the head and hip were smaller than the

malleolus. With eyes closed, the displacement of the head and hip were more than the

platform. With eyes open, at high or low frequency sinusoidal translations, older subjects

performed equivalent to younger subjects. The cross correlation values were low between

the signals from the markers on the body, indicating loose coupling between body

segments. When the eyes were closed, the younger subjects were able to counteract the

destabilizing perturbation better than the elderly. This capacity was again associated with

the relative uncoupling between segments, as indicated by low values of cross correlation

between segments. Older subjects tended to have a more rigid coupling between

segments with eyes closed. They took less advantage of the body's degrees of freedom

when the platform was displaced under the eyes closed condition. This occurs

particularly at high frequencies and was indicated by the relatively greater increase in

cross correlation values with age.

These hndings support Bernstein's hypothesized stages of motor skill learning. In

7967, Bernstein postulated three stages in this learning. In the first stage, when a task is

performed for the first time, the body tends to freeze all its limbs and torso, thus

minimizing the necessary degrees of freedom. The second stage is charucterized by

releasing the freeze on these constrained degrees of freedoms. In the third stage, as the

body masters the task, it is able to utilize the multiple degrees of freedom effrciently (low
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energy expenditure) to counteract the unpredictable circumstances. Findings from two

studies in the past, which measured linear displacement of body points and the cross

correlation values of these signals, have supported the Bernstein's hypothesis. Vereijken,

Vanemmerik, Whiting and Newell (I992a) studied a ski stimulator task and found that,

when the subjects learned the task for the first time there was freezing of degrees of

freedom. As they mastered the task, additional degrees of freedom were recruited and the

task was performed smoothly. In the early stages of learning this novel skiing task, the

cross-coffelation values were high between pairs of lower limb joint motions. These

correlations decreased as the subjects became more skilled at the task. This may suggest

that a greater number of degrees of freedom were available to accomplish the same task.

The body used different joint combinations at this stage to accomplish the task after

learning had progressed sufficiently. McDonald, Vanemmerik and Newell in 1989,

studied differences in the effect of practice on limb kinematics of a dominant versus

non-dominant limb when learning to throw a dart. The non-dominant limb demonstrated

high joint cross-coffelations values. The dominant limb exhibited a significant decrease

in wrist-elbow and wrist-shoulder cross-correlations over practice. These f,rndings suggest

that there was a greater freeing of DOFs (Degrees of Freedom) when performing with the

dominant hand than when compared to a non-dominant hand (McDonald et al., 1989).

From the results of power spectrum we see that as the difficulty level of the tasks

increased (i.e., on foam with eyes closed) the power shifted to lower frequencies. Cross

correlation analysis showed that the values increased with the difficulty level of the tasks.

This shows that the body was slowing down and that the segments, which brought about

these changes were fteezing.
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Clinical Significance

This test battery was designed to assess the multidimensional aspects of balance

control in a clinical setting. This test has similarities to the sensory organization test in

that both cause balance disturbances, which require feedback control mechanisms. It

includes the feed forward features of the sinusoidal þredictive) platform motion

paradigm and evaluates the ankle and hip movement strategy of single and multi-

segmental motions. This multidimensional approach becomes important to assess the

functional independence of a person, especially the instrumental ADL. For example,

outdoor walking where unpredictable surfaces are encountered. The difficulty level of

tasks increased by eliminating vision and using a compliant surface. This caused

instability, and movement trajectories deviating from the voluntary sinusoidal pattern.

Eliminating vision and using a compliant surface was not designed to diagnose

pathology, but aimed to cause instability in a graded fashion in order to explore feedback

balance reactions.

There exist a few medical devices developed specifically for balance and mobility

assessment such as the Equi Test (Sensory Organization Test) and the Balance Master.

These devices provide us with center of foot pressure information, which is equally

important along with COM and acceleration signals of body segments. But these devices

are expensive, and are unavailable to clinicians who require screening tools for objective

outcome measures. The traditional force plates give a picture about the COP when the

subject stands on it. The disadvantage associated with these force plates is that they are

not portable and for the foam conditions when the subject stands with the foam placed on

the force plate, the information obtained is diffused (Betker, Moussavi and Szturm,
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2005). Further studies (Betker eta1.,2005; Betker, Moussavi and Szturm 2004) are being

carried out with a pressure-sensing mat (Force Sensing Array- FSA) to obtain

information about COP, which is easy for administration at any place. This instrument is

developed keeping the elderly population in mind. It is first being tested on normal young

population to see whether or not the instrument detects differences in a population. Since

the results were positive, this instrument can be carried out on the elderly population.

Conclusion

The use of a foam surface proved to be an effective way to make balance control

more difhcult, as the foam induced sway in both pitch and roll directions. Results suggest

that when the subjects had to rely on only one sensation (altered vision-surface

condition), their performance deteriorated. This deterioration is not due to a greater

reliance on visual information, and lesser reliance on vestibular information, but rather on

the inability of the postural control system to reorganize itself when two senses are

altered.

The body under challenging conditions used a hip and an ankle strategy. These

proved to be more dynamic tasks than a simple stance. As the tasks became more

challenging by either eliminating or distorting two sensors, the body moved slowly (i.e.,

freezing its degrees of freedom). Thus, supporting the Bernstein's theory of stages of

motor learning.

The test battery showed moderate test-retest reliability. These could have risen

due to the complexity of the tasks, which brought about variances in the performances of

the subjects. As the sample size was small, even a small variance brought about large

differences in reliability.
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1)

2)

Limitations and Future Implications

Selection of a larger sample size would help improve the test-retest reliability.

The disadvanlage of the technique is the inability to use force plates and reliance

on an expensive motion analysis system to quantify trunk movement. To

overcome these disadvantages, FSA pressure mats may be used for future work

on elderly subjects. This system is more portable when compared to the regular

force plates and provides more real-time COP information. The use of

accelerometers will substitute for the use of a motion analysis system to provide

information about the movement of body segments. The accelerometers are much

easier to use and less time consuming for administration, as it does not take much

time to attach them to the body. The use of accelerometers would also help to

avoid the tedious process of digitizing the markers from video-based motion

analysis.

Only two accelerometers were used to get information about the behavior of the

body segments. Placement of another accelerometer on the thigh segment may

give additional information to provide better assessment of the results.

Analysis of the acceleration and COM displacement signals were performed only

in the sagittal plane. Analysis in the frontal plane will help to assess how the body

behaves in each plane when put in challenging environments.

5) Loosening the coupling between segments may require some effort. The higher

centers in the brain are continuously updated by information from the sensory

3)

4)
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systems, carry out complex calculations and implement the appropriate muscle

torque in a finite amount of time. One possible explanation of decreased

performance in older subjects may be due to increased latency with age.

Instability may also be attributable to limitations that include decline in strength,

and reduced joint range of motion. Therefore, careful consideration of these

aspects would help create superior assessments of balance performance of

subjects.

The tasks in this battery can be further developed to assess more functional

aspects like stepping and walking.
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BERG BALANCE TEST

Name Date

RaterLocation

ITEM DESCRIPTION

1. Sitting to standing
2. Standing unsupported
3. Sitting unsupported
4. Standing to sitting
5. Transfers
6. Standing with eyes closed
7. Standing with feet together
8. Reaching forward with outstretched arm
9. Retrieving object from floor
10. Turning to look behind
11. Turning 360 degrees
12. Placing alternate foot on stool
13. Standing with one foot in front
14. Standing on one foot

scoRE (0-4)

TOTAL

GENERAL INSTRUCTIONS
Please demonstrate each task and/or give instructions as written. 'When 

scoring, please
record the lowest response category that applies for each item.

In most items, the subject is asked to maintain a given position for specific time.
Progressively more points are deducted if the time or distance requirements are not met,
if the subject's performance warrants supervision, or if the subject touches an external
supporl or receives assistance from the examiner. Subjects should understand that they
must maintain their balance while attempting the tasks. The choices of which leg to stand
on or how far to reach are left to the subject. Poor judgment will adversely influence the
performance and the scoring.

Equipment required for testing are a stopwatch or watch with a second hand, and a ruler
or other indicator of 2, 5 and 10 inches (5, I2.5 and25 cm). Chairs used during testing
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should be of reasonable height. Either a step or a stool (of average step height) may be
used for item#L2.
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1. SITTING TO STANDING
INSTRUCTIoNS: Please stand up. Try not to use your hands for support.

( ) 4 able to stand without using hands and stabilize independently
( ) 3 able to stand independently using hands
( ) 2 able to stand using hands after several tries
( ) 1 needs minimal aid to stand or to stabilize
( ) 0 needs moderate or maximal assist to stand

STANDING UNSUPPORTED
INSTRUCTIONS: Please stand for two minutes without holding.

( ) 4 able to stand safely 2 minutes
( ) 3 able to stand 2 minutes with supervision
( )2 able to stand 30 seconds unsupported
( ) 1 needs several tries to stand 30 seconds unsupporled
( ) 0 unable to stand 30 seconds unassisted

If a subject is able to stand 2 minutes unsupported, score full points for
sitting unsupported. Proceed to item #4.

SITTING WITH BACK UNSUPPORTED BUT FEET SUPPORTED ON
FLOOR OR ON A STOOL
INSTRUCTIONS: Please sit with arms folded for 2 minutes.

( ) 4 able to sit safely and securely 2 minutes
( ) 3 able to sit 2 minutes under supervision
( ) 2 able to sit 30 seconds
( ) I able to sit 10 seconds
( ) 0 unable to sit without support 10 seconds

STANDING TO SITTING
INSTRUCTIONS: Please sit down.

( ) 4 sits safely with minimal use of hands
( ) 3 controls descent by using hands
( )2 uses back oflegs against chair to control descent
( ) 1 sits independently but has uncontrolled descent
( ) 0 needs assistance to sit

2.

a
-1-

4.
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5. TRANSFERS
INSTRUCTIONS: Arrange chairs(s) for a pivot transfer. Ask subject to transfer

one way toward a seat with armrests and one way toward a seat without armrests.

You may use two chairs (one with and one without armrests) or a bed and a chair.

( ) 4 able to transfer safely with minor use of hands
( ) 3 able to transfer safely definite need of hands
( ) 2 able to transfer with verbal cueing and/or supervision
( ) i needs one person to assist
( ) 0 needs two people to assist or supervise to be safe

6. STANDING UNSUPPORTED WITH EYES CLOSED
INSTRUCTIONS: Please close your eyes and stand still for 10 seconds.

( ) 4 able to stand 10 seconds safely
( ) 3 able to stand 10 seconds with supervision
( )2 able to stand 3 seconds
( ) 1 unable to keep eyes closed 3 seconds but stays steady
( ) 0 needs help to keep from falling

7. STANDING UNSUPPORTED WITH FEET TOGETHER
INSTRUCTIONS: Place your feet together and stand without holding.

( ) 4 able to place feet together independently and stand I minute safely
( ) 3 able to place feet together independently and stand for 1 minute with

supervrsron.

) 2 able to place feet together independently and to hold for 30 seconds

) 1 needs help to atlainposition but able to stand 15 seconds feet together

) 0 needs help to attainposition and unable to hold for 15 seconds

REACHING FORWARD WITH OUTSTRETCHED ARM WHILE
STANDING
INSTRUCTIONS: Lift arm to 90 degrees. Stretch out your fingers and reach

forward as far as you can. (Examiner places a ruler at end of fingertips when arm

is at 90 degrees. Fingers should not touch the ruler while reaching forward. The

recorded measure is the distance forward that the finger reaches while the subject
is in the most forward lean position. When possible, ask subject to use both arms

when reaching to avoid rotation of the trunk.)

( ) 4 can reach forward confidently >25 cm (10 inches)
( ) 3 can reach forward >12.5 cm safely (5 inches)
( ) 2 can reach forward >5 cm safely (2 inches)
( ) 1 reaches forward but needs supervision
( ) 0 loses balance while tryinglrequires external support

8.
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9. PICK UP OBJECT FROM THE FLOOR FROM A STANDING POSITION
INSTRUCTIONS: Pick up the shoe/slipper which is placed in front of your feet.

( ) 4 able to pick up slipper safely and easily
( ) 3 able to pick up slipper but needs supervision
( ) 2 unable to pick up but reaches 2-5cm (1-2 inches) from slipper and keeps

balance independently.
( ) 1 unable to pick up and needs supervision while trying
( ) 0 unable to trylneeds assist to keep from losing balance or falling

10. TURNING TO LOOK BEHIND OVER LEFT AND RIGHT SHOULDERS
\ryHILE STANDING
INSTRUCTIONS: Turn to look directly behind you over toward left shoulder.
Repeat to the right. Examiner may pick an object to look at directly behind the
subject to encourage a better twist turn.

(
(
(

4 looks behind from both sides and weight shifts well
3 looks behind one side only other side shows less weight shift
2 turns sideways only but maintains balance
I needs supervision when turning
0 needs assist to keep from losing balance or falling

()
()

1 1. TURN 360 DEGREES
INSTRUCTIONS: Turn completely around in a full circle. Pause. Then turn a
full circle in the other direction.
( ) 4 able to turn 360 degrees safely in 4 seconds or less
( ) 3 able to turn 360 degrees safely one side only in 4 seconds or less
( ) 2 able to turn 360 degrees safely but slowly
( ) I needs close supervision or verbal cueing
( ) 0 needs assistance while turning

12. PLACING ALTERNATE FOOT ON STEP OR STOOL WHILE
STANDING UNSUPPORTED
INSTRUCTIONS: Place each foot alternately on the step/stool. Continue until
each foot has touched the step/stool four times.
( ) 4 able to stand independently and safely and complete 8 steps in 20 seconds
( ) 3 able to stand independently and complete I steps >20 seconds
( ) 2 able to complete 4 steps without aid with supervision
( ) 1 able to complete >2 steps needs minimal assist
( ) 0 needs assistance to keep from fallingl unable to try
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13. STANDING UNSUPPORTED ONE FOOT IN FRONT
INSTRUCTIONS: (DEMONSTRATE TO SUBJECT)
Place one foot directly in front of the other. If you feel that you cannot place your

foot directly in front, try to step far enough ahead that the heel of your forward
foot is ahead of the toes of the other foot. (To score 3 points, the length of the

step should exceed the length of the other foot and the width of the stance should

approximate the subject's normal stride width)
( ) 4 able to place foot tandem independently and hold 30 seconds

( ) 3 able to place foot ahead of other independently and hold 30 seconds

( ) 2 able to take small step independently and hold 30 seconds

( ) 1 needs help to step but can hold 15 seconds
( ) 0 loses balance while stepping or standing

T4. STANDING ON ONE LEG
INSTRUCTIONS: Stand on one leg as long as you can without holding.

) 4 able to lift leg independently and hold >10 seconds

) 3 able to lift leg independently and hold 5-10 seconds

) 2 able to lift leg independently and hold : or >3 seconds
( ) 1 tries to lift leg unable to hold 3 seconds but remains standing

independently.
( ) 0 unable to try or needs assist to plevent fall

( ) TOTAL SCORE (Maximum = 56)

Interpretation:

0-20: wheelchair bound
2I-40: walking with assistance
4I-56: independent

Berg, K., Wood-Dauphinee, S., Williams, J. I., & Gayton, D. (1989). Measuring balance

in the elderly: Preliminary development of an instrument . Physiotherapy Canada, 4 I (6),

304-3 1 1.
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Appendix B

Tinetti's Performance Oriented Assessment of Mobility
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Tinetti Assessment Tool: Balanee

Patient's Name:

Location:

Date:

Rater:

lnitìal lnslructions: Subject is seated in a hard- arnrless chair. The follorving maneuvers are

tested-

Task Descrintion of Balance Possilrle Score

1. Sitting Balance Leans or slides in chair
Steadv, saie

tj
=f

2. A¡ises Unable without hefp
At¡le. uses arms to help
A[:le without usìnq arms

=1
-a

3. Attenrpts to ar¡se Unable without help
Able, requires > 1 atternpt
Able to rise- 'l attenrpt

=$
=l

4. lmnrediate slanding
balance
{first 5 seconds}

Unsteady (swaggers, moves feet, trunk stuay)
Steady but uses walker or other support
Steadv'¡,,ithout r'¡alker or olher supþorl

-U
=l

5. Standing Balance Unsteadt'
Steady but ro'ide slance {nredial heels p 4
Ínches apart) and uses cane or other suppod
Narrow stance rvithoul support

U

=l

-z
6. Nudged {sulrject at

nlax position v',ith feet
as close together as
possible, exami¡rer
pushes lightly on
subject's stemum v¡ith
pafrn of hand 3 tirnes^

Begins to fall
Staggers, grabs, catches self
Steady

ü

-f

7. Eyes closed (at
nrrvimr rm nnsiiinn $Ê1

Unsteady
Steadv

ü
=1

B. Tuming 360 degrees Ðiscontinuous steps
Continuous steps
Unsteady (grabs. suiaggers)
Qlor¿{rr

-U
='l
=0
=1

S. Sìtting Down UnsaTe (nrisjLrdged dis{ance, lalls into chair)
Uses arms or not a sn.¡ooth ntotion
Sofe, snrooth n¡otion

-n
=1
-L

Balance
Score:

The maximum score for Balance component is 16
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Tinetti Assessment Tool: Gait

Patient's Name:

Location:

Date:

Rater:

lnitial lnsfuctions: Sulrject stands with exanliner, r,r.,alks down hallr.vay or across the room, fimt at
"usual" pace, then back at "rapid, but safe" pace (usi¡lg usual tvalking aids)-

Task ÐescriÞtion of Gait Possíble Score

10 Initìation of gait
(immediately alter told
to "c¡o")

Any lresitancy ot ntuttiple atten'ìÞts to staft
No hesitanry

U

='l

11. Step length ond
height

a. Right srnring foot cloes not ¡:ass left stance
foot with step

b. Rightfootpasses left stancefoot
c. Righl foot does not clear floot cotìlpletely

vritlr srep
d. Right foot completely clears floor
e. Left sr,ving foot does not pass dght stance

foot r,villr step
f. Left foot passes right stance foot
S Left foot does not clear floor contpletely with

step
h I eft fool comoletelv clears lìoor

=[
=l
=S

-l
-0

=l
-0

='l
12 Step Symmetry Right and left step length not equsl (estinlate)

Rioht and left step aÐÞear eûual
-0
_,1
-l

13. Step Continuity Stopping or discontinuity betleen steps
SteDS aDÐear continuous

_U
=-l

14. Path {estimated in
relation to floor tiles,
'12-inch dianreter;
observe excursíon of
'l foot over ¿¡bout '10

feet of the course).

Marked deviation
tr¡'lild/rnoderate cleviatio¡r or us€s walking aid
StraÍght lvithout tralkitrg aid

-D
_4
-t
-z

15. I runk L4arked s\1ay or uses walt(tng atd
No snay but flexion of knees or back, or spteacls
arms out lrrhile lvalkit¡g
No sr,vay. no flexion, no use of ams- and no use of
waikinq aid

=Q
=f
_.)

10. \¡/all(ng Stance Heels apaÉ
Heels almost touclrinq lvhile walkino

=S
-4

Gait Score:

Balance + Gait Score:

The maximum score for Gait component is i2
The maximum total score is 28

Tinetti, M. E. (1986). Performance-Oriented Assessment of Mobility problems in
elderly patients. Journal of the American Geriatric Society, 34, 119-126.
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Appendix C

Falls Efficacy Scale
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FALLS EFFICACY SCALE

Tinetti, M. 8., Richman, D., &, Powell, L. (1990). Falls efficacy as a measure of fear of
falling. Journal of Gerontology: Psychological Sciences, 45 (6),P239-243.

Please answer these questions by circling the number that you feel is most appropriate
yourself. The responses are graded from 1 to 10, with 1 meaning that you feel extremely
confident and 10 meaning that you have no confidence at all

How confident are you that you can... Circle best answer

. .take a bath or shower? I 2 J 4 5 6 7 I 9 10

. .reach into a cupboard? 1 2 J 4 5 6 7 8 9 t0

. . .prepare a hot meal (not needing to carry heavy
or hot objects)?

I 2 J 4 5 6 7 8 9 10

.walk around the house? 1 2 t 4 5 6 7 8 9 t0

. .get into or out of bed? 1 2 J 4 5 6 7 8 9 10

. .answer the door or telephone? 1 2 î
J 4 5 6 7 8 9 10

.get in and out of a chair? 1 2
a
J 4 5 6 7 8 9 t0

. .get dressed or undressed? 1 2
a
J 4 5 6 l 8 9 10

. .do light housework? 1 2 a
J 4 5 6 7 8 9 10

. .do simple shopping? 1 2 J 4 5 6 7 8 9 t0
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Appendix D

Activify-specific Balance Confidence Scale



127

ACTIVITY-SPECIFIC BALANCE CONFIDENCE SCALE

Powell, L. E., & Myers, A. M. (1995).The Activity-Specific Balance Confidence (ABC)
Scale. Journal of Gerontology: Biological Sciences &. Medical Sciences, 504 (1), M28-
M34.

For each of the following activities, please indicate your level of self confidence by
choosing a corresponding number from the rating scale 0olo to I00o/o, with 0%o meaning you

have no confidence and 100% meaning you feel completely confident

How confident are you that you can maintain your balance and remain steady when you...

1.....waIk around the house? %

2.....walk up or down stairs? %

3.....bend over and pick up a slipper from the floor at the front of a cupboard? %

4.....reach for a small tin of food from a shelf at eye level? %

5.....stand on your tip toes and reach for something above your head? %

6.....stand on a chair and reach for something? %

7.....sweep the floor? %

8.....walk outside the house to a parked car? %

9.....get into or out of a car? %

l0...walk across a car park to the shops? %

l1...walk up or down a ramp? %

l2...walk in a crowded shopping centre where people walk past you quickly? %;o

13...are bumped into by people as you walk through the shopping centre? %

14...step onto or off an escalator while holding onto the handrail? %

15...step onto or off an escalator while holding onto parcels such that you cannot
hold onto the handrail?

%

16...walk outside on slippery pavements? %
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Appendix E

Determination of Center of Mass-Dempster's Technique
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The center of mass is a point about which the torques due to body segment weights is

zero.If can be determined in the following manner:

, Choose some arbitrary reference point as origin of the coordinate system to be

used.

o Determine the center of mass location of each segment of the body (an X, Y pair

of coordinates).

" Calculate the torque about the reference point due to each segment (based on the

segment's mass and position).

n Sum the torques about the reference point for all the segments (one sum for X

direction, one for Y direction).

e Divide the sum of the torques by the total body mass to determine the center of

mass location with respect to the reference point.

Anthropometric information about human body segments is used to determine the

location of each segment's center of mass and each segment's mass. Each of these is

usually expressed as a percentage value. In the case of location of the segment's center of

mass, it is described as a percent of segment length from the proximal end. In the case of

segment mass, it is described as a percent of total body mass. Such data come from

cadaver studies performed in various labs during the past century. The most frequently

cited one is that of Dempster (1955).

Example: Consider a thigh segment. If this person's whole body mass was 80 kg, the

thigh mass can be determined as a percent of 80 kg, i.e. I0 .5% of 80 : 8.4 kg (where

I05% is the thigh segment mass percent). The thigh center of mass location can be



130

determined from the proximal and distal point coordinates and the segment length

percent. If for the thigh the center of mass is located at about 43.3% of the length from

the proximal end, the specific coordinates can be determined as follows:

Segment CM X Position: X proximar + (Length %) (X¿i',ur - Xproximar)

Xtnien: 10 + (.433)(70 - 10):35.98

Ythieh: 30 + (.433)(40 - 30) :34.33

V/hole body center of mass determination is based upon knowing segmental center of

mass locations, which in turn are based upon segmental end point positions.

o Determine each segment's end points

c Use the endpoint coordinates to determine segment center of mass coordinates

o Combine these segment coordinates with segment masses to determine each

segment's torque about some reference point (the origin).

" Finally, use total torque to determine whole body center of mass location.

Winter, D.A. (1990). Biomechanics and Motor Control of Human Movement. (2nd ed.).
Toronto: John Wiley & Sons, Inc.
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Dempster's Body Segment Parameter Data for 2-D Studies'

Se:grneut Fìttl1loints
r-rirÍre þr'oxirual to

clistal)

Seg. rnr'rss Cenlle of ¡r*ss
,¡iolâ¡ ¡ll1ìsî 1-.cgrnt¡ilt ìeñgtl.r

fi.rr¿lius of gJ'r,ìtiolì
lsogr*elf. I<'ngf Lr

(?) (Rp,o,,,^ot) (A¿un,r) (KJ (K¡,o.,¡,,or) (Ka",ù

Hand rvrist axis to
lrluckle II thild frrger

Foreann elborv axis ro

-Àbcloruen T12-Ll to
& peli'is g1eater trochanter

0.0060 0.506 0.494 0.297 0.587 0.5?7

0.0160 0.430 0.-570 0.303 0.526 0.64i

0.022t 0.682 0.318 0.468 0.s27 0.s65

ulnal styloid

Lpper glenohurner.al joirrt to 0.0280 Ò.436 0.564 0.322 0.542 0.645

alrlr elborv axis

Foleamt elborv axis io
& hancl uhrar'sryloid

Lpper pdenohuûreÎal joint to 0.0500 0.530 0.410 0.368 0.645 0.596

exhernity elborv axis

Foof laler.al malleohrs ro 0.0145 0.500 0.,-500 0.475 0.690 0.690

heacl ruet¿tarsal Ii
Leg fernoral condyles to 0.0465 0.43i 0.-567 0.-ì02 0.52E 0.643

meclial maileoh¡s

ftigh gl.eater: rrochaùrer.to 0.1000 0.4-ì3 0.567 0.32:3 0.540 0.653

fenor'¡rl condyles

Leg femoral corrclyles to 0.0610 0.606 0.394 0,416 0.7i5 0.572

& foot meclial ¡naileolns

Lorver greatel tlochnnter to 0.1610 O'44i 0.'553 0-326 0.560 0'6*s0

extremit-'r. medialmalleolus

Head C7-T1 to ear canal 0.0810 1.000 0'000 0'495 l'116 0.495

Slronlcler ster:roclavicular joint to 0.015S 0.712 0.2S8
glenoirumeral joint

11rorax C7-Tl tc' T12-L1 0.2160 0.820 0.180

Abdo¡ren Tlz-Ll to L4-L5 Cr.1-190 0'440 0'560

Pelris L4-L5 to tlochanter 0.L120 0.105 0.S95

Thorax C7-TI to L4-L5 0.3550 0.6-30 0.3?C)

& abclo¡ue¡r

0.?810 0.270 0.730

Trrrnli €n:e¿ìter trochairtel'to 0.4970 0.495 0.,505 0.406 0'640 Ó-648

glenohtunelal joint

Trrrr¡Ji pleatel troclìanter to 0.5780 0.660 0.340 0.-503 0.830 0.607

& head glenohunteraljoint

Head, afins gleater h'ochanter to 0.6780 0.626 0.374 0-496 0.798 0.621

& trunk glenoirumelaljoint

Heaci. amrs Ef-eatel tlochantel to 0.6780 1.142 -0.142 0.903 1^456 0.914

& tnur-!: ruiclrib
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