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Abstract 

Falls in people aged over 65 years account for the largest proportion of all injury-

related deaths and hospitalisations within Australia. Falls contributed to 1,000 deaths 

and 50,000 hospitalisations in older people during 1998 (Commonwealth Department 

of  Health and Aged Care 2001). It has been predicted that by 2016, 16% of the 

Australian population will be aged over 65 years (Australian Bureau of Statistics 

1999) placing considerable pressure on the health care system. Furthermore, 

prospective studies have shown that 30-50% of people aged 65 years and over, will 

experience a fall (Tinetti et al. 1988b; Campbell et al. 1989; Lord et al. 1994b; Hill 

1999; Brauer et al. 2000; Stalenhoef et al. 2002) and this figure increases 

exponentially with age (Lord et al. 1994b). 

 

Many physiological falls risk factors have been established including reduced leg 

strength, poor balance, impaired vision, slowed reaction time and proprioception 

deficits. However, little research has been conducted to determine whether 

performance on aerobic fitness tasks is also a physiological falls risk factor. Aerobic 

fitness has previously been related to an individual’s ability to perform activities of 

daily living, which in turn has been linked to falls. It was therefore proposed that 

aerobic fitness might also be a risk factor for falls among community dwelling older 

people. 

 

This research aimed to provide clinical evidence to inform public health practice. 

This thesis comprised of four objectives: the first to find suitable measures of aerobic 

fitness for older people; the second investigated relationships between existing 

clinical tests and future falls; the third explored relationships between aerobic fitness 

tests and future falls; the final objective was to examine the independent 

relationships between falls and clinical and physiological characteristics. The 

participants were recruited through a random sample from the local electoral roll, 

with an average age of 73 ±6 years.  Of the 87 participants who completed the 

prospective component of the study, 37% were male and 63% were female. Sixty-
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three participants (65%) reported no previous falls, 19 (20%) reported a single fall, 

and 16 (15%) reported two or more falls in the previous 12 months.  

 

The first objective required participants recruited from the community to take part in 

submaximal and maximal fitness tests in order to find suitable measures of aerobic 

fitness.  A further objective was to determine whether older people were able to fulfil 

the ‘standard’ criteria for completion of a maximum oxygen consumption test.  The 

measures used in this research included: maximum oxygen consumption, peak 

oxygen consumption, ventilatory threshold, oxygen uptake kinetics, oxygen deficit, 

efficiencies, oxygen consumption at zero, 30 and 50 watts, predicted 2OV& max and 

Six-Minute Walk Test distance.  Only weak relationships were observed between 

submaximal aerobic measures and peak oxygen consumption.  Furthermore, only 

54% of participants were able to fulfil the criteria to complete a test of maximum 

oxygen consumption, indicating it was not a suitable measure for use among a 

sample of community dwelling older people. Therefore submaximal aerobic 

variables were used in the following chapters. 

 

The second objective investigated the relationship between clinical measures and 

falls among older people and was carried out to enable comparisons between the 

population in this study and those described in the literature.  This research found 

that the Timed Up and Go (TUG) test was the most sensitive of all clinical tests 

(including the Berg Balance Scale, Function Reach, Performance Oriented Mobility 

Assessment and Physiological Profile Assessment) for the assessment of future falls. 

The TUG requires participants to stand up, walk 3m, turn, walk back, and sit down. 

Time taken to complete the test is the recorded value. For this study, a cut-off value 

of 7-seconds was established, above which individuals were at increased risk of falls. 

Previous research suggested cut-off times of over 10s were appropriate for older 

people. However, this is the first study to assess falls prospectively and definitively 

find that the TUG can discriminate between future fallers and non-fallers. 

 

This research also investigated the differences in falls risk factors for functionally 

different subsamples, as defined by their ability to undertake and complete the cycle 
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test. The participants who could complete the test had significantly better balance 

ability and strength than those unable to undertake or complete the cycle test. 

However, this inability to undertake or complete the cycle test was not itself a 

predictor of future falls. These two groups also differed in the relationships between 

clinical test results and falls risk. Participants in the no-cycle group had very similar 

results to that of the entire cohort. Even after adjustment for age, the TUG, foot and 

hand reaction times and knee flexion strength were all performed better by non-

fallers than fallers.  However, none of these differed between fallers and non-fallers 

for participants in the cycle group. This group had better balance ability and strength 

than the no-cycle group. These results indicated that the cycle group differed from 

the no-cycle group and the entire sample, further indicating that factors other than the 

physiological variables measured in this research influence falls risk in strong 

participants with good balance ability. 

 

Similar results were reported when aerobic tests and falls were investigated in the 

third objective. In the whole sample, the fallers walked significantly less distance 

than non-fallers for the 6-MWT. Similar results were found for participants in the no-

cycle group but not the cycle group. All participants were able to complete the Six-

Minute Walk Test (6-MWT) although only 74% were able to undertake and 

complete the cycle test. 

 

The fourth objective was to consider all measures from the previous chapters as 

potential predictors of falls. The variables most predictive of future falls were the 

TUG and having experienced one or more falls in the previous 12 months. As a 

result they could be used as screening tools for the identification of high-risk fallers 

who require referral for further assessment. This could be completed by a General 

Practitioner or Practice Nurse, which would ensure that screening is being 

undertaken in the wider population. If the patient is at high risk they should be 

referred for falls risk factor assessment to determine an optimal tailored intervention 

to reduce future falls. Low risk patients should be referred for preventive evidence-

based activities. These steps can potentially improve quality of life for individuals, 
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and if effective in preventing future falls, will result in reduced costs to the individual 

and the Australian public.     

 

The results of this work demonstrate that the best screening tests are simple tasks like 

the TUG and asking an individual if they have experienced a fall in the last 12 

months. This research also found that strong, mobile older people who could 

undertake and complete a submaximal cycle ergometer test, still experienced falls in 

the following 12 months, although the causes of this are currently unknown. This 

research showed that physiological falls risk factors are less relevant as these highly 

functional older people do not have physiological deficits. However, this research 

found that the 6-MWT showed promise as a predictor of falls in a group who could 

not complete a submaximal cycle ergometer test, who had lower strength, balance 

and functional fitness scores than a group who could complete this cycle test. The 

results showed that physiological falls risk factors are still very important for older 

people with lower physical abilities, and this is where aerobic fitness may still be 

related to falls. While the association between aerobic fitness and falls remains 

unclear, these are novel and provocative findings highlighting the need for future 

falls risk investigations to consider aerobic fitness as a contributing factor. 
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Chapter 1:  Introduction 

1.1 Background 

In Australia, falls among people aged over 65 years account for the largest 

proportion of all injury-related deaths and hospitalisations. With 1,000 deaths and 

50,000 hospitalisations directly related to falls among older people in 1998, the 

estimated lifetime cost is in excess of  $1,080 million (Commonwealth Department 

of  Health and Aged Care 2001). It has been predicted that by 2016, 16% of the 

Australian population will be aged over 65 years (Australian Bureau of Statistics 

1999), which will place further pressure on the health care system. Prospective 

studies have shown that between one-third and one-half of those aged 65 years or 

older, will experience a fall (Tinetti et al. 1988b; Campbell et al. 1989; Lord et al. 

1994b; Hill 1999; Brauer et al. 2000; Stalenhoef et al. 2002) and this increases 

exponentially with age (Lord et al. 1994b). 

 

1.2 Problem statement 

One of the major problems associated with ageing is the increased risk of falling. 

With increased age, there is a progressive loss of functioning of physiological 

systems, which results in an increased likelihood of falls (Lord and Ward 1994; 

Rubenstein 2006). One third to one half of adults aged 65 or older experience at least 

one fall every year (Tinetti et al. 1988a; Lord et al. 1994b; Rubenstein 2006; Lord et 

al. 2007) and importantly, 10-15% of these falls are associated with serious injury. 

Moreover, 2-6% of falls result in fractures and approximately 1% in hip fractures 

(Lord et al. 2001).  Falls are the leading cause of injury-related death and 

hospitalisation in people over 65 (Cripps and Carman 2001). Australian data on 

hospitalisations due to falls among older people in 2003-04 showed that 4.3 percent 

of all hospitalisations in people aged 65 and over were fall-related (Bradley and 

Harrison 2007). Additionally falls can contribute to the placement of an older person 
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into institutional care (Lord 1994; Rubenstein 2006). This not only places the older 

person at higher risk of recurrent falls, but also increases the public health burden. In 

Australia it has been estimated that if current falls rates continue and the proportion 

of older people grows as predicted, by 2051 an additional 2500 hospital beds and 

3320 nursing home places will be required for people who have fallen (Moller 2003). 

It is therefore essential that falls risk factors are identified and interventions aimed at 

reducing the risk of falls among older people are implemented.  

 

1.3 Falls epidemiology  

1.3.1 Fall rates 

The rate of falls increases beyond the age of 65 years (Lord et al. 1993b). It has been 

estimated that approximately 30-50% of community-dwelling older people fall each 

year (Campbell et al. 1981; Prudham and Evans 1981; Blake et al. 1988; Tinetti et 

al. 1988b; Campbell et al. 1989; Lord et al. 1993b; Luukinen et al. 1994; Lord et al. 

2007).  It is known that individuals with a history of falls are more likely to fall again 

(Nevitt et al. 1989). In a 12 month follow up study, 31% of participants were 

multiple fallers, whereas single fallers accounted for 57% of the sample population 

(Nevitt et al. 1989). 

 

It is also important to continue to identify individuals with no history of falls in order 

to target them to help maintain this status (i.e. primary prevention of falls). It is 

therefore important to examine the characteristics of those who do not fall and how 

they differ from those who start to fall. Fall rates are consistently higher in women 

than men (Campbell et al. 1989; Lord et al. 1994b).  It should be noted that although 

most older people who fall do not require hospitalisation, many do experience some 

degree of disability which results in activity restrictions (Lord et al. 1994b).  

 

Reduced functional ability is a known result of falls. This can lead to less capacity to 

stay in one’s own home (Tinetti et al. 1993b; Lord 1994). Once admitted to 

residential aged care, the risk of future falls increases three-fold (Luukinen et al. 

1994). 
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1.3.2 Location and circumstances of falls 

Falls have been reported to occur in a number of key locations. One study found that 

stairs and steps were the most common site for fall-related deaths and that 

significantly more accidents occurred during stair descent than during ascent 

(Svantrom cited in Larsson (Larsson and Ramamurthy 2000)). Other studies have 

found that most falls occur on the one level in the most used rooms of the house, 

such as the living room, kitchen and bedroom (Lord et al. 1994b). For specific 

groups, like frailer older people, falls seem to be linked to exposure, with falls 

occurring during their busy times in the morning or afternoon, and usually within 

their own home (Campbell et al. 1990; Luukinen et al. 1994). 

 

1.3.3 Sequelae of falls 

Falls can also be considered in terms of whether the fall caused an injury (Lord 1990; 

Speechley and Tinetti 1991), or in terms of time to first fall (Buchner et al. 1997a). 

Obviously, injurious falls are the worst type and it is important to prevent them. 

Alternatively, the duration of time to first fall represents the period that an individual 

is fall free. Therefore a longer duration without a fall is preferable. Falls not only 

affect an individual physically, but can result in reduction of physical activities, 

increased fear of falling as well as reduced quality of life and independence, even 

with falls that do not produce an injury (Tinetti et al. 1994).  

 

For those instances resulting in injury 10-15% are considered serious. In 1998, in 

Australia 1014 older people were recorded as dying from fall related injuries (Cripps 

and Carman 2001). Fractured neck of femur is a serious injury, occurring in 0.2-1.5% 

of falls instances (Lord 1990; Speechley and Tinetti 1991). The consequences of hip 

fracture are severe, with complications including: high incidence of post-operative 

complications, slow recovery, loss of mobility and death (Marottoli et al. 1992).  

Following a fall it is not uncommon for the faller to remain on the ground for over an 

hour.  This has been defined as the “long lie” and has been linked to high mortality 

rates among older people (Lord et al. 2001).  A person’s inability to rise following a 
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fall is a function of many factors, including shock or injury and lack of fitness 

(Skelton and Dinan 1999). 

 

1.3.4 Financial implications of falls 

The areas of health care that are affected by falls, either directly or indirectly are 

listed within Table 1-1.  This demonstrates a significant burden to the healthcare 

system.  

 

Table 1-1: Direct and indirect fall-related health care costs 

 

 
(Lord et al. 2001).   

 

The health care system cost of injuries caused by falls in Australia reached $498.2 

million in 2001. As a result of the ageing population, this cost is expected to double 

to more than $1375 million by 2051 (Moller 2003) (Figure 1-1).  
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Figure 1-1. Trends in overall health costs ($million) attributable to fall injury 
among persons aged 65 years and over by jurisdiction 2001-2051. (Moller 2003). 
 

1.4 Falls risk factors 

There are already many established falls risk factors, including reduced strength, 

poor vision, or impaired balance, polypharmacy, poor reaction time or proprioception 

and postural hypotension, to name but a few (Lord et al. 2001). It has also been 

shown that cardiovascular characteristics were responsible for 77% of patients 

presenting to Accident and Emergency Departments in the United Kingdom with 

unexplained or recurrent falls (Davies and Kenny 1996). Despite this, there is a 

paucity of research to determine whether poor performance on aerobic fitness tests 

might also be a risk factor for falls. There is only one study that has investigated 

aerobic fitness as a falls risk factor independently (Buchner et al. 1993), and there is 

a lack of studies that have taken measures of aerobic fitness as a part of their battery 

of tests in falls risk studies (Bakken et al. 2001).  Aerobic fitness has previously been 

related to an individual’s ability to perform activities of daily living, and in turn, has 

been linked to falls (Alexander et al. 2003; Cress and Meyer 2003).  

 

This research aims to find the most appropriate aerobic fitness tests for use among 

older people, as well as determine the best combination of existing and new (aerobic) 

tests to assess falls risk.  

halla
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1.5 Thesis outline 

This thesis has eight chapters. The first chapter provides an introduction to the 

research conducted and the rationale for initiating it.  

 

Chapter Two provides an overview and critique of relevant literature. It covers the 

definitions and categorisations of falls, physiological changes with age and falls risk 

factors. This is followed by a review of the literature on established clinical tests to 

assess falls risk among older people, including Physiological Profile Assessment, 

Berg Balance Scale, Timed Up and Go, Performance Oriented Mobility Assessment 

and Functional Reach. The final section contains an in-depth review of aerobic 

fitness assessments including maximal, submaximal and clinical tests and their use 

with older people. 

 

Chapter Three describes the methods used in this series of studies including design, 

participants, procedure and data collection. The methods are consolidated into a 

single chapter to prevent unnecessary repetition. Chapters Four to Seven report 

separate investigations chapters.  Chapter Four begins with the investigation of the 

relationships among aerobic test measurements in older people. This chapter 

examines the validity and applicability of existing aerobic fitness tests.  

 

The analysis described in Chapter Five examines the relationships between existing 

clinical falls-risk assessment tools and prospective falls experienced by this sample 

of community-dwelling older people. Chapter Six considers whether the new aerobic 

variables (from Chapter Four) are falls risk factors in the same sample of older 

people as Chapter Five. Chapter Seven draws together all physiological falls risk 

factors from Chapters Five and Six into a multivariate model for the prediction of 

future falls. Chapter Eight comprises the discussion and conclusions which highlight 

the key findings as well as recommendations for future research.  

 

While there is considerable overlap between the research questions addressed in each 

chapter, this is often an inevitable feature of research into problems with a 
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multifactorial character. Analyses were divided into separate chapters in order to 

provide a clear structure to the thesis. 
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Chapter 2:  Literature Review 

 

2.1 Introduction 

This literature review aims to consider and critique the key studies in the areas 

pertaining to aerobic fitness and falls among older people. The goal of this review is 

to identify gaps in the literature, upon which experimental studies can be based. This 

chapter is divided broadly into four main sections:  

1. Falls (definition and categorisation of falls);  

2. Physiological changes with age and related falls risk factors 

(cardiovascular, muscular, postural stability, neural, sensory functional 

ability, cardiovascular and cardiorespiratory changes in response to exercise); 

3. Clinical balance tests and falls (Timed Up and Go (TUG), Berg Balance 

Scale (BBS), Functional Reach (FR), Performance Oriented Mobility 

Assessment (POMA), Physiological Profile Assessment (PPA)); and 

4. Aerobic fitness tests (maximal, submaximal and clinical).  

 

2.2 What is a fall? 

The definition of a fall can be all-encompassing, which usually reflects the 

multifactorial aetiology. An example of this definition is, “An event which results in 

a person coming to rest on the ground or some lower level, not as a result of a major 

intrinsic event (e.g. stroke) or overwhelming hazard” (Tinetti et al. 1988b; 

Boulgarides et al. 2003; Lord et al. 2005). The World Health Organisation (2006) 

definition is very similar, “a fall is an event which results in a person coming to rest 

inadvertently on the ground or floor or other lower level.”  Other definitions are 

similar, but slightly more precise, e.g. “Accidentally coming to the ground or some 

lower level except from fainting or syncope” (King and Tinetti 1995). Alternatively, 
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other groups have excluded certain types of falls including “…if it occurred due to 

fainting, illness, during unusual activities in which a fit active person may fall, or in 

an unusually hazardous environment.” These researchers went on to say that a fall 

occurred, “if they ended up on the ground or floor when they did not expect to during 

a routine activity” (Wallmann 2001). Others studies have defined a fall as those that 

occurred during “routine activities” (Duncan 1992).  Falls may be excluded if they 

occurred due to syncope, acute illness, during unusual activities in which a fit active 

person may fall, or in an unusually hazardous environment (e.g. slipped on ice) 

(Duncan 1992). It is expected that studies that use these limited definitions of falls 

would report lower falls rates than papers that do not exclude any falls.  

 

2.2.1 Categorisation of falls 

Once falls are measured they can be categorised several ways, the most basic being 

none, single or recurrent/multiple falls. Often sample sizes are too small to have the 

power to divide the sample into three categories of falls, so the two falls categories 

are joined to create a “fallers” category. This type of categorisation acknowledges the 

fact that even single falls, especially those that do not result in physical injuries, can 

result in the ‘post-fall syndrome’ and are therefore important. This syndrome 

involves a loss of confidence, hesitancy, and tentativeness with resultant loss of 

mobility and independence. It has been found that after falling, 48% of older people 

report a fear of falling and 25% report curtailing activities (Nevitt et al. 1989). 

Furthermore, fear of falling is associated with an increased risk of experiencing 

another fall (Cumming et al. 2000; Bruce et al. 2002; Legters 2002), which 

demonstrates the importance of determining risk factors for even single falls.   

 

Alternatively, other studies that are more interested in predicting only multiple-

fallers choose to place non- and single-fallers into the one category (“non-faller”) 

versus multiple only (“fallers”) (Lord et al. 2003). Researchers’ rationale for this is 

that multiple falls within a year are more likely to indicate physiological impairments 

and chronic conditions than a single fall (Nevitt et al. 1989; Lord et al. 2001).  

Different categories of falls will result in differing falls rates, falls risk and prediction 

results.  
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2.2.2 Retrospective or prospective falls? 

Falls can be considered retrospectively or prospectively, or a combination of these 

where falls history is taken into account in a prospective study design. In 

community-dwelling older people, the most feasible method of ascertaining falls is 

by self-report, completing prospective falls calendars, questionnaires or diaries (Lord 

et al. 2001). These methods are considered the current “gold standard” in falls 

measurement. 

 

The benefits of measuring retrospective falls is that cross-sectional studies with large 

sample sizes can be undertaken and completed in a short period of time. In contrast, 

using prospective data collection (which is the highest quality method of measuring 

falls) requires a long period of data collection, with 12 months being the usual 

duration.  In addition, some prospective falls studies include inadequate participant 

follow-up and a subsequent lack of significance in the study findings (Brauer et al. 

2000).  However, research has shown that measuring falls based on retrospective 

recall in the previous 12 months has limited accuracy due to the difficulty 

remembering falls over a long period of time (Cummings et al. 1988).  

 

It is acknowledged that even with the most rigorous reporting methodology, it is 

possible that falls will be underreported and that circumstances surrounding falls are 

incomplete or inaccurate. After a fall, older people are often shocked and distressed 

and may not remember the predisposing factors that led to the fall. Denial has been 

identified as a factor in underreporting, with the fall not being counted on the basis 

that external factors were the cause. Additional underreporting can occur, as a result 

of forgetting that the fall had taken place (Lord et al. 2001). 

 

Although measuring falls retrospectively can result in erroneous data, it is perhaps a 

better tool than a pseudo-falls measure, for example drawing falls risk conclusions 

from balance measurements. Retrospective falls data give an investigator an idea of 

an individual’s history, provides them with the ability to categorise individuals in 

terms of falls history and, in conjunction with cross-sectional assessments, the ability 
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to form a prediction of their future risk of falls. Variability exists across falls risk 

studies, in part due to inconsistent definitions of a fall and the categorisation of falls. 

This research thesis aims to use a standard definition of a fall, and prospective 

research design to determine physiological risk factors for falling.   

 

2.3 Physiological changes with ageing and related falls 

risk factors 

Although some falls may have one single cause, most falls appear to result from 

multiple factors. Individual physiological risk factors include cognitive impairment, 

visual impairment, neurological and musculoskeletal disabilities, and postural 

hypotension (Heitterachi et al. 2002; Lord et al. 2003). Medications and 

environmental hazards have also been known to cause falls among older people 

(Tinetti et al. 1988a). Research has also shown that deficiencies in balance and 

altered gait patterns were associated with a higher risk of falls (Tinetti et al. 1988b).  

 

Falls risk factors can be divided into a number of general fields, including 

cardiovascular, muscular, postural stability, neural, sensory, functional ability, 

medical, medications and environmental risk factors. This review of literature will 

focus primarily on the physiological risk factors for falls among older people, 

although it is noted that falls are multifactorial in nature and extrinsic and 

environmental factors are still important. A summary table of falls risk factor 

research undertaken at the start of this thesis is presented in Appendix A.  

 

 

2.3.1 Cardiovascular  

Cardiovascular problems have previously been cited as falls risk factors. The 

mechanism for this is thought to be the resulting neural failure of postural control. 

Postural hypotension, also known as orthostatic hypotension, refers to the drop in 

blood pressure, which occurs when an individual transfers from a supine to a 

standing position. Two general categories have been described by Rutan   et al. 
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(1992): asymptomatic orthostatic hypotension is a drop in systolic blood pressure of 

20mmHg or diastolic pressure of 10mmHg or greater at 1-5 minutes after moving 

from supine to standing without symptoms. Orthostatic hypotension tends to be 

associated with pre-existing disease or use of medications, which have 

antihypertensive effects. The results from research papers are conflicting, partially 

due to a lack of standard measurement methodology. A number of retrospective 

studies have found evidence to support a positive relationship between orthostatic 

hypotension and falls (Campbell et al. 1981; Gabell et al. 1985; Rubenstein et al. 

1990; Lipsitz et al. 1991). However, two other studies have found no relationship 

between falls and orthostatic hypotension (Kirshen et al. 1984; Salgado et al. 1994). 

The only prospective study to be conducted in this area found that a drop in systolic 

blood pressure 3 minutes post-tilt was a predictor of falls among older people 

(Heitterachi et al. 2002). 

 

Research has also shown a clear association between falls and carotid sinus 

hypersensitivity. The treatment for this is cardiac pacing using a pacemaker, which 

has shown to reduce the probability of future falls (OR 0.42) (Kenny et al. 2001). 

 

Another cardiovascular risk factor is the presence of peripheral arterial disease. 

Although there is limited research in this field, a retrospective study has shown that 

participants with peripheral arterial disease who had impairments in multiple 

domains of physical function were associated with a history of falling (Gardner and 

Montgomery 2001). This study also found that, individuals with intermittent 

claudication in addition to poor physical function are at the highest risk for falling. 

 

2.3.2 Muscular  

The loss of muscle mass (sarcopenia) with age is well documented. Sarcopenia is 

associated with functional impairment and disability, particularly for older women 

(Janssen et al. 2002). The loss of muscle mass affects mainly type II muscle fibres. 

Sarcopenia can be the result of a decrease in fibre size, fibre number, or a 

combination of the two (Williams 2002). The rate of decline in muscle mass and 

muscle strength is marked between 50 and 60 years and is greater in females 
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(O'Brien 1990). Older females can show 25-54% lower peak power and torque 

following sarcopenia  (Vandervoort et al. 1990b). By the age of 65 years, males have 

had approximately 20% strength loss (Larsson and Ramamurthy 2000). 

 

Lower extremity muscle weakness has been found to be related to both falls and 

related fractures (Campbell et al. 1989; Lord et al. 1992; Tinetti et al. 1993b; Lord et 

al. 1994b; Graafman et al. 1996). More specifically, Skelton   et al. (2002) found that 

poor lower-limb explosive power, combined with asymmetry, was more prevalent in 

fallers than non-fallers, whereas strength levels (apart from ankle dorsiflexion) were 

similar between groups. 

 

There are several methods of assessing leg strength, from clinical test like the timed 

chair stands (Nevitt et al. 1989) and use of an electric dynamometer to measure 

isometric strength (Campbell et al. 1989; Campbell et al. 1990), to laboratory based 

tests using a KinCom for isokinetic or isometric strength measurements (Pavol et al. 

2001) or a Cybex isokinetic dynamometer (Buchner et al. 1997b). The most common 

leg strength assessments are for knee extension, knee flexion and ankle dorsiflexion. 

 

This literature review pertains mainly to the methods used in the research described 

in this thesis, which were developed by Lord et al. and reflect the fact that the PhD 

project was embedded within a larger collaborative project overseen by Professor 

Lord. However, it is acknowledged that there is a plethora of research that exists on 

the relationship between leg strength and falls in older people using a number of 

various techniques described above.  Lower extremity muscle strength has been 

studied extensively by Lord and colleagues as part of the development of the 

Physiological Profile Assessment (PPA) (Lord et al. 2003).  

 

In the PPA, leg strength is measured in three lower extremity muscle groups (knee 

extensors, flexors and ankle dorsiflexors) by strain gauge. It has been shown that 

these muscle groups are important when performing activities of daily living like 

rising from a chair (Lord et al. 2002b) and walking (Lord et al. 1996a).  Furthermore, 

these clinical leg strength measures have been shown to differ between fallers and 

non-fallers (Lord et al. 2003).  
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Lord  et al. (2005) reported baseline strength measurements for a control group of 

older people. The mean value for knee extension was 23.9±10.2kg; knee flexion 

13.0±5.2kg; and ankle dorsiflexion was 5.4±3.4kg.  Earlier studies only presented 

knee extension results for a mean of 24.7±9.0kg (Lord and Castell 1994). A study by 

Lord and Clark (1996) presented knee extension results for prospective fallers of 

11.4kg compared with non-fallers of 14.8kg. It should be noted that this study 

population was a sample of older people from a residential hostel. 

 

Lord  et al. (1994a) found that in a large cross-sectional study using the PPA, 

subjects with a history of falls exhibited reduced knee extension force than those 

without a history of falls. Prospective studies have also found reduced knee extension 

strength increased the risk of both falls and fractures (Lord et al. 1992; Nguyen et al. 

1993; Lord et al. 1994b).  Also, a reduction in quadriceps strength, ankle dorsiflexion 

strength and hip strength was found to increase the risk of falls in residential aged-

care institutions (Robbins et al. 1989). 

 

In one study by Lord  et al. (1994b), leg strength measures were not related to falls 

(when fallers were considered by a no-falls versus a single- and multiple-faller 

combined category similar to the current study). When an alternative categorisation 

of falls was undertaken (0, 1 versus 2+ falls), it was found that women who 

experienced multiple falls performed significantly worse for both knee extension and 

ankle dorsiflexion measures than those who had not fallen or had fallen only once. 

 

2.3.3 Postural stability  

Postural stability is defined as a person’s ability to maintain the position of their 

centre of mass within the base of support, within either static or dynamic conditions 

(Lord et al. 2001).  One method of assessing postural stability is assessing postural 

sway under various test conditions.  Postural sway is defined by measuring the 

constantly occurring deviations in position while the subject is standing upright 

(Lord et al. 2001).  Postural sway is a function of the subject’s muscle activity, 

which is a further function of the subject’s reflex response to visual, vestibular and 
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somatosensory inputs all of which have been shown to be negatively effected by age 

(Fitzpatrick et al. 1994).    

 

Postural sway when standing has been reported to be a falls risk factor among older 

people. Both retrospective and prospective studies have found significantly greater 

sway among fallers than non-fallers (Maki et al. 1994; Lord and Clark 1996; Lord et 

al. 1996a; Woolley et al. 1997). In several studies Lord and colleagues identified 

four test conditions under which fallers possessed significantly greater sway than 

non-fallers (Lord et al. 1991; Lord et al. 1992; Lord et al. 1994a; Lord et al. 1994b; 

Lord et al. 2003).  The test conditions investigated during these studies included: 

standing on a firm base with eyes open; standing on a firm base with eyes closed, 

standing on foam rubber with eyes open and standing on foam rubber with eyes 

closed (Shumway-Cook and Horak 1986).  In each of these studies, a special, 

portable sway-meter (that records the displacements of the body at the level of the 

waist) was used (See Figure 2-1).  

 

 
 

Figure 2-1. The portable ‘sway meter’ used to measure body displacements at 
the level of the waist (Lord et al. 1991; Lord et al. 1992; Lord et al. 1994a; Lord 

halla
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et al. 1994b).  
 

Similar tests have also been developed using force platforms to quantify sway under 

different test conditions. This is known as the Sensory Organisation Test and has 

been used specifically in falls related research by Buatois et al. (Buatois et al. 2006).  

 

Other clinical balance tests have also been linked to falls, for example, the Four 

Square Step Test (Dite and Temple 2002) and the Step Test (O'Loughlin et al. 1993). 

Other tests of postural stability that have been used in this thesis that have been 

previously associated with falls include the functional reach test (Duncan et al. 

1990), and the coordinated stability test (Lord et al. 1996b). The functional reach test 

is a measure of a subject’s ability to reach as far forward as they can while standing 

with arms out straight parallel to the ground and maintaining their arms in that 

position (Duncan et al. 1990).  The co-ordinated stability test is a rotational variant 

of the maximal balance test, where the subject is asked to trace within a track marked 

on paper (again using a sway meter) without moving their feet (Lord et al. 1996b).  

A number of functional stability tests have been shown to demonstrate significant 

improvement after exercise intervention for older people, including the co-ordinated 

stability test. 

 

Reliability has been demonstrated by mean test re-test scores for the two tests being 

similar: maximal balance range, 18.5 ±4.1 and 18.3 ±3.4; co-ordinated stability 

8.1±7.0 and 8.5 ±8.4. The reliability coefficients and confidence intervals for the 

maximum balance range and coordinated stability tests using Pearson Correlation 

were 0.74 (CI= 0.56-0.86) and 0.83 (CI= 0.70-0.91), respectively.  The sensitivity 

was evidenced by significant differences in the exercise group post-intervention with 

MANOVA analyses significant for both tests at p< 0.01 (Lord et al. 1996c). 

 

2.3.4 Neural  

The central nervous system and peripheral nervous system undergo many changes as 

a result of age. Cortical atrophy and a decline in neurotransmitter levels occur in the 

central nervous system. Brain weight decreases by about 20% between 45 and 85 
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years of age, primarily because of a loss of fluid rather than nerve cells (Berman et 

al. 1988). There is a progressive decline in cerebral blood flow compromising brain 

metabolism (Blocker 1992). Ageing also affects the nervous system by producing a 

reduction in the number and size of neurons, nerve conduction velocity, and maximal 

conduction frequency, and an increase in the amount of connective tissue in the 

neurons and in the excitability threshold of muscle (Ellington and Conn 2000).   

 

There is little research on peripheral sensation with regard to falls. Peripheral 

sensation tests diagnose impairment of peripheral nerves and changes in central 

nervous system function. Vibration sense at the tibial tuberosity has only been 

investigated in one study, where it was found to be significantly different between 

fallers and non-fallers (Lord et al. 1994b). Tactile sensitivity of the lateral malleolus 

has been shown to be poorer among fallers compared with non-fallers in several 

studies (Lord et al. 1991; Lord et al. 1992; Lord et al. 1994a; Lord et al. 1994b)  and 

lower-limb proprioception has also been found to be worse among fallers than non-

fallers (Lord et al. 1991; Lord et al. 2003). 

 

These neural changes result in decreased detection of stimuli that can reduce 

movement speeds. Older people therefore exhibit less precise control of movement 

and movements that seem to require more attention (Fitts 1981). Ageing also seems 

to reduce voluntary movement and increase reaction time (Ellington and Conn 2000). 

Simple reaction times of older people are approximately 20% longer than young 

adults (Schultz 1992). Reaction time has consistently been found to be slower among 

fallers than non-fallers (Adelsberg et al. 1989; Lord et al. 1991; Grabiner and 

Jahnigen 1992). It has been proposed by Lord  et al. (2001) that individuals with 

slower reaction times are more prone to falling as a result of an inability to correct 

postural imbalances. The delay in motor and sensory nerve conduction in the 

peripheral nervous system is thought to be the major reason for the 35 to 40% 

increase in falls observed among people aged 60 years or older (Vandervoort et al. 

1990a). 

 

It should be noted that individuals who have pre-existing neurological medical 

conditions have also been reported to be at a higher risk of falls. These include 
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individuals who have experienced a cerebrovascular accident or have Parkinson’s 

Disease, myelopathy, cerebellar disorders, vestibular pathology or peripheral 

neuropathy (Lord et al. 2001).  

 

2.3.5 Sensory  

Hearing and vestibular function decline with age, with 30% of the non-

institutionalised elderly having a prominent hearing impairment (Berman et al. 

1988). Older people often experience a loss in vestibular function, due to loss of hair 

in the crista ampullaris, or inside the semicircular canals of the inner ear. This results 

in a loss of balance, which may contribute to the high rate of falls among older 

people (Rimmer 1994). 

 

Visual diseases that are common among older people include cataracts, macular 

degeneration, glaucoma and diabetic retinopathy. Several aspects of vision have been 

associated with falls among older people. Visual acuity has been given the most 

attention with regard to falls, although the published results have been inconclusive.  

A prospective study by Nevitt  et al. (1989) found poor visual acuity and depth 

perception were risk factors for falls. In contrast, large retrospective studies 

demonstrated the likelihood of multiple falls increased with greater levels of visual 

acuity impairment (Ivers et al. 1998; Klein et al. 1998; Klein et al. 2003). Several 

other prospective studies have found visual acuity to predict falls among older people 

(Tinetti et al. 1986; Campbell et al. 1989; Coleman et al. 2004). However, other 

studies have not found any association between visual acuity and falls among older 

people (Brocklehurst et al. 1982; Tinetti et al. 1988b; Robbins et al. 1989). These 

contrasting results may be due to a number of reasons, including varying types of 

non-standard and self-reported measures being used. Overall, it appears that poor 

visual acuity is an important risk factor for falls. 

 

Contrast sensitivity, the detection of large visual stimuli under low-contrast 

conditions, has been found to be more important than visual acuity in predicting falls 

(Lord et al. 1991; Lord et al. 1994a). This impairment may result in the decreased 

ability to see steps, gutters and cracks in the pavement, which could result in falls. 
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Reduced depth perception has also consistently been found to be a significant risk 

factor for falls and fractures. Nevitt et al. (1989) found that older people who had 

poor stereoacuity were at significantly higher risk of suffering recurrent falls. Other 

research has reported that poor depth perception was an important risk factor for hip 

fracture (Ivers et al. 2000). 

 

2.3.6 Functional ability  

Mobility impairment is an important issue facing many older people. A reduction in 

an older person’s functional ability is a role of a number of systems, primarily the 

musculo-skeletal and cardiovascular systems. Cress (1997) has noted that 

functioning on a daily basis requires the performance of many tasks serially and 

requires the integration of several separate areas of fitness, including strength, 

flexibility, balance and endurance. Additionally, effective functioning, in particular 

balance performance, also requires the ability to perform two tasks concurrently, i.e. 

dual task performance (Bloem et al. 2001). 

 

Reduced muscle strength and muscle mass have been associated with increased 

frailty, an increased risk of falls and eventually inability to perform activities of daily 

living (ADL) other than walking which are essential for self-care (Posner et al. 1995; 

Cress and Meyer 2003). It has been reported that older adults experience reduced 

aerobic fitness and strength, which results in these adults having to adjust their living 

status to accommodate their lower physical capacity (Cress et al. 1996). It has been 

found that females have higher rates of ADL limitation than males at all ages 

(Schultz 1992). Older women’s peak oxygen uptake (
•

2V O peak) has been shown to 

predict their ability to perform ADL, such as transferring from a bed to a chair, using 

the toilet, dressing, bathing, preparing meals and walking (Posner et al. 1995).   

 

Tests of functional mobility include the Berg Balance Scale and Performance 

Oriented Mobility Assessment tests. These tests are reviewed below under “clinical 

assessments” (Section 2.4). 
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2.3.7 Cardiovascular and respiratory changes in response to exercise 

Older people’s capacity to undertake aerobic exercise such as walking is adversely 

affected by advancing age, with decreases of between 5 and 15% per decade after the 

age of 25 years (Heath et al. 1981). Maximal heart rate has been shown to be 

inversely related to age with decreases 6-10 beats per minute per decade (Ogawa et 

al. 1992; Tanaka et al. 1997; Paterson et al. 1999). Although the resting heart rate of 

older people remains essentially the same, a decline in the maximal attainable heart 

rate occurs (van Camp and Boyer 1989; Spirduso 1995).  Although some research 

has shown cardiac output and maximal arteriovenous oxygen difference contribute to 

the age-associated reduction in maximum oxygen uptake (
•

2V O max) (Taaffe and 

Marcus 2000), others have found that this reduction in 
•

2V O max is related to losses 

in muscle mass (Fleg and Lakatta 1988). With the decrease in 
•

2V O max, a previously 

submaximal activity becomes relatively more strenuous. It is generally agreed that 

older people have smaller stroke volumes during maximal exercise (Ogawa et al. 

1992; Skinner 1993; Robergs and Roberts 1997). Older people rely on the Frank-

Starling mechanism (increasing blood volume in the heart, which increases the 

stretch of the myocardium and the force of the contraction). However, other research 

has shown that an increase in stroke volume during maximal exercise occurs with 

age, as evidenced by their end diastolic volumes (Fleg et al. 1995). However, older 

people have lower plasma, red cell and total blood volumes. They have reduced early 

diastolic filling at rest and during exercise compared with young adults, due to 

reduced left ventricular compliance (Miller et al. 1986). 

 

There are several physiological factors that could potentially limit or define 

2OV& max. These include pulmonary diffusing capacity, maximum cardiac output, and 

oxygen-carrying capacity of the blood and muscle characteristics. The first three of 

these are known as central factors and the last is considered a peripheral factor. 

These are discussed in more detail in the literature review specifically concerning 

maximum oxygen uptake (Section 2.5.2, p.36). 
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Changes in the respiratory system that occur with ageing have little effect on the 

function of healthy lungs at rest, but do make it more difficult for the lungs to supply 

adequate levels of oxygen to the body during intense exercise. During submaximal 

exercise, ageing of the aerobic fitness system is characterised by higher values for 

ventilation, blood pressure, maximal arteriovenous oxygen difference, blood lactic 

acid concentration, and oxygen debt. Older adults also experience a lower rate of 

adaptation to and recovery from exercise (Skinner 1993).   

 

There seems to be a lack of literature to examine levels of aerobic fitness and to what 

extent this may be identified as a falls risk factor. The proposed research aims to fill 

this gap in the literature. 

 

2.4 Clinical assessments for falls risk 

Several clinical tests of balance, mobility and falls risk have been identified as being 

valid and reliable and, to varying degrees, able to differentiate between fallers and 

non-fallers. Clinical tests are important as they enable a practitioner to simply and 

quickly assess an individual’s performance and gain an idea of their balance or 

mobility. This section of the literature review will consider the existing research on 

clinical tests and both retrospective and prospective falls. 

 

2.4.1 Timed Up and Go (TUG)  

The TUG is commonly used to examine functional mobility among community-

dwelling, frail, older adults (aged 70-84 years) (Podsiadlo and Richardson 1991). 

The test requires the participant to stand up, walk 3m, turn, walk back, and sit down. 

Time taken to complete the test has been shown to be well correlated to level of 

functional mobility (Podsiadlo and Richardson 1991). The TUG reflects a 

combination of various motor and sensory abilities that are highly integrated. Motor 

ability is a combination of strength, flexibility and co-ordination, whereas sensory 

ability is a combination of vision, proprioception and vestibular function (Isles et al. 

2004). These physiological functions have been shown to diminish with age and 
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therefore contribute significantly to falls risk. Older adults who were able to 

complete the TUG in less than 20s (range 10-19s) have been shown to be 

independent in transfer tasks involved in activities of daily living, have high scores 

on the Berg Balance Scale (Section 2.4.2), and walk at gait speeds that should be 

sufficient for community mobility (0.5m/s) (Podsiadlo and Richardson 1991).  

 

Previous studies have assessed the TUG in community-dwelling, older people with 

results all under the threshold for functional independence originally set by Podsiadlo 

and Richardson (1991) of  <20s. In this same study by Podsiadlo and Richardson, 

older but healthy control subjects had a mean TUG time of 8.5s (SD not specified, 

range = 7-10s). Other studies on well, older people, including Steffen  et al. (2002) 

reported a mean value of 8s and Isles  et al. (2004) reported a mean (±SD) of 7.24s 

(±0.17s). Other studies reported longer mean (SD) values such as 13.05s (±2.6s) 

(Hughes  et al. 1996), 15.2s (±10.3s) (Lin  et al. 2004), and 15s (±8s) (Cho et al. 

2004). 

 

Retrospective falls and the TUG 

Several studies have also assessed the efficacy of the TUG as a predictor of falls, or 

being able to differentiate between fallers and non-fallers. Retrospective research has 

found the TUG to have high sensitivity (87%) and specificity (87%) in classifying 

subjects for falls in the previous six-months (Shumway-Cook et al. 2000). They 

identified a cut-off of 14s, above which falls risk would be increased. Another 

retrospective study found the TUG able to correctly classify previous fallers and non-

fallers with a sensitivity of 58.8%, specificity of 88.2% and area under the receiver 

operating characteristic curve of 0.72 where area greater than 0.5 is better than 

chance (out of a possible 1.0).  This study found a cut-off of 20.1s above which falls 

risk would be increased (Chiu et al. 2003). The authors explained that the low 

discriminant ability of the TUG might indicate that the task could not challenge the 

mobility and balance functions of older people enough to reveal their risk for falls. In 

contrast, Rose  et al. (2002) found that using a lower cut-off point of 10s was optimal  

for discrimination between single or non-fallers and recurrent fallers with 86% 

specificity and 71% sensitivity. Other research has shown higher sensitivity (98%) 
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but poor specificity of only 15% of non-fallers being classified correctly (Gunter et 

al. 2000).  

 

Recent research from a falls clinic has shown the TUG to be a useful clinical tool 

that can be used to refer high-risk patients for further assessment. This study 

identified a TUG cut-off of 15s for identifying those at higher risk of falling (70% of 

their sample) as calculated from the Physiological Profile Assessment (as described 

later in this review) (Whitney et al. 2005). 

 

Prospective falls and the TUG 

In the only 12 month prospective study (to the author’s knowledge), Boulgarides  et 

al. (2003) performed a logistic regression analysis on several clinical tests and 

subsequent occurrence of a fall. These tests included the TUG, Berg Balance Scale, 

Dynamic Gait Index, Modified Clinical Test for Sensory Interaction on Balance, and  

100% Limits of Stability Test.  Participants were 99 community-dwelling, older 

people aged 65-90 years. Participants were tested once at baseline and then followed 

up for 12 months to track falls. A fall was defined as any disturbance of balance 

during routine activities that resulted in a person’s trunk, knee, or hand 

unintentionally coming to rest on the ground, wall, table, chair, or some other 

surface. A falls categorisation of multiple falls (2+) versus non-multiple falls (0,1) 

was used for analyses. 

 

They found that the TUG scores were not predictive of multiple falls. They reported 

a trend whereby the non-fallers had times clustered around 8-10s and the multiple 

fallers around 9-13s. They noted that many of the fallers had times well below 

commonly used cut-off times (eg. 10-12s by Trueblood et al. 1991; or 14s by 

Shumway-Cook et al. 2000). The study did not calculate a cut-off time, but total time 

was used in a logistic regression model. Boulgarides  et al. (2003) did recommend 

that future research should try determining whether a lower (10s) cut-off time should 

be established for falls risk in community-dwelling older people who are active. 

Therefore a gap in the literature exists to determine whether a cut-off exists for the 

TUG to differentiate between fallers and non-fallers over a 12 month follow-up 

period, especially for a threshold of <10s. 
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2.4.2 Berg Balance Scale (BBS)  

The BBS consists of 14 test activities. These vary from simple tasks, like maintaining 

one’s stability in standing, to dynamic tasks that involve changing the base of 

support or performing movements with increasing speed. The participant is observed 

doing these tasks and then rated by a health professional. Minimal training is 

required to run this test. The rating of each item ranges from ‘0’ for inability to 

perform to ‘4’ for ability to perform the task safely, with a total possible score of 56. 

The BBS has been shown to be both reliable and valid in testing the mobility and 

balance of frail older people (Berg et al. 1992; Berg et al. 1995). The BBS was 

shown to differentiate between function of individuals at home, in rehabilitation 

centres and in acute hospital settings (Berg et al. 1992; Berg et al. 1995). It has also 

been shown to be correlated with other balance scores, with product moment 

correlations of between 0.67 and 0.91 (Berg et al. 1992). The original BBS 

recommended cut-off was 45 as a point between those individuals who were safe in 

independent ambulation and those requiring investigation or supervision (Berg  et al. 

1992). Mean values for BBS performance among older people have been reported to 

vary from 51.5 in 80-89 year olds (Steffen et al. 2002), to 53 in a group of older 

people aged between 60-90 years (Boulgarides et al. 2003), to 55 in 60-69 year olds 

(Steffen et al. 2002). 

 

Retrospective falls and BBS 

The BBS has been reported to have varying degrees of success in the discrimination 

of fallers and non-fallers within the literature. Three studies (O'Brien et al. 1998; 

Daubney and Culham 1999; Riddle and Stratford 1999) have not found the BBS to 

differentiate between previous fallers and non-fallers. The authors combined the data 

from two previously published research reports that measured falls retrospectively 

(Bogle Thorbahn et al. 1996; Shumway-Cook et al. 1997). Riddle and Stratford  

(1999) showed the recommended cut-off of 45 was not ideal for identifying people at 

risk for falling (with a sensitivity of 64%) but was good at identifying people not at 

risk (with a specificity of 90%). A study by O’Brien  et al. (1998) showed poor 
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sensitivity (54%) for retrospective falls prediction with  the recommended BBS cut-

off score of 45.  

 

In contrast, a retrospective study by Chiu  et al. (2003) found that the BBS was the 

most powerful of four clinical tests trialled (including the TUG, Tinetti Mobility 

Score and Elderly Mobility Scale) in discriminating previous fallers from non-fallers. 

The authors reported a cut-off score of 47 for discriminating single-fallers from non-

fallers. They noted that this value was very close to the original cut-off proposed by 

Berg  et al. (1992). This cut-off score of 47 had 88.2% sensitivity, 76.5% specificity 

and 0.84 area under the ROC curve.  

 

The conflicting results in the retrospective studies could be due to the fact that 

measuring falls retrospectively is known to be unreliable. Additionally, the O’Brien  

et al. (1998) study used a lower cut-off score (which indicates less functional ability). 

This might suggest that the higher cut-off score (i.e. higher functional ability) of 

Chiu  et al. (2003) is more related to falls risk than lower scores, and thus the reason 

the study had positive results. However, greater confidence in conclusions regarding 

the ability of the BBS to predict falls would be drawn from prospective studies. 

 

Prospective falls and BBS 

Of more importance are results from prospective research studies. Prospective 

research by Boulgarides  et al. (2003) found that the BBS was not sensitive enough 

to uncover factors that contributed to falls in a sample of older people who were very 

active. They concluded that the very unfit were less likely to go into high-risk 

situations, which the authors reported demonstrates the multi-factorial nature of falls. 

Bogle-Thorbarn (1996) showed that the BBS had only 53% sensitivity for predicting 

falls in the following 6 months when using the original BBS cut-off of 45. The 

authors noted that a ceiling effect had potentially occurred in this study, with 73% of 

participants scoring more than 45 points and 11% achieving a perfect score of 56.  A 

prospective study of six months duration reported that a model containing clinical 

balance measures including the BBS, anterior reach distance, lateral distance, and 

number of steps (left and right) did not significantly predict faller status. This model 

had 12% sensitivity and 95% specificity in predicting future falls (Brauer et al. 
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2000). The six-month follow-up period is short compared to the best-practice model 

for fall prevention studies, which recommends a minimum of 12 months. Short 

follow-up may be one reason that this study did not identify an effect. 

 

Other prospective research has, however, shown that the BBS was predictive of falls.  

Shumway-Cook (1997) found the BBS, along with a history of imbalance, predictive 

(cut-off score of 42, sensitivity 91%, specificity  82%). However, this was only the 

case in participants with a history of recurrent falls, which indicates this group was 

already at higher risk of falling, and perhaps already frailer.   

 

2.4.3 Functional Reach (FR) 

To assess Functional Reach, an individual should be positioned next to a wall, 

instructed to stand comfortably, with one arm raised 90 degrees with the fingers 

extended, and a metre ruler mounted on the wall at shoulder height. The distance in 

centimetres that a subject is able to reach forward from an initial upright posture to 

the maximal anterior leaning posture without moving or lifting the feet is measured 

by visual observation of the position of the third finger tip against the mounted metre 

ruler. The greater distance of two trials is accepted, with a greater distance indicating 

better balance ability (Duncan et al. 1990; Duncan 1992).  

 

Retrospective falls and Functional Reach 

Retrospective falls research has shown no significant differences in Functional Reach 

between previous fallers and non-fallers (Cho et al. 1998).  

 

Prospective falls and Functional Reach 

In contrast, two out of three prospective studies have found Functional Reach 

performance to differ between fallers and non-fallers. In a six-month, prospective 

study, the Functional Reach test was reported to have predictive ability in identifying 

recurrent falls (Duncan 1992). Lin  et al. (2004) also found the Functional Reach task 

differentiated between 12 month prospective fallers and non-fallers moderately well, 

with a reported area under the ROC area of 0.623. The third prospective study found 
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(after six-months of follow-up) no significant differences between fallers and non-

fallers in Functional Reach ability (Brauer et al. 2000). 

 

Therefore, there is much conjecture whether this test is able to differentiate between 

fallers and non-fallers.  One of the reasons for variability in results could be 

variations in shoulder movement when extending the arm (Lord et al. 2001). 

 

2.4.4 Performance Oriented Mobility Assessment (POMA)  

The Performance Oriented Mobility Assessment (POMA) has been described as a 

functional mobility assessment appropriate for elderly patients (Tinetti 1986). The 

POMA incorporates two subscales: performance-oriented assessment of balance and 

performance-oriented assessment of gait. Thus the total POMA score is an indication 

of an individual’s balance and mobility. The total score possible for the POMA is 28. 

It has been shown to be a reliable test (Tinetti 1986; Tinetti and Ginter 1988) and 

able to predict falls (Tinetti et al. 1988a). Further research by Tinetti  et al. (1993b) 

showed that poor performance on POMA was associated not only with an increased 

risk of falling but also increased risk of being unable to get up from a fall. The 

authors noted that the association between use of a walking aid and inability to get up 

suggested the possibility that inability to get up is a problem for more frail fallers. 

 

Chiu  et al. (2003) found the POMA to be good at discriminating between previous 

fallers and non-fallers with 82.4% sensitivity, 64.7% specificity and 0.72 ROC area. 

They also determined a cut-off point of 21/28 discriminated previous fallers from 

non-fallers. Single-fallers had a mean score of 19, multiple-fallers 11, and controls 

21. In another study, Cho  et al. (2004) found, in a functionally impaired older 

population, the odds of being a previous recurrent faller compared to the rest of the 

cohort (who were not recurrent fallers) after adjusting for age and sex, were 

significant for POMA. The mean value for the POMA in this group was 25/28 with a 

mean age of 78 years. These results suggest that if functionally impaired older people 

are achieving such high scores on the POMA, there is likely to be a ceiling effect for 

this test. 
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Limitations to this assessment include crude categorisations for the balance and gait 

tests, and the authors acknowledge that much more variability exists among 

individuals than is implied by the categorisations. The authors did not intend for this 

tool to be used in isolation but acknowledged the importance of considering other 

intrinsic and extrinsic factors when assessing ability. Examples of intrinsic risk 

factors include leg strength, balance, gait, vision, reaction time and proprioception 

impairments; moreover, extrinsic risk factors provide an external challenge to 

balance. Examples include poor lighting, slippery floor, stair climbing, walking and 

transfers (King and Tinetti 1995). 

 

2.4.5 Physiological Profile Assessment (PPA)  

The Physiological Profile Assessment (PPA) represents a physiological rather than 

disease-oriented approach that deals with impairments irrespective of their cause. 

This approach involves direct assessment of sensorimotor abilities rather than 

documenting the presence or absence of a diagnosed disease.  The PPA involves a 

series of simple tests of vision, peripheral sensation, muscle force, reaction time, and 

postural sway. The tests can be administered quickly, and all equipment needed is 

portable. The results have been shown to be able to differentiate between people who 

are at higher and average risk of falls. A computer program using data from the PPA 

can be used to assess an individual’s performance in relation to a normative database 

so that deficits can be identified.  

 

The PPA has been shown to predict those at risk of experiencing future falls with 

75% accuracy in both community and institutional settings (Lord et al. 1991; Lord et 

al. 1994a; Lord et al. 1994b; Lord and Dayhew 2001). It should be noted, however, 

that sensitivity and specificity values for the PPA have not been reported to date. The 

PPA produces a falls risk score that ranges from -2 (which is categorised as very low 

risk) through to +4 (which is categorised as marked risk of falls). Mean values 

reported by Menz  et al. (2003) for older subjects of ages 75 to 93 years were 1.25 

±1.04. 
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The authors have noted that the PPA needs to be viewed as being complementary to 

the traditional medical approach based on diagnosis of diseases. The strength and 

novelty of this assessment lies in the fact that it targets multiple known physiological 

risk factors for falls. 

 

This assessment tool has been used to assess falls risk in patient groups including 

arthritis sufferers (Sturnieks et al. 2004) and persons previously affected by polio 

(Lord et al. 2002a) The PPA has also been used as a pre- and post-measure in  

several falls intervention studies (Barnett et al. 2003; Lord et al. 2005).  

 

The downside to this group of tests is in terms of its cost. The PPA equipment and 

internet access for interpretation of results needs to be purchased, unlike many other 

freely available tests. Other limitations of the PPA are that it does not include non-

physiological falls risk factors. This means that additional tests would be required to 

supplement the PPA, including cognitive status, medication and continence status.  

 

 

2.4.6 Summary 

It is important to note that the limitations of all the aforementioned clinical tests are 

that other known risk factors for falls are not considered, including psychological 

factors (dementia; depression; cognitive ability), adverse effects of psychoactive 

medications, and all aspects of medical conditions such as Parkinson’s Disease, 

stroke, lower-limb amputation, postural hypotension, and vestibular disease. 

 

This summary of clinical tests was not intended to give an exhaustive review of the 

literature, but to outline findings of main studies that are relevant to the current 

study. The main gap in the literature pertains to there still being few studies that use 

prospective measurement of falls. No research exists that has compared all these 

assessment tools in one prospective falls study to assess the best tool for the 

prediction of falls among community-dwelling older people.  
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2.5 Aerobic fitness 

2.5.1 Rationale 

Several physiological risk factors for falls have previously been established (Lord et 

al. 2003). There is also a strong link between activities of daily living and falls risk 

(American Geriatrics Society et al. 2001), and aerobic fitness has also been 

connected to ability to perform activities of daily living (ADL) (Alexander et al. 

2003; Cress and Meyer 2003).  

 

Physiological explanations for this may be the effect of fatigue in the performance of 

ADL. It has been proposed that many older people live close to thresholds needed to 

perform ADL. Fatigue may inhibit an older person’s ability to not only perform 

ADL, but place them at a higher risk of falls. There are many potential causes of 

fatigue. During short-term intense exercise, which for an older person could equate 

to walking up a flight of stairs, continued muscle contraction relies on a high rate of 

ATP regeneration from the dephosphorylation of creatine phosphate and an increased 

flux of glucose through glycolysis. Contributors to muscle fatigue during short-term 

intense exercise have been related to: 

• muscle energy production, such as a decline in muscle ATP regeneration 

(Dawson et al. 1978);  

• creatine phosphate depletion (Toner et al. 1990);  

• glycogen depletion (Bertocci et al. 1992); 

• the production and accumulation of metabolites, such as lactate and acidosis 

(Stainsby et al. 1991);  

• impaired functioning of the electrochemical events of muscle contraction and 

relaxation (Jones and Bigland-Ritchie 1986);  

• central nervous system contribution during intense exercise (Jones and 

Bigland-Ritchie 1986).  

 

The next step in this continuum is to propose that aerobic fitness might be another 

potential physiological falls risk factor. Figure 2-2 shows these established (solid 

arrows) and proposed relationships (dashed arrow). 
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Figure 2-2: Relationships between falls risk, activities of daily living (ADL), 

aerobic fitness and established physiological falls risk factors 

 

 

Activities of daily living, like walking and climbing stairs, require a certain level of 

cardiorespiratory fitness. Research has found that individuals with a 2OV& peak less 

than 18 ml/kg.min have difficulties with ADL (Morey et al. 1998). This has been 

reinforced by Paterson  et al. (1999) who also found that the minimum level of 

aerobic capacity compatible with a fully independent life at age 85 is 17.7ml/kg.min 

for men and 15.4 ml/kg.min for women. Paterson  et al. (1999) went on to find that 

minimum ventilatory threshold required for ADL (or functional minimal threshold) 

for men is 14.9 ml/kg.min, and for women is 13.9 ml/kg.min. Shephard  et al. (1978) 
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found performance of ADL required a minimum level of 2OV& ; age 85, males 

required a 2OV& max of 17.7ml/kg.min and females a 2OV& max of 15.4 ml/kg.min. 

This means that many sedentary older people would have fitness levels that place 

them close to the point at which further decline may render them dependent. 

Therefore, if an individual’s cardiorespiratory system is unable to meet the minimum 

requirements for functional ability, then their independence will be impaired and 

may place them at higher risk of falls (Skelton and Dinan 1999; American Geriatrics 

Society et al. 2001; Lord et al. 2001; Skelton and Beyer 2003).  

 

A study by Binder  et al. (1999) of 100 women aged over 75 years found that 

2OV& peak was correlated with a physical performance test score, even after 

adjustment for age. 2OV& peak was found to be a significant predictor of gait speed 

and other functional measures. Morey  et al. (1998) also found low fitness to be a 

risk factor for functional decline, independent of disease processes. They found a 

significant association between 2OV& max and functional limitation (r= -0.58) and that 

2OV& max was the only fitness variable (out of strength and flexibility) that was 

directly but inversely related to pathology (r= -0.36).  

 

The most interesting paper in this field longitudinally assesses the determinants of 

dependence in an elderly population (Paterson et al. 2004). The methods employed 

to determine the physiological characteristics are rigorous and the assessment of 

dependence over an 8-year period adds strength to the findings. It found that cardio-

respiratory fitness as assessed by a 2OV& max test was not only associated with loss of 

function but also was a determinant of functional ability, or disability, as well as loss 

of capacity for independent living. This paper, and the others presented in this 

section, clearly highlight the importance of aerobic fitness in the function of older 

people. It demonstrates that assessing 2OV& max of older people can help assess an 

individual’s current level of functional ability as well as determine the ability to 

perform ADL and assess risk of future disability. 
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Some older people may be quite capable of performing ADL but have lowered 

physiologic reserve, and therefore through performing ADL may be operating close 

to the maximum aerobic capacity (Buchner et al. 1992; Skelton and Beyer 2003). 

This becomes problematic when an individual is required to perform at a higher level 

than capable (e.g. climbing a flight of stairs) and finds that due to lower aerobic 

fitness levels s/he is unable to undertake this task, or unsuccessfully undertake the 

task thus resulting in a fall. Another scenario in which a reduced physiologic reserve 

may be problematic is if an individual suffers from an acute illness reducing  aerobic 

fitness, thereby reducing ability to undertake functional tasks as s/he normally would 

(Lord et al. 2001). Skelton and Beyer (2003) firmly state that the one clear fact in 

this field is that muscle function and fitness are essential to an independent life. 

 

Several authors have found that aerobic exercise can significantly increase an older 

person’s aerobic capacity by between 5-23% (King et al. 1991; Buchner et al. 1992; 

Green and Crouse 1995). These findings are important as they demonstrate two 

points:  

1. That older people are physiologically able to adapt to aerobic exercise; and  

2. The improvements in 2OV& max (even as small as 5%) may be enough to result 

in improvements in functional capacity and therefore reduce the risk of falls 

among older people (Green and Crouse 1995; Lord et al. 2001).  

It is expected that as for strength, there is likely to be a non-linear relationship 

between aerobic fitness and functional ability. In addition, it is expected that aerobic 

exercise training will have a greater effect on the functional abilities of 

deconditioned people than on those who already have an adequate level of fitness to 

complete their ADL prior to the intervention (Lord et al. 2001).  

 

There are only two studies that have examined aerobic exercise alone as an 

intervention to reduce the risk of experiencing a fall. The first study attempted to link 

any measure of aerobic fitness to falls (Buchner et al. 1997b). This work was part of 

the FICSIT study, and its purpose was to determine if strength and/or endurance 

training could modify risk factors for falls. It also tested the hypothesis that exercise 

has a beneficial effect on falls. Subjects were aged 68-85 years and were required to 

have at least mild deficits in strength and balance based on ability to perform set 



 

Chapter 2:  Literature Review  

34 

strength and balance tasks. This was an intervention study in which the subjects were 

randomly assigned to an aerobic training only, or resistance training only, or 

resistance and aerobic training, or control group. The  results pertaining to falls were 

reported as combined exercise program results. This may have been due to small 

sample sizes in each exercise group (n = 25). However, this makes it difficult to 

determine whether results were due specifically to aerobic-only intervention. Results 

were presented for changes in falls risk factors. In the groups that demonstrated an 

increase in aerobic fitness, changes also were apparent in leg strength and one 

balance score. This indicates that improvements in aerobic fitness are related to 

changes in leg strength and perhaps balance.  

 

The results showed that exercise (group pooled results) had a protective effect on risk 

of falling (relative hazard = 0.53, 95% CI = 0.30-0.91). Additionally, between 7- and 

18-months post-randomisation, control participants had more outpatient clinic visits 

(p < 0.06) and were more likely to sustain hospital costs over $5, 000 (p < 0.05). 

These results did not find a clear relationship between exercise and falls reduction.  

This may have been due to some methodological limitations of the study. For 

example, within the exercise intervention, there was an unsupervised, home-based 

exercise program component which potentially introduced variability into the 

training. Another concern was the assessment of the major outcome variable, 

2OV& max. Subjects were trained on cycle ergometers, but tested on a treadmill. This 

change of mode can lead to large amounts of error, and there are many problems 

associated with the use of treadmills for testing older people. Unfortunately, there 

were no results pertaining to 2OV& max and falls measured over the 12 month follow-

up period, which would have been very interesting. Finally, this was a very specific 

group of older people who were purposely selected due to their strength and balance 

impairments. Therefore, these results are not generalisable to the wider community 

of older people. There is a need for future research to determine if a relationship 

exists between types of aerobic fitness and falls, which follows rigorous scientific 

methodology, and is applicable to community-dwelling, older people. 
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The second study, by Ebrahim et al.  (1997), concluded that aerobic exercise actually 

increased risk of falls. However this study had several limitations. The participants, 

(all women) were randomised to either the walking group or the control group. The 

control group was not a true control as they were undertaking upper-body exercises. 

Increased grip strength, for example, has been linked to reduced falls risk (Pluijm et 

al. 2006). The intervention proposed by Ebrahim et al.  (1997) was poorly designed 

with no specific prescription, no measure of improvement and no prescribed 

progression. Subjects were merely instructed to increase the amount and speed of 

walking in a manner that suited them. Additionally, there was a high rate of drop-out 

from both the control and walking groups (41%). It should also be noted that all 

participants had a prior upper-limb fracture. This suggests the participants had a 

history of falls. It is widely known that individuals who have a history of falls are at 

higher risk of falling again. This fact may have also influenced the results of the 

study. It might also be expected that increasing physical activity levels will increase 

risk of falls in the short-term, but in the longer-term it may actually reduce the risk of 

a falls as well as fall-related injury as a result of increased bone mineral density from 

weight-bearing exercise. 

 

This paucity of research on aerobic fitness as a risk factor for falls is inconsistent 

with the number of papers that use aerobic exercise as an intervention in numerous 

multi-disciplinary studies. If poor performance on aerobic fitness tests is found to be 

a risk factors for falls, then aerobic exercise testing should be included as a screening 

tool for falls among older people. Aerobic exercise has been used in many forms as 

part of exercise interventions with the aim of reducing falls or falls risk (Lord et al. 

1993a; Hornbrook et al. 1994; McRae et al. 1994; Lord et al. 1995; Rubenstein et al. 

2000; Hauer et al. 2001; Nowalk et al. 2001; Barnett et al. 2003; Faber et al. 

2006).Usually the aerobic component is poorly defined and not tailored to 

individuals. Often the only aerobic part of a program will be the warm-up. More 

specifically, a subject population with large ranges of aerobic fitness and muscular 

strength function should be considered, so that any relationship between fitness and 

risk may be identified. In summary, aerobic exercise is seen as being beneficial for 

older people to undertake, but neither of the two studies in this research area have 

been able to draw definitive conclusions regarding aerobic exercise and fall risk.  As 
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a result there is a need to establish to what degree aerobic fitness is a risk factor for 

falls among older people. Then interventions should be more specific in providing 

tailored prescription of the aerobic exercise to adopt. 

 

Again, it seems relevant to investigate whether poor aerobic fitness is a falls risk 

factor for older people. The following sections of the literature review will critique 

the current body of research on three categories of aerobic fitness: maximal, 

submaximal and clinical assessments. These areas will be considered specifically in 

the context of older people.  

 

2.5.2 Maximal tests: maximum oxygen uptake 

Background physiology 

An individual’s maximum oxygen uptake ( 2OV& max) is defined as the “highest rate at 

which oxygen can be taken up and utilised by the body during severe exercise 

(Bassett and Howley 2000, pp 70).” 2OV& max is currently accepted as the gold 

standard for determining the capacity of the cardiovascular system and is commonly 

interpreted as an index of cardio-respiratory fitness (Fleg and Lakatta 1988; Saltin 

and Strange 1992; Howley et al. 1995). However, the practicality of undertaking a 

2OV& max test on an older population has been questioned, as well as the applicability 

of these results to the daily lives of these people. 

 

(a) Physiological limitations  

There are several physiological factors that could potentially limit or define 

2OV& max. These include pulmonary diffusing capacity, maximum cardiac output, and 

oxygen-carrying capacity of the blood and muscle characteristics. The first three of 

these are known as central factors and the last is considered a peripheral factor.  
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Another way of describing this is through the Fick equation (Equation 2-1). 

diffOvaQOV 22 maxmax −×=
•

 Equation 2-1

 

This means that an individual’s 2OV& max is a product of their maximum cardiac 

output (Qmax) (maximum stroke volume (SVmax) x maximum heart rate (HRmax)) 

and the difference in the oxygen content of arterial and mixed-venous blood, 

otherwise known as arteriovenous oxygen difference (a - v O2diff). Thus, potential 

limitations to 2OV& max can be classified as central or peripheral. This review does 

not attempt to critique these two arguments but presents reasons why central 

limitations are widely considered the more important.  

 

Eight decades ago, Hill (1923; 1924) developed the first published theory of 

2OV& max. Since then much conjecture has followed as to the correctness of this 

theory. Bassett and Howley (2000) believe that Hill’s “classical” view has been 

widely accepted, i.e. that in the exercising human, 2OV& max is limited primarily by 

the rate of oxygen delivery, not the ability of the muscle to take up oxygen from the 

blood. Prominent scientists have either found evidence to support this statement 

(Saltin and Rowell 1980), or have been able to discount the periphery from the 

argument (Saltin 1973). 

 

This paradigm, however, is not directly applicable to people with disease or those 

taking certain medications. For example, a reduced haemoglobin level in people with 

anaemia will result in a reduced 2OV& max due to reduced oxygen-carrying capacity 

(Taylor 1981), and individuals medicated with beta-blockers generally exhibit lower 

cardiac output (Tesch 1985).  

 

(b) Consequences of degradation of the cardiovascular system with age  

Central changes 

Changes to the cardiovascular and respiratory systems that occur with increasing age 

are summarised in Figure 2-3.  
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Ageing Associated decreases in maximal cardio-respiratory 
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Figure 2-3: Age-related changes in the cardiovascular and respiratory systems 

Adapted from Robergs and Roberts (1997). 

 

Current research has shown the following age-related changes: 

• Delivery of oxygenated blood related to maximum heart rate decreases 6-10 

beats/min/decade (Taylor et al. 2004). 

• Reduced plasma, red cell and total blood volume (Taylor et al. 2004).  

• Structural and functional decline of the cardiovascular system including 

increased arterial stiffness and decreased left ventricular function (Ehsani et 

al. 2003).  
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• Increasing amounts of connective tissue, decreased elasticity, higher total 

peripheral resistance and higher blood pressure results in the heart needing to 

work harder to pump the same volume of blood (Skinner 1993). 

 

The effects of age are most evident at maximal levels of exercise. Increasing age 

results in reductions in maximal values of oxygen uptake, minute ventilation, cardiac 

output, heart rate, stroke volume, arterio-venous oxygen difference and blood lactic 

acid accumulation (Skinner 1993).  

 

Peripheral changes 

With increasing age there is a greater reduction in the number and size of fast-twitch, 

muscle fibres used for strength and speed than of slow-twitch, oxidative, endurance 

fibres (Lexell et al. 1988) as well as decreased ability to recruit fast-twitch fibres 

(Larsson and Ramamurthy 2000). Ageing has been shown to reduce lean muscle 

mass and reduce muscular strength and endurance as well as contraction speed due to 

reduced muscle mass and neuromuscular recruitment (Fisher et al. 1990). In addition 

to the loss of functional units in muscle cells, there are smaller stores of adenosine 

tri-phosphate, creatine phosphate, and glycogen and less effective enzymes for all 

three mechanisms in energy production. Ageing and inactivity have been shown to 

result in reduced capillary supply to skeletal muscle (Coggan et al. 1992). 

 

Changes within the nervous system also occur with age. There is a decrease in the 

number and size of neurons, nerve conduction velocity, and maximal conduction 

frequency, as well as an increase in the amount of connective tissue in the neurons 

and in the excitability threshold of a muscle. As a result, the control of movement is 

less precise, less harmonious, more hesitant, and seems to require more attention 

(Fitts 1981). Ehsani  et al. (2003) proposed the concept that many older people may 

not be able to achieve 2OV& max due to muscle weakness and fatigue. Therefore, older 

people may also lack the neuromuscular control or strength to exercise at high 

intensities and maintain this in order for a plateau in 2OV&  to be observed in 2OV& max 

testing. 
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(c) Decline of maximum oxygen consumption with age 

Cross-sectional and longitudinal studies have shown a reduction in 2OV& max with 

increasing age (Dehn and Bruce 1972; Astrand et al. 1973; Dill et al. 1985; Posner et 

al. 1987; Babcock et al. 1992; Fleg et al. 1995), although the rate and time course of 

loss of function are very different in the longitudinal models (Dehn and Bruce 1972; 

Dill et al. 1985; Fleg et al. 1995; Stathokostas et al. 2004). It has been consistently 

reported that men have a larger 2OV& max than women at any age, even when weight 

is taken into consideration (Fleg and Lakatta 1988; Fleg et al. 1995; Cunningham et 

al. 1997). 

 

Methodological considerations 

(a) Criteria for maximum oxygen uptake 

The primary criterion for having achieved 2OV& max is a plateau in oxygen uptake 

with a concomitant increase in work rate (Howley et al. 1995). A widely accepted 

definition of a plateau references the work of Taylor  et al. (1955). This study found 

(when using a treadmill at 2.5% change in grade) that an increase in 2OV&  less than 

two standard deviations (150ml/min) of expected increase in 2OV&  suggested oxygen 

consumption had levelled off. However, Howley  et al. (1995) have noted that this 

may be too liberal, due to the fact that when Taylor  et al. (1955) retested the 

subjects, many were able to achieve a higher 2OV& max on the second attempt. 

Therefore, the original values could not have reached a plateau and a true maximum 

had not been reached. Other researchers have also reported similar findings. Mitchell  

et al. (1958) used a plateau cut-off of 54 ml/min, and Ǻstrand (1960) used a plateau 

cut-off of 80ml/min and found higher 2OV&  values after the plateau. It should be 

noted that these figures have been based in discontinuous protocols whereas many 

researchers use continuous 2OV& max protocols.   

 

Currently, the accepted level of plateau is a change in 2OV&  of less than 2.1 ml/kg.min 

or 0.15l/min based on the work of Taylor  et al. in 1955. However, this is based on 

an increase of 2.5% grade in a treadmill test. Therefore a plateau may be considered 
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when 2OV&  increases less than 0.8ml/kg.min/%grade in treadmill exercise. To the 

author’s knowledge, no research of this type exists for cycle ergometry.  

 

It is not uncommon for subjects to complete a maximum graded exercise test on a 

treadmill or cycle ergometer and fail to achieve a plateau in 2OV& . This is particularly 

relevant for older people. Previous research has reported difficulty in achieving a 

plateau in this population. Reports range from one-quarter of subjects being able to 

reach a plateau (Fielding et al. 1997) to one-third  (Thomas et al. 1987), or two-

thirds achieving this goal (Malbut et al. 1995). Higher percentages of participants  

reaching a plateau were reported by Paterson  et al. (1999) with 79.5% of subjects, 

and by Babcock  et al. (1992), with 86% of subjects reaching this goal. 

 

Participants may have difficulty reaching a plateau in 2OV&  due to several factors. 

Firstly, the testing protocol may impact on ability to reach a plateau. Secondly, 

different studies use different definitions of a plateau. Finally, psychological factors 

may impact on ability to reach a plateau. In particular, having the motivation to push 

oneself long enough to achieve maximum oxygen uptake.  

 

The testing protocols used in 2OV& max studies that reported a large proportion of 

participants able to achieve a plateau had some similarities. Two studies in particular 

used a ramp protocol, even though the modes of testing differed, as Paterson  et al. 

(1999) used a treadmill and Babcock  et al.  (1992) used a cycle ergometer. It has 

been reported that ramp tests, where the power output is continuously increased and 

in which the test is designed to be short, usually will drive 2OV& to a plateau before the 

muscles are fatigued, thus providing a maximal stress of the cardiorespiratory system 

(Buchfuhrer et al. 1983). In comparison, the other studies, with plateaus achieved by 

few subjects, were all stage tests (Thomas et al. 1987; Malbut et al. 1995; Fielding et 

al. 1997).  

 

Differing definitions of plateau in 2OV&  can result in variance in the proportions of 

participants reaching this goal. Studies that reported a large percent of participants 

able to achieve a plateau had some similarities. Babcock  et al. (1992) used clear 
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criteria for a plateau, based on the work of Taylor  et al. (1955), and adapted it for 

older people, using a cycle ergometer. Babcock  et al. defined a plateau when 2OV&  

data versus time were averaged over 15s periods, a plateau was achieved and (1) the 

highest 2OV& occurred before the end of the test (and was thus greater than subsequent 

2OV& measures despite the continually increasing workrate), or (2) the rise in 2OV& at 

the end of the test differed from the prior 2OV& by 50% or less of the 2OV& -time slope 

during submaximal exercise. The aforementioned paper by Paterson  et al. (1999) 

followed the same methods for plateau definition.  

 

In comparison, Malbut et al. (1995) defined the plateau as the increase in 

2OV& between the last two work rates, expressed as a percentage of the increase 

predicted by linear regression from all work rates except the last. 2OV&  was 

considered to have levelled off if the ratio was ≤ 60%. In contrast, Fielding  et al. 

(1997) and Thomas  et al. (1987) defined a plateau in 2OV& max to have occurred if 

the 2OV& had increased by less than 2.0 ml/kg.min with an increase in exercise 

intensity as described by Taylor  et al. (1955). Although based on the landmark 

study, this threshold was not tailored to older people. This method also was not 

tailored to individuals and the increase in 2OV&  they experienced throughout the test, 

compared to the last portion of the test where the plateau is expected to be observed.  

These reasons may help explain why the participants in their studies had difficulty 

achieving a plateau in 2OV& . 

 

Finally, it has been noted that psychological factors may impact on ability to reach a 

plateau in 2OV&  (Skinner 1993; Meyer et al. 2005b). In particular, having the 

motivation to exert oneself long enough to achieve maximum oxygen uptake is very 

difficult, particularly among older people who may not be familiar with this level of 

exercise, or might be afraid to push themselves that hard. 

 

If using a protocol known to have high rates of inability to achieve a plateau 2OV& , 

Bassett and Howley (2000) and Howley  et al. (1995) have noted that additional 
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secondary criteria should be used to characterise oxygen uptake measured in the last 

minutes of a graded exercise test. These secondary criteria commonly include: 

1. High levels of blood lactic acid (BLA). The recommended levels of BLA at 

maximum are greater than 8-9mmol (Astrand 1952). In relation to older 

subjects, a study by Sidney and Shephard (1977) demonstrated that even 

among subjects who achieved a plateau in 2OV& , only 50-78% achieved a 

post-exercise lactate concentration of 8.8mmol, suggesting the levels 

recommended may be too high for older adults.  

2. Elevated Respiratory Exchange Ratio (RER). An RER of ≥ 1.15 is the 

widely accepted level as a secondary criterion (Issekutz and Rodahl 1961).  

Once again, older adults seem to have difficulty reaching this level. Cumming 

and Borysyk (1972) found that only 54% of 65 year old men could achieve an 

RER ≥ 1.12. Sidney and Shephard (1977) found that in a group of 63-83 year 

old men and women who reached a plateau in 2OV&  only 37% and 20%, 

respectively, achieved RER ≥ 1.15. This again suggests the recommended 

levels are too high for older adults to achieve. Others suggest ≥1.10 is 

adequate (Malbut et al. 1995; Hepple et al. 1997). 

3. Achievement of a criterion percentage of age-predicted maximum heart 

rate (HRmax). The American College of Sports Medicine states that 

predicted maximum heart rate should not be used as an absolute end-point in 

test termination (1995). Some studies use test termination of ± 5 beats per 

minute of age-predicted maximum (220-age) (Cunningham et al. 1997; 

Paterson et al. 1999; Paterson et al. 2004; Stathokostas et al. 2004), whereas 

others have used ± 10 beats per minute of age predicted maximum (Kohrt et 

al. 1991; Spina et al. 1993; Tanaka et al. 1997; Binder et al. 1999) and others 

only specify greater than age-predicted HRmax (Hepple et al. 1997). It is also 

known that using the equation 220-age is not applicable to all people, 

especially older adults for whom it underestimates their HRmax and has 

never been validated (Tanaka et al. 2001). The underestimation of HRmax 

will result in an underestimation of the true level of physical stress imposed 

during exercise testing, thus a true maximum may not be reached. Tanaka et 
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al. (2001) therefore developed a new formula for the prediction of HRmax for 

healthy adults, which has taken age into consideration (Equation 2-2 below). 

 

)(7.0208max yageHR ×−=  Equation 2-2 

Where y = years. 

 

Therefore, HRmax criteria should be based on this validated equation, particularly 

for older people. 

 

To the author’s knowledge there is only one study that has attempted to assess the 

efficacy of the aforementioned criteria among older people. Malbut  et al. (1995) 

noted that in the context of older people, the prediction of HRmax was unreliable, the 

conventional criteria for plateau of 2OV&  did not allow for  smaller increases in work 

rate, and neither peak lactate level nor RER had been fully evaluated in this 

population. The authors tested 10 male subjects with a mean age of 80 years, on two 

progressive maximum tests with the same protocol using a cycle ergometer. They 

found that there was no significant difference between maximum values of HR, 

RER, 2OV&  or blood lactate between the two tests. 7/10 participants achieved a RER 

greater than 1 in the first session, and 6/10 in the second session. Only 3/10 subjects 

reached a plateau in 2OV&  in the first test and 5/10 in the second test. The authors also 

noted that HRmax varied widely (i.e. 120-170bpm). It was concluded that for 

2OV& max tests with 80 year old men, a RER > 1.0 seems to be the only criterion 

suited to defining 2OV& max, as it seems older people cannot tolerate workloads of 

RER much greater than 1.0 as younger people can. It should be noted, however, that 

this study had limitations of small sample size and only male subjects, therefore it 

has limited generalisability. It is recommended further research in this field, based on 

this initial study, be conducted to establish guidelines for 2OV& max testing of older 

people. 

 

Currently, best practice within the ageing exercise physiology literature is to assess 

plateau based on a constant 2OV&  with a concomitant increase in workload. The use of 
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secondary criteria among older people requires further research before any thresholds 

can be accepted in this population. Huggett  et al. (2005) emphasised the need for 

agreement on whether the criteria for reaching 2OV& max should be redefined in older 

people. This paper questioned whether the most appropriate test for successful 

fulfilment of the criteria by all subjects may still need to be developed. Another 

viewpoint is that of Thomas  et al. (1987), who reported that the problems associated 

with the 2OV& max test as discussed in this review raise doubts about the value of and 

need for maximal 2OV&  tests among older people. It can be agreed, though, that 

further research in this field is required to establish specific guidelines and criteria 

values for the measurement of 2OV& max among older people.  

 

(c) Measurement of maximum oxygen uptake among older people 

There are many measurement issues to be considered when assessing 2OV& max 

among older people. The problems associated with 2OV& max testing has been 

summarised by Meyer  et al. (2005a, pp.S38) as:  

• necessity of maximal effort,  

• dependency on motivation/attitude of the subject/investigator,  

• difficulty to guarantee measurement precision during high-intensity exercise, 

and 

• lacking sensitivity for small changes in endurance capacity. 

 

 Table 2-1 summarises characteristics of older people and suggested modifications to 

a 2OV& max to cater for these with an emphasis on mode selection.  
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Table 2-1: Exercise testing for older people (Skinner 1993 p.79). 

 

In addition to the above suggestions focussing on the mode of the test, Greig  et al. 

(1994) have recommended that treadmill tests be used for older people as walking is 

a familiar activity, and they have assumed it might relate better to ADL compared to 

cycling. However, they did show concern about the use of a treadmill and described 

it as a large, unfamiliar piece of equipment that is noisy and can be potentially 

intimidating due to the fact that subjects cannot stop walking at will. Other concerns 

of the authors about the safety elements of a treadmill are that subjects can forget to 

walk if distracted and may have difficulty balancing on a moving belt. Also, subjects 

can be tempted to firmly grip the front or side rails of a treadmill, which can affect 

2OV& , heart rate and blood pressure measurements. 

 

Other methodological concerns 

Several studies have found not only that one-third of their participants are unable to 

achieve a plateau, but even the secondary criteria for a maximum exercise test 

(Thomas et al. 1987; Binder et al. 1999). As a result, Thomas  et al. (1987) excluded 

33% of participants from the study, or considered their data in the context of 

halla
This table is not available online.  Please consult the hardcopy thesis available from the QUT Library
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“ 2OV& peak.” Other research has highlighted the fact that when thoroughly screened 

for purely healthy subjects, 27/335 people aged 75-77 years remained (Wetterqvist et 

al. 2002). The authors noted that nearly 50% of the original sample was not able to 

do a maximum test. These data suggest that 2OV& max testing is not possible on 

approximately half of a population of older people. The usefulness of this test and 

applicability for assessment of aerobic capacity in a broad range of functions should 

be questioned. 

 

(d) 2OV& max versus peak oxygen uptake ( 2OV& peak) 

If an individual is deemed unable to achieve a 2OV& max, then it is important to 

consider the meaning of this and the subsequent use of this value. Generally, authors 

use the term 2OV& peak if the criteria for 2OV& max are not met, even though, as 

previously discussed, there seems to be little agreement about what the criteria 

actually are. The value of 2OV& peak tests has been questioned. For example, Thomas  

et al. (1987) noted that if older subjects are limited by muscular weakness and cannot 

push themselves to 2OV& max (or are not motivated to do so), then they questioned 

what practical significance are these “maximal” values to their health, wellbeing and 

independence? Proponents of the 2OV& peak test suggest that the data may be more 

representative of the actual physical ability of the population being assessed (Cress 

and Meyer 2003). 

 

A meta-analysis by Green and Crouse (1995) noted that the biggest problem in 

reviewing the literature on the effects of endurance training on functional capacity 

among the elderly was the reporting of 2OV& max versus 2OV& peak. They chose to 

overcome this problem by not distinguishing between the two. However, this created 

a large limitation in their study due to the fact that they ended up comparing two 

values with different meanings.  

 

Conclusions 

This literature review on 2OV& max testing, and its particular relevance to older 

people, has introduced methodological considerations and conjecture within the 



 

Chapter 2:  Literature Review  

48 

literature. It has specifically reviewed 2OV& max and ageing with regard to 

physiological changes with age and mechanisms behind the decline of 2OV& max with 

age. Methods of measurement of 2OV& max have been considered in the context of 

testing older people. There are large gaps in the current body of literature that will 

present future researchers with a great challenge. 2OV& max and 2OV& peak tests should 

be used and interpreted in an ageing population with caution. The inconclusive 

nature of current research and the apparent inability of older adults to perform a 

2OV& max test suggest that 2OV& max may not actually be the “gold standard” for 

assessing functional capacity in older people. 

 

 

2.5.3 Submaximal tests 

2.5.3.1 Submaximal graded exercise tests: predicted 2OV& max 

Several researchers have recommended the use of submaximal exercise tests for 

older adults instead of maximal exercise tests (Skinner 1993; Steele 1996; Lord and 

Menz 2002; Bean et al. 2003; Enright 2003; Wu et al. 2003; Myers 2005). 

Submaximal graded exercise tests that are used to extrapolate and predict maximum 

oxygen consumption are problematic and are based on several assumptions. These 

assumptions include: 

(i) linearity of heart rate versus oxygen consumption relationship; 

(ii) a known maximum heart rate; and 

(iii) if oxygen consumption is not measured, a consistent mechanical 

efficiency of exercise (Shephard 1984). 

These assumptions do not hold for older people, as it is known that they have 

difficulty in sustaining stroke volume at high work rates, which leads to 

disproportionate increase of heart rate (Shephard 1978). The result is the predicted 

2OV& max often shows systematic errors of up to 10%, while individual values 

generally show variance of ±10% about the mean error (Shephard et al. 1968). Even 

though the need for a submaximal exercise test suitable for older people has been 
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established, the use of submaximal graded exercise testing to predict 2OV& max may 

be inaccurate for use in older people. 

 

2.5.3.2 Ventilatory threshold  

The ventilatory threshold (VT) is a well-recognised and validated measure of aerobic 

fitness that is a reference value usually reported. VT is the level of exercising 2OV&  
above which aerobic energy production is supplemented by anaerobic mechanisms 

and is reflected by an increase in lactate and lactate/pyruvate ratio in muscle and 

arterial blood (Wasserman et al. 1999). Gas exchange is effective in determining the 

development of cellular metabolic acidosis because the time delay is only a few 

seconds between the HCO 3   buffering of lactic acid in the cell and the increase in 

CO2 derived from the buffering reaction in the respired air (Wasserman et al. 1999). 

VT is more applicable to ADL than 2OV& max, as individuals are more likely to work 

at submaximal workloads.  Functionally, this means if an individual’s VT occurs at a 

small percent of their 2OV& max, then they are more likely to be required to use 

anaerobic energy sources during their ADL, which will lead quickly to fatigue. 

However, VT has several limitations for use in clinical practice. In order to 

determine an individual’s VT, a 2OV& max test is usually required. Ventilatory 

threshold assessment requires gas analysis which is expensive and requires trained 

staff.  

 

A study by Paterson  et al. (1999) reported VT of a group of 146 subjects with a 

mean age of 70.0±8.1 years to be 1.05±0.21 l/min or 16.8±3.2ml/kg.min. The same 

study reported that VT required for independent living at this age was 14.9ml/kg.min 

in men and 13.9ml/kg.min for women. Significant correlations have also been 

reported  between 2OV& max and VT varying between 0.72 (Posner et al. 1987) and 

0.90 (Babcock et al. 1992). Both these studies used cycle ergometers for their testing.  
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2.5.3.3 Efficiencies 

Efficiencies can provide useful information on the energy requirement of constant- 

load exercise. Efficiency is reliant on an individual’s neuromuscular system to co-

ordinate the pedal rate when cycling, muscle strength to push higher workloads or 

ability to use oxygen that is being consumed. Considering the integration of these 

systems though, efficiency is generally described as a measure of the aerobic system 

and its ability to produce energy for exercise. Various efficiency terms can be 

calculated: gross efficiency is when the entire 2OV&  is used, including rest; delta 

efficiency is the change in total output for a given change in mechanical power 

output; and work efficiency is when resting metabolism plus the cost of moving the 

limbs against no external load is subtracted (Gaesser and Brooks 1975). Mallory  et 

al. (2002) reported a significant inverse relationship between 2OV& peak and delta 

efficiency. This means that individuals with higher aerobic fitness were less efficient 

at moderate-intensity workloads. This study acknowledged there was much inter-

subject difference in delta efficiency in their study. These results may only pertain to 

young subjects, as the participants had a mean age of 23±6 years. Previous literature 

has produced equivocal results. Suzuki (1979) noted no difference in delta efficiency  

between three subjects with high 2OV& max and three with lower 2OV& max at 60rpm, 

although at 100rpm the delta efficiency was lower for the more fit group as per 

Mallory  et al. (2002). However, other research suggests this may not be the case, 

with Boning  et al. (1984) having found slightly higher 2OV&  values for untrained 

subjects, compared with trained cyclists, for several different work rates and pedal 

frequencies. To the author’s knowledge, no research on delta efficiency exists for 

older people. 

 

Delta efficiency has been described as the superior efficiency measure, as it 

eliminates the error inherent in attempting to estimate gross efficiency (Sparrow et 

al. 2000). It is important to note that efficiencies typically have high levels of 

variance. For example, DeVries and Housh (1994) have summarised literature and 

reported gross efficiency values between 7.5 and 20.4% and delta efficiency values 

between 24.4 and 34%. 
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2.5.3.4 Oxygen uptake kinetics 

 

The use of 2OV& kinetics in older adults 

Previous research has shown that the time constant obtained from oxygen uptake 

kinetics ( 2OV& kinetics) were significantly slower for impaired versus unimpaired 

older people as defined by their performance on a 2OV& peak test (<18ml/kg.min= 

impaired as defined by the American Social Security criterion for disability) 

(Alexander et al. 2003). 2OV&  kinetics has also been used to assess aerobic fitness in 

clinical groups, including those with peripheral arterial disease, heart failure or end-

stage renal disease patients (Paterson et al. 1994; Koike et al. 2000; Koufaki et al. 

2002), and  2OV& kinetics has been effective in predicting prognosis in congestive 

heart failure patients (Brunner-La Rocca et al. 1999; Koike et al. 2000). 2OV&  kinetics 

is a popular choice for use in clinical groups, as it requires subjects to perform a 

submaximal exercise test, usually 6 minutes in duration. This is shorter and easier 

compared to a 2OV& max test, and it places participants under less risk of an adverse 

cardiovascular event occurring. The time constant obtained from 2OV&  kinetics has 

also been reported to be more sensitive than 2OV& max tests when measuring changes 

in fitness among older people (Babcock et al. 1994a; Chilibeck et al. 1996a). 

Previous research has found that the time constant of pulmonary 2OV&  kinetics from 

no-load cycling to moderate-intensity exercise are primarily determined by the 

muscle oxygen utilisation kinetics (Barstow et al. 1990).  This indicates that 2OV&  

kinetics parameters can be directly related to physiological mechanisms; in this case 

the time constant can be used to assess muscle oxygen utilisation. This enables 

researchers to identify physiological mechanisms behind slower time constants. Then 

an intervention to target the specific mechanism can be developed to speed the time 

constant.   

 

The relationship between 2OV&  kinetics, ADL and falls risk 

Previous research has shown a clear relationship between cardio-respiratory fitness 

(as measured by 2OV& max or 2OV& peak) and an individual’s ability to perform 
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Activities of Daily Living (ADL) (Cress and Meyer 2003; Reybrouck et al. 2003). 

However, some researchers believe that 2OV& kinetics is more representative of 

activities of daily living than 2OV& max. Koufaki  et al. (2001a, p.159) explained the 

relationship between 2OV&  kinetics and ADL as follows:  

“Sudden changes in power are often encountered in ADL. The speed and 

adjustment to a new level of exercise intensity gives an indication of the 

ability of the muscle to adapt to external stimuli and produce the energy 

required to perform the task and resist fatigue. Consequently, patients with 

faster time constants will be able to make a more efficient transitional 

adjustment to steady state conditions during ADL.” 

 

A novel study by Alexander  et al. (2003) reported a significantly slower time 

constant for impaired versus unimpaired older individuals on self-reported ADL. The 

authors did not present all their 2OV& kinetics methods, so we cannot be certain about 

the quality of the analysis. Despite this, this paper still presented a novel way to 

consider the relationship between ADL and fitness. 

 

Previous research suggests that there is a strong relationship between ability to 

perform ADL and falls risk (Tinetti et al. 1988a; American Geriatrics Society et al. 

2001). There is also an established relationship between 2OV&  kinetics and ability to 

perform ADL.  To the author’s knowledge, there is not yet any literature on 2OV&  

kinetics and falls risk in older people. This is a gap in the literature which should be 

addressed by future research. 

 

2OV& kinetics parameter estimates 

2OV&  kinetics are a useful tool to assess the integrated ability of the cardio-respiratory 

system to deliver oxygen, as well as the speed at which the working muscles receive 

and utilise the delivered oxygen (Grassi et al. 1996). At the onset of constant-load, 

moderate-intensity exercise (i.e. below ventilatory threshold or anaerobic threshold), 

the 2OV&  uptake kinetics have been characterised as mono-exponential (Whipp and 
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Wasserman 1972) (Figure 2-4).   2OV&  uptake kinetics can be divided into three 

phases: 

(i) Phase 1 (φ 1) occurs during the first 15-20 seconds of exercise and is known 

as the cardiodynamic phase of 2OV&  kinetics. This phase is associated with a rapid 

increase in blood flow perfusing the alveoli (Whipp et al. 1982). 

(ii) Phase 2 (φ 2) reflects gas exchange at a muscular level. This provides 

information about the aerobic efficiency of working muscles and increases in 

cardiac output (Barstow and Mole 1991; Grassi et al. 1996). Barstow  et al. 

(1994)  have shown, using nuclear magnetic resonance spectroscopy, that phase 2 

durations are related to intramuscular phosphocreatine and inorganic phosphate 

during constant-load exercise. The value used to describe this phase is referred to 

as the time constant (τ).  

(iii) Phase 3 (φ 3) is characterised by a steady-state in 2OV& , reflecting a balance 

in oxygen delivered by the cardiovascular system and oxygen utilised by the 

working muscles (Whipp et al. 1982). The amplitude of the mono-exponential 

curve describes the 2OV&  at steady-state for an individual. 
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Figure 2-4. A mono-exponential curve demonstrating phase 1, 2 and 3 of oxygen 
uptake kinetics. 
Where: τ   = time constant;  A = amplitude 
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Within “healthy” adults, a time lag exists between the onset of exercise and the time 

before the blood from exercising muscles (modified by cellular metabolism) has 

appeared in the lungs (Whipp et al. 1982).  However, an increase in cardiac output 

results in an abrupt increase in pulmonary blood flow, which consequently causes a 

sharp increase in 2OV&  (Whipp et al. 1982).  The time between the sharp increase in 

2VO  and the arrival of the blood from exercising muscles to the lungs is known as 

phase 1 (φ 1).  Phase 1 therefore represents a “cardiodynamic” phase.  As a result, 

the inclusion of phase 1 is believed to be irrelevant when considering the phase 2 

kinetics, which are of primary interest as phase 2 reflects a period of muscle 

metabolism that is physiologically independent of the cardiodynamic phase. Thus, it 

has been proposed that a mono-exponential curve should be fitted to the data (phases 

2 and 3) after phase 1 of oxygen uptake is identified and modelled (Whipp et al. 

1982).  

 

Modelling of 2OV&  kinetics is carried out most efficiently using an exponential with 

the origin of the exponential set at the end of phase 1 (the inflection point of the 

response) (Whipp et al. 1982).  As a result, Whipp  et al. (1982) determined that 

phase 1 should be excluded from the fitting of the mono-exponential curve. This 

study has led to several methods to determine phase 1, although there is little 

consensus on the best method of doing so. These methods are described in Appendix 

G. 

 

There are few studies that investigate 2OV& kinetics in relation to older people, and 

Barstow and Scheuermann (2005) note that the literature is lacking in a detailed 

analysis of the phase 1  2OV& kinetics (in both magnitude and duration). The only 

literature that has attempted to address this issue is presented in Appendix G. The 

determination of phase 1 for older people is investigated further in Appendix G.  

 

 

Data treatment 
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Although modelling, or fitting a curve to oxygen uptake data seems to provide a 

summary of an individual’s physiological transition from rest to a steady state of 

exercise, there are many factors that need to be considered prior to reaching a final 

time constant value. In addition to excluding outliers, investigators have smoothed 

their data using a five- (Barstow and Mole 1991) or nine- (Paterson et al. 1994) point 

moving-average filter. These methods act to increase the goodness-of-fit of the 

mono-exponential curve and improve the 95% confidence intervals of the time 

constant. An alternate method to reduce the noise, once the outliers have been 

removed, is to apply a bin-averaging technique whereby data are averaged into five- 

(DeLorey et al. 2004b; DeLorey et al. 2004a; DeLorey et al. 2005), eight- (Paterson 

et al. 2005) or 10- (Rossiter et al. 1999) second bins. This technique improves the 

goodness-of-fit of the data, but has the disadvantage of increasing the 95% 

confidence interval of the time constant due to the decreased number of data points 

available for use. In summary, there are two main data cleaning/filtering techniques 

within the current body of literature. The applicability of these techniques to the 2OV&  

data of older people has not yet been assessed, and the most appropriate technique to 

produce an acceptable goodness-of-fit, whilst maintaining confidence in the τ, is yet 

to be determined.  

 

Parameter reliability 

There is concern about the accuracy of time constant estimates between single and 

multiple repetitions. It seems there is little doubt that acceptable goodness-of-fit can 

be found with a single repetition, but the speculation that wide 95% confidence 

intervals, and therefore unreliable estimates of  time constant values, occur (Whipp 

and Rossiter 2005). To the author’s knowledge, there is no research on older people 

to determine whether one repetition can produce a similar time constant to that of 

eight repetitions, with an acceptable confidence interval. This will be examined in 

Appendix G. 

 

There are many unresolved methodological concerns in the area of 2OV&  kinetics, and 

especially so for older people. There are few standard methods in this quickly 

developing field. Three key areas appear to require further investigation: 
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(1) Phase 1 duration determination for older people; 

(2) Determination of the most effective data treatment; and 

(3) Whether one repetition of moderate intensity, constant-load cycle ergometer 

exercise can be used in lieu of multiple repetitions among older people.  

 

2.5.3.5 Oxygen deficit 

Oxygen deficit is a type of oxygen-uptake kinetics. The oxygen-uptake curve 

represents different physiological occurrences. The area under the curve (Equation 

2-3 “Area 2”) reflects the aerobic component of the total energy requirement for the 

task. Whereas the “Area 1” presumably represents the oxygen equivalent of the 

energy derived from alternate sources. This volume is known as oxygen deficit 

(Whipp and Rossiter 2005).  In skeletal muscle, the alternate sources of energy 

referred to are anaerobic, (that is, the energy generated from high-energy phosphate 

depletion, specifically Creatine Phosphate) and that from lactate and hydrogen ion 

production. An additional component of oxygen deficit is reflected in the lungs, by 

the oxygen utilised from the body’s oxygen stores during the onset of exercise. This 

is functionally represented by the reduction in mixed venous oxygen content (Whipp 

et al. 1982). At moderate-intensity workloads, the oxygen deficit is determined 

predominantly by changes in the available high-energy phosphate stores and the 

accessible oxygen stores with a small transient lactate elevation (Ceretelli et al. 1979; 

di Prampero et al. 1983). 
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Figure 2-5: Depiction of oxygen deficit and mean response time 

 

Oxygen deficit consists of a “Mean Response Time” (MRT) and the change in 2OV& . 

The MRT is characterised by the combination of the phase one and phase two of 

oxygen-uptake kinetics, and is obtained by performing a mono-exponential curve fit 

through the data ( Appendix Equation H-1).  The MRT yields a value that represents 

the time taken to attain 63% of the overall 2OV&  response (Linnarsson 1974). The 

time constant of the exponential is defined as the MRT. The equation for calculating 

MRT is shown below (Equation 2-3) (Wasserman et al. 1999).  

 

22 / VOdeficitOMRT Δ=  Equation 2-3

 

This equation can be rearranged to solve for oxygen deficit as shown in method 1 

below. Oxygen deficit will be large if the phase 2 2OV&  kinetics for a given work rate 

are slow. A large oxygen deficit means there will be a greater degree of intracellular 

perturbation (increased lactic acid, decreased creatine phosphate). Slow 2OV&  kinetics 

MRT 
O2 Def 

0 Watt Work              50Watt Workload                   0 Watt Work 
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require a greater depletion of intramuscular creatine phosphate and a greater rate of 

glycogenolysis leading to greater accumulation of lactate and protons and a greater 

utilisation of the finite intramuscular glycogen reserves. All these factors result in a 

reduced exercise tolerance (Jones 2005).   

 

When the purpose of the analysis is to determine the size of the oxygen deficit as 

opposed to the time constant, then the phase 1 component of the 2OV&  response must 

be included in the computation (Whipp et al. 1982). There are three methods for 

calculating oxygen deficit.  

1. The time constant for a least-squares curve fit from the onset of the 

constant-load workload provides a valid index of the total oxygen 

actually utilised, and as a result, the oxygen deficit for moderate-

intensity work. The oxygen deficit incurred in the non-steady state of 

moderate constant-load cycling is the product of the steady-state 

increment from the prior control and the time constant (Equation 2-4). 

')(22 τ⋅Δ= SSOVdeficitO &  Equation 2-4 

(where 2OV&  is given in L.min-1 and τ in fractions of a minute) 

2. If a time constant from a model fit with a time delay is used, it must 

be corrected for the computed delay. An example of this is for a 

negative delay, when work is begun from a resting baseline (Equation 

2-5).  

dteOVtOVdeficitO
t

t
SSSS )1(

0

'/
)(2)(22 ∫ −−⋅Δ−⋅Δ= τ&&

                Equation 2-5  

(Whipp et al. 1982). 

 

3. If a time constant from a model fit with a time delay is used, it must 

be corrected for the computed delay. In this example a negative delay 

is accounted for when work is begun from a baseline of mild exercise 

(Equation 2-6). 

)()(22 δτ +⋅Δ= ssOVdeficitO &  Equation 2-6 

(Whipp et al. 1982). 
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Therefore oxygen deficit can provide important physiological information on an 

individual’s response to the onset of exercise. It is especially suitable for older 

people because they can exercise at a submaximal, moderate intensity. However, 

clinical application could be disadvantaged, because along with requiring gas 

analysis equipment, specific computer software is usually required to analyse the 

2OV& data. 

 

2.5.3.6 Conclusions 

This literature review has shown that submaximal measures of aerobic fitness are 

related to ADL, and in turn may be linked to falls risk. However, there are still many 

methodological issues to be addressed. This research will aim to investigate some of 

the key issues in this area. 

 

2.5.4 Clinical tests 

The use of clinical tests to assess aerobic fitness is popular as they are usually fast, 

easy to undertake and cost effective. These tests are usually safer and easier to 

conduct with patient populations, including older people. For these reasons they are 

more likely to be used by clinicians and have application for clinical practice.  

2.5.4.1 Six-minute walk test  

Background 

The Six-Minute Walk Test (6-MWT) is a validated, simple, safe and low-cost field 

test, often used with chronic heart failure and chronic obstructive pulmonary disease 

patients to regularly assess their functional exercise capacity and the effects of a 

rehabilitation program (Butland et al. 1982; Guyatt et al. 1985a). In 1976, McGavin  

et al. (1976) modified the run test of Cooper (1968) to an indoor 12-minute walk 

format for the assessment of exercise tolerance among patients with chronic 

bronchitis. Butland  et al. (1982) assessed the use of shorter duration tests (2 minutes 

and 6 minutes) in the same population. Guyatt and colleagues then developed a 

standard methodology used to conduct a 6-MWT (Guyatt et al. 1984; 1985a). Since 
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then, the 6-MWT has been used with a variety of populations for a variety of 

outcomes. This includes healthy and mobility-limited older people (Harada et al. 

1999; Troosters et al. 1999; King 2000; Simonsick et al. 2000; Lord and Menz 2002; 

Steffen et al. 2002; Bean et al. 2003; Enright 2003; Kervio et al. 2003; Bautmans et 

al. 2004), patients with left ventricular function (Bittner et al. 1993), or advanced 

heart failure (Cahalin et al. 1996; Lucas et al. 1999; Demers and McKelvie 2001; 

Kervio et al. 2004) or chronic obstructive pulmonary disease (Carter et al. 2003).  

 

The relationship between six-minute walk test and activities of daily living  

Solway  et al. (2001, p.270), in a review of functional walk tests, concluded that 

“The 6-MWT is easy to administer, better tolerated and more reflective of activities 

of daily living than the other walk tests.” Walking tests are widely considered to be 

better measures of functional capacity than traditional cycle ergometer or treadmill 

exercise tests (Steele 1996). Further, submaximal exercise tests are considered to be 

a better reflection of an individual’s ability to perform ADL than maximal exercise 

tests (American Thoracic Society 2002). Landmark research by Harada  et al. (1999) 

showed the moderate correlation of 6-MWT distance with self-reported physical 

functioning was 0.55. Other research has shown similar results, with heart failure 

patients (Bittner 1997) and COPD patients (Steele 1996). 

 

The use of six-minute walk test for older people 

Research has shown that the use of a 6-MWT is a valid and reliable tool for testing 

the exercise capacity of older people. Importantly, the 6-MWT is a well tolerated tool 

for use with older people (Lord and Menz 2002; Bean et al. 2003).  Table 2-2 shows 

a summary of previous research on 6-MWT distance for older people. These studies 

are described in more detail in later sections. 
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Table 2-2: Summary table of some previous research on Six-Minute Walk Test 
distance walked for older people. 
Reference Population Average Distance ±SD 
Bautmans  et al. (2004) 156 community-dwelling people 

53 male, 103 female. 
mean age male =64.1 ±6.9 years 
mean age female=65.5 ±7.7 years 

603 ±178m 

Bean  et al. (2002) 45 community dwelling with mild 
to moderate mobility impairments 
34 female, 11 male. 
Mean age= 72.7 ±4.6 
 

448 ±80.9m 

Enright  et al. (2003) Mean age of completers = 77 ±4 
years 

Healthy women = 362m 
Healthy men = 332m 
Mean= 344 ±88m 
 

Enright and Sherrill (1998) 173 women  
117 men 
40-80 years old 

Predictor of morbidity and 
mortality 12 months after 
mean distance walked was 374 
±117m 

Harada  et al. (1999) 
 

86 community dwelling people 
63% female 
73 ±5 years old 

Mean distance = 1,629 ±313 
feet (496.5±95.4m). 

Kervio  et al. (2003) 12 subjects 
64.7 ±1.4 years old  (SE) 

First 6-MWT =524.8 ±19m  
(SE) 
18m corridor 

Lord and Menz  (2002) 515 retirement village residents 
79.5 ±6.4 years old 

Women = 400 ±125m 

Lord and Menz (2002) 515 retirement village residents 
79.5 ±6.4 years old 

Men =442 ±142m 
 

Steffen, Hacker and 
Mollinger (Steffen et al. 
2002) 

Men n=36-37 
Mean age = 73 ±8 years 
Community dwelling sample 

Men =527 ±85m 
                 

Steffen, Hacker and 
Mollinger  (Steffen et al. 
2002) 

Women n=59 
Mean age = 73 ±8 
Community dwelling sample 

Women =471 ±75m 

Troosters  et al. (1999) N=51 community dwelling 
Mean age= 65 ±10 years 
Men and Women 

Mean distance =631 ±93m 
50m corridor 

SD, Standard Deviation; m, metres; SE, Standard Error. 
 

The relationship between six-minute walk test and maximal exercise tests 

The 6-MWT is considered by many to be an alternative measure of maximum 

aerobic capacity ( 2OV& max) (Bean et al. 2003). It is generally regarded as a 

submaximal exercise test, except for some heart failure patients this test can be 

maximal (Fagginano et al. 1997). Most work in this field has been performed with 

clinical groups, including heart failure and chronic obstructive pulmonary disease 

patients, with only a few studies conducted with older people. 
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The 6-MWT is a preferred method of assessing cardio-respiratory fitness by 

researchers in clinical or older populations for several reasons. Firstly, exercise 

testing using cycle ergometry or a treadmill has been described as technically intense 

and relatively expensive measures (Steele 1996). However, it must be noted that 

maximal tests can differentiate underlying cardiac or ventilatory contributions to 

exercise limitations. There is wide concern that many older and patient populations 

have considerable difficulty completing a maximal exercise test (Lord and Menz 

2002; Bean et al. 2003; Enright 2003; Wu et al. 2003). 

 

There is a large body of work that has found clear relationships between 2OV& max or 

2OV& peak and 6-MWT. Riley  et al. (1992) measured 2OV& during the 6-MWT and 

found a strong correlation (r = 0.9; p ≤ 0.0001) between this and 6-MWT distance for 

heart failure patients. Riley  et al. (1992) also assessed 2OV& peak in these patients and 

found a similar correlation (r = 0.88; p ≤ 0.0001) between 2OV& peak and 6-MWT 

distance. Many authors have found strong correlations between 6-MWT distance and 

2OV& max/peak (Guyatt et al. 1985a; Guyatt et al. 1985b; Lipkin et al. 1986; Cahalin 

et al. 1996) as with 6-MWT and  maximum work capacity (max watts) among heart 

failure patients (Guyatt et al. 1985a; Guyatt et al. 1985b). Guyatt  et al. (1985b) and 

Cahalin  et al. (1995) also found these results applicable for COPD patients. 

 

Kervio  et al. (2003) assessed a sample of 12 older people aged 60-70 years. They 

assessed individuals’ 2OV& during the 6-MWT using a portable gas analysis system 

(Cosmed K4, Rome Italy) as well as during a treadmill 2OV& max test. This study 

found a significant correlation existed between 2OV& max and 6-MWT distance (r 

=0.94; p ≤ 0.01).  

 

To the author’s knowledge, only one paper has reported no relationship between 6-

MWT distance and 2OV& max (r = 0.37), among a group of 12 stroke patients (Eng et 

al. 2004). There are several possible reasons that no relationship was found. This 

might be due to the fact that we cannot be sure the participants of the study did 

actually reach 2OV& max. For example, the authors did not specify if they required 
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participants to reach one, or all, of the 2OV& max criteria they outlined. The 2OV& max 

test was assessed on a cycle ergometer, hence the differing mode of exercise may 

have may have contributed to the lack of relationship.  This difference in modes is 

very important. Major muscle groups required for cycling, especially at 2OV& max, are 

different from those used in walking, and the neuromuscular activation patterns also 

differ between these two modes of exercise.  In addition, this result is not surprising 

when the difference between 2OV& max and 6-MWT are considered. The 6-MWT is a 

submaximal, steady-state walking test, and thus an imperfect relationship between 

the 6-MWT and maximal exercise tests might be reasonable to expect. Finally, with 

such a small sample size it may have just been a lack of power that no relationship 

was found. 

 

The relationship between 6-MWT and measures of mobility 

Lord and Menz (2002) assessed 515 retirement village residents for physiological 

and mobility characteristics. Leg strength, maximal balance range, medication use 

and age explained the largest proportion of variance of six-minute walk distance. The 

conclusion of this study was that the 6-MWT was mostly a measure of an 

individual’s mobility as opposed to aerobic fitness. However, aerobic fitness was not 

actually measured in this study. The authors did note that two of the 10 significant 

and independent predictors of six-minute walk distance were likely linked to 

cardiovascular conditions (general health and medications used). It is noteworthy that 

29 subjects did not complete the test, mostly due to cardiac or respiratory discomfort. 

These results pertain to a frailer, retirement village, elderly population. This study 

showed that a number of factors can act to limit 6-MWT and the distance achieved 

for older people. 

 

Bean   et al. (2003) measured 6-MWT, submaximal indirect measures of aerobic 

capacity, stair climb, chair sit to stand time, hip, knee and ankle strength, habitual 

and maximum gait speed and a short physical performance battery among 45 

functionally limited individuals aged 65 years or older. Functionally limited was 

defined as scoring ≤11 (out of 12) on the Short Physical Performance Battery. This 

battery of tests included assessment of standing balance, a timed 2.4 metre walk, and 
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a timed test of five chair rises. The authors found that impairments in leg power and 

leg strength were predictive of 6-MWT distance achieved. They also reported a poor 

correlation between 6-MWT distance and submaximal rate pressure product (RPP). 

RPP is a measure of heart rate multiplied by blood pressure and is not a common 

measure used for assessment of aerobic capacity.  

 

There are several factors to be considered when reviewing the results of this study. It 

is not surprising to observe a poor correlation between 6-MWT and submaximal 

RPP. Firstly, the submaximal test utilised an incremental protocol, whereas a 6-

MWT is a steady-state exercise test. Secondly, RPP may have not been the most 

descriptive measure to use to describe an individual’s aerobic fitness. For example, 

oxygen consumption is the most commonly used method, with maximal oxygen 

consumption being the “gold standard.”  Bean  et al. acknowledged several other 

weaknesses in this study. They noted that the sample size was too small and it would 

be useful to replicate this study in a more functionally diverse population.  

 

Further research should include mobility tasks, however, it is recommended that if 

aerobic exercise testing is to be performed, then it should at least use gas analysis 

techniques. Conclusions pertaining to the relationship between 6-MWT and aerobic 

measures cannot be drawn with only heart rate and rating of perceived exertion 

scales. In a population where a proportion of individuals are taking medications that 

suppress heart rate response, measuring heart rate alone is not adequate to accurately 

assess an individual’s aerobic fitness.  

 

There is evidence to suggest that mobility may be a limiting factor to an individual’s 

ability to perform a 6-MWT. However, the current research has been somewhat 

limited by the populations studied as well as the methodologies used. Future research 

needs to be conducted on a functionally diverse group of community-dwelling older 

adults.  

 

6-MWT is a predictor of health risk 

Previous research has found the 6-MWT to be a predictor of future health problems 

in clinical populations. Bittner  et al. (1993) found that the 6-MWT distance strongly 
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and independently predicted long-term mortality and hospitalisation rates for chronic 

heart failure patients in a timeframe from 3 months to 1 year.  Cahalin  et al. (1996)  

revealed that subjects who recorded a distance of less than 300 metres for the 6-

MWT  were more likely to die or undergo hospitalisation compared to those who 

walked further than 300 metres. The 6-MWT has also been found to successfully 

discriminate between the New York Heart Association functional classification 

levels in chronic heart failure patients (Lipkin et al. 1986), providing some evidence 

for sensitivity of the 6-MWT.   Therefore, one might speculate that the 6-MWT may 

be have predictive value in other areas of health, including falls. 

 

Reproducibility and learning effects   

There is inconsistency within the literature as to the most reliable number of trials to 

perform a 6-MWT. In a clinical setting, it is not feasible for the clinician or the 

patients to undertake several trials of the same exercise test, either in one day or with 

a week’s rest in-between tests. Therefore, assessment methods need to be considered 

in the context of whether they have clinical applicability or not. The American 

Thoracic Society (2002) state that a practice test is not needed in most clinical 

settings but should be considered. They recommend that if a practice test is 

completed, to wait for at least one hour before the second test is undertaken. 

However, as the literature below demonstrate, this may only be necessary in clinical 

populations including patients with COPD or CHF. 

 

Reproducibility in older people 

Good reliability has been found in several studies of older people.  Steffen  et al. 

(2002) assessed four clinical tests in a group of 45 community-dwelling individuals 

aged 60 years or over. They found the test-retest reliability of the 6-MWT was high 

(ICC = 0.95), which suggests that one trial of this test may adequately represent 

performance. The authors of this study acknowledged limitations that there were no 

ethnic minorities in the study, no subjects over 90 years of age and that the sample 

size was too small to establish population norms based on these data.  

 

Cahalin   et al. (1996) also found high test-retest reliability in a group of 45 heart 

failure patients (ICC = 0.96), as did Harada   et al. (1999) (ICC = 0.95) in 86 older 
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people with a mean age of 75 years. King   et al. (2000) found that for a group of 45 

mobility-impaired individuals with a mean age of 77.9 years there was “excellent 

test-retest reliability for the 6-MWT” (ICC = 0.93). In a group of 50 adults aged 54-

80 years, Simonsick (2000) reported “no apparent learning effect” for the 6-MWT, 

with an ICC of 0.88. 

 

Bautmans  et al.  (2004) have put into context single versus repeated testing. They 

note that since repeated testing is less applicable in clinical settings, they chose to use 

the results from a single test administered when participants were still naïve for their 

6-MWT. Other studies that have chosen to complete only one 6-MWT are Lord and 

Menz (2002) in a large sample of 515 retirement village-based older people, and 

Enright  et al.  (2003) with an even larger sample of 2,117 older people. A landmark 

study by Lipkin  et al. (1986) with CHF patients also chose not to use a practice trial 

of the 6-MWT. Simonsick   et al. (2001) chose to use only one trial of each test when 

validating a 400m walk test against the 6-MWT in 20 older adults aged 70-78 years.  

 

In contrast, Kervio   et al. (2003) assessed 12 60-70 year olds on a 2OV& max and 6-

MWT. During the 6-MWT, subjects were wearing a Cosmed K4. This piece of 

equipment requires individuals to breathe through a mouthpiece while wearing the 

analysis equipment on their backs. The authors of this study found there was only 

good reliability after the third test performed. The mean distance for first test was 

524.8 ±19.0m, and second test was 545.0 ± 21.2m which were significantly different 

(p =0.001). The third test had a mean of 564.4 ±20.1m which was not significantly 

different from tests one and two, or latter trials. There are several limitations to this 

study. The number of trials required for reliability to be achieved may have been due 

to familiarisation of walking with the Cosmed K4 occurring in the first two trials. 

This study had a very small sample size, and the corridor length of 18m is much less 

than recommended by standard guidelines (American Thoracic Society 2002). This 

can lead to an underestimation of distance. Subjects selected had reportedly 

participated in regular physical activity, and therefore these results are not 

generalisable to a population of older people with varying levels of fitness.  
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In summary, the research on 6-MWT and older people suggests that there is high 

test-retest reliability and therefore it is feasible for only one trial of this test to be 

undertaken (unless, perhaps, participants are wearing a Cosmed K4 portable gas 

analysis system). 

 

Strengths and limitations of the 6-MWT 

There are several strengths and limitations of the 6-MWT that need to be taken into 

consideration before choosing to use this test in any research or clinical setting. 

These strengths and limitations also need to be observed when designing the testing 

protocol, or working with clinical populations. Table 2-3 below summarises the main 

strengths and limitations of the 6-MWT. 

 

Table 2-3: Strengths and limitations of the Six-Minute Walk Test  
(adapted from Steele (1996 p. 32.)) 

Strengths Limitations 
Closely models ADL It provides no specific information on the mechanism of 

the exercise limitation (e.g. cardiovascular or pulmonary). 
  

Convenient and simple If poor lower-extremity function is the prime limitation, 
walking will not assess cardiopulmonary levels. 
 

Reproducible For persons who need greater physiological monitoring 
during exercise, walk tests are not safe. 
 

Responsive to change It has a low test ceiling for well-functioning individuals 
because it prohibits running.  
 

Can be performed 3 times on the same 
day 
 

 

Well tolerated by older people and 
clinical populations 

 

 

Conclusions 

The 6-MWT was originally designed as a submaximal exercise test to predict an 

individual’s maximum oxygen uptake (Cooper 1968). However, The American 

Thoracic Society (2002 p.111) stated that the 6-MWT “evaluates the global and 

integrated responses of all the systems involved during exercise, including 

pulmonary and cardiovascular systems, systemic circulation, peripheral circulation, 

blood, neuromuscular units and muscle metabolism.”  It has been established that the 
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6-MWT is a measure of aerobic fitness in clinical groups, including chronic 

obstructive pulmonary disease and chronic heart failure patients. It has also been 

established that the 6-MWT is a good predictor of health risk in clinical populations 

and could potentially be applied for other risk-prediction studies. Further research is 

required to investigate the contribution to variability in 6-MWT distance for mobility 

and aerobic fitness of older people. It is also yet to be determined whether 6-MWT is 

a falls risk factor among older people. 

   

2.5.5 Thesis focus 

Falls are clearly a significant problem for Australia, particularly with an ageing 

population. Although several clinical tests exist to assess falls risk among older 

people, few research trials have considered aerobic fitness as a potential risk factor. 

Of the existing aerobic fitness tests available, maximal tests of aerobic fitness may 

not be appropriate to undertake among older people and submaximal and clinical 

tests may be preferable. This literature review has demonstrated several gaps in the 

literature exist. 

 

Tinetti  et al. (1994) and later Skelton and Beyer (2003) have posed a research 

question that has to date been unanswered: what is the relative value of different 

components of fitness to prevention of falls? However, in order to prevent falls, the 

first step is risk factor identification (Tinetti et al. 1993a). This thesis aims to identify 

whether any components of aerobic fitness are independently, or in combination with 

established physiological variables, risk factors for falls among community-dwelling 

older people. 

 

More specifically, this thesis seeks to address several gaps that were identified when 

reviewing the literature. There is limited research investigating clinical falls risk 

factors by measuring prospective falls, so a longitudinal design was selected. No 

research has compared the PPA, BBS, TUG and POMA to date, so all these tests will 

be included. There is a massive void in the body of literature regarding potential 

aerobic fitness variables as falls risk factors, and to the author’s knowledge, no 

studies have evaluated 6-MWT or 2OV&  kinetics variables and falls; this represents 
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the most novel aspect of this thesis research. Finally, it has also been questioned 

whether 2OV& max is the most appropriate test for the successful fulfilment of the 

criteria by all subjects, and that a test to do so may still need to be developed 

(Huggett et al. 2005). This thesis will attempt to address this question as well.  
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Chapter 3:  Methods 

 

3.1 Overview of design 

This chapter describes the study design, participants, test protocols and data 

collection methods used to determine whether components of aerobic fitness are falls 

risk factors for community-dwelling older people. Three testing sessions were 

conducted. The data from these testing sessions were then used in four observational 

studies: Relationships between aerobic test measurements (Chapter 4); Clinical 

measures and falls among older people (Chapter 5); Aerobic fitness and falls among 

older people (Chapter 6); Clinical and physiological falls risk factors among older 

people (Chapter 7). Although presented as separate chapters, the methods for each 

are described in a consolidated chapter because of the overlap of the participant 

population and many of the tests. The distribution of the objectives within each 

testing session is illustrated in Figure 3-1.  Retrospective falls were obtained at 

Testing Session A, where participants were asked whether they had experienced a 

fall in the last 12 months. All other questionnaires and clinical tests were also 

undertaken at this time. After this baseline assessment, participants were followed-up 

monthly, for 12 months to ascertain the prospective component of this research as 

further described in Section 3.3.  
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Figure 3-1: The distribution of testing session data within each chapter. 

 

3.2 Participants 

Participant recruitment procedures and sample numbers are detailed in Figure 3-2. 

This includes the flow of subjects through testing sessions A, B and C. It also shows 

the participants able to complete the prospective component of the research. A total 

305 people aged 65 years or older were randomly selected from the Brisbane 

electoral roll. Of these, only 169 were able to be contacted (55%), and of these, 66 

(39%) agreed to participate (of these 50 went on to complete the prospective part of 

the study) (103 refused the invitation to participate). These participants were able to 

invite a family member or friend to participate, which provided a further 31 

participants (of these 24 went on to complete the prospective component of the 

study). Additionally, permission was granted by the Queensland University of 

Technology (QUT) Ethics Committee to recruit extra participants from Keperra 

Sanctuary Retirement Village and Enoggera Bowls Club, who were all completely 

functionally independent older people. A contact was established in each of these 

centres who distributed information to interested parties. Volunteers were then able 

to contact the Ph.D. candidate to register their interest and to receive further 

information. Thirteen participants were recruited via this method and all of these 

participated in testing session C in addition to testing sessions A and B (Figure 3-2) 

and the prospective part of the study. This provided a total of 110 participants. Table 

3-1 outlines reasons for exclusion or refusal to participate. Thirteen of the 110 

Testing Session A: 
Clinical tests 

Testing Session B: 
Submaximal cycle 

ergometer tests 

Testing Session C: 
Maximal cycle 
ergometer tests 

Chapter 4 
Chapter 5 
Chapter 6 
Chapter 7 

Chapter 4 
Chapter 6 
Chapter 7 

Chapter 4 
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participants were excluded, leaving a total of 97 participants who completed testing 

session A. Of these 67 went on to complete testing session B. In total 10 out of 97 

did not complete the prospective component of the research. Those who completed 

testing session A but not testing session B totalled 36. Eight of those participants 

who completed testing sessions A and B did not complete the prospective part of the 

project, and an additional eight subjects’ data could not be used for 2OV&  kinetics. 

 

Sample size calculations were undertaken a priori. It was calculated that 100 

participants would be required for this research. This was based on the aim that the 

subject population would have a range of aerobic fitness and muscle strength 

functioning. Sample size calculations were performed assuming two-tailed 

hypothesis tests, 90% power, and the conventional type I error rate of 5%.  The 

original study hypotheses related to comparing fallers and non-fallers with respect to 

a range of study outcomes.  About one-third of the expected sample was likely to be 

in the former group so sample size calculations, which were performed for a range of 

outcomes, also assumed a 1:2 faller:non-faller ratio in the calculations.   Expected 

values for outcome variables including means and standard deviations were collated 

from the literature. When two standard deviations were given, the larger of the two 

was used to be conservative. Similarly, for variables that were presented in the 

literature with 3 categories of fallers, those who fell once were combined with 

multiple fallers as one group versus non-fallers. In the absence of expectation about 

clinically meaningful differences in the case of the proposed study, sample sizes 

were calculated to reflect ability to detect the differences in the cited studies, rather 

than postulated differences in this study. Examples from the literature for aerobic 

fitness and older people, usually comprised of trained and untrained groups as no 

studies existed to compare fallers with non-fallers. The data include the aerobic 

variable 6-MWT distance with means of 525 and 570m and largest standard 

deviation was 23m (Kervio et al. 2003). 2OV& max means reported in the literature 

were 1.8 and 2.1l/min with the largest standard deviation being 0.19l/min (Babcock 

et al. 1994a). The time constant component of oxygen  uptake kinetics had reported 

means of 62.2 and 31.9s, with the largest standard deviation being 15.5s (Babcock et 

al. 1994a). For the Timed up and Go test, fallers had a reported mean time of 22.2s 
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and non-fallers 8.4s, with the largest standard deviation being 9.3s (Shumway-Cook 

et al. 2000). For the PPA variable sway with eyes open on a foam surface, fallers had 

a mean of 152 and non-fallers 117mm squares with the largest standard deviation of 

66 mm squares (Lord et al. 1994b).  

 

 

Table 3-1: Reasons and number of  participants not participating or excluded 
from the study 
 Reason Number of 

Participants 
Refused invitation to 
participate 

“Too Sick”* 
“Too Old”* 
Not Interested 
Deceased 
Other 

29 
10 
45 
2 

17 
Excluded from participating Parkinson’s Disease 

Walking Aid  
Peripheral Neuropathy/ Other Neuromuscular Disease 
Dementia/ Cognitive Impairment/ Alzheimer’s Disease 

1 
4 
4 
4 

Did not participate  in 
prospective part of study 

Chose not to 
Family illness commitments prohibited completion 
Died during 12 month follow-up period 
Other 

3 
3 
2 
2 

Did not complete Testing 
Session B  

Cardiovascular limitations 
Musculoskeletal limitations 
Results not able to be used 
Chose not to, unable to breathe or pedal properly 
Too difficult to finish 50 Watt workload 

15 
7 
3 
6 
4 

Data could not be used in 
VO2 kinetics analyses 

Unable to reach a steady-state in oxygen uptake 
Data too noisy 

5 
3 

*denotes how the potential participant described themselves. 
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* Reasons for these exclusions or non-completions are presented in Table 3-1. 
# The family member or friend was referred by the random sample participants (n=66). 
Figure 3-2: Flow chart demonstrating numbers of participants involved in different parts of the 

study. 

Randomly selected from 
Electoral Roll  

n=305 

Invited a family member 
or friend to participate # 

n=31 

From Keperra Sanctuary 
or Bowls Club  

n= 13 

Telephone number not 
available or unable to 

contact participant 
n=136 (45%) 

Subtotal of participants 
able to be contacted 

n=169 (55%) 

Accepted invitation 
to participate 

n=66 

Refused invitation 
to participate* 

n=103 

Subtotal accepted 
n=110 

Excluded from participating* 
n=13 

Completed Testing Session A 
(clinical tests) 

n=97 

Completed Testing Session B 
(cycle ergometer tests) 

n=67 

Completed Testing 
Session C 

(maximal tests) 
n=13 
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Subjects were screened for exclusion criteria, which included having dementia as 

diagnosed by a score of <24 on the Mini-Mental State Exam (Appendix D), being 

unable to walk or requiring a walking aid, being declined by their General 

Practitioner due to their high risk of a cardiac event occurring during the tests or 

exacerbation of existing musculo-skeletal condition, or the Ph.D. candidate deemed 

that they were of increased risk of a cardiovascular event or musculoskeletal injury 

occurring during exercise. This was ascertained by any “yes” responses on the 

HealthScreen Questionnaire which indicated an increased risk to the participant 

(Appendix D) that were not addressed by the General Practitioner. Other exclusion 

criteria included being legally blind, having any chronic neurological conditions 

including peripheral neuropathy, Parkinson’s Disease or any other neurological 

condition, that placed an individual at higher risk of falling. The final exclusion 

criterion was having no or very little ability to speak the English language.  Informed 

consent was obtained from subjects prior to any testing taking place (Appendix C) in 

accordance with Queensland University of Technology human research ethics 

approval procedures (QUT ref no. 3066H). 

 

All participants who undertook Testing Session C were asked to visit their General 

Practitioner prior to participating in this study. The General Practitioner was asked to 

read an information letter and sign a form (Appendix C) to confirm that the 

participant was healthy and would be able to participate in a 2OV& max test with 

minimal risk.  Prior to Session C, the participants were instructed to refrain from 

consuming caffeine or alcohol for 24 hours, ensure they were well hydrated, 

consume only a small amount of food for at least three hours prior, ensure they were 

fully rested and to avoid any strenuous exercise for two days. 

 

On the day of testing, the physician supervising the test then screened the 

participants by asking them a series of questions about their medical history and 

current medications and then obtained a resting 12-lead electrocardiograph. 

Participants completed a Health Screen form (Appendix D) if they had not done so 

already and completed an informed consent form prior to the start of any testing 

(Appendix C).  
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3.3 Test methods and data collection 

Testing Session A 

Each subject was required to complete the Mini-Mental State Exam, Health Screen 

Questionnaire, and the Predictors of Injury in Older People Questionnaire (Appendix 

D).  These questionnaires were part of the standard baseline testing protocol 

developed for the Prevention of Older People’s Injury (POPI) Project. 

 

Following completion of the questionnaires and retrospective falls questionnaire in 

Testing Session A, clinical assessments were undertaken. In this study clinical tests 

are assessments that can be undertaken in a clinical setting, to determine an overall 

level of physical functioning. The tests selected to be undertaken in this study were 

the same as those from the larger, NHMRC-funded “Prevention of Older Injuries 

Project.” All the clinical tests had established validity and reliability. These included:  

 

The Berg Balance Scale (BBS) consists of 14 test activities. These vary from simple 

tasks, like maintaining one’s stability in standing, to dynamic tasks that involve 

changing the base of support or performing movements with increasing speed. The 

participant was observed doing these tasks and then rated by a health professional. 

Minimal training is required to run this test. The rating of each item ranges from ‘0’ 

for inability to perform to ‘4’ for ability to perform the task safely, with a total 

possible score of 56. The BBS has been shown to be both reliable and valid in testing 

the mobility and balance of frail older people (Berg et al. 1992; Berg et al. 1995). All 

tasks are detailed in Appendix E. 

 

Tinetti Performance Oriented Mobility Assessment (POMA) incorporates two 

subscales: performance-oriented assessment of balance and performance-oriented 

assessment of gait. Thus the total POMA score is an indication of an individual’s 

balance and mobility. The total score possible for the POMA is 28. It has been shown 

to be a reliable test (Tinetti 1986; Tinetti and Ginter 1988) and able to predict falls 

(Tinetti et al. 1988a).All tasks, results categories and scoring system are detailed in 

Appendix E.  
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Functional Reach Test:  Participants were positioned next to a wall, instructed to 

stand comfortably, with one arm raised 90 degrees with the fingers extended, and a 

metre ruler mounted on the wall at shoulder height. The distance in centimetres that a 

subject was able to reach forward from an initial upright posture to the maximal 

anterior leaning posture without moving or lifting the feet is measured by visual 

observation of the position of the third finger tip against the mounted ruler. The 

greater distance of two trials was accepted, with a greater distance indicating better 

balance ability (Duncan et al. 1990; Duncan 1992).  

 

The Timed Up and Go Test required participants to stand up from a standard arm 

chair (approximate height of 46cm), walk a distance of 3m, turn, walk back to the 

chair, and sit down. Participants were instructed to wear their regular footwear. No 

physical assistance was given throughout the test. Participants were instructed on the 

command “go” to walk at a comfortable and safe pace. Participants walked through 

the test once before being timed, in order to become familiar with the test. A stop 

watch was used for this test. Time taken to complete the test has been shown to be 

well correlated to level of functional mobility (Podsiadlo and Richardson 1991). 

 

At this time the Physiological Profile Assessment (PPA)  (Lord et al. 2003), which 

consists of a number of individual tests, was conducted.  The individual tests from 

the PPA are referred to in this study as physiological tests, as they measure specific 

aspects of physiological functioning. Postural sway was measured using a sway 

meter that measures displacements of the body at waist level as shown in Figure 2-1. 

As a participant attempts to stand as still as possible for 30 seconds, the pen at the 

end of the swaymeter records the participant’s sway on a sheet of millimetre graph 

paper fastened to the top of an adjustable-height table. Testing was performed, with 

eyes open and closed, on a firm surface and on a medium-density foam rubber mat 

(15cm thick). One trial of each condition was performed in the order of the difficulty 

of the test. Total sway (number of square millimetre squares covered by the pen) was 

recorded for the four tests. 

 

Maximal isometric muscle strength was measured for: knee extension, knee flexion, 

and ankle dorsiflexion, three times each on the dominant leg. Dominant leg was 
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determined using the Edinburgh Handedness Inventory (Appendix D (Section iv)). 

Testing of the knee extensor and flexor muscles was performed using a spring gauge 

attached to the participant’s leg using a webbing strap with a Velcro (Manchester, 

NH) fastener. The force of the knee extensor and flexor muscles was measured with 

the participant sitting in a tall chair with a strap around the leg 1cm above the ankle 

joint, and the hip and knee joint angles positioned at 90 degrees. In three trials per 

muscle group, the participant attempted to pull against the strap assembled with 

maximal force for 2-3 seconds, and the greatest force for each muscle group was 

recorded. The testing of ankle dorsiflexion force was measured using a force plate 

attached to a spring gauge. While the participant was sitting in a tall chair, the foot 

was secured to the footplate using a webbing strap with a Velcro fastener with the 

angle of the knee at 110 degrees. In three trials, the participant attempted maximal 

dosiflexion of the ankle, and the greatest force (in kilograms) was recorded. 

 

Reaction time was measured for both the hand and foot. It was assessed in 

milliseconds using a hand-held electronic timer and a light as the stimulus and 

depression of a switch by the finger and the foot as the responses. Five practice trials 

were undertaken, followed by 10 experimental trials. 

 

Peripheral sensation was assessed using a tactile sensitivity test, which was measured 

using a Semmes-Weinstein-type pressure aesthesiometer. This instrument contains 

eight nylon filaments of equal length, by varying in diameter. The filaments were 

applied to the centre of the lateral malleolus of the ankle. Participants were instructed 

that the filament would be placed on their ankle when the examiner said “A” or “B”, 

and if they felt the filament in contact with the skin, they must report to the examiner 

whether they felt it on “A” or “B.” The touch threshold was determined from a 

minimum of three ascending and descending steps.  

 

Peripheral sensation was also assessed through lower-limb proprioception 

assessment. This assessment was undertaken using a limb-matching task where 

participants were seated with their eyes closed and are asked to align their lower 

limbs simultaneously on either side of a vertical clear acrylic sheet (60x60x1cm) 

inscribed with a protractor and placed between their legs. Any difference in aligning 
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the lower limbs (indicated by disparities in matching the great toes on either side of 

the acrylic sheet) was measured in degrees. After two practice trials, an average of 

five experimental trials was recorded.  

 

Vision tests included high- and low-contrast visual acuity using the Bailey-Lovie 

visual acuity chart (Bailey and Lovie 1976) with habitual correction. Contrast 

sensitivity was measured by the Melbourne Edge Test (Verbaken and Johnston 

1986). All these measures are detailed further in the literature review (Section 2.4). 

 

A falls risk score was calculated using the individual results from each of the PPA 

items, using “Fallscreen©- the falls risk calculator” 

(https://www.powmri.edu.au/FBRG/calculator.htm). Figure 3-3 shows the result for 

the subject, denoted with an asterix, is within the range for the normal population at 

that age, and is at mild risk of a future fall.  

 

 

Figure 3-3: Falls risk assessment graph 
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For the Six-Minute Walk Test (6-MWT), a clinical test (Guyatt et al. 1985a; 

American Thoracic Society 2002), subjects were instructed to walk down a corridor 

at a regular pace, covering as great a distance as possible during the 6 minutes. 

Resting stops were allowed. Standardised encouragement was given every 2 minutes 

and the time remaining was also called at this time. Participants walked 

unaccompanied so as to not influence their walking speed. The corridor was marked 

at 2-metre intervals. The total distance in metres was measured. Heart rate and rating 

of perceived exertion values were recorded every minute throughout the test. The test 

was terminated if the subject experienced cardiac symptoms as listed by the 

American College of Sports Medicine (1995), or they reached 85% of their age-

predicted maximum heart rate.  The 6-MWT distance was calculated as the number 

of whole laps covered in six minutes multiplied by 33m (distance of one lap) and any 

incomplete lap distance (measured to the nearest metre) added to the total distance. 

Six-MWT distance was also adjusted for height as previous literature had shown 

height significantly influenced 6-MWT distance (Lord and Menz 2002). Height was 

normalised by multiplying the 6-MWT distance by (mean height of sample/subject’s 

height).  This adjustment advantaged the short subjects and vice-versa with the tall 

ones (Lord 2005, personal communication).  

 

Resting Heart Rate was taken with a Polar Heart Rate Monitor (Polar S610, Finland) 

after the participant had been seated for at least 5 minutes, heart rate was measured 

every  minute during the test and one- and two-minutes after the test had finished, as 

a safety precaution.  

 

At the end of Testing Session A, subjects were required to undertake a 

familiarisation session on the cycle ergometer (Lode, Netherlands) in preparation for 

Testing Session B. This required them to cycle for 4 minutes with no resistance, 6 

minutes at 50 Watts and then warm down for 4 minutes at zero Watts. Subjects were 

required to use the mouthpiece and nose clip for the duration of the familiarisation 

test. This ensured that subjects were less anxious, able to participate at the required 

level, were familiar with cycling and able to breathe using the mouthpiece and nose 

clip setup during session B. 
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Testing Session B  

The submaximal cycle ergometer test required participants to be tested at 

approximately the same time of day (±2 hours).  Participants were instructed to pedal 

at a cadence of between 50 and 60rpm. Tests were performed using breath-by-breath 

gas analysis on a metabolic cart (Medgraphics) using a pneumotachograph to 

estimate expired volume from a pressure differential and proprietary gas analysers to 

measure expired gas fractions (CXP/D Medical Graphics Corporation, St. Paul, MN). 

Immediately before each test, the pneumotachograph was calibrated in accordance 

with the procedures outlined in the operator’s manual. The oxygen and carbon 

dioxide analysers were calibrated using two precision gas mixtures immediately 

before the tests (BOC Gases Ltd., Australia). 

 

Participants were required to complete a square-wave transition with four minutes no 

load (zero Watts) followed by six minutes at 50 Watts then reduced to zero Watts for 

four minutes (Figure 3-4).  Subjects were not given any warning as to when the 

changes in load would occur. A functional level of 50 Watts, which has been related 

to medium walking on level ground  (Wetterqvist et al. 2002), was selected for all 

subjects. Heart rate and Rating of Perceived Exertion (RPE) were recorded.  Another 

additional test using a square-wave transition to 30W to calculate efficiency at a 

lower workload was carried out following the 50W test. This could be done because 

one repetition of submaximal, moderate-intensity exercise of 14 minutes duration 

does not have a fatiguing effect, and does not affect later test repetitions. This is 

commonly undertaken within 2OV&  kinetics research on older people, usually with 

less than 30 minutes rest between repetitions (Babcock et al. 1994a; Babcock et al. 

1994b; Paterson et al. 1994).  There was at least one weeks break between the testing 

sessions.  
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Figure 3-4: Square wave transition for the submaximal cycle ergometer test 

 

Heart rate was measured continuously with a heart rate monitor and participants were 

asked their Rating of Perceived Exertion  on a Borg scale of 6 (very, very light) to 20 

(very, very hard) (Appendix L) twice (2-3 mins, 5-6mins) during the 50W workload. 

 

The data from the submaximal cycle ergometer test were analysed using the  2OV&  
kinetics method. This method describes the response of the participant’s oxygen 

uptake in terms of the amplitude of oxygen uptake over the 6 minutes of exercise and 

time constant. Oxygen uptake kinetics were modelled using a mono-exponential 

equation including a time constant and time delay that was fit to these data using 

Equation 3-1.  
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Equation 3-1 

Where: Δ 2OV& (t) is the change in 2OV&  as a function of time; A1= amplitude; t = time; TD = 
time delay and; τ1 = time constant. 

 

Phase 1 is known as the cardiodynamic phase, phase 2 is representative of how 

quickly the participant responded to the onset of exercise and phase 3 is where the 

participant has reached a steady-state in their oxygen uptake and amplitude of 

oxygen uptake is measured. These three phases are shown in Figure 3-5. Phase 1 is 

not modelled by the  2OV&  kinetics method, however the correct value of phase 1 is 

important for the accurate modelling of 2OV& kinetics and is cited as an output of this 

technique. A study on phase 1 determination, the most appropriate data treatment 
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technique and the validity of the use of one repetition of oxygen uptake kinetics, 

specifically for older people, was conducted by the Principal Investigator and 

colleagues. Preparation for this research and a report on the results is included in 

Appendix G. As a consequence, in subsequent analyses, all 2OV& kinetics data is based 

on these findings. For the determination of Phase 1, a backward curve fit technique 

was undertaken. Time delay was also determined as part of the 2OV&  kinetics output. 

It is a variable that is not related directly to a physiological parameter but is 

important to improve the accuracy of the curve fit (Whipp et al. 1982). 
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Figure 3-5. A mono-exponential curve demonstrating phase 1, 2 and 3 of  
oxygen uptake kinetics. 
Where: τ   = time constant;  A = amplitude 
 

 

Oxygen deficit was calculated using the data from the submaximal cycle ergometer 

test. The oxygen deficit was calculated using the time constant from a mono-

exponential curve fit to the data from the onset of exercise. In this case the time 

constant was fit from a model using a time delay. Whipp  et al. (1982) recommend 

that a delay be accounted for when work is started from a baseline of mild exercise 

by using Equation 3-2, as was the case in this study. 
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)()(22 δτ +⋅Δ= ssOVdeficitO & Equation 3-2 

Where: )(2 ssOV&Δ  = the change in 2OV& from steady-state baseline cycling to the final steady state 

in workload; 

     τ = time constant of 2OV& ; 

      δ = time delay of the model. 

 

 

Predicted 2OV& max was also calculated from submaximal cycle ergometer test data. 

The first method for predicted 2OV& max,  the heart rates were plotted, fit with a linear 

regression and extrapolated to predicted maximum heart rate, using an equation 

designed specifically for older people (Tanaka et al. 2001). 

 

)(7.0208max yageHR ×−=  Equation 3-3 

Where y =  years.  

 

At the intercept of the extrapolated linear regression and maximum heart rate, power 

in Watts was determined and entered into the following equation for prediction of 

2OV& max.  

 

2OV& max = 10.8 7W
M
×⎛ ⎞ +⎜ ⎟

⎝ ⎠
 Equation 3-4 

Where M = Mass (kg) 

 W= Watts 

(American College of Sports Medicine 2001). 

 

The second method used to predict 2OV& max used the equation from the Astrand 

protocol as shown below. 

2OV& max = (220 73 ( 10))
( 73 ( 10))

SM age SEX
HR SEX

× − − − ×
− − ×

 Equation 3-5 

Where SM = submaximal workload, 2OV& , in ml/kg.min 

           SEX = represents 0 for women and 1 for men 
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           HR = steady state HR, in bpm, from submaximal workload.  

 

The SM for the steady state workload can be calculated using the ACSM Metabolic 

Calculations for Leg Cycling (Equation 3-4). 

An age correction factor can be applied to this prediction for people aged 65 years 

and over by multiplying the 2OV& max (ml/kg.min) by 0.65. 

(American College of Sports Medicine 2001). 

 

Steady-state oxygen uptake values were derived from the mean of the last 2 minutes 

at the specified workload. 

 

Finally, the data from the submaximal cycle ergometer tests were used to calculate 

efficiency (Equation 3-6). Gross efficiency was considered in terms of total work 

load and total 2OV& ; whereas work efficiency was considered in terms of the change 

in work load relative to the change in 2OV& . Delta efficiency was calculated using the 

work load and corresponding 2OV&  between the 30 and 50W cycle tests. 

Efficiency % = 

1 1 1

1 1 1
2

( ) 0.000239( ) 60) min ) 100
( min ) 4.982( min min)

WR W kcal s W s

V O l kcal l

− − −

− − −

⎡ ⎤× ⋅ ⋅ × ⋅⎢ ⎥×
⎢ ⎥⋅ × ⋅ ⋅ ⋅⎣ ⎦

 

Equation 3-6

(Babcock et al. 1992). 

 

 

Testing Session C 

Testing Session C took place at least one week following Testing Session B. One 

hour was allocated to prepare, conduct the test, and allow the participant time to 

recover before leaving the laboratory. The 2OV& max tests were conducted in a well 

ventilated laboratory and immediately before each test the ranges for temperature, 

relative humidity, and barometric pressure were recorded.  

 

Participants were tested on the cycle ergometer. Participants undertook a ramp 

protocol with increasing workload of 15W/minute  (Babcock et al. 1992).  The data 
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from these tests were used to determine 2OV& max and the ventilatory threshold. 

Participants were advised to cycle at a comfortable cadence. The test was terminated 

when participants’ cadence dropped below 50 rpm. 

 

Heart rate was measured continuously by both a heart rate monitor and 12-lead 

electrocardiogram (ECG, Quinton, Seattle). Blood pressure was taken using a manual 

sphygmomanometer every 2 minutes and rating of perceived exertion (Borg Scale 6-

20) (Appendix L) was also taken every 2 minutes. Both heart rate and rating of 

perceived exertion were used in all phases of testing. Safety guidelines were adhered 

to as set out by the Cardiac Society of Australia and New Zealand (2003), and a 

medical doctor supervised all tests. 

 

The Medgraphics has been shown to underestimate 2OV& for high-level athletes by 

~10-15% (Gore 2000). However, an independent report from the Australian Institute 

of Sport Laboratory Assistance Scheme showed that the system utilised in the current 

study was valid and reliable for 2OV&  less than 2 l/min, which we would not expect 

any of these older participants to reach, therefore being valid and reliable for older 

people with lower volumes of oxygen uptake.  

 

2OV& peak was deemed to be the largest oxygen uptake during the last minute of the 

exercise test, where 2OV&  levels were averaged over 15s periods. The criteria used for 

acceptance of 2OV& max values included achieving a plateau in oxygen uptake with an 

increase in power output. The criteria for a plateau were based on the methods used 

by Babcock  et al.  (1992), which assessed the 2OV& max of older people using a cycle 

ergometer and the same ramp protocol we used. A plateau was achieved when: (1) 

the highest 2OV& occurred before the end of the test (and was therefore greater than 

subsequent 2OV& measures despite the continually increasing workrate) or (2) the rise 

in 2OV& at the end of the test (the last minute) differed from the prior 2OV& by 50% or 

less of the 2OV& -time slope during the exercise test (excluding the last minute) 

(Babcock et al. 1992). This was determined from the fit of breath-by-breath data 

using linear regression excluding the last minute of the exercise test. This 
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determination of a plateau in 2OV&  and attainment of a true 2OV& max follow the 

criteria first proposed by Taylor  et al. (1955).  When 2OV& max was not reached it 

was deemed to be a 2OV&  peak test. 

 

Two independent researchers assessed the ventilatory threshold using a combination 

of three methods: V-slope, ventilatory equivalent and excess CO2 methods (Gaskill 

et al. 2001). A ventilatory threshold value was reported as the mean of the two 

independent values, if the values obtained by the independent researchers agreed to 

within 3% of each other. If these differed more by more than 3%, a value was 

obtained from a third researcher, and the mean of any two of the three values that 

differed by no more than 3% was used. If an acceptable ventilatory threshold could 

not be determined with three independent values, a ventilatory threshold was not 

reported for the participant (Gaskill et al. 2001). 

 

Follow-up period 

It is recognised that prospective falls measurement is currently the gold standard in 

reporting falls. This method involved collecting falls data using prospective diaries 

or calendar entries (Tinetti et al. 1988b; Campbell et al. 1989; Lord et al. 1994b; 

Lord and Clark 1996; Berg et al. 1997; Friedman et al. 2002; Heitterachi et al. 2002; 

Leveille et al. 2002). Participants completed falls calendars (Appendix F), reporting 

to the Principal Investigator each month, for a total of 12 months following the 

completion of Testing Sessions A and B. If a participant recorded a fall they were 

contacted by telephone to ensure the fall fit the criteria of the study, to enquire about 

the participant’s wellbeing and encourage them to continue with the study. If falls 

calendars were not returned each month, participants were contacted by telephone to 

remind them to complete and return the calendar. After these data were collected 

individuals were categorised as fallers or non-fallers. Falls were defined as an event 

which resulted in a person coming to rest inadvertently on the ground or floor or 

other lower level (Gibson et al. 1987; World Health Organisation 2006). 
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3.4 Data analysis 

Details regarding the specific variables used as well as statistical analyses conducted 

are provided in the subsequent results chapters. Each chapter deals with a focused 

research question related to aerobic fitness, falls risk factors, or both. 
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Chapter 4: Relationships between aerobic test 

measurements  

 

4.1 Introduction 

As a first step in exploring the relationship between falls and aerobic fitness, it was 

important to ascertain which measures of aerobic fitness would be the most suitable. 

These measures should not only assess aerobic fitness properly from a physiological 

point of view, it is also essential that they can be obtained reliably from the sample 

population.  A diverse range of measures is available to assess an individual’s 

aerobic fitness. These measures differ substantially in what they mean 

physiologically as well as their ability to be applied to clinical practice. An 

individual’s aerobic fitness can be measured a number of ways including the current 

“gold standard” and maximal measurement, maximum oxygen uptake ( 2OV& max), as 

well as several submaximal measures, including ventilatory threshold (VT); oxygen 

uptake kinetics (specifically time constant), oxygen deficit (O2 deficit); efficiencies; 

oxygen uptake at zero, 30 and 50Watts; predicted 2OV& max; and clinical measures 

like the six-minute walk test distance (6-MWT).  

 

Although 2OV& max has been used widely with younger adults, there are several 

measurement issues to be considered when assessing this measure for use among 

older people. Meyer  et al. (2005a) summarised these as necessity of maximal effort, 

dependency on motivation/attitude of the subject/investigator, difficulty in 

guaranteeing measurement precision during high-intensity exercise, and lack of 

sensitivity for small changes in endurance capacity.  Controversy also exists as to 

what defines a 2OV& max. This is usually represented by a plateau in oxygen uptake 

( 2OV& ), with best practice (within the ageing exercise physiology literature) being to 
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assess the plateau based on a constant 2OV&  with a concomitant increase in workload 

(Babcock et al. 1992; Malbut et al. 1995; Paterson et al. 1999). If a plateau is not 

reached then the test is deemed not to be a true maximum and is termed a 

“ 2OV& peak.” A 2OV& peak is thought to be a less scientifically rigorous measure than a 

2OV& max outcome.  A 2OV& max test is widely thought to be representative of an 

individual’s maximum oxygen uptake and limited by the heart, specifically cardiac 

output. However, a 2OV& peak, in which a plateau is not achieved, is more a measure 

of maximal functional capacity which may be limited by mechanisms other than the 

heart, including the pulmonary system or peripheral skeletal, muscular or cellular 

limitations. 

 

Within the current body of literature, there are concerns that older people may not 

always be physically able to complete a true 2OV& max test (Ehsani et al. 2003), as 

evidenced by a plateau in 2OV&   being observed. Several previous studies on older 

people have reported that one-quarter (Fielding et al. 1997) to two-thirds of subjects 

(Malbut et al. 1995), with an intermediate value of one-third (Thomas et al. 1987), 

were able to achieve a plateau. Other research has highlighted that when thoroughly 

screened for purely healthy subjects, only 27/335 (8%) people aged 75-77 years were 

identified as achieving a maximum (Wetterqvist et al. 2002). The authors noted that 

nearly 50% of the original sample was not able to complete a maximum test. These 

data suggest that 2OV& max testing is not possible on approximately one-half of a 

population of older people. The usefulness of this test and applicability for 

assessment of aerobic capacity in a broad range of functions should therefore be 

questioned. Therefore it was important this research to undertake to determine 

whether 2OV& max could be attained by the majority of participants 

 

.Given the controversy and risks associated with maximal exercise testing in older 

populations, it would be preferable to find alternative methods/tests that will provide 

an index of maximal aerobic fitness. Submaximal exercise measures including 

ventilatory threshold, oxygen uptake kinetics, oxygen deficit, efficiencies, oxygen 

uptake at zero, 30 and 50Watts, predicted 2OV& max and 6-MWT may provide 
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information that is predictive of aerobic fitness. There is reason to believe this may 

be the case, as previous literature has shown a negative relationship between the time 

constant component of oxygen uptake kinetics and  2OV& max among older people 

(Chilibeck et al. 1996a).  

 

Submaximal tests measure different aspects of aerobic fitness which may be more 

relevant for older people as they are more representative of the activities of daily 

living that they typically perform. For example, the speed of adaptation to the start of 

any physical activity or daily living task will give an indication of an individual’s 

ability to produce the energy required to perform the task and counter fatigue. This 

relates to the time constant in oxygen uptake kinetics. An individual’s ability to 

perform a submaximal task with more efficient use of energy sources is represented 

by various efficiency measures. Ventilatory Threshold represents the functional level 

at which anaerobic metabolism plays a greater role. These measures therefore 

provide important information regardless of whether or not they are related to 

2OV& max. This chapter explores relationships between 2OV& max and submaximal 

measures of aerobic fitness, but also investigates the feasibility of undertaking 

2OV& max testing amongst a population of healthy, older people. 

4.2 Methods 

Thirteen participants aged 65 years or older were tested over three different sessions.  

The data  were derived principally from Testing Sessions B and C (Figure 3-1, p.71). 

The tests included clinical (6-MWT), submaximal (30Watt constant load cycle 

ergometer, 50W constant load cycle ergometer) and maximal aerobic tests 

( 2OV& max). The details of each of these physiological tests are provided on pp. 77-81 

(Session B) and pp.82-83 (Session C). 

 

Statistical analysis was undertaken using SPSS for Windows (SPSS Inc., Chicago, 

IL, version 11). Pearson’s correlation coefficients were computed to investigate any 

pairwise relationships that may exist between the variables.  Two-tailed, paired t-

tests were used to assess whether there were any differences between measured and 
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predicted 2OV& peak values. All results are presented as mean ± standard deviation. 

Significance for all tests was set at two-tailed  p ≤0.05.  

 

4.3 Results 

Thirteen healthy subjects aged 70± 4 years volunteered to participate in this research. 

Of these, there were five male and eight female participants, none of whom were 

smokers. Females were slightly younger than male participants (69 ±3 vs. 72 ±3 

years, p=0.07). Age, weight, height, cardiovascular disease (CVD) history and use of 

medications are listed in Table 4-1 for each participant. It should be noted that 

although some participants were on anti-hypertensive medication, none were taking 

beta-blockers. 

 

Table 4-1: Demographic characteristics of thirteen participants 

Subj. 
No.  

Gender Age 
(years) 

Weight 
(kg) 

Height 
(cm) 

CVD History Medications 

1 M 77 84 174 NIDDM 1, 6 
2 F 75 74 165 Hypercholesterolemia 1, 2, 3 
3 F 66 64 162 Hypertension 2, 11 
4 M 69 74 175 Nil 1 
5 M 74 90 185 Nil Nil 
6 F 66 79 167 Hypercholesterolemia 3, 8 
7 M 72 77 173 Hypercholesterolemia 10, 3 
8 F 66 73 162 Hypercholesterolemia 3 
9 F 69 65 164 Hypertension 2 
10 F 66 84 171 Hypercholesterolemia 4, 7, 3 
11 F 73 68 166 Hypertension 2 
12 M 70 77 183 Nil Nil 
13 F 67 56 153 Hypertension 2 (x3), 4, 5 
Mean  70 75 171   
SD  3.7 8.6 7.3   
Subj. No., Subject number; M, Male; F, Female; CVD, Cardiovascular disease; NIDDM, Non-Insulin 
Dependent Diabetes Mellitus; SD, Standard Deviation.  
1, anticoagulant; 2, anti-hypertensive agent; 3, hypolipidemic agent; 4, anti-anxiety agent; 5, 
combination simple analgesics; 6, herbal analgesic/ anti-inflammatory; 7, non-steroidal anti-
inflammatory; 8, anti-psychotic agent; 9, anticoagulant; 10, hyperacidity/reflux/ulcers; 11, hormonal 
antineoplastic agent. 
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4.3.1 2OV& max and ventilatory threshold 

A plateau was observed using the first set of criteria for five participants (i.e. the 

highest 2OV& occurred before the end of the test and was therefore greater than 

subsequent 2OV& measures despite the continually increasing workrate). A further two 

subjects achieved plateau according to criterion (2) (i.e. the rise in 2OV& at the end of 

the test differed from the prior 2OV&  by 50% or less of the 2OV& -time slope during the 

exercise test minus the last minute).  Therefore, 54% of participants in this study 

(7/13) achieved a plateau in 2OV& , i.e., a 2OV& max. Due to the fact that 46% of subjects 

were unable to achieve a 2OV& max, all values from here on will be referred to as 

2OV& peak. Even for participants who achieved a 2OV& max, their peak values are 

presented for consistency. The mean relative 2OV& peak was 20.2 ±3.7 ml/kg.min. The 

relative 2OV& peak for females was significantly lower than males (18.0 ±2.3, vs. 23.8 

±1.8 ml/kg.min, p<0.01).  

 

Table 4-2: Peak oxygen uptake, peak work, respiratory exchange ratio, rating of 

perceived exertion and heart rate characteristics of all participants 

Subj. No. 
2OV& peak 

(ml/min) 
2OV& peak 

 (ml/kg.min) 

Peak Work 
(W)  

RER HR 
(bpm) 

RPE 

1 1881 22.4# 155 1.18   145 17 
2 1187 15.9# 94 1.24 146* 15 
3 1311 20.6 107 1.32 162* 19 
4 1964 26.4 165 1.26 156 17 
5 1960 21.9 139 1.16 139 17 
6 1279 16.3# 98 1.35 147 17 
7 1760 22.8 134 1.25 141 18 
8 1564 21.3# 129 1.18 143 17 
9 1070 16.4# 103 1.38 144* 19 
10 1240 14.8 112 1.31 143 18.5 
11 1364 20.2# 111 1.24 124* 15 
12 1959 25.5 160 1.18 135 15 
13 1022 18.2# 90 1.19 133* 15 
Mean 1505 20.2 123 1.25 142 17 
SD 358 3.7 26 0.07 10 1.4 

2OV& peak,  peak oxygen uptake; RER, respiratory exchange ratio; RPE, rating of perceived exertion; 

HR, heart rate; # indicates subjects that achieved a plateau for 2OV& . *indicates HR may have been 
masked due to subjects being on anti-hypertensive agents. 
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Ventilatory thresholds for all subjects are summarised in Table 4-3. The range of VT 

values as a percentage of 2OV& peak was 55-94%, with an average of 73%. There were 

no significant differences between the data calculated by the two assessors when a 

two-tailed paired t-test was undertaken (p =0.767). 

 

Table 4-3: Ventilatory threshold values for all participants 

Subj. No. VT (ml/min) VT (% 2OV& peak) VT (ml/kg.min) 
1 1499 80 17.9 
2 922 78 12.4 
3 874 67 13.7 
4 1114 57 15.0 
5 1078 55 13.7 
6 1203 94 15.3 
7 1181 67 15.3 
8 1416 91 19.3 
9 983 92 15.1 
10 827 67   9.8 
11 946 69 14.0 
12 1390 71 18.1 
13 837 82 15.0 
Mean 1098 73 15.0 
SD 219 13 2.4 
VT, ventilatory threshold; 2OV& peak, peak oxygen uptake; SD, standard deviation. 

 

4.3.2 Predicted versus measured 2OV& peak 

The predicted 2OV& max was calculated using 2 methods. Firstly, from an extrapolated 

linear regression of heart rate and power in Watts using a validated equation (this is 

further described in the Methods Chapter 3). The mean measured 2OV& peak for the 

group was 20.2±3.7 ml/kg.min, whereas the predicted 2OV& max had a mean of 

33.7±8.5ml/kg.min (Table 4-4). There were significant differences between the 

predicted 2OV& max and measured 2OV& peak values (p<0.001). Predicted 2OV& max was 

associated with only 19% of the variance in measured 2OV& peak.  

The second method required only the use of the Astrand Protocol equation to predict 

2OV& max (this is detailed in Methods Chapter 3). Individual and mean results are 

shown in Table 4-4. This method provided a mean 2OV& max of 38.2± 37.5 

ml/kg.min. Although there were no significant differences between the predicted 
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2OV& max and measured 2OV& peak values (p<0.09), there are obvious outliers in the 

dataset. Using this method the predicted 2OV& max was associated with 43% of the 

variance in measured 2OV& peak. This method appeared to be approaching statistical 

significance, and when the data were inspected on an individual level it was noted 

that there were some outlying values as well as a very large standard deviation. 

When outliers were removed (ie. subject numbers 1, 4 and 12) and the t-test was re-

run the results showed a significant difference between method 2 and the measured 

2OV& peak (p=0.05).  

When the two predicted 2OV& max datasets were inspected more closely it was 

observed that the regression equation results (method 1) were normally distributed 

with ranges which were reasonable, albeit a little high for untrained older people.  

However it is obvious that the Astrand protocol (method 2) data were not normally 

distributed and had very high variability. 

 

Table 4-4: Measured 2OV& peak  and predicted 2OV& max results for 
all participants (ml/kg.min) 
Subj. No. Measured 

2OV& peak 
 

Regression equation  
for predicted 

2OV& max * 
 

Astrand protocol 
equation for predicted 

2OV& max# 

1 22.4 33.9 65.5 
2 15.9 39.1 19.7 
3 20.6 20.5 12.9 
4 26.4 39.3 52.7 
5 21.9 24.4 29.6 
6 16.3 22.4 14.6 
7 22.8 39.4 32.9 
8 21.3 40.9 27.1 
9 16.4 28.1 19.9 
10 14.8 25.6 17.2 
11 20.2 35.9 28.7 
12 25.5 45.3 152.6 
13 18.2 43.6 23.4 
Mean 20.2 33.7 38.2 
SD 3.7 8.5 37.5 
SD, standard deviation. 
* denotes “Method 1” 
# denotes “Method 2” 
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4.3.3 Submaximal aerobic fitness measures 

Only 12/13 subjects provided oxygen uptake kinetics results. Subject 13 was not able 

to achieve steady-state oxygen uptake in the 50W test, therefore, results could not be 

used for 2OV& kinetics analyses. The results for the other 12 subjects are presented in 

Table 4-5. Phase 1 was determined using a backward curve fit technique as detailed 

in Appendix G. This tailored approach provides improved accuracy of phase 2 

parameter estimates. In this study, the mean phase 1 duration was 30±8s. Phase 2 

parameter estimates included a mean time constant 45.8±14.9s. Phase 3, amplitude 

was 494 ±51 ml/min. The chi-squared goodness of fit of the data to the curve was 

0.81. The mean time delay was 1.9 ±3.4s.  The mean oxygen deficit was 0.51 ± 0.07 

l/min. 

 

Table 4-5: Phase 1 duration, phase 2 and 3 parameter estimates for one 
repetition of oxygen uptake kinetics results and oxygen deficit 

Subj. No. φ 1 χ² τ TD A O2 deficit 
1 42 0.694 41.6 2.2 495 0.51 
2 33 0.848 42.8 -0.7 533 0.60 
3 29 0.376 74.0 -1.0 468 0.55 
4 28 0.081 34.8 -0.4 483 0.56 
5 27 1.259 48.3 5.1 496 0.45 
6 32 2.200 73.1 8.6 506 0.40 
7 27 0.334 42.8 0.4 550 0.43 
8 16 0.398 53.0 -0.2 534 0.63 
9 45 0.524 27.2 8.0 599 0.56 
10 27 1.975 40.8 0.6 433 0.44 
11 33 0.450 42.9 1.4 445 0.52 
12 20 0.634 28.7 -1.1 456 0.45 
13     417 0.57 
Mean 30 0.81 45.8 1.9 494 0.51 
SD 8 0.67 14.9 3.4 51 0.07 
φ 1, χ², CI, τ, TD, A,  O2 deficit, SD represent, phase 1 (s), chi-squared goodness of fit,  phase 2: 
time constant (s), time delay (s), phase 3: amplitude (ml/min), oxygen deficit (l/min) standard 
deviation.  
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Submaximal 2OV&  measures, as derived from the constant-load tests, are summarised 

for each participant in Table 4-6. The mean results were: 2OV&  at 0 Watts 528 ± 66 

ml/min,  2OV&  at 30 Watts was 792 ± 65 ml/min and 2OV&  50 Watts 1022 ±75 ml/min.  

 

A summary of work and delta efficiencies, as derived from the constant-load exercise 

tests, are provided in Table 4-7. The mean results were: work efficiency 0-30W= 

35.5 ±10.8%, work efficiency 0-50 Watts= 29.5± 3.0%, gross efficiency 50W= 14.2 

±1.0% and delta efficiency 30-50 Watts= 28.9 ± 13.1%.  

 

The 6-MWT results for the group are presented in Table 4-8. The mean 6-MWT 

distance was 528 ±76m, with a range of 429-693m. Males walked further than 

females (562 ±87 vs. 508 ±65m), although this difference was not statistically 

significant (p=0.27). 

 

Table 4-6: Submaximal, steady-state oxygen uptake 
measures for all participants 
Subj. 
No. 

2OV&  @ 0W 
(ml/min) 

2OV&  @ 30W 
(ml/min) 

2OV&  @ 50W 
(ml/min) 

1 508 886 1003 
2 487 862 1020 
3 461 660 929 
4 631 797 1114 
5 629 778 1125 
6 534 816 1040 
7 577 828 1127 
8 538 780 1072 
9 415 731 1014 
10 605 822 1038 
11 471 723 916 
12 506 867 962 
13 507 745 924 
Mean 528 792 1022 
SD 66 65 75 

2OV&  @ 0W, oxygen uptake at zero Watts; 2OV&  @ 30W, oxygen uptake at 
30Watts; 2OV&  @ 50W, oxygen uptake at 50W; SD, standard deviation.  
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Table 4-7: Work efficiencies 0-30W and 0-50W, gross efficiency 50W 
and delta efficiency 30-50W for all participants 
Subj. 
No. 

Work Efficiency  
0-30W (%) 

Work Efficiency 
0-50W (%) 

Gross Efficiency 
50W (%) 

Δ Efficiency 
30-50W (%) 

1 22.8 29.1 14.3 49.2 
2 23.0 27.0 14.1 36.4 
3 43.4 30.8 15.5 21.4 
4 52.0 29.8 12.9 18.2 
5 58.0 29.0 12.8 16.6 
6 30.6 28.4 13.8 25.7 
7 34.4 26.2 12.8 19.3 
8 35.7 27.0 13.4 19.7 
9 27.3 24.0 14.2 20.3 
10 39.8 33.2 13.9 26.7 
11 34.3 32.3 15.7 29.8 
12 23.9 31.6 15.0 60.6 
13 36.3 34.5 15.6 32.2 
Mean 35.5 29.5 14.2 28.9 
SD 10.8 3.0 1.0 13.1 
Δ Efficiency, delta efficiency between given workloads; SD, standard deviation.  

 

 

Table 4-8: Six-Minute Walk Test distance for all participants 
 
Subj. No. 6-MWT Distance 

(m) 
1 594 
2 429 
3 545 
4 528 
5 462 
6 446 
7 693 
8 605 
9 544 
10 536 
11 528 
12 532 
13 429 
Mean 528 
SD 76 
Subj. No., Subject Number; 6-MWT, Six-Minute Walk Test; SD, Standard Deviation. 

 

 

4.3.4 Differences between participants able and those unable to 

achieve a 2OV& max  

Due to the fact only 54% of participants achieved a “ 2OV& max” in this study, it was 

important to determine whether any differences occurred between the two subgroups.  
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The results in Table 4-9 show that there were significant differences apparent for 

both mean 2OV&  at 0 Watts and mean work efficiency 0-30W. Mean 2OV& peak 

(ml/min) approached significance (p=0.07) and all results were higher in the group 

that did not reach 2OV& max. 

 

Additionally, when demographic details were analysed, a chi-squared analysis 

showed there was a significant difference between gender and ability to achieve 

2OV& max, with females achieving a plateau more often than males (χ2=  3.745, 

p=0.053, 1df). However, an independent samples two-tailed t-test showed no 

significant differences in age between the group able and unable to achieve a plateau.  

 

Table 4-9: Mean and standard deviation results for aerobic tests for 
participants able and unable to achieve a 2OV& max 

 
Variable 2OV& max achieved group 

Mean ±SD 
2OV& max not achieved group 

Mean ±SD 
2OV& peak (ml/min) 1338 ±301 1699 ±337 

2OV& peak (ml/kg.min) 18.7 ±2.6 22.0 ±4.1 
 VT (ml/min) 1115 ±260 1077 ±206 
Time Constant (s) 46.7 ±15.3 44.9 ±15.8 
Oxygen Deficit (L) 0.54 ±0.1 0.48 ±0.1 

2OV&  @ 0W (ml/min) 494 ±42 568 ±70* 

2OV&  @ 30W (ml/min) 791 ±65 791 ±71 

2OV&  @ 50W (ml/min) 998 ±58 1049 ±87 
Work Efficiency 0-30W (%)  30.0 ±5.8 41.9 ±12.2* 
Work Efficiency 0-50W (%)  28.9 ±3.5 30.1 ±2.4 
Gross Efficiency 50W (%) 14.4 ±0.9 13.8 ±1.2 
Δ Efficiency 30-50W (%) 30.5 ±10.3 27.1 ±16.8 
Predicted 2OV& max: Method 1 
(ml/kg.min) 

34.8 ±7.5 32.4 ±10.2 

Predicted 2OV& max: Method 2 
(ml/kg.min) 

28.4 ±17.0 49.6 ±52.3 

6-MWT Distance (m) 511 ±76 549 ±76 
2OV& max, maximum oxygen uptake; VT, ventilatory threshold; 2OV&  @ 0W, oxygen uptake at zero 

Watts; 2OV&  @ 30W, oxygen uptake at 30Watts; 2OV&  @ 50W, oxygen uptake at 50W; SD, standard 
deviation; Δ Efficiency, delta efficiency between given workloads; SD, Standard Deviation. 
* Denotes significant difference between groups 
 

 

The mean measured 2OV& peak for the group of participants who did not achieve a 

plateau in 2OV&  was 22.0±4.1ml/kg.min compared with a mean predicted 2OV& max of 
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32.4±10.2 ml/kg.min, using method 1 and 49.6 ±52.3 ml/kg.min using method 2. 

These differences were statistically significant for method 1 (p=0.02) but not 

significant for method 2 (p=0.23).  For this subsample, predicted 2OV& max (method 

1) accounted for 49% of the variance in measured 2OV& peak, whereas method 2 

explained 36% of the variance in measured 2OV& peak. 

 

The mean measured 2OV& peak for the group of participants who did achieve a plateau 

in 2OV&  was 18.7±2.6ml/kg.min compared with a mean predicted 2OV& max of 

34.8±7.5ml/kg.min, using method 1 and 28.4±17.0 ml/kg.min using method 2.  

These differences between predicted 2OV& max and measured 2OV& peak also were 

statistically significant in this subsample using method 1 (p<0.001), but not 

significant using method 2 (p<0.14). For this subsample, predicted 2OV& max 

accounted for 13% and 62% of the variance in measured 2OV& peak for methods 1 and 

2, respectively. 

 

It should be acknowledged that the small sample size of this subgroup analyses limits 

its usefulness, although the results do show the limited utility of prediction equations, 

particularly method 1, which was had poor ability in explaining the variance in 

2OV& peak even in the group that did achieve a plateau and hence a 2OV& max. 

 

4.3.5 Relationships between 2OV& peak and submaximal aerobic 

measures 

All measures of aerobic fitness were analysed using Pearson’s correlation 

coefficients to investigate whether any pairwise relationships existed with 2OV& peak 

for this sample of 13 older people. The implication of this would be that if any one 

variable was highly correlated with measured 2OV& peak, then it could be considered 

for use instead of 2OV& peak. 
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Few significant correlations were found between 2OV& peak and submaximal 

measures of aerobic fitness (Table 4-10). 2OV& peak (both absolute and relative) was 

correlated with VT. VT explained 46%, and 2OV& at 0W explained 31%, of the 

variance in relative 2OV& peak (ml/kg.min). VT explained 32% of the variance in 

absolute 2OV& peak (ml/min). Moderate (but not significant) correlations were evident 

for relative 2OV& peak (ml/kg.min) and  2OV&    at 30W and    2OV&    at 50W.  The 6-

MWT distance was moderately (but not significantly) correlated with absolute 

2OV& peak (ml/min). 

 

These analyses were also undertaken for the two subsamples. The group who could 

not achieve a 2OV& max showed only one significant relationship, namely, relative 

2OV& peak (ml/kg.min) was correlated with VT, with absolute 2OV& peak (ml/min) 

approaching significance with VT (p=0.057). VT explained 70% of the variance in 

relative 2OV& peak and 63% of the variance in absolute 2OV& peak (Table 4-11).  

 

The group who could achieve a 2OV& max showed slightly different results. In 

addition to a significant relationship between relative 2OV& peak and VT (explaining 

80% of the variance), there was also a significant relationship between 6-MWT 

distance and absolute 2OV& peak, explaining 59% of the variance; with 6-MWT 

distance approaching significance with relative 2OV& peak (p=0.064) (Table 4-12). 
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Table 4-10: Pearson’s correlations for 2OV& peak and one-repetition aerobic measures 

  
2OV& peak 

(ml/min) 

VT 
(ml/min) 

O2 
deficit 

Time 
Constant 
(s) 

2OV& @ 
0W 

2OV& @ 
30W 

2OV& @ 
50W 

Work 
Efficiency 
0-30W 

Work 
Efficiency  
0-50W 

Gross 
Efficiency 
50W 

ΔEfficiency 
30-50W 

Predicted 

2OV& max   
6-MWT 
distance  

2OV& peak 
(ml/kg.min) 0.870** 0.680* -0.281 0.416 0.563* 0.441 0.501 0.285 -0.069 -0.486 0.194 0.434 0.396 

2OV& peak 
(ml/min)  0.568* -0.009 0.456 0.330 0.142 0.228 0.273 0.048 0.181 -0.198 0.429 0.422 

2OV& peak, peak oxygen uptake; 2OV& , rate of oxygen uptake; ΔEfficiency, change in efficiency between given workloads; VT, ventilatory threshold; O2 deficit, oxygen deficit. ** 
denotes the correlation is significant at p≤0.01 (2-tailed). * denotes the correlation is significant   at  p≤0.05 level (2-tailed). 
 
 

Table 4-11: Pearson’s correlations for 2OV& peak and one-repetition aerobic measures for the group that could not achieve 2OV& max 
 

2OV& peak 
(ml/min) 

VT 
(ml/min) 

O2 
deficit 

Time 
Constant 
(s) 

2OV& @ 
0W 

2OV& @ 
30W 

2OV& @ 
50W 

Work 
Efficiency 
0-30W 

Work 
Efficiency  
0-50W 

Gross 
Efficiency 
50W 

ΔEfficiency 
30-50W 

Predicted 

2OV& max   
6-MWT 
distance 
 

2OV& peak 
(ml/kg.min) 

0.848* 0.834* 
 

-0.059 
 

-0.583 
 

0.353 
 

0.473 
 

0.481 
 

0.103 
 

-0.470 
 

-0.472 
 

0.195 
 

0.701 
 

-0.125 
 

2OV& peak 
(ml/min) 

 0.798 
 

0.339 
 

-0.349 
 

-0.038 
 

0.192 0.157 
 

-0.052 -0.449 
 

-0.144 
 

0.241 
 

0.432 
 

0.045 
 

2OV& peak, peak oxygen uptake; 2OV& , rate of oxygen uptake; ΔEfficiency, change in efficiency between given workloads; VT, ventilatory threshold; O2 deficit, oxygen deficit. ** 
denotes the correlation is significant at p≤0.01 (2-tailed). * denotes the correlation is significant   at  p≤0.05 level (2-tailed). 
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Table 4-12: Pearson’s correlations for 2OV& peak and one-repetition aerobic measures for the group that could achieve 2OV& max 

 
2OV& peak 

(l/min) 

VT 
(ml/min) 

O2 
deficit 

Time 
Constant 
(s) 

2OV& @ 
0W 

2OV& @ 
30W 

2OV& @ 
50W 

Work 
Efficiency 
0-30W 

Work 
Efficiency  
0-50W 

Gross 
Efficiency 
50W 

ΔEfficiency 
30-50W 

Predicted 

2OV& max   
6-MWT 
distance 
 

2OV& peak 
(ml/kg.min) 

0.833* 0.892** -0.094 0.124 0.427 0.564 0.290 -0.265 -0.058 -0.310 0.501 0.363 0.727 

2OV& peak 
(l/min) 

 0.661 0.160 -0.073 0.345 0.123 -0.082 0.174 0.285 0.081 0.355 0.386 0.769* 

2OV& peak, peak oxygen uptake; 2OV& , rate of oxygen uptake; ΔEfficiency, change in efficiency between given workloads; VT, ventilatory threshold; O2 deficit, oxygen deficit. ** 
denotes the correlation is significant at p≤0.01 (2-tailed). * denotes the correlation is significant   at  p≤0.05 level (2-tailed). 
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4.4 Discussion 

4.4.1 Plateau in oxygen uptake 

The results of this research showed that in a group of 13 older people, seven 

achieved a 2OV& max. A plateau was observed using the first set of criteria for five 

participants, and a further two subjects achieved plateau according to criterion 2.  

Therefore, 54% of participants in this study achieved a plateau in 2OV& . This is within 

the reported ranges of published research (Thomas et al. 1987; Malbut et al. 1995; 

Fielding et al. 1997). Therefore this research confirmed in this population, what the 

literature had suggested. Furthermore, it provided information about some alternative 

indices of aerobic fitness for use among older people.   

 

Older individuals may have difficulty reaching a plateau in 2OV&  for several reasons. 

Firstly, the testing protocol used may impact on ability to reach a plateau. Secondly, 

different studies use different definitions of a plateau. Also, psychological factors 

may impact on ability to reach a plateau, in particular, having the motivation to push 

oneself long enough to achieve maximum oxygen uptake. It is not known why only 

54% of participants were able to achieve a plateau in 2OV& . The protocol and plateau 

definition were the same as Babcock  et al. (1992), who reported 86% of subjects 

were able to achieve this goal. No age details were provided for those participants 

who were reported to be unable to achieve plateau. If they were mainly older people, 

this may explain the difference between their results and those in the current study. 

Therefore, Babcock’s group, which also included younger people, may not be 

representative of the ability to reach a plateau in 2OV&  solely for older people. 

 

A study by Paterson et al.(1999) reported 79% of their 375 older participants reached 

a 2OV& max although the criteria used were not only a plateau in 2OV&  but potentially 

included a RER of greater than 1.0 and a heart rate within 5 beats per minute of the 

age specific maximal heart rate (220- age). These methods are different to the current 

study which may explain why there was a higher proportion of people able to 

achieve a 2OV& max. 



 

Chapter 4: Relationships between aerobic test measurements  

105 

 

To establish that older people are less likely to achieve a plateau future research 

would need to show that the plateau criterion is achievable in young, healthy 

participants, but not in older people. Alternatively, future research on older people 

could investigate whether the 2OV&  attained at peak exercise (for those who did not 

plateau) can be exceeded for the same exercise mode (e.g. using very high intensity, 

constant load exercise). This would be similar to the work of Day  et al. (2003) on 

younger people. This research would show whether the peak 2OV&  value attained 

during an incremental test is a “maximally attainable 2OV&  ” for that exercise mode. 

 

More recent research by Rossiter et al. (2006) that was published after this study was 

undertaken in a group of young, healthy adults showed that when a constant-load 

step exercise test was performed subsequent to a maximal ramp incremental test (but 

as part of a single-session protocol), this provided the necessary criterion for 

establishing 2OV& max, even when the data from the individual components of the test 

did not themselves manifest a plateau. The 2OV& peak values obtained during the ramp 

incremental test were not different from those achieved during a subsequent step 

exercise test performed at a workrate of 5% greater than the peak workrate from the 

ramp incremental test, thus satisfying the 2OV& max criterion. However, future 

research would have to confirm these findings on a group of older people before it 

this protocol could be adopted widely in this population. 

 

The current group of participants appear to have a greater maximum aerobic capacity 

(20.2 ml/kg.min) than impaired, community-dwelling, older people in the current 

body of literature. For example, a study by Buchner  et al. (1997b) assessed older 

people with strength and balance impairments and reported an average 2OV& max of 

16.4±4.6 ml/kg.min. In contrast, in comparison to studies on unimpaired older 

people, the current study’s participants’ average 2OV& peak was lower. In a study with 

the mean age of participants being 68 ±3 years, the reported average 2OV& peak value 

was 27 ±3 ml/kg.min (DeLorey et al. 2004b). In another group with a mean age of 65 

±2 years, a 2OV& peak of 27.3 ±2.3ml/kg.min was reported. The closest 2OV& peak to 
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the current study was 21.7 ± 2.4 ml/kg.min for a group of 12 untrained older people 

with a mean age of 72 ± 4 years (Babcock et al. 1994a).  

 

It is also important to note that research has found that individuals with a 2OV& peak 

less than 18 ml/kg.min (Morey et al. 1998) or 15ml/kg.min (Shephard 1978) have 

difficulties with activities of daily living. Paterson  et al. (1999) also reported that a 

2OV& max threshold for independent living at 85years was 17.7ml/kg for men and 

15.4ml/kg for women. The participants in this study were above these thresholds. 

 

In population-based studies perhaps a 2OV& peak, or the use of other secondary criteria 

to define 2OV& max may be more appropriate, such as a particular percentage of 

maximum heart rate, high levels of blood lactic acid or a high respiratory exchange 

ratio. These levels have been determined for younger people, but not definitely 

determined for older people. This would require further research with larger sample 

sizes than the current study, then analysis of its utility among large populations of 

older people with various levels of fitness and frailty would be essential.  

 

 

4.4.2 Relationships between submaximal measures and 2OV& max 

Ventilatory threshold could be determined for all participants. The mean VT for this 

study was similar to that reported in past research on healthy, older people. A study 

by Paterson  et al. (1999) reported VT for a group of 124 subjects with a mean age of 

70.0±8.1 years to be 1.47±0.36 l/min (or 18.7±3.9ml/kg.min). This is similar to our 

VT of 1.10±0.22 l/min (15.0±2.4ml/kg.min). The same study reported that VT 

required for independent living was 14.9ml/kg for men and 13.9ml/kg for women. 

These values reconfirm that the current study group is above the thresholds for 

oxygen uptake at VT recommended for independent living. The VT as a percentage 

of  2OV& peak was on average 76%, which is similar to that of other research among 

older people. For example, Babcock  et al. (1992) reported similarly high relative 
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VTs, occurring at 67% of 2OV& max, which was greater in their “older” group (60-84 

years) compared with all younger groups (53-60% of 2OV& max). 
 

For predicting 2OV& max, the regression technique (method 1) significantly over-

predicted 2OV& peak, compared with the measured 2OV& peak in this study. This may 

be due to the fact that older people’s maximum heart rate has large variability 

(Tanaka et al. 2001). The over-prediction might be in due in part to an equation 

designed specifically to calculate maximum heart rate for older people was used 

(Tanaka et al. 2001) instead of the traditional “220-age” formula, which is known to 

underestimate HRmax.  

 

The Astrand protocol equation (method 2), approached statistically significant 

differences between predicted and measured values, and, when outliers were 

removed, there was a significant difference between predicted and measured values. 

It was also found that 2OV& max accounted for 43% of the variance in measured 

2OV& peak. When individual values were considered, there were outliers which 

influenced results in this small sample. In the equation, these outliers occurred when 

there were very low heart rates for the given workload, as well as in male subjects. 

This indicates the equation may not be valid for such low heart rates, particularly in 

male subjects. To the author’s knowledge there are no other validation studies using 

this method among older people. Further research needs to be undertaken before 

these existing equations can be used in epidemiological studies among older people. 

 

One could not be confident that this prediction technique would provide accurate 

results. These results show that the prediction methods for measuring maximal 

oxygen consumption for older people are still not accurate enough to recommend 

widespread use. Future research is required to determine accurate prediction 

equations for older people using workloads that are appropriate for older people. 
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Few significant correlations were found between 2OV& peak and submaximal 

measures of aerobic fitness. In the current study these existed for 2OV& peak 

(ml/kg.min) and VT as well as 2OV&  at 0 Watts. 2OV& peak (l/min) was also related to 

VT.  These findings are consistent with previous research on older people’s aerobic 

fitness. Significant correlations have been reported between 2OV& max and VT 

varying between 0.72 (Posner et al. 1987) and 0.90 (Babcock et al. 1992). Both these 

protocol studies also used cycle ergometers for their testing.   

 

In the subsample that could achieve a 2OV& max there was a significant positive 

correlation between 6-MWT distance and 2OV& peak (l/min), although 6-MWT 

distance was not predictive of 2OV& peak for the larger sample of 13 participants. 

There is a large body of work that has found clear relationships between 2OV& max or 

2OV& peak and 6-MWT in chronic disease populations although only one study among 

an older population. Riley  et al. (1992) measured 2OV& during the 6-MWT and found 

a strong correlation (r = 0.9; p ≤ 0.0001) between this and 6-MWT distance among 

heart failure (HF) patients. Riley  et al. (1992) also assessed 2OV& peak in these 

patients and found a similar correlation (r= 0.88; p≤ 0.01) between 2OV& peak and 6-

MWT distance. Many authors have found a strong correlation between 6-MWT 

distance and 2OV& max/peak (Guyatt et al. 1985a; Guyatt et al. 1985b; Lipkin et al. 

1986; Cahalin et al. 1996) as with 6-MWT and  maximum work capacity (max watts) 

among heart failure patients (Guyatt et al. 1985a; Guyatt et al. 1985b). Guyatt 

(1985b) and Cahalin (1995) also found these results applicable for COPD patients. 

Kervio  et al. (2003) assessed a sample of 12 older people aged 60-70 years. They 

assessed individuals’ 2OV& during the 6-MWT using a portable gas analysis system 

(Cosmed K4, Rome Italy) as well as during a treadmill 2OV& max test. This study 

found a significant correlation existed between 2OV& max and 6-MWT distance (r 

=0.94; p ≤ 0.01).  
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The findings of the current study, that 6-MWT was not significantly related to 

2OV& max in the sample of 13 participants, is not surprising from a physiological 

viewpoint. That is, the 6-MWT is a submaximal, steady-state walking test, whereas 

2OV& max was measured in this study using a ramped, maximal exercise test, on a 

cycle ergometer. This difference in modes is very important. Major muscle groups 

required for cycling, especially at 2OV& max, are different from those used in walking, 

and the neuromuscular activation patterns also differ between these two modes of 

exercise. Thus, in the current study, an imperfect relationship between the 6-MWT 

and maximal exercise tests might be reasonable to expect.  

 

Another source of conflict exists between the results presented in the current study 

and the small body of literature on delta efficiencies. Mallory  et al. (2002) reported a 

significant inverse relationship between 2OV& peak and delta efficiency. This means, 

that individuals with higher aerobic fitness were less efficient at moderate-intensity 

workloads. This study acknowledged there was much inter-subject difference in delta 

efficiency in their study. These results may only pertain to young subjects, as the 

participants had a mean age of 23±6 years. Previous literature has produced 

equivocal results. Suzuki  (1979) noted no difference in delta efficiency  between 

three subjects with high 2OV& max and three with lower 2OV& max at 60rpm, although 

at 100rpm the delta efficiency was lower for the more fit group (Mallory et al. 2002). 

However, other research suggests this may not be the case, with Boning  et al. (1984) 

having found slightly higher 2OV&  values for untrained subjects compared with 

trained cyclists, for several different work rates and pedal frequencies. To the 

author’s knowledge, no research on the relationship between delta efficiency and 

2OV& max or 2OV& peak for older people has been published, although one study by 

DeLorey et al. (2004a) reported no significant difference between the delta 2OV& / 

delta WR (analogous to efficiency) between old and young subjects. It should also be 

acknowledged that the given equation for efficiency in the current study does not 

account for internal work, which is a limitation of this approach.  
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There is a paucity of studies that have investigated the relationship between oxygen 

deficit and 2OV& max, particularly among older people. Research does exist that has 

used a related measure of oxygen uptake kinetics, the time constant. The time 

constant is the phase 2 component of the mean response time (MRT), which 

contributes to the oxygen deficit. This research has shown a negative relationship 

exists between the time constant and 2OV& max among older people (r= -0.85) 

(Chilibeck et al. 1996a). It has also been shown that, as workrate increases above 

anaerobic threshold, individuals with the highest 2OV& max have been shown to have 

the lowest MRT (Wasserman et al. 1999).  As Wasserman  et al. (1999) have noted, 

individuals with a faster mean response time will have a smaller oxygen deficit for a 

given work rate. To the author’s knowledge, there is no research that has specifically 

investigated the relationship between oxygen deficit and 2OV& max in older people. 

 

There were no relationships apparent between oxygen uptake kinetics results and 

2OV& peak. The key research on oxygen uptake kinetics and older people has shown 

differing results. Babcock, Paterson and Cunningham (1994a) reported pre-training  

time constant values for men of similar ages as the participants in the current study of 

62.2 ±15.5s, and post-training time constant values of 31.9 ±7.0s. In comparison, a 

study by Scheuermann et al. (2002) reported a faster time constant for a group of 

older people with an average of 65 ±2 years of 50.2 ±9.9(SE)s. DeLorey et al. 

(2004b) reported an even faster time constant of 42 ±9s with a small group (n=6) of 

adults with a mean age of 68 ±3 years. The mean time constant for the current study 

of 45.83 ±14.85s was most similar to the study by DeLorey et al. (2004b), and one of 

the faster times recorded amongst this literature for untrained older people.  

 

There were no clear relationships between 2OV& peak and any of the submaximal 

measures, although it was expected that this would be the case despite the fact that 

the literature has reported finding relationships between some of these measures and 

2OV& max.   
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4.4.3 Comparison of those able and unable to achieve a 2OV& max 

The two subgroups that became apparent (those unable and those able to achieve a 

plateau and therefore a 2OV& max) had similar ages and performances on some of the 

submaximal aerobic tests. The only differences found were the group that achieved a 

2OV& max had more females than males, had a lower 2OV& at 0 Watts and were less 

efficient in the delta 0-30W test. It was noted that the group that were able to achieve 

a 2OV& max possessed a lower baseline 2OV&  than the group unable to achieve 

2OV& max, while both groups achieved an almost identical steady state 2OV&  during the 

30W load period.   

 

There appear to be few relevant differences between subgroups, apart from there 

being more females in the group that achieved 2OV& max. The reasons that one group 

could attain a maximum and the other could not, might be due to other peripheral or 

psychological factors that were not measured in this research. Further research to 

investigate whether there is an explanation for differences between groups, using 

additional variables and a larger sample size, is recommended. It should be noted that 

the small sample size of this subgroup analyses limits its usefulness. 

 

4.4.4 Applications 

Although 2OV& max can give excellent information in a clinical setting, there are 

many concerns about doing so. 2OV& max testing requires specialised gas analysis 

equipment, medical equipment, trained personnel, and thorough screening of 

participants prior to testing (Steele 1996). There are also large costs involved in the 

equipment required to run these tests. Another disadvantage of using this test in a 

clinical setting is the increased risk of a cardiac event occurring with a maximal test. 

Guidelines set out by a recognised body should be followed. In this study, safety 

guidelines set out by the Cardiac Society of Australia and New Zealand (2003) were 

adhered to. Screening by a Medical Practitioner or Cardiologist should be sought 

prior to testing. There should be an Exercise Physiologist and Medical Practitioner 

with a specialty in stress-testing attending the test. Often a third person is required to 
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assist with the test. The stand-by emergency medical equipment should include a 

defibrillator, oxygen tank, and emergency drugs. The current study, along with 

several others (Lord and Menz 2002; Bean et al. 2003; Enright 2003; Wu et al. 

2003), have raised concerns that many older and patient populations may have 

considerable difficulty completing a maximum exercise test. Finally, 2OV& max has 

been questioned for use among clinical patients, as it does not replicate activities of 

daily living as well as submaximal tests (American Thoracic Society 2002).  

 

In terms of testing equipment, the Medgraphics CXPD has been shown to 

underestimate 2OV& for high-level athletes by ~10-15% (Gore 2000). However, an 

independent report from the Australian Institute of Sport Laboratory Assistance 

Scheme showed that the system utilised in the current study was valid and reliable 

for 2OV&  less than 2 l/min, which was a threshold that none of the subjects in the 

current study approached.  

 

4.4.5 Importance of submaximal measures  

Despite the fact that no submaximal measures were well correlated with 2OV& peak 

these measures may be more valuable than a “gold standard” that not all participants 

can achieve. Submaximal fitness measures have more potential to inform the 

researcher about components of fitness that are related to activities of daily living 

and that may therefore be more relevant to research involving older people. 

Additionally, these submaximal measures have the ability to provide insight into the 

underlying physiological mechanisms that may affect an older person’s functional 

ability. This is important for interventional research and practice. Consequently, 

these are valuable measures irrespective of their relationship to 2OV& peak.   Indeed, 

several researchers have recommended submaximal tests for use among older people 

(Hollenberg and Tager 2000; Koufaki et al. 2001b; Cress and Meyer 2003; 

Reybrouck 2003). 

 

There are several alternative measures of aerobic fitness available to researchers and 

clinicians that may be more appropriate for use in older people but with less risk, 
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cost, personnel and equipment requirements. Although it is recognised there is some 

redundancy in all these measures it was important to assess an inclusive list of 

aerobic fitness measures and to inform future research that may consider advancing 

knowledge in this field. These methods, perhaps with the exception of VT (as VT is 

best determined from a 2OV& max test), can provide information on the anaerobic 

component of initial exercise, the aerobic component of constant load, submaximal 

exercise or the efficiency of that exercise. Ventilatory threshold could be considered 

as a proxy measure for 2OV& peak although high workloads are still required for the 

collection of this data even if the participants do not exercise to their maximum. In 

this study mean VT occurred at 73% of 2OV& peak, so participants would still need to 

be able to exercise above that level which is a limiting factor, although this is 

certainly more achievable than a full maximum test. 

 

4.5 Conclusions 

This study found that 54% of older people were able to fulfil the criteria to complete 

a test of maximum oxygen consumption. This group was found to have higher 

aerobic fitness, as measured by 2OV& peak, than the literature for frail or mobility-

impaired older people, but lower or similar to that of healthy older people. 

Considering frail or mobility limited older people may be less likely to achieve a 

2OV& max due to musculoskeletal or cardiovascular limitations,   it appears that this is 

an unsuitable test for research that involves these populations. 

 

The study found no strong relationships between submaximal aerobic measures and 

2OV& peak. No one test predicted a large proportion of variance of 2OV& peak. 

Therefore, no submaximal measures of aerobic fitness were representative, or could 

largely predict 2OV& peak, among older people.  However, this does not suggest that 

submaximal measures of aerobic fitness are not important measures in themselves as 

they provide information on physiological mechanisms behind submaximal 

performance. These measures should therefore be considered for use in future 

research among older people instead of 2OV& max. This research influenced later 
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studies in this thesis as 2OV& peak, VT and predicted 2OV& peak were not selected for 

use whereas the other submaximal variables were selected as potential predictors of 

falls among a heterogeneous sample of community dwelling older people (Chapter 

6). 
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Chapter 5:  Clinical measures and falls among 

older people  

Previously presented as: Roodveldt, R. A., G. K. Kerr, N. M. Byrne, I. B. Stewart. 

(2005). Falls risk assessment for older people: Do clinical tests "measure up"? 

Emerging Researchers in Ageing Conference, Brisbane, Australia, November 2005. 

 

5.1 Introduction 

Falls are the leading cause of injury-related hospitalisation and death among people 

65 years or older. Approximately one-third of community-dwelling older people fall 

each year with fall rates higher among women than men. While older people who fall 

do not necessarily require hospitalisation, many do experience some degree of 

disability leading to activity restrictions, and many develop a fear of falling, which 

together reduce independence and quality of life (Nevitt et al. 1989). Furthermore, 

fear of falling is associated with an increased risk of experiencing another fall 

(Cumming et al. 2000; Bruce et al. 2002; Legters 2002).  

 

Several clinical tests of balance, mobility and falls risk have been identified as being 

valid and reliable and, to varying degrees, able to differentiate between fallers and 

non-fallers (Lord et al. 2003). Tests of functional ability can be broadly characterised 

as “clinical” or “physiological”. While this distinction is somewhat arbitrary, the 

former generally include those tests that have empirical value in diagnosis or 

prognosis, and are practical in clinical settings, whereas the latter may emphasise 

underlying processes and may involve more extensive or specialised resources. In 

this research clinical tests refer to assessments undertaken to determine an overall 

level of functional capacity. These tests can comprise several physiological tests as 

components. Physiological tests are used to determine specific aspects of 
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physiological functioning. In this research the components of the PPA are considered 

physiological tests. 

 

This chapter aims to investigate whether any clinical measures of balance, mobility 

or falls risk are able to differentiate between fallers and non-fallers in a 

heterogeneous sample of community-dwelling, older people.  For any measures that 

are predictive, this chapter also aims to establish whether there is a threshold beyond 

which individuals are at higher risk of falling.   

 

However, there is little research that has considered whether these clinical tests are 

able to discriminate between fallers and non-fallers in both functionally impaired and 

unimpaired older people. The previous research suggests that causes of falls vary 

depending on whether participants were “vigorous” or “frail”, and that more 

vigorous participants were still at high risk of falls due to their exposure to more 

high-risk activities, although their rate of falls was lower than frail participants 

(Speechley and Tinetti 1991). Due to limited research in this area, two subsamples 

were also investigated - those able to undertake and complete the submaximal cycle 

ergometer test (“cycle group”) and those unable to undertake or complete the cycle 

ergometer test (“no-cycle group”) to determine whether these subsamples had the 

same risk factors for falls.  

 

5.2 Methods 

The 97 participants undertook background questionnaires and clinical balance, 

mobility and strength tests. Background questionnaires included: 

• Mini-Mental State Exam; 

• Falls Questionnaire; 

• Health Screen Questionnaire; 

• Physical Activity Questionnaire and; 

• Predictors of Injury in Older People Questionnaire. 
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Clinical Balance, Mobility and Strength Tests included: 

• Berg Balance Scale; 

• Tinetti Performance Oriented Mobility Assessment; 

• Functional Reach Test; 

• Timed Up and Go Test and; 

• Physiological Profile Assessment. 

The data for this chapter were derived principally from Testing Session A (Figure 

3-1, p. 71). The details of each of these tests are provided on pp.77-79.  Falls were 

defined as an event which results in a person coming to rest inadvertently on the 

ground or floor or other lower level (Gibson et al. 1987; World Health Organisation 

2006). 

 

An opportunity arose to explore two subgroups of the entire cohort because a number 

of participants were deemed not suitable to undertake the submaximal cycle 

ergometer test by their GP or the Principal Investigator of this study. Additionally, 

some individuals who were able to undertake the cycle ergometer test were unable to 

complete it. Further details of reasons for not being able to undertake or complete 

this test is summarised in Table 3-1, p.73. This subdivision enabled two distinct 

subgroups to be investigated for falls risk factors. Therefore, from this point, the term 

“no-cycle group” refers to those who did not pass the screening or were unable to 

complete the cycle test, and “cycle group” refers to those who passed the screening 

and who completed the cycle test. 

 

Cross-tabulations were produced for summary statistics. A Chi-squared analysis was 

undertaken for categorical variables (gender and falls) and odds ratios were also 

calculated for these variables. Normality of variables was assessed using the 

Kolmogorov-Smirnov test and homogeneity of variances was assessed using 

Levene’s test for equality of variances. Those variables that were not normally 

distributed were transformed using natural logarithmic transformations. These 

variables were reassessed for normality. If any were still non-parametric, then 

bivariate statistics were run using Mann-Whitney U tests. Independent sample, two-

tailed t-tests were used to investigate whether there were any differences in mean 
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results between fallers and non-fallers on any of the clinical test and Physiological 

Profile Assessment (PPA) measures that were normally distributed.   

 

General linear modelling was undertaken to adjust for the potential effects of age, as  

age is known to be related to future falls. Non-parametric data that were normally 

distributed after transformation were also included in the multivariate analyses. Any 

variables that remained non-parametric after transformation were recoded into 

categorical variables and entered into a logistic regression model with age.  

 

Receiver Operating Characteristic (ROC) curve analysis was undertaken for clinical 

test variables that were shown to be significant in the t-tests, with falls risk as the 

outcome of interest. The ROC curve provides a cut-off point or threshold where the 

test is best able to include the most correct positive classifications (sensitivity), with 

the least number of false-positive classifications (1-specificity). In addition, it 

provides an area under the curve (AUC), which is an overall measure of accuracy. 

AUC values range from 0.5 (or 50% probability), through to the highest score being 

1.0 (or 100% probability). These results are important for screening and the 

prediction of future falls. Positive and Negative Predictive Values (PPV and NPV) 

were also calculated. PPV indicates the probability of falling in a patient with 

positive screening test results. NPV indicates the probability of not falling when the 

screening test result is negative. The combination of the use of sensitivity, specificity 

and ROC curve values provide information on the use of a screening tool for a 

population, whereas the PPV and NPV provide information relevant for clinical use 

with individuals. 

 

5.3 Results 

5.3.1 Participant characteristics 

Participant characteristics are summarised in Table 5-1. 110 participants volunteered 

to participate in this research. Thirteen of these were excluded, leaving 97 

participants, with an average age of 73 ±6 years.  Of the participants, 37% were male 

and 63% were female. Sixty-three participants (65%) reported no previous falls, 19 
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(20%) reported a single fall, and 16 (15%) reported two or more falls in the previous 

12 months. There were no differences in age apparent for the various non-faller and 

faller groups. 

 

Table 5-1: Summary table of number, gender and age of participants by history 
of falls in the previous 12 months 
 Non-Fallers Single Fallers Multiple Fallers All Fallers Total 

Male  30 (83%) 2 (6%) 4 (11%) 6 (17%) 36 

Female  33 (53%) 17 (27%) 12 (19%) 29 (47%) 62 

Total  63 (65%) 19 (20%) 16 (15%) 35 (35%) 97 

Mean Age (years) 73±5 74±6 72±5 73±6 73±6 

Non-Fallers, those subjects who did not report a fall in the last 12 months; Single Fallers, those 
subjects who reported one fall in the last 12 months; Multiple Fallers, those subjects who reported two 
or more falls in the last 12 months; All Falls, the sum of single and multiple falls. 
 

In this research, non-fallers remain in their own category, but single and multiple 

fallers are combined to form a category of “all fallers” to improve power for 

statistical analyses. Table 5-1 shows that 35 subjects reported a fall in the last 12 

months. Six of these fallers were male and 29 were female. Of the 63 participants 

who did not report a fall in the last 12 months, 48% were male and 52% were female. 

The association between fallers and gender was highly statistically significant 

(P=0.003; χ²=8.99; 1df). Females had 2.5 (95% CI: 0.97-6.3) times the odds of 

falling compared to males (47% vs. 17%, respectively).  

 

Of the 97 participants who completed Testing Session A of the study, 87 went on to 

complete the 12 months’ prospective falls follow-up. There were 51 non-fallers 

(59%), 25 single fallers (29%) and 11 multiple fallers (13%) as seen in Table 5-2.  
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Table 5-2: Summary table of prospective non-fallers, single fallers and multiple 
fallers, gender and age 
 Non-Fallers Single Fallers Multiple Fallers All Falls Total 

Male  23 (72%) 7 (22%) 2 (6%) 9 (28%) 32 

Female  28 (51%) 18 (33%) 9 (16%) 27 (49%) 55 

Total  51 (59%) 25 (29%) 11 (13%) 36 (41%) 87 

Mean Age (years) 72±5 75±6 74±6 75±6 73±5 

Non-Fallers, those subjects who did not report a fall in the last 12 months; Single Fallers, those 
subjects who reported one fall in the last 12 months; Multiple Fallers, those subjects who reported two 
or more falls in the last 12 months; All Falls, the sum of single and multiple falls. 
 

Original categories were once again combined to form “non-faller” or “faller” 

categories. When this was undertaken for prospective data, fallers comprised 41% of 

the group compared to non-fallers who comprised 59%.   There were no significant 

differences in mean age between fallers and non-fallers. Sixty-three percent of 

participants in the prospective study were females and 75% of fallers were female. 

Females had a tendency to fall more than males (49% of females fell compared with 

28% of males); however, this difference approached but did not reach statistical 

significance (p= 0.06; χ²=3.67 1df). 

 

Of the 58 participants who reported not having a fall in the previous 12 months and 

who completed the prospective component, 29% went on to fall and 71% did not. 

For the 29 participants who did report a previous fall, 66% experienced a future fall 

and 34% did not have another fall during the 12 months follow up. These results are 

presented in Table 5-3, with the most obvious difference between previous non-

fallers who continued not to fall, compared with fallers, who then did not fall again 

(p= 0.001; χ² =10.45; 1 df). Fifty-three percent of prospective fallers entered the 

study with a history of fall/s in the previous 12 months. Individuals with a history of 

falls had 4.6 (95% C.I. = 1.8-11.9) times the odds of falling again compared to 

individuals with no recent falls history.  
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Table 5-3: Summary table of prospective fallers and non-fallers grouped in 
terms of falls in the last 12 months 
 Prospective Faller Prospective Non-

Faller 
Total 

Previous Faller 19 (66%) 10 (34%) 29 

Previous Non-Faller 17 (29%) 41 (71%) 58 

Total 51 36 87 

 

 

5.3.2 Clinical test measures and falls discrimination  

Clinical test measures and falls discrimination results are presented in Table 5-4. 

Results showed that there were several significant differences between prospective 

fallers and non-fallers in the crude, bivariate analysis. Fallers walked more slowly 

than non-fallers in the Timed Up and Go (TUG) (8.8s±2.6s vs. 6.8s±1.7s, p<0.01). 

Berg Balance Scale (BBS) median results were significantly lower for fallers than 

non-fallers (55(38-56) vs. 56(52-56), p=0.008). Fallers had a lower Functional Reach 

distance than non-fallers (27.1cm ±7.8cm vs. 31.1cm ±5.7cm, p=0.007). 

Physiological Profile Assessment (PPA) scores were higher for fallers than non-

fallers (1.1±0.9 vs. 0.7±1.0, p=0.027). Once these results were adjusted for age, the 

tests that still discriminated between fallers and non-fallers were the TUG, BBS and 

Functional Reach.  

 

As BBS was non-parametric following transformation, it could not be adjusted using 

a general linear model. It was therefore recoded as a categorical variable with scores 

up to and including 55 in one category, and the score of 56 in another. This was due 

to the fact that the score of “56” comprised 61% of results, where the results in the 

other category consisted of 39%. When categorised in this manner and entered into a 

logistic regression model, along with age and previous falls using the direct entry 

method, results showed that once adjusted for age BBS was significant (OR=2.7, 

95%CI=1.0-6.9, p=0.046).  

 

This process was the same for POMA, as it too was non-parametric following 

transformation. It was recoded as a categorical variable with scores up to and 
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including 27 in one category, and the score of 28 in another. The score of “28” made 

up 74% of the results, where the results in the other category comprised 26% of 

results. When categorised in this manner and entered into a logistic regression model, 

along with age, POMA was not significant (OR=2.3, 95%CI=0.8-7.0, p= 0.14). 

 

Table 5-4: Crude and adjusted clinical test results for fallers and non-fallers 
 Crude  AdjustedΦ 
Variable Faller 

N         Mean ±SD 
Non-Faller 

N          Mean ±SD 
Faller 

N         Mean ±SE 
Non-Faller 

N         Mean ±SE 
TUG (s) 33 8.8 ±2.6 50 6.8 ±1.7* 33 8.5 ±0.3 50 7.0 ±0.3* 
BBS γ 36 55 (38-56) 51 56 (52-56)*     
POMAγ 35 28.0 (26-28) 51 28.0 (19-28)     
FR (cm) 34 27.1 ±7.8 51 31.1 ±5.7* 34 27.5 ±1.1 51 30.8 ±0.9* 
PPA 34 1.1 ±0.9 49 0.7 ±1.0* 34 1.0 ±0.2 49 0.8 ±0.1 
TUG, Timed Up and Go; BBS, Berg Balance Scale; POMA, Performance Oriented Mobility 
Assessment; FR, Functional Reach; PPA, Physiological Profile Assessment.  
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers.  
# Denotes variables were transformed using natural logarithmic transformation for analysis; back 
transformed values shown. 
γ Denotes Mann-Whitney U Test was undertaken and crude results presented are median, and range in 
parentheses. Multivariate results are presented in text. 
 

5.3.2.1 Cut-off values for discrimination between prospective fallers and non-

fallers for clinical measures 

Table 5-5 shows details of ROC curve analysis results, for all clinical tests that had 

significant adjusted results, ranked by Area Under the Curve (AUC). The TUG was 

the most accurate test with the largest AUC, suggesting 74% probability of correctly 

identifying fallers (with 95% CI excluding the value of 50% suggesting a significant 

finding). The TUG also had the best positive and negative predictive values, which 

indicate the best clinical application with accuracy in predicting fallers and non-

fallers clinically; 58% of the time TUG will provide the correct positive result and 

83% of the time will provide an accurate negative test result. The actual ROC curve 

can be seen in Figure 5-1, which clearly demonstrates this large area under the curve. 

This Figure also shows where the 6.7s cut-off point lies on the curve, which shows 

that a TUG time of longer than 6.7s indicates a higher risk of suffering a future fall.  

 

In comparison the BBS and Functional Reach had poor sensitivity, which resulted in  

AUCs of 0.66 and 0.64, respectively. The BBS had poor PPV and NPV, therefore 
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this tool could not be used by a clinician with confidence to correctly identify 

individuals who were at real risk of falling. The Functional Reach had only slightly 

better PPV and NPV, but worst overall accuracy. 

 

 

Table 5-5: Clinical test receiver operating characteristic curve results for future 
falls 
Clinical 
Test 

Threshold Sensitivity % Specificity % PPV % NPV % AUC (95% CI) 

TUG 6.7s 87 48 58 83 0.74 (0.63-0.85) 

BBS 55.5 53 33 32 25 0.66 (0.54-0.78) 

FR 29.5 cm 59 57 48 67 0.64 (0.52-0.76) 

AUC, Area Under Curve; 95% CI, 95% confidence intervals of the area under the curve. TUG, Timed 
Up and Go; BBS, Berg Balance Scale; FR, Functional Reach; PPV, Positive Predictive Value; NPV, 
Negative Predictive Value. 
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* Denotes threshold with highest sensitivity and lowest 1-specificity (6.7s, 87% 
sensitivity, 52% 1-specificity). 

Figure 5-1: Timed Up and Go receiver operating characteristic curve for 
prospective falls. 
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Performance on PPA physiological measures for the whole sample is presented in 

Table 5-6. Several individual components of the PPA were significantly different 

between fallers and non-fallers in the crude analyses. Knee flexion, extension and 

ankle dorsi-flexion strength each were significantly lower among fallers. However, 

once the data were adjusted for age, only knee flexion strength remained significant. 

With these adjusted analyses, foot reaction time became significant, and hand 

reaction time was marginally significant (p= 0.06).  

 

Table 5-6: Crude and adjusted Physiological Profile Assessment results for fallers 
and non-fallers 
 Crude  AdjustedΦ 
Variable Faller 

N         Mean ±SD 
Non-Faller 

N          Mean ±SD 
Faller 

N         Mean ±SE 
Non-Faller 

N         Mean ±SE 
Knee Ext  36 28.0 ±14.1 51 33.8 ±13.0* 36 29.0 ±2.2 51 33.2 ±1.9 

Knee Flex  35 13.2 ±5.3 49 16.7 ±6.0* 35 13.5 ±1.0 49 16.5 ±0.8* 

Ankle D-F  34 12.6 ±4.7 48 14.6 ±4.3* 34 12.9 ±0.7 48 14.4 ±0.6 

EO Firm  36 35.0 ±14.2 51 34.8 ±14.4 36 34.5 ±2.4 51 35.1 ±2.0 

EO Foam#  35 58.0 ±4.5 51 55.8 ±1.4 35 56.1 ±1.1 51 57.1 ±1.1 

EC Firm  36 41.7 ±20.8 51 36.2 ±12.1 36 41.2 ±2.8 51 36.6 ±2.3 

EC Foam  31 98.6 ±34.5 50 89.2 ±35.9 31 97.2 ±6.2 50 90.0 ±4.9 

Coordinated 
Stability # 

34 8.0 ±3.0 49 10.0 ±2.7 34 8.1 ±1.2 49 8.8 ±1.2 

Hand R- Time 36 273 ±57 51 248 ±41 36 270 ±8 51 250 ±7 

Foot R- Time  35 323 ±59 51 293 ±39 35 322 ±8 51 293 ±7* 

Touch Thresh # 36 4.1 ± 1.3 51 3.7 ±1.3 36 4.1 ±1.1 51 3.7 ±1.0 

Proprioception  36 3.8 ±1.6 51 3.7 ±1.9 36 3.7 ±0.3 51 3.8 ±0.3 

Depth Percept #  35 1.4 ±2.3 50 1.1 ±3.0 35 1.3 ±1.2 51 1.0 ±1.2 

MET 34 20.2 ±2.1 49 20.4 ±3.1 34 20.5 ±0.5 49 20.2 ±0.4 

Hi- Cont. V.A. 
#  

36 0.04 ±1.1 51 0.06 ±1.1 36 0.04 ±1.0 51 0.07 ±1.0 

Lo- Cont. V.A. 36 0.368 ±0.16 51 0.359 ±0.17 36 0.349±0.03 51 0.372 ±0.02 

PPA, Physiological Profile Assessment; Knee Ext, Knee Extension (kg); Knee Flex, Knee Flexion (kg);  
Ankle D-F, Ankle Dorsi-flexion (kg); EO, Eyes Open Sway (mm squares); EC Eyes Closed Sway (mm 
squares); Co- Stability, Co-ordinated Stability (errors); Hand R- Time, Hand Reaction-Time (ms); Foot 
R-Time, Foot Reaction-Time (ms); Touch Thresh, Touch Threshold (mg pressure); Proprioception 
(degrees difference); Depth Percept, Depth Perception (cm);   MET, Melbourne Edge Test (dB log 
contrast); Hi- Cont. V.A., High Contrast Visual Acuity (LOGMAR); Lo-Cont. V.A., Low Contrast 
Visual Acuity (LOGMAR). 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers. 
# Denotes variables were transformed using natural logarithmic transformation for analysis; back 
transformed values shown. 
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5.3.3 Participant characteristics of cycle and no-cycle groups 

Characteristics of participants by cycle test results are presented in Table 5-7. The 

results presented are for those participants who completed the 12 months follow-up 

for falls. There were 23 participants in the no-cycle group. Of these, 9% were males 

and 91% were females. The mean age of this group was 75 years.  In comparison, the 

cycle group had 47% males and 53% females, with a mean age of 72 years. Chi-

squared analyses showed a significant difference between ability to undertake and 

complete the cycle test and gender (χ2=10.61, p=0.001); additionally those who 

completed the cycle test were significantly younger than those who did not (t = 2.67, 

p< 0.009). 
 

  

5.3.4 Relationship between ability to undertake and complete the 

cycle test and clinical test results  

The no-cycle group had longer TUG scores, lower range of BBS scores, lower 

Functional Reach distance and higher PPA scores than the cycle group. Once these 

variables were adjusted for age, the only significant difference between groups was 

that the no-cycle test group had lower functional reach distance. The PPA 

approached significance with a p-value of 0.074.  

 

The BBS was no longer significantly different when a logistic regression was 

undertaken with BBS as a categorical variable (≤ 55, 56), and age was also entered 

into the model (OR=1.24, 95%CI= 0.43-3.60, p= 0.686). A similar result was evident 

for the POMA. A logistic regression using POMA as a categorical variable (≤ 27, 28) 

Table 5-7: Gender and age of participants in the cycle and no-cycle groups 

  Cycle Group No-cycle Group Total 
Male n 30 (94%) 2 (6%) 32 
Female n 34 (62%) 21 (38%) 55 
Total n 64 23 87 
Mean Age (years) ±SD 72 ±5 75 ±5 73 ±5 
n, number of subjects; SD, standard deviation. 
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and age showed no significance in predicting cycle test group status (OR= 1.92, 

96%CI= 0.60-6.12, p= 0.272). 

 

Some of these differences are represented in Figure 5-2, and all values are reported in 

Table 5-8. These data show that the two sub-groups were functionally different, 

although these differences are attenuated somewhat once age is considered. 

 

Table 5-8: Clinical test results for participants in the no-cycle and cycle groups 
who completed the prospective falls follow-up 
 Crude AdjustedΦ 
Variable No-Cycle Test 

N        Mean ±SD 
Cycle Test 

N         Mean ±SD 
No-Cycle Test 

N      Mean ±SE 
Cycle Test 

N         Mean ±SE 
TUG (s) 22 8.5 ±2.9 61 7.3 ±1.9 Ψ 22 8.1 ±0.5 61 7.4 ±0.3 

BBS γ 23 56.0(38-56) 64 56.0 (52-56) Ψ     

POMA γ 22 28 (19-28) 64 28 (24-28)     

FR (cm) 22 26.2 ±9.0 63 30.6 ±5.4 Ψ 22 26.9 ±1.4 63 30.4 ±0.8 Ψ 

PPA 21 1.4 ±0.9 62 0.7 ±0.9 Ψ 21 1.2 ±0.2 62 0.8 ±0.1 

TUG, Timed Up and Go; BBS, Berg Balance Scale; POMA, Performance Oriented Mobility 
Assessment; FR, Functional Reach; PPA, Physiological Profile Assessment.  
Φ Adjusted for age. 
Ψ Denotes a significant difference between the no-cycle and cycle test groups. 
γ  Denotes Mann-Whitney U Test was undertaken for crude results and median and range are 
presented. Multivariate results are presented in text. 
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Figure 5-2: Mean and standard error results (adjusted for age) for participants 
in the no-cycle and cycle groups.   
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Participants’ performance on elements of the PPA differed somewhat between cycle 

test groups. The no-cycle group had lower knee extension, knee flexion and ankle 

dorsi-flexion strength, greater sway with eyes open on the foam surface and higher 

co-ordinated stability scores compared with individuals in the cycle group. When 

adjusted for age, all the results remained the same, except for knee flexion strength 

which was no longer significant. These results show some important strength and 

balance differences between cycle and no-cycle test groups even when adjusted for 

age (Table 5-9). 

 

Table 5-9: Physiological Profile Assessment results for participants in the no-
cycle and cycle groups 
 Crude AdjustedΦ 
Variable No-Cycle Test 

N        Mean ±SD 
Cycle Test 

N          Mean ±SD 
No-Cycle Test 

N        Mean ±SE 
Cycle Test 

N         Mean ±SE 
Knee Ext  23 22.5 ±9.2 64 34.7 ±13.7 Ψ 23 23.7 ±2.6 64 34.2 ±1.6 Ψ 

Knee Flex  21 12.8 ±3.9 63 16.1 ±6.3 Ψ 21 13.6 ±1.3 63 15.8 ±0.7 

Ankle D-F  19 10.0 ±3.7 63 14.9 ±4.1 Ψ 19 10.4 ±1.0 63 14.8 ±0.5 Ψ 

EO Firm 23 36.9 ±16.0 64 34.2 ±13.7 23 36.0 ±3.1 64 34.5 ±1.8 

EO Foam# 22 70.1 ±1.3 64 52.5 ±1.5 Ψ 22 67.1 ±1.1 64 53.5 ±1.0 Ψ 

EC Firm 23 42.8 ±23.8 64 36.9 ±12.6 23 41.9 ±3.5 64 37.2 ±2.1 

EC Foam 18 98.7 ±33.8 63 91.1 ±36.0 18 96.1 ±8.3 63 91.9 ±4.4 

Coordinated 
Stability # 

21 11.2 ±1.2 62 6.3 ±1.1 Ψ 21 9.1 ±0.2 62 6.8 ±0.1 

Hand R- Time 23 257 ±53 64 259 ±48 23 252 ±10 64 261 ±6 

Foot R- Time 22 314 ±65 64 302 ±44 22 312 ±11 64 303 ±6 

Touch Thresh # 23 3.6 ±0.4 64 4.0 ±0.3 23 3.6 ±0.04 64 4.0 ±0.04 

Proprioception 23 3.4 ±1.2 64 3.9 ±1.9 23 3.2 ±0.4 64 3.9 ±0.2 

Depth Percept # 23 1.2 ± 1.2 62 1.1 ±1.2 23 1.0 ±0.1 62 1.1 ±0.1 

MET 21 19.7 ±2.3 62 20.6 ±3.0 21 20.1 ±0.6 62 20.4 ±0.3 

Hi- Cont. V.A.# 23 0.06 ±0.07 64 0.05 ±0.09 23 0.05 ±0.01 64 0.06 ±0.01 

Lo- Cont. V.A. 23 0.35 ±0.2 64 0.37 ±0.2 23 0.32 ±0.03 64 0.38 ±0.02 

PPA, Physiological Profile Assessment; Knee Ext, Knee Extension (kg); Knee Flex, Knee Flexion 
(kg);  Ankle D-F, Ankle Dorsi-flexion (kg); EO, Eyes Open Sway (mm squares); EC Eyes Closed 
Sway (mm squares); Co- Stability, Coordinated Stability (errors); Hand R- Time, Hand Reaction-Time 
(ms); Foot R-Time, Foot Reaction-Time (ms); Touch Thresh, Touch Threshold (mg pressure); 
Proprioception (degrees difference); Depth Percept, Depth Perception (cm);   MET, Melbourne Edge 
Test (dB log contrast); Hi- Cont. V.A., High Contrast Visual Acuity (LOGMAR); Lo-Cont. V.A., Low 
Contrast Visual Acuity (LOGMAR). 
Φ Adjusted for age. 
Ψ Denotes a significant difference between the no-cycle and cycle test groups. 
# Denotes non-parametric variables were transformed using natural logarithmic transformation. 
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5.3.5 Relationship between ability to undertake and complete cycle 

test and risk of falling: prospective analyses 

The ability of participants to undertake and complete the cycle test, grouped by 

fallers and non-fallers, are presented in Table 5-10.  A chi-squared test showed no 

statistically significant differences between ability to undertake and complete the 

cycle test and risk of future falls (p= 0.36, χ²= 0.85), although participants in the no-

cycle group had a higher proportion of fallers than the cycle group.  Of the 

participants in the no-cycle group, 52% were fallers, compared to 38% fallers in the 

cycle group.  
  

Table 5-10: Prospective falls results for cycle and no-cycle groups 

  Cycle Group No-cycle Group Total 
Prospective Non-Faller (n) 40 (62%) 11 (48%) 51 
Prospective Fallers (n) 24 (38%) 12 (52%) 36 
Total n 64 23 87 
n, number of subjects; SD, standard deviation. 

 
 

For the no-cycle group, chi-squared analyses showed no significant association 

between gender and falls (p=0.12; χ²= 2.4; 1df). There were, however, significant 

differences in age between fallers and non-fallers (78 ±4 compared with 72 ±5 years 

(p=0.003; t=-3.4)). For the cycle group, chi-squared analyses showed no association 

between falls and gender (p=0.24; χ²= 1.35; 1df).  Fallers also were not significantly 

older than non-fallers (both groups had mean ages of 72±5 years) within the cycle 

test group.   

 

Table 5-11 shows the clinical test results for prospective fallers and non-fallers, 

stratified by cycle completion status. Several significant differences in clinical test 

performance were apparent between prospective fallers and non-fallers of the no-

cycle group within the crude analyses. Fallers had longer TUG times, lower BBS 

scores, lower Functional Reach distances and higher PPA scores. Once results were 

adjusted for age, the only variable that remained significant was the TUG, with 

fallers having a longer TUG duration (10.2 ±0.7) compared to non-fallers (6.8 ±0.7, 

p=0.01).  Logistic regression was undertaken to adjust the POMA results for age and 
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previous falls using methods described previously in this chapter. Results in the no-

cycle group showed POMA was not able to predict falls once adjustment for age was 

made (OR=1.3, 95% CI= 0.06-29.3, p= 0.87).  

 

Within the cycle test group, the only crude significant difference between fallers and 

non-fallers was seen for the TUG. However, once adjusted for age, this difference 

was no longer apparent, although it approached significance (7.9 ±0.4 versus, 6.9 

±0.3, respectively, p=0.06).  The logistic regression results for the cycle group also 

showed POMA unable to predict future falls once adjusted for age (OR=2.32, 95% 

CI= 0.62-8.6, p= 0.21). 

 

Table 5-11: Clinical test results for prospective fallers and non-fallers 
 Crude AdjustedΦ 
Variable Faller 

N        Mean ±SD 
Non-Faller 

N         Mean ±SD 
Faller 

N         Mean ±SE 
Non-Faller 

N         Mean ±SE 
No-Cycle Test 
Group 

    

TUG (s) 11 10.6 ±2.7 11 6.5 ±1.1*  11 10.3 ±0.7 11 6.5 ±0.8* 

BBS# 12 49.4 ±1.1 11 54.5 ±1.0*  12 50.9 ± 1.0 11 54.8 ± 1.0  

POMA γ 11 28 (19-28) 11 28 (27-28)     

FR (cm) 11 21.8 ±10.7 11 30.5 ±4.7*  11 22.5 ±3.0 11 30.1 ±3.2 

PPA 11 1.8 ±0.8 10 0.8 ±0.6*  11 1.7 ±0.3 10 1.1 ±0.3 

Cycle Test 
Group 

  

TUG (s) 22 7.9 ±2.1 39 6.9 ±1.8*  22 7.9 ±0.4 39 6.9 ±0.3 

BBS# 24 54.6 ± 1.0 40 55.7 ±1.0 24 55.1 ± 1.0 40 55.6 ± 1.0 

POMA γ 24 28 (24-28) 40 28 (26-28)     

FR (cm) 23 29.6 ±4.6 40 31.2 ±5.8  23 29.6 ±1.1 40 31.2 ±0.9 

PPA 23 0.8±0.6 39 0.7 ±1.1  23 0.7 ±0.2 39 0.7 ±0.1 

TUG, Timed Up and Go; BBS, Berg Balance Scale; POMA, Performance Oriented Mobility 
Assessment; FR, Functional Reach; PPA, Physiological Profile Assessment.  
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers. 
# Denotes variables were transformed using natural logarithmic transformation for analysis; back 
transformed values shown. 
γ  Denotes Mann-Whitney U Test was undertaken for crude results and median and range are 
presented. Multivariate results are presented in text. 
 

Table 5-12 presents results for performance on PPA physiological measures within 

the cycle and no-cycle test groups. Individual measures derived from the PPA that 

were different in the no-cycle test group between fallers and non-fallers included: 
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knee flexion strength was lower in fallers, and hand and foot reaction times were 

longer in fallers than non-fallers, fallers had more errors than non-fallers in the co-

ordinated stability task, and low-contrast visual acuity was lower in fallers than non-

fallers. When adjustment for age was completed, results showed that in the no-cycle 

test group, hand and foot reaction times remained significantly different between 

fallers and non-fallers, with knee flexion approaching significance (p=0.06).  

 

 In comparison, the cycle test group had no significant differences for any of the PPA 

individual variables between fallers and non-fallers in crude analyses.  After 

adjustments were made, there remained no significant differences between fallers 

and non-fallers for these variables.  

 

As high-contrast visual acuity was non-parametric following transformation, it could 

not be adjusted using a general linear model. A clinically relevant cut-off for high-

contrast visual acuity based on previous research of 6/15 (or 0.40 LOGMAR 

equivalent) (Lord et al. 1994b) was not appropriate for this study, as all bar one 

participant’s vision was within that cut-off. This indicates the participants in the 

current study had better vision, compared with fallers in previous research. There 

was also no clear cut-off based on frequency distributions. It was therefore 

determined that this variable should be maintained as a continuous variable which is 

within the assumptions of a logistic regression analysis. The results of a logistic 

regression analysis, when data were entered directly along with age, showed high 

contrast visual acuity was not significant (OR=0.005, 95%CI=0.000-2.861, p=0.102). 
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Table 5-12: Fallers and non-fallers performance on Physiological Profile 
Assessment variables for no-cycle and cycle test groups 
 Crude AdjustedΦ 
Variable Faller 

N        Mean ±SD 
Non-Faller 

N         Mean ±SD 
Faller 

N        Mean ±SE 
Non-Faller 

N         Mean ±SE 
No-Cycle Test 
Group 

    

Knee Ext   12 20.1 ±10.0 11 25.1 ±7.9  12 21.5 ±3.4 11 24.5 ±3.6 

Knee Flex   11 10.4 ±3.4 10 15.4 ±2.6*  11 11.3 ±1.0 10 15.0 ±1.2 

Ankle D-F  10 9.1 ±4.3 9 10.9 ±2.8  10 9.8 ±1.5 9 11.1 ±1.6 

EO Firm  12 38.9 ±15.0 11 34.5 ± 17.4 12 35.0 ±5.3 11 41.7 ± 5.6 

EO Foam  11 79.2 ±32.3 11 66.5 ±11.0  11 74.3 ±8.5 11 76.0 ±8.5 

EC Firm  12 46.2 ±30.4 11 39.1 ±14.0 12 49.9 ±8.9 11 37.9 ±9.5 

EC Foam  8 113.1 ±23.2 10 87.1 ±37.4 8 101.8 ±14.0 10 96.1 ±12.0 

Coordinated 
Stability  

10 24.8 ±16.0 11 12.6 ±10.4*  10 24.2 ±5.7 11 12.9 ±5.3 

Hand R- Time  12 282 ±42 11 230 ±52* 12 286 ±16 11 214 ±17* 

Foot R- Time 11 354 ±60 11 274±42* 11 342 ±17 11 268 ±17* 

Touch Thresh  12 4.3 ±1.6 11 3.4 ±0.8 12 4.2 ±0.5 11 3.6 ±0.5 

Proprioception  12 3.6 ±1.3 11 3.1 ±1.1 12 3.5 ±0.5 11 3.1 ±0.5 

Depth Percept # 12 1.65 ±2.7 11 1.15 ±1.5 12 1.65 ±1.6 11 1.06 ±1.6 

MET 11 19.3 ±1.7 10 20.2 ±2.7 11 20.2 ±0.7 10 19.1 ±0.8 

Hi- Cont. V.A. 12 0.09 ±0.07 11 0.04 ± 0.1 12 0.07 ±0.03 11 0.08 ±0.03 

Lo- Cont. V.A. 12 0.4 ±0.1 11 0.3 ±0.1* 12 0.4 ±0.05 11 0.3 ±0.05 

PPA, Physiological Profile Assessment; Knee Ext, Knee Extension strength (kg); Knee Flex, Knee 
Flexion strength (kg);  Ankle D-F, Ankle Dorsi-flexion strength (kg); EO, Eyes Open Sway (mm 
squares); EC Eyes Closed Sway (mm squares); Co- Stability, Coordinated Stability (errors); Hand R- 
Time, Hand Reaction-Time (ms); Foot R-Time, Foot Reaction-Time (ms); Touch Thresh, Touch 
Threshold (mg pressure); Proprioception (degrees difference); Depth Percept, Depth Perception (cm);   
MET, Melbourne Edge Test (dB log contrast); Hi- Cont. V.A., High Contrast Visual Acuity 
(LOGMAR); Lo-Cont. V.A., Low Contrast Visual Acuity (LOGMAR). 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers. 
# Denotes variables were transformed using natural logarithmic transformation for analysis; back 
transformed values shown. 
γ  Denotes Mann-Whitney U Test was undertaken for crude results and median and range are 
presented. Multivariate results are presented in text. 
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Table 5-12 (Cont): Fallers and non-fallers performance on Physiological Profile 
Assessment variables for no-cycle and cycle test groups 
 Crude AdjustedΦ 
Variable Faller 

N        Mean ±SD 
Non-Faller 

N         Mean ±SD 
Faller 

N        Mean ±SE 
Non-Faller 

N         Mean ±SE 
Cycle Test 
Group 

  

Knee Ext 24 32.0 ±14.3 40 36.3 ±13.1 22 32.2 ±2.7 40 36.2 ±2.1 

Knee Flex 24 14.4 ±5.6 39 17.1 ±6.6  22 14.5 ±1.3 39 17.0 ±1.0 

Ankle D-F  24 14.0 ±4.1 39 15.5 ±4.1  22 14.1 ±0.8 39 15.4 ±0.7 

EO Firm  24 33.0 ±13.7 40 34.9 ±13.7 22 33.1 ±2.8 40 34.9 ± 2.2 

EO Foam  24 55.7 ±20.4 40 56.6 ±22.2  24 55.3 ±4.2 40 56.9 ±3.3 

EC Firm  24 39.4 ±14.2 40 35.4 ±11.5 22 39.3 ±2.6 40 35.5 ±2.0 

EC Foam  23 93.6 ±36.8 40 89.7 ±35.9 22 93.4 ±7.4 40 89.9 ±5.6 

Coordinated 
Stability # 

24 6.4 ±1.3 38 8.0 ± 3.0  24 6.6 ±1.2 38 7.9 ±1.2 

Hand R- Time  24 268 ±63 40 253 ±36 22 267 ±10 40 253 ±7 

Foot R- Time  24 308 ±54 40 298 ±37 22 308 ±9 40 298 ±7 

Touch Thresh # 24 4.1 ±1.3  40 4.1 ±1.3 24 4.2 ±1.1 40 3.9 ±1.0 

Proprioception  24 3.9 ±1.7 40 3.9 ±2.1 22 3.9 ±0.4 40 3.9 ±0.3 

Depth Percept  23 0.28 ±0.80 39 0.9 ±1.34 23 1.70 ±0.4 39 1.79 ±0.3 

MET  23 20.7 ±2.1 38 20.8 ±2.3 23 20.8 ±0.4 38 20.8 ±0.3 

Hi- Cont. V.A.  γ 24 0.04 (-0.14-

0.34) 

40 0.02 (-0.14-

0.54) 

    

Lo- Cont. V.A. 24 0.3 ±0.2 36 0.4 ±0.2 22 0.3 ±0.03 36 0.4 ±0.03 

PPA, Physiological Profile Assessment; Knee Ext, Knee Extension strength (kg); Knee Flex, Knee 
Flexion strength (kg);  Ankle D-F, Ankle Dorsi-flexion strength (kg); EO, Eyes Open Sway (mm 
squares); EC Eyes Closed Sway (mm squares); Co- Stability, Coordinated Stability (errors); Hand R- 
Time, Hand Reaction-Time (ms); Foot R-Time, Foot Reaction-Time (ms); Touch Thresh, Touch 
Threshold (mg pressure); Proprioception (degrees difference); Depth Percept, Depth Perception (cm);   
MET, Melbourne Edge Test (dB log contrast); Hi- Cont. V.A., High Contrast Visual Acuity 
(LOGMAR); Lo-Cont. V.A., Low Contrast Visual Acuity (LOGMAR). 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers. 
# Denotes variables were transformed using natural logarithmic transformation for analysis; back 
transformed values shown. 
γ  Denotes Mann-Whitney U Test was undertaken for crude results and median and range are 
presented. Multivariate results are presented in text. 
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5.4 Discussion 

This study found that a number of clinical and physiological measures were able to 

significantly distinguish between future fallers and non-fallers. However, when 

results were adjusted for age, the variables that remained significantly different 

between the groups were Timed up and Go (TUG), Berg Balance Scale (BBS) and 

Functional Reach. An interesting result of this study was that foot reaction time 

became significant once age and previous falls were taken into account. This study 

also found that the two subsamples of participants (cycle and no-cycle groups) 

showed significantly different results for a range of clinical and physiological 

measures. These subsamples also differed in which tests were able to differentiate 

between future fallers and non-fallers. It was found that the no-cycle test group had 

clinical and physiological test results that differed between fallers and non-fallers, 

even after adjustment for age. However, the cycle test group were quite different, 

with only the TUG being significant in the bivariate results, although this finding 

was attenuated once adjusted for age. Despite smaller numbers of participants, the 

no-cycle test group results appeared to be largely responsible for the overall results.  

 

5.4.1 Relationship between clinical tests and falls  

The clinical measures used in this research have previously been shown to be 

predictive of falls to varying degrees. It was therefore important to measure them as 

part of the current study in order to characterise this sample of older people as 

compared with other groups in previous literature, particularly for the generalisability 

of results. As expected, from the precedents set in the literature, all of the clinical 

measures (except POMA) were able to differentiate between future fallers and non-

fallers in bivariate analyses. When data were adjusted for age, the PPA however, 

became non-significant.   

 

When ROC curve analysis was undertaken for clinical variables, the results showed 

that the TUG was the most sensitive, with a higher percentage of fallers being 

categorised correctly as fallers, and the greatest AUC indicating the most accurate 

overall test. The TUG had good sensitivity which is most important so that potential 
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fallers can be identified and interventions put in place. If people are categorised as 

fallers and receive an intervention to reduce their falls risk, this can be seen as 

advantageous and will not only do them no harm, but probably benefit them.  The 

TUG also had the best positive and negative predictive values, which indicate the 

best clinical application with accuracy in predicting fallers and non-fallers. The 

TUG’s strength lies in its ability to ensure that 83% of the time it will provide an 

accurate negative test result if the person actually is a non-faller, although it is not as 

strong at predicting a positive test result for a true faller.  

 

It is not surprising that the TUG was the most sensitive instrument, as it had been 

shown to be a good test of functional mobility (Podsiadlo and Richardson 1991) and 

had been said to reflect a combination of motor, sensory and strength abilities (Isles 

et al. 2004). As these functions have been shown to be related to an increased falls 

risk, it is not unexpected that this test was able to distinguish between future fallers 

and non-fallers. Our results, however, differ from the original cut-off set by 

Podsiadlo and Richardson (1991) of 20s. The cut-off for falls determination in the 

current study was 6.7s. More recent studies have reported similar faster results for 

older people, including mean values of 8, 9 or 10 seconds (Rose et al. 2002; Steffen 

et al. 2002; Isles et al. 2004). The cut-off value suggested in the literature for falls 

risk is 14s (Shumway-Cook et al. 2000). Although the authors found this value to 

have high sensitivity (87%) and specificity (87%), the falls data were collected in a 

retrospective manner for the 6-months prior to the test. This might help explain the 

variability in results. In the only prospective study (to the author’s knowledge) that 

investigated the TUG and falls, Boulgarides  et al. (2003) concluded that although 

they did not find a relationship between TUG and falls, future research should focus 

on whether a lower (10s) cut-off time should be established for falls risk in 

community-dwelling, older people who are active. This is what the current study has 

indeed found. 

 

Because the PPA was based on previous research on physiological falls risk factors, 

it was expected this test would rate very well. The results of the current study 

disagree with that of previous literature, which presents the PPA as a good tool for 

falls risk assessment, with 75% accuracy (Lord et al. 2003). There were a number of 
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reasons our results differed with previous research. The categorisation of fallers and 

non-fallers was different to that of previous research, where the focus was on 

multiple fallers (2+ falls), in contrast to this study’s focus on all fallers (1+ falls). 

Previous research by Lord  et al. (1994) showed significant differences between 

fallers and non-fallers (based on 1+ categorisation) for tests of contrast sensitivity, 

reaction time, sway on firm with eyes closed, sway on foam eyes open and eyes 

closed and a static balance test. These are different from the variables that were 

found to be significantly different with the multiple faller categorisation (2+ falls) 

and contribute to a falls risk score. 

 

There are limited results in the current body of literature with which to compare PPA 

falls risk scores. The PPA mean value for fallers of 1.1±0.9 in the current study was 

similar to the mean of another sample of older people of 1.25 ±1.04 (Menz et al. 

2003). In comparison, non-fallers in the current study scored significantly better with 

0.7 ±1.0. The value of the PPA in this study lies not in its ability to discriminate 

future fallers and non-fallers, but its importance in identifying the specific deficits 

that may be causing falls (the TUG is unable to accomplish this).  

 

Although there is a significant difference between groups, ROC curve analysis shows 

that BBS is not as useful as described in previous literature. It is thought that the 

BBS test suffers from a ceiling effect, i.e. being too easy for fit, functional older 

people, and therefore is less able to differentiate between fallers and non-fallers. This 

can be observed from the average results, which were 53.3 for fallers compared to 

55.5 out of a possible 56 points. Other studies have reported similarly high mean 

values (Steffen et al. 2002; Boulgarides et al. 2003). Prospective work of Bogle 

Thorbarn  et al. (1996) showed that the BBS had only 53% sensitivity when using 

the original BBS cut-off of 45. The authors noted that a ceiling effect had potentially 

occurred in this study, with 73% of participants scoring higher than 45 points and 

11% achieving a perfect score of 56. This is further emphasised by Boulgarides  et 

al. (2003), who found that the BBS was not sensitive enough to uncover factors that 

contributed to falls in a sample of older people who were very active. Our 

categorisation, (with scores up to and including 55 in one category, and the score of 

56 in another) was due to the fact that the score of 56 comprised 61% of results, 
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where the results in the other category consisted of 39%. This once again shows a 

ceiling effect was apparent, and the clinical utility this test, where the majority of 

participants achieve a perfect score, should be questioned.  

 

The current study found the Functional Reach test was not particularly useful in its 

ability to differentiate between future fallers and non-fallers. This may be due to the 

fact that Functional Reach only measures one dimension of balance ability (anterior 

balance), whereas it is widely known that falls are multi-dimensional.  Two of three 

prospective studies within the literature have found Functional Reach performance to 

differ between fallers and non-fallers, although there is much variability in mean 

values between studies. 

 

The poor results for falls determination for the POMA (Tinetti 1986) were attributed 

to the ceiling effect for the participants in the current study. The results were so 

skewed that even after natural logarithmic transformation they were still non-

parametric. As a result, it was recoded as a categorical variable with scores up to and 

including 27 in one category, and the score of 28 in another. The score of “28” made 

up 74% of the results, where the results in the other category comprised 26% of 

results. There is a lack of clinical meaning behind any test where almost three-

quarters of participants achieve a perfect score. These results are different to that of 

the current literature. Cho  et al. (2004) found, in a functionally impaired older 

population, the odds of being a previous recurrent faller compared to the rest of the 

cohort, after adjusting for age and sex, were significant for POMA. The authors 

reported a mean value of 25/28 for this group with a mean age of 78 years. The 

POMA has been suggested as a good clinical tool for falls determination in frailer, 

institutionalised or impaired older people (Cho et al. 2004). However, in a group of 

healthy, community-dwelling, older people for whom falls were measured 

prospectively, this was a poor discriminator of fallers and non-fallers.  

 

In summary, these results show that only certain clinical tests were able to effectively 

discriminate between future fallers and non-fallers among community-dwelling older 

people. The TUG was the best test, with the PPA, BBS, Functional Reach and 

POMA being able to differentiate poorly, or not at all. The POMA may, however, be 
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more appropriate for frailer, older people. Boulgarides  et al. (2003) concur with this 

and noted some clinical tests may only be appropriate for use on different samples of 

the older population. For example, some tests may only be appropriate for active 

rather than inactive populations or relatively younger rather than older populations. 

 

5.4.2 Relationship between PPA physiological variables and falls 

The PPA physiological variables’ results showed all the leg strength tests were 

significant in the bivariate analyses. This is consistent with the research of Lord and 

colleagues (1994a; 1994b), who originally found these variables to be good 

predictors of future falls. However, only knee flexion strength remained significant 

once the adjustment for age had been undertaken. It was interesting to note that foot 

reaction time was not significant in bivariate analyses, but became significant once 

adjustments were made. There was also a trend toward positive findings for hand 

reaction time. This is an unexpected result but suggests non-age-related changes 

more to the peripheral nervous system may be related to falls in older people. 

Although, the trend towards hand reaction time also playing a role would indicate the 

inclusion of central nervous system changes in the fallers compared with non-fallers.  

 

Lord  et al. (1994a; 1994b) also found that all the other PPA variables were 

predictive of falls in two studies of 414 and 1792 community-dwelling older people. 

Not all PPA variables were able to discriminate between multiple (2+) fallers and 

non-fallers, or none and 1+ fallers. It is important to note that the current results were 

in the same direction as observed by the Lord  et al. research. 

 

5.4.3 Differences between cycle and no-cycle groups  

To assess potential heterogeneity within the entire cohort, a distinction was made 

between those able and unable to undertake and complete the cycle test. It is 

accepted that the distribution into the two subgroups was not optimal, as the criteria 

was quite diverse from not passing screening by their General Practitioner or 

Principal Investigator to being unable to complete the test, or not being able to pedal, 

breathe properly, or the data being too noisy to use, to simply deciding not to 
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complete the test. Despite this range of criteria for the division of groups, the results 

showed that they were more functionally impaired as the no-cycle group were 

considerably less strong, had worse balance ability, and had a higher falls risk than 

the cycle group. The cycle test group had significantly better performance on the 

TUG, BBS, Functional Reach and PPA than the no-cycle group. However, after 

adjustment for age, only Functional Reach remained different between cycle and no-

cycle groups.  

 

Differences were also apparent, between the cycle and no-cycle groups when the 

PPA variables were assessed. The cycle test group had higher leg strength scores, 

better co-ordinated stability scores and lower sway with eyes open on the foam 

surface. After adjustment for age, knee extension and ankle dorsiflexion strength, 

and the sway measure were still different between groups. The cycle test group was 

younger and had a higher proportion of males. This evidence supports the fact that 

there were two distinctly different subgroups within the sample. These results show 

that the cycle group had significantly better balance ability and strength than the no-

cycle group.  This indicates the no-cycle group were a more impaired subsample of 

the whole cohort. 

 

The cycle and no-cycle subsamples were then assessed to see if any of the clinical or 

PPA measures could discriminate between fallers and non-fallers. The results for the 

no-cycle group were similar to that of the entire sample. The TUG, BBS, Functional 

Reach and PPA were all significantly different between fallers and non-fallers in the 

bivariate analyses. However, once data were adjusted for age, only the TUG 

remained significantly associated with future falls. There was a significant difference 

in age between fallers and non-fallers in the no-cycle group, with fallers being 5 

years older on average. This finding is consistent with the literature, which suggests 

falls risk increases with increasing age (Lord et al. 1993b).  It would also be expected 

that an older group would be more limited in their gait (Bohannon 1997) and 

cardiovascular fitness than a younger group, as both these characteristics have been 

shown to be adversely affected by increasing age (Heath et al. 1981). However, the 

results of the current study, which adjusted for age, indicate the TUG represents an 
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element of physical functioning, which is more than just a decline in functional status 

associated with age.  

 

This no-cycle group also exhibited differences in performance of PPA measures 

between fallers and non-fallers, including knee flexion, co-ordinated stability, hand 

and foot reaction times and low-contrast visual acuity. However, hand and foot 

reaction times, remained significantly different after adjustment for age, with knee 

flexion showing moderate significance. This shows that once age is accounted for, 

both upper and lower body reaction times and knee flexion (i.e. hamstring) strength 

are important for discrimination of future fallers and non-fallers in a group of older 

people who could not complete a submaximal cycle test. 

 

In comparison, the results for the cycle group showed only the TUG was 

significantly different between fallers and non-fallers, although this result was 

attenuated after adjustment for age. Additionally, none of the PPA variables were 

able to discriminate between fallers and non-fallers in this group, either in bivariate 

or multivariate analyses. These results were markedly different to that of the whole 

cohort and the no-cycle group, which, once again suggest there is something unique 

about the group of participants who were able to undertake and complete the cycle 

test and these clinical tests have limited applicability to functionally unimpaired, 

older people.  

 

These results add to the theory that future fallers and non-fallers can be discriminated 

between in a subsample of older people who are less strong and mobile, and a larger 

sample of community-dwelling older people. However, future fallers and non-fallers 

could not be discriminated between in older participants with better leg strength and 

balance ability. This suggests that something apart from physiological risk factors 

may be at play in this latter group. Boulgarides  et al. (2003) similarly noted that 

subjects who were active scored well on balance tests, but they also engaged in more 

activities that might result in falls. They explained this by saying although physical 

activity is important in maintaining balance function, people who are active are more 

likely to engage in activities that put them at greater risk for falls. For example, 

Speechly and Tinetti (1991) found that older people who were “vigorous” had a 
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lower incidence of falls (17%) compared with those who were frail (52%) but they 

were more likely to fall on stairs and away from home. That is, situations 

encountered less frequently by older people who are frail. There is little information 

on injurious falls in vigorous and frail subsamples of older people. One research 

paper showed that physically active older people still fell and suffered hip fractures, 

although these people also participated in more risky situations like activities outside 

in the dark, and they were younger (Allander et al. 1998). A study by Northridge et 

al. (1995) showed that vigorous older people, living at home, with more 

environmental hazards, were more likely to fall.  

 

Also Brauer  et al. (2000) suggested that the reason for the lack of relationship 

between clinical tests of balance and prospective falls in their study was that 

participants were healthy, independent, community-dwelling, older women who 

appeared to be functioning at a higher level than those in some of their other studies. 

This also seems to be related to the findings of a paper by Lord  et al. (2005), where 

an exercise intervention did not reduce falls risk in a group of older people. The 

authors concluded that there was insufficient targeting of the intervention to an at-

risk group. This is similar to the current study, where the more mobile, stronger 

group who completed the cycle test showed physiological variables were unable to 

discriminate between fallers and non-fallers. In conclusion, falls prediction is not 

linearly applicable across all community-dwelling older people and is largely 

dependent on their frailty as defined by strength and balance ability. 

 

5.4.4 Clinical applications 

It is important to note that the order of screening tests can make a difference to 

results. When screening assessments are all delivered at the same time, or in parallel, 

an individual may be considered positive (or a faller) if they are positive (or fail) any 

of the group of tests. By conducting screening tests in parallel, sensitivity of the tests 

can be increased compared to individual tests. Whereas, if tests are conducted in 

series, where a further test is only undertaken if an individual is diagnosed as positive 

on the first test, this increases the specificity of testing, compared to a single test. 

Practically, in the Australian context, it is likely that if there is not one quick 
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screening tool that can be assessed by clinicians, with the referral of high-risk 

patients for further assessment and intervention, it may not be successfully 

undertaken. Therefore, testing in series using the combination of the TUG and PPA 

is recommended (Figure 5-3). 

 

The TUG was the best predictor of falls. It can, however, be difficult to determine 

from the TUG where an individual’s physiological deficit lies. Therefore, in a 

clinical setting, if a patient records a time of greater than 6.7s on the TUG, then it is 

recommended s/he be referred for complete falls risk assessment with the PPA. The 

PPA breaks down physiological fall risk factors into all its component parts and 

identifies where physiological deficits exist for an individual compared with 

population norms. Identified deficits can then be targeted by tailored interventions. 

This should be followed up by the clinician with the TUG re-tested at regular 

intervals, and when there is a decline in health status.  

 

Alternatively, if a patient records a time less than 6.7s and is therefore considered to 

be at low falls risk, then it is important that s/he is encouraged to at least maintain the 

current physical capacity and be re-tested using the TUG at regular intervals to 

ensure there is not a decrement in capacity. This clinical application of results is 

demonstrated in Figure 5-3. A recent study based in a falls clinic reported similar 

conclusions, and the TUG was recommended as a first point of screening where 

patients who performed the task in more than 15s were referred to a physiotherapist 

to perform a PPA (Whitney et al. 2005). 
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Figure 5-3: Flow chart demonstrating the clinical use of the TUG and PPA for 

falls risk assessment. 

 

5.4.5 Strengths and limitations 

This study’s sample size was too small to explore further categorisation of falls, 

particularly multiple fallers, which would provide valuable information for 

secondary prevention of falls. This research had the focus of primary prevention, 

which is captured in the categorisation of falls in the current study.  Obviously 

different categories of falls will result in differing falls rates, falls risk and prediction 

results. In this study, when “all fallers” (or 0, 1+ falls) were classified, 41% were 

considered “fallers”. Within the current body of literature, falls rates in community-

dwelling older people vary greatly, usually between 33% (Stalenhoef et al. 2002) and 

50% (Hill 1999) of people. Thus the falls rate for the current study is within results 

reported in the current body of literature. In future, it would be interesting to see 

whether the use of accelerometers can play a role in more accurate falls measurement 

amongst community-dwelling older people. In this study, every effort was taken to 

reduce any error that may have occurred, with the use of a calendar and telephone 

call follow-up to ensure as complete reporting as possible.  
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In terms of retrospective falls, or falls in the last 12 months, is important to note that 

errors can occur due to recall bias, as well as the fact that an individual may have had 

a fall 13 or more months ago, yet that would not be included in the data. Therefore 

people still suffering psychological or physical injuries as a result of that previous 

falls will not be taken into consideration, even though these effects may impact on 

their current and future falls risk. 

 

To date, falls literature has focussed on either large representative samples of 

community-dwelling, older people (Lord et al. 1994a; 1994b) or at-risk groups, like 

those with strength or balance impairments (Buchner et al. 1997b). To the author’s 

knowledge, only one other study has investigated falls risk in fit, strong, older people 

(Hill 1999). The current study is unique as it considers a representative sample of 

community-dwelling older people, as well as two subsamples of this group. The 

results of this study not only confirm the differences between these two subgroups, 

but also yield insight regarding the ability of physiological variables to discriminate 

between fallers and non-fallers in two functionally different groups of older people. 

It should be acknowledged, however, that although the intent was for this sample to 

be representative of community-dwelling older people, it was somewhat less than 

representative due to the need to recruit family members and friends. 

 

The ability to undertake and complete the cycle test also had important implications 

for future research incorporating a cycle ergometer as mode of exercise. This study 

shows that a large number of more frail, community-dwelling, older people would be 

unable to undertake this mode of exercise. Therefore, walking may be more 

appropriate for assessment of fitness in more functionally impaired, older people. 

This will be assessed further in the next chapter. 

 

5.5 Conclusions 

The TUG most consistently differentiated between fallers and non-fallers. 

Participants unable to undertake or complete the cycle test were a less strong group 
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with worse balance ability than those able to undertake and complete the cycle test. 

Future fallers and non-fallers were much more easily discriminated by clinical and 

PPA variables in the no-cycle group. No established clinical falls predictors were 

found to differentiate between fallers and non-fallers in the cycle group. This 

indicates that the cycle group was a stronger group with better balance ability, and 

perhaps extrinsic variables like duration of exposure to everyday activities could 

have contributed to their falls risk. It would be interesting to observe whether, after 

an individual falls, his/her fitness or ability to do the cycle test becomes impaired, 

thus placing them at higher risk of falling again. It is recommended that future 

research investigate this possibility. 
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6.1 Introduction  

Risk factor identification is the first step in falls prevention, after which it is 

important to establish which of these is modifiable so that relevant and appropriate 

intervention strategies aimed at preventing falls can be designed and implemented 

(Tinetti et al. 1993a).  Physiological risk factors for falls, such as reduced leg 

strength, impaired vision, slowed reaction time, poorer peripheral sensation and 

greater sway, have already been established (Lord et al. 2003). However, these do 

not take into consideration an individual’s ability to perform aerobic exercise. This is 

despite evidence that various components of aerobic fitness have been linked to 
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functional ability and activities of daily living  (Alexander et al. 2003; Cress and 

Meyer 2003), which, in turn, have been linked to falls (American Geriatrics Society 

et al. 2001). The present chapter will investigate whether performance on aerobic 

fitness tests is related to falls among community-dwelling, older people. 

 

An individual’s aerobic fitness can be assessed a number of ways: from clinical 

assessments like the Six Minute Walk Test (6-MWT) to physiological, laboratory-

based maximal or submaximal tests including 2OV& max and 2OV&  kinetics, 

respectively. However, it is not feasible to attempt to conduct 2OV& max tests on a 

large sample of community-dwelling older people (Buchner et al. 1997b), and 

several researchers have recommended submaximal tests for use with older people 

(Hollenberg and Tager 2000; Koufaki et al. 2001b; Cress and Meyer 2003; 

Reybrouck et al. 2003). Submaximal, moderate- intensity tests are more feasible, but 

even then not all participants will be able to undertake or complete a cycle ergometer 

test due to musculo-skeletal or cardiovascular limitations. Thus it was deemed 

important to include a test all individuals could complete, i.e. the 6-MWT. The 

inclusion of this test also has important implications for clinicians wanting to assess 

falls risk. 

 

The use of the 6-MWT with older people and those with clinical conditions has been 

described in detail in the introduction of Chapter 4. To the author’s knowledge, there 

is no research that has assessed whether the 6-MWT is related to falls among older 

people. In addition, this chapter included a number of submaximal methods for 

assessing aerobic fitness and evaluated them in relation to falls risk.  

 

There are only two studies that have examined aerobic exercise alone as an 

intervention to reduce falls risk. The first study assessed aerobic fitness through 

laboratory-based exercise tests. It reported that, although exercise did not decrease 

falls rates, the no-exercise control group had an increased number of falls. In 

addition, those who exercised did not have an increase in hospital admission rates. 

Control subjects were at higher risk of staying in the hospital more than three days 

(Buchner et al. 1997b). This suggests that aerobic exercise had a protective effect for 
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falls among community-dwelling older people with at least mild balance and strength 

impairments.  

 

The second study, by Ebrahim et al.  (1997), concluded that aerobic exercise actually 

increased risk of falls. However this study had several limitations. There was a high 

rate of drop-out from both the control and intervention groups (41%). The control 

group was not a true control as they were undertaking upper-body exercises. 

Increased grip strength, for example, has been linked to reduced falls risk (Pluijm et 

al. 2006). The intervention was poorly designed with no specific prescription, no 

measure of improvement and no prescribed progression. Subjects were merely 

instructed to increase the amount and speed of walking in a manner that suited them. 

It should also be noted that all participants had a prior upper-limb fracture. This 

suggests the participants had a history of falls, as 90% of fractures are caused by falls 

(Marks et al. 2003). It is widely known that individuals who have a history of falls 

are at higher risk of falling again (Nevitt et al. 1989). This fact may have also 

influenced the results of the study, and its generalisability to a wider population. 

 

This paucity of research on aerobic fitness as a risk factor for falls is inconsistent 

with the number of papers that use aerobic exercise as an intervention in numerous 

multi-disciplinary studies (Lord et al. 1993b; Hornbrook et al. 1994; McRae et al. 

1994; Lord et al. 1995; Rubenstein et al. 2000; Hauer et al. 2001; Nowalk et al. 

2001).  If components of aerobic fitness are found to be risk factors for falls, then 

aerobic exercise testing should be included as a screening tool for falls among older 

people. Usually the aerobic component is poorly defined and not tailored to 

individuals. Often the only aerobic part of a program will be the warm-up. More 

specifically, a subject population with large ranges of aerobic fitness and muscular 

strength function should be considered so that any non-linear relationships between 

fitness and risk may be identified. In summary, older people are advised to undertake 

aerobic exercise, but there are only two falls risk studies in this area, and neither has 

definitively addressed the costs and benefits. As a result there is a need to establish to 

what degree aerobic fitness is a risk factor for falls in older people. This information 

is essential if interventions are able to be more specific and provide tailored 

prescription of aerobic exercise. This study aims to assess whether exercise tests of 
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submaximal fitness are related to falls risk factors in community-dwelling older 

people with a large range of fitness and frailty.  

 

6.2 Methods  

Participants in this chapter were the same as those in Chapter 5 (Clinical Measures 

and Falls).  The data for this study were derived principally from Testing Session B 

(Figure 3-1, p.71). The details of each of these tests are provided on pp.81-85. This 

chapter shows the performance of participants on aerobic fitness measures and 

relationships with prospective falls, being defined as one or more falls in the 

following 12 months. This was the outcome variable in this study. The aerobic 

fitness tests included the 6-MWT and submaximal cycle ergometer test. 

 

The variables derived from the submaximal cycle ergometer test included: 

• 2OV&  kinetics variables of time constant, baseline 2OV&  and amplitude; 

• Oxygen deficit; 

• Gross efficiency ; 

• Work efficiencies and; 

• Delta efficiency. 

 

Statistical analysis was undertaken using SPSS for Windows (SPSS inc., Chicago, 

IL, version 11). Independent samples, two-tailed t-tests were used to investigate 

whether there were any differences between prospective fallers and non-fallers for 

any of the variables derived from the submaximal cycle ergometer tests or the 6-

MWT, or any differences between participants who were able to undertake and 

complete the cycle test (“cycle group”) versus those unable to undertake and 

complete the cycle test (“no-cycle group”) for 6-MWT variables. Significance was 

set at two-tailed p≤ 0.05, with crude results presented as means and standard 

deviations and adjusted results presented as means and standard errors. 

Crosstabulations and chi-squared analysis was undertaken for determining 

differences between falls status and gender.  
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Receiver Operating Characteristic (ROC) curve analysis was undertaken for 6-MWT 

or submaximal cycle ergometer test variables that were shown to be significant in the 

t-tests between fallers and non-fallers. A cut-off value, sensitivity, and area under the 

curve (AUC) with 95% confidence intervals were also determined for any significant 

aforementioned t-test results. 

 

6.3 Results  

6.3.1 Participant characteristics 

110 volunteers offered to participate in the study. Thirteen of these were excluded 

which left the remaining 97 participants. These remaining individuals had an average 

age of 73 ±6 years. Of the participants, 37% were male and 63% were female. Sixty-

three participants reported no previous falls, 19 reported a single fall, and 16 reported 

two or more falls in the previous 12 months. There were also no differences in age 

apparent for the various non-faller and faller groups. Of the 97 participants who 

completed Testing Session A of the study, 87 went on to complete the 12 months’ 

prospective falls follow-up. There were 51 non-fallers (59%), 25 single fallers (29%) 

and 11 multiple fallers (13%) Further details are presented in Chapter 5. 

 

6.3.2 Six-MWT variables and falls discrimination 

Table 6-1 shows 6-MWT results and prospective falls. Fallers walked significantly 

less distance than non-fallers, even when adjusted for height. However, when data 

were adjusted for age, none of these variables were significantly different between 

fallers and non-fallers.  
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Table 6-1: Six-Minute Walk Test results for fallers and non-fallers 
 Crude  AdjustedΦ 
Variable Faller 

N         Mean ±SD 
Non-Faller 

N       Mean ±SD 
Faller 

N      Mean ±SE 
Non-Faller 

N      Mean ±SE 
6-MWT Dist. 36 468.1 ±95.8 

 
51 516.0 

±83.1 * 
36 478.5 

±13.6 
51 508.6 

±11.4 
6-MWT Dist. adj 
for height 

36 471.7±89.0 
 

51 511.5 
±74.4 * 

36 481.5 
±12.3 

51 504.6 
±10.3 

6-MWT Dist, Six-Minute Walk Test Distance (m); 6-MWT Dist. adj for height, Six-Minute Walk 
Test distance adjusted for height (m); SD, Standard Deviation; SE, Standard Error. 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers of that group. 
 
    

6.3.3 Relationship between Six- Minute Walk Test performance and 

completion of the cycle test                                                                                 

It is important to note that not all participants who completed the 6-MWT were able 

to undertake or complete the cycle ergometry task. The inability of a large number of 

participants to undertake and complete the cycle test resulted in the creation of two 

subsamples of the original group (Table 6-2).  Participants in the cycle group walked 

significantly further than the no-cycle group, this was also the case for 6-MWT 

distance adjusted for height.  When results were adjusted for age, 6-MWT distance 

was significantly different between cycle and no-cycle test groups (Figure 6-1). 

However, the 6-MWT adjusted for height approached significance (p=0.07, F =3.3, 

1df). 

 

Table 6-2: Six-Minute Walk Test results for no-cycle and cycle groups who 
completed the prospective falls follow-up 
 Crude AdjustedΦ 
Variable No-cycle Test 

N        Mean ±SD 
Cycle Test 

N         Mean ±SD 
No-cycle Test 

N      Mean ±SE 
Cycle Test 

N         Mean ±SE 
6-MWT Dist. 23 437.8 ±81.9 64 517.2 ±85.5 Ψ 23 454.0 

±16.8 
64 511.3 ±9.9 Ψ 

6-MWT Dist. adj 
for height 

23 454.4 ±86.3 64 509.6 ±76.9 Ψ 23 470.6 
±15.5 

64 503.8 ±9.1 

6-MWT Dist, Six-Minute Walk Test Distance (m); 6-MWT Dist. adj for height, Six-Minute Walk Test 
distance adjusted for height (m); SD, Standard Deviation; SE, Standard Error. 
Φ Adjusted for age. 
Ψ Denotes a significant difference between the no-cycle and cycle test groups. 
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* denotes a significant difference between no-cycle test and cycle test groups (p≤ 0.05) 

Figure 6-1: Mean (±SE) Six-Minute Walk Test distance achieved (adjusted for 
age) for no-cycle and cycle groups who completed the prospective falls follow-up 

 

As these results show significant differences between no-cycle and cycle groups, the 

falls data for these two subgroups were analysed separately. 

 

6.3.4 Relationship between ability to undertake and complete the 

cycle test and risk of falling 

Table 6-3 shows 6-MWT results for fallers and non-fallers for the cycle and no-cycle 

groups. The no-cycle group had significant differences between future fallers and 

non-fallers, with fallers walking less distance in the 6-MWT, even when the 6-MWT 

was adjusted for height.  When results were adjusted for age, the 6-MWT distance 

but not the 6-MWT distance adjusted for height, remained significantly different 

between fallers and non-fallers. In comparison, none of the 6-MWT variables were 

significantly different in the cycle group, this remained the case after adjustment for 

age was made.   
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Table 6-3: Six-Minute Walk Test results for fallers and non-fallers for the no-
cycle and cycle test groups 
 Crude AdjustedΦ 
Variable Faller 

N        Mean ±SD 
Non-Faller 

N          Mean ±SD 
Faller 

N        Mean ±SE 
Non-Faller 

N         Mean ±SE 
No-cycle Group     
6-MWT Dist. 12 390.9 ± 

84.4 
11 489.0 

±37.5*  
12 394.8 

±24.6 
11 496.5 

±26.2* 
6-MWT Dist. adj 
for height 

12 412.8 
±93.5 

11 499.8 
±49.1*  

12 422.5 
±28.0 

11 503.0 ±29.8 

Cycle Group   
6-MWT Dist. 24 506.7 

±76.9 
40 523.4 ±90.7 

 
24 509.9 

±16.1 
40 522.1 ±1256 

6-MWT Dist. adj 
for height 

24 501.1 
±72.0  

40 514.8 ±80.2  
 

24 503.1 
±14.2 

40 513.6 ±11.0 

6-MWT Dist, Six-Minute Walk Test Distance (m); 6-MWT Dist. adj for height, Six-Minute Walk Test 
distance adjusted for height (m); SD, Standard Deviation; SE, Standard Error. 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers of that group. 
 
 
Receiver Operating Characteristic (ROC) curve analysis was undertaken for the 6-

MWT variables that were statistically significant following adjustment (6-MWT 

distance, Table 6-4) for the no-cycle group. The results show that the 6-MWT 

distance has 84% probability of correctly identifying fallers (with 95% CI, excluding 

the value of 50% suggesting a significant finding). The 6-MWT distance also had 

high positive and negative predictive values, which indicate good clinical application 

in predicting fallers and non-fallers. This indicates that 90% of the time the test will 

be able to predict the correct positive result, and 77% a correct negative result. 

Additionally, it also had a high specificity, indicating 91% of future non-fallers were 

correctly identified.  

 

The actual ROC curve for the 6-MWT distance can be seen in Figure 6-2.  This 

further demonstrates that there was a large Area Under the Curve (AUC). The cut-off 

for 6-MWT distance was 450m, which indicates that any values below this point 

places an individual at higher risk of experiencing a fall.  
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Table 6-4: Six-Minute Walk Test receiver operating characteristic curve results for 
future falls in the no-cycle group 
Variable Threshold Sensitivity % Specificity % PPV % NPV % AUC (95% CI) 

6-MWT 
Distance 

450 75 91 90 77 0.84 (0.66-1.0) 

6-MWT Dist, Six-Minute Walk Test Distance (m); m, metres; AUC, Area Under Curve; 95% CI, 95% 
confidence intervals of the area under the curve; PPV, Positive Predictive Value; NPV, Negative Predictive 
Value. 
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* Denotes the threshold with the highest sensitivity and lowest 1-specificity for 6-MWT distance (450m). 

Figure 6-2: Receiver operating characteristic curve for future falls and Six-Minute 
Walk Test distance for the no-cycle group 

 

6.3.5 Relationship between cycle test aerobic variables and risk of 

falling 

When falls were analysed prospectively amongst the cycle group, there were no 

differences between fallers and non-fallers for any submaximal aerobic variables 

(Table 6-5). Baseline and amplitude were similar, as was the time constant for 

*
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describing the rate of increase in 2OV& . Fallers and non-fallers had similar exercise 

efficiencies for work efficiencies at both 30W and 50W, gross efficiency 50W and 

delta efficiency 30-50W.  
  
 
. 

Table 6-5: Submaximal aerobic test results for prospective fallers and non-fallers 
for cycle group only 
 Crude  AdjustedΦ 
Variable Faller 

N      Mean ±SD 
Non-Faller 

N     Mean ±SD 
Faller 

N      Mean ±SE 
Non-Faller 

N      Mean ±SE 
Time Constant (s)** 22 38.6 ±20.0 36 40.2 ±17.9 22 38.6 ±4.0 36 40.2 ±3.1 
Amplitude (ml/min) 24 956 ±158 39 955 ±115 22 956 ± 27 36 955 ±21 

Oxygen Deficit 22 0.40 ±0.16 36 0.41 ±0.13 22 0.41 ±0.03 36 0.41 ±0.02 

Baseline 2OV&  (ml/min) 24 541 ±151 39 530 ±83 24 539 ±24 39 532 ±18 

Work Efficiency 0-30W 16 40.3  ±12.5 30 41.1 ±5.5 16 43.1 ±3.8 30 39.6 ±2.7 

Work Efficiency  0-50W 24 37.2 ±11.8 39 35.0 ±9.4 24 36.7 ±2.2 39 35.3 ±1.7 

Gross Efficiency 50W 24 15.4 ±2.5 39 15.3 ±1.9 24 15.3 ±0.5 39 15.4 ±0.4 

Delta Efficiency 30-50W 13 33.5 ±7.9 26 34.5 ±11.4 13 34.3 ±3.2 26 34.1 ±2.2 

2OV& , rate of oxygen uptake; W, Watts; SD, Standard Deviation; s, seconds; ml/min; millilitres per 
minute; SD, Standard Deviation; SE. Standard Error. 
Φ Adjusted for age. 
* Denotes significant difference between fallers and non-fallers  
 ** See Appendix M for phase 1, chi-squared, 95% confidence and time delay associated with the time 
constant. 
 
  
 

 



 

Chapter 6:  Aerobic fitness and falls among older people  

155 

6.4 Discussion 

The 6-MWT distance was able to discriminate between future fallers and non-fallers, 

however, there were no significant differences when adjusted for age. The no-cycle 

test subsample exhibited similar results, although the 6-MWT distance remained 

significant with adjustment. In comparison, the cycle group showed no variables 

were different among non-fallers than fallers, before or after adjustment. The 

differences in results for the subgroups could be accounted for by the differences in 

6-MWT performance, with the no-cycle group walking significantly less distance, 

indicating they were less fit and more functionally impaired compared with the cycle 

group (even when adjusted for age).  

 

Previous research has used the 6-MWT with older people and reported varying 

distances. Figure 6-3 shows the range of average results reported in different studies. 

The average 6-MWT distance results from the current study are shown, as well as 6-

MWT distance adjusted for height. This clearly shows that these results are within 

the expected range of other studies. Since the results of the 6-MWT distance were 

better than 6-MWT distance adjusted for height and, clinically, it may be more 

applicable simply to use 6-MWT distance as the outcome variable of interest, this is 

recommended for future research and practice. 
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* represents 6-MWT distance results from the current study (486.5 ±92.9m). 
# represents 6-MWT distance adjusted for height from the current study (492.3 ±85.0m). 

Figure 6-3: Six-Minute Walk Test distance from the current study compared 
with previous research on older people 

 

 

6.4.1 Relationship between 6-MWT and falls risk 

It should be acknowledged that once age was accounted for, the 6-MWT was not 

able to discriminate between fallers and non-fallers for the whole sample. This shows 

fitness and mobility (as represented by the 6-MWT) are not as powerful predictors of 

future falls as age. As a result, use of the 6-MWT may not be able to predict future 

falls, but may have a role in determining the physiological deficits of an individual 

who has already been diagnosed as being at high risk of falls.  

 

6.4.2 Relationship between 6-MWT performance and ability to 

undertake and complete the cycle test 

The whole sample was divided into two subsamples: those who were unable and 

those able to undertake and complete the cycle test.  The majority of participants who 

were unable to undertake or complete the cycle test had 
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cardiovascular/cardiorespiratory contraindications. As a result, this group included a 

more frail population compared to those able to do so. Indeed, the results showed 

there was a significant difference between these groups, with the cycle test group 

walking significantly further on the 6-MWT.  This added further evidence that the 

no-cycle group had less functional ability than the cycle group. 

 

The cycle test group were fitter and more mobile, but also younger than the rest of 

the sample. This is important to the generalisability of results to a wider population 

of older people. It also showed that a cycle ergometer test could only be undertaken 

successfully by 74% of these community-dwelling older people, whereas, all 

participants completed the 6-MWT (i.e. the clinical test of aerobic fitness).  

 

6.4.3 Relationship between ability to undertake and complete the 

cycle test and risk of falling 

For the participants in the no-cycle group, results showed significant differences 

between fallers and non-fallers for 6-MWT distance, with fallers walking less 

distance than non-fallers. This result remained significant after adjustment for age. 

This shows that for this no-cycle group, the 6-MWT distance is an important variable 

for the discrimination of future fallers and non-fallers. This is further evidenced by 

the high sensitivity, specificity, area under the curve and positive and negative 

predictive values. This demonstrates that 6-MWT distance, as a screening tool, is 

able to determine future fallers and non-fallers with high accuracy as well as with 

few false positives. At a clinical level, it is also able to predict with reasonable 

accuracy the likelihood that an individual with a positive test (i.e. below ROC curve 

cut-off) will subsequently fall and those with a negative test (i.e. higher than ROC 

curve cut-off) will not fall. 

 

In contrast, the results for the cycle group differed greatly from the no-cycle group. 

No variables were different between fallers and non-fallers either before or after 

adjustment for age.  
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These are novel findings, in that 6-MWT performance has not previously been 

investigated as a falls risk factor. The 6-MWT distance, however, has been used to 

assess functional exercise capacity among chronic heart failure and chronic 

obstructive pulmonary disease patients (Butland et al. 1982; Guyatt et al. 1985a). It 

has also been used to predict morbidity and mortality in patients with left ventricular 

dysfunction (Bittner et al. 1993), advanced heart failure (Cahalin et al. 1996; Lucas 

et al. 1999; Demers and McKelvie 2001; Kervio et al. 2004) and chronic obstructive 

pulmonary disease (Carter et al. 2003). It is not unexpected, then, to observe that 6-

MWT distance was able to differentiate future fallers from non-fallers in the less fit 

group. Lord and Menz (2002) have explored the physiologic, psychologic, and health 

predictors of 6-MWT performance in older people, and although they concluded that 

it was a good test of mobility in this group, they did not investigate whether 6-MWT 

performance was a predictor of falls. 

 

These obvious differences between the two subsamples are further considered in 

Figure 6-4. This is a visual schematic of general findings of this study. It shows that 

at a point of high 6-MWT distance, there is low ability to discriminate between 

fallers and non-fallers in this group (Area C). These individuals in the current study 

would be the cycle test group. Much previous research has focussed on assessing 

falls risk in those with deficits in strength and balance (Areas A and B of the curve). 

However, little is known about the causes of falls in very fit, mobile, older 

individuals as represented by Area C. 
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Where area A represents low 6-MWT distance and good discriminant ability between fallers and non-

fallers; area B represents a moderate 6-MWT distance and good discriminant ability; area C represents 

high 6-MWT distance and low discriminant ability. 

 

6.4.4 Cycle test aerobic variables and falls discrimination  

There were no differences between fallers and non-fallers for any of the cycle test 

aerobic variables. An unexpected trend emerged from the data, with fallers showing 

a slightly faster time constant than non-fallers, indicating a higher level of fitness. 

Time constant data were compared to that of previous literature to see if the results 

differed and therefore could have explained the lack of significance for falls. The 

mean time constant for fallers was 38.6 ±20s compared to 40.2±18s in non-fallers 

with a mean age of 72 years. Table 6-6 shows a summary of four key papers within 

the limited literature for older people and one for a functionally-impaired, heart 

transplant group. It can be observed that the mean time constant for this study is 

faster than that of cardiac transplant patients and most other groups of older people, 

except those who have been trained.   

 

 

Figure 6-4: Ability to discriminate fallers and non-fallers by Six-Minute Walk 
Test distance 
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Table 6-6: Summary of time constant results for five key studies on older, or 
impaired groups in the literature 
Reference Population Workload Mean ±SD for 

time constant 
Paterson  et al.  
(1994) 

Cardiac Transplant 
Mean age = 49 (7) years 

Below VT 
Lowest work rate used was 
40W  

77 ±26s 

Petrella  et al. 
(1999) 

Elderly normotensive sedentary 
Mean age= 69(3) years 
Elderly normotensive active 
Mean age= 71(2) years 
Elderly hypertensive 
Mean age= 71(5) years 

90% end tidal volume 
=40W 

59.5 ±13.0s 
 
44.3 ±8.3s 
 
71.3 ±12.0s 

Babcock, 
Paterson and 
Cunningham  
(1994a) 

Older Men (72 (4.4) years) 
Pre-training 
Post training 

80% VO2 at VT  
62.2 ±15.5s 
31.9 ±7.0s 

Babcock, 
Paterson, 
Cunningham  et 
al. (1994b) 

Older men (71.4 (4.1)years) 80% VO2 at VT 60.8 ±17.6s 

Chilibeck, 
Paterson, Smith   
et al. (1996b) 

Older men and women  
Mean age = 66.7(6.7) years 

90% of VT workrate 
~40W  

44.8 ±6.6s 

SD, Standard Deviation; VT, Ventilatory Threshold; VO2, oxygen uptake; s, seconds; W, Watts. 
 

In theory, cycle test aerobic variables may be able to discriminate between fallers 

and non-fallers in more frail, mobility-limited, older people. The problem here is that 

these individuals are contraindicated for cycle ergometer exercise testing. There is 

currently no technique available to measure oxygen uptake in frailer older people. 

Therefore, although the 6-MWT is not a criterion measure of aerobic fitness, it is 

once again an important tool for the measurement of fitness in a heterogenous sample 

of older people. 

 

Although it was expected that the cycle test group would exhibit differences between 

future fallers and non-fallers, the lack of significant results were also apparent for the 

6-MWT and clinical test measures (presented in Chapter 5). This suggests that the 

cycle group were unique and a population like this has not been studied in previous 

research. These results do not necessarily show that aerobic variables are not related 

to falls, but suggest they are less related to falls in this fit, mobile subgroup. This is 

demonstrated by the fact that the 6-MWT distance was able to differentiate between 

fallers and non-fallers in the no-cycle group, but not the cycle group. To confirm 
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these findings, a laboratory-based aerobic exercise test that frail older people could 

undertake would be required.    

 

These results also indicate that other physiological measures that were not measured 

in this study, like vestibular sense or even extrinsic measures like environment or 

exposure to risk, could be related to falls in this group. It is thought that exposure to 

risk may have influenced the fallers, especially since these were fit individuals. 

Figure 6-5 proposes high falls risk occurs with low physical activity levels and high 

physical activity levels, with the optimum being a moderate level. Although this 

concept requires further research, the implications are that individuals with high 

physical activity levels need to exhibit more caution when undertaking activities and 

possibly receive education on how to avoid or limit situations of high risk. 

Physical Activity Level

Physical Activity 
Level

Fa
lls

 
R

is
k

 

Figure 6-5: Proposed relationship between falls risk and physical activity level 

 

 

6.4.5 Strengths and limitations 

This study adhered to strict 6-MWT protocols, which ensured that data was valid. 

For example, the standard distance of a lap should be 100 feet or 33 metres (Enright 

and Sherrill 1998; American Thoracic Society 2002; Carter et al. 2003; Enright 

2003). Longer or shorter lap distances result in participants having to turn less, or 

more, times which lead to differences in distances achieved. Guyatt  et al. (1984) 

found encouragement significantly affected distance walked in 6 minutes. Therefore 

standard forms of verbal encouragement should be given to participants every minute 

(American Thoracic Society 2002) (See Appendix B for examples). Another 
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important protocol is that participants walk unaccompanied so that their gait speed is 

not altered by a tester (American Thoracic Society 2002). All these protocols were 

adhered to in the current study, however, many previous studies do not follow these 

important guidelines, thus making results difficult to interpret and contributing to 

variability within the literature. 

 

6.5 Conclusions 

In the whole cohort of community-dwelling older people the 6-MWT distance 

variables were able to discriminate between future fallers and non-fallers but not 

after age was accounted for. In a subsample of participants unable to undertake or 

complete the cycle test, the 6-MWT distance was excellent at predicting future fallers 

and non-fallers (even after adjusting for age, but not after adjusting for height). 

However, in a more able subgroup that were able to undertake and complete the 

cycle test and were more mobile and fitter, none of the 6-MWT variables, nor cycle 

test aerobic variables were good at distinguishing future fallers. It is therefore 

important to compare these three different groups’ results with that of known risk 

factors in the current body of literature.  It can be confidently concluded that 6-MWT 

distance can predict future falls among a subgroup of community-dwelling older 

people who could not undertake or complete a submaximal cycle test. This research 

has implications for predictive tests amongst subgroups of functionally different 

older people. This will be investigated further in Chapter 7. 
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Chapter 7:  Clinical and Physiological falls risk 

factors among older people  

One thing that seems to be very clear from the research on falls…is that falls are not 

accidents. They can be predicted to some extent, and once one can predict 

something, prevention can be developed (Evans 1992). 

7.1 Introduction 

Previous literature has presented combinations of tests that have been able to predict 

future falls (Tinetti et al. 1988a; Lord et al. 2003). Several studies have also assessed 

the efficacy of commonly used clinical tests to predict falls (Tinetti et al. 1988a; 

Duncan 1992; Brauer et al. 2000; Boulgarides et al. 2003; Chiu et al. 2003; Lord et 

al. 2003). Unfortunately, few of these tests were assessed against prospective data on 

falls, as described in the literature review (Section 2.4). 

 

Chapters 5 and 6 showed that several measures were able to differentiate between 

future fallers and non-fallers in bivariate analyses. These included: Timed Up and Go 

Test, Physiological Profile Assessment, Berg Balance Scale, Functional Reach, Six-

Minute Walk Test distance and  Six-Minute Walk Test distance adjusted for height. 

 

Using the variables presented in Chapters 5 and 6, this chapter aims to: 

• Assess which combination of individual physiological falls risk factors is 

best able to predict falls among older people;  

• Investigate whether established clinical tests are predictive of falls in this 

population;  

• Determine whether aerobic variables add to the predictive power of the best 

combination of physiological falls risk factors and/or established clinical 

tests; and 
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• Identify the best falls screening tools and physiological risk factors. 

 

7.2 Methods 

All subjects who were not excluded from the analyses in Chapters 5 and 6 and who 

had completed the prospective falls follow-up were eligible for this study. However, 

subjects were removed from the analysis if they were not able to complete all of the 

tests that were going to be entered into the logistic regression model. All analyses 

were therefore based on the remaining sample of 77.   

 

7.2.1 Statistical analyses 

In order to fulfil the aims of this research there were four sets of analyses undertaken, 

the first three were on the whole sample and the fourth was on the cycle and no-cycle 

subsamples. The first logistic regression model included variables that were 

significant or approached significance between fallers and non-fallers in bivariate 

analyses. The second logistic regression model included statistically significant 

variables from the first model as well as variables based on clinical knowledge and 

existing literature. The third set of analyses undertaken focussed on clinical tests: 

firstly individual clinical tests and personal characteristics were entered into logistic 

regression models, then finally, all clinical tests and personal characteristics were 

entered into one logistic regression model. The fourth set of analyses were modified 

logistic regression models using the two subsamples. 

 

Initially independent samples, two-tailed t-tests were used to determine which 

variables differed between fallers and non-fallers would therefore be used in the final 

models (with a cut off of p= 0.20) (Tabachnick and Fidell 2001). Then the stepwise 

backward logistic regression method was used with no falls (0 falls) and falls (1 or 

more falls) as the dichotomous dependent variable, to determine the best 

combinations of these variables to predict falls in the final models. Logistic 

regression was chosen in this research because it is known to be more flexible than 

other techniques: it has no assumptions about the distributions of the predictor 

variables, the predictors do not have to be normally distributed, linearly related, or of 
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equal variance within each group, nor do they need to be discrete (Tabachnick and 

Fidell 2001). 

 

When performing any form of stepwise regression, there is a criterion for inclusion 

of the next variable being selected in the model as a predictor in each step and this is 

calculated as a function of the log-likelihood of the fitted model.  Hosmer and 

Lemeshow (1989) recommended a criterion for inclusion of p= 0.15 or 0.20 when 

performing variable selection to ensure exit of variables with coefficients that are 

different from zero. A p-value of 0.20 was used in this research.  

 

The total number of variables considered for the first two models was 27. As a result 

of this large number of variables, subcategories of variables were formed:  

• Clinical tests (BBS, PPA, TUG, Functional Reach);  

• 6-MWT (6-MWT distance and 6-MWT distance adjusted for height);  

• Balance (eyes open on firm surface, eyes closed on firm surface, eyes open 

on foam surface, eyes closed on foam surface, co-ordinated stability);  

• Strength (knee flexion, knee extension, ankle dorsiflexion, total adjusted);  

• Reaction time (hand, foot and total reaction times);  

• Sensory function (touch thresholds and lower-limb proprioception);  

• Vision (depth perception, contrast sensitivity, high and low contrast visual 

acuity; and 

• Personal characteristics (age, gender, falls in the previous 12 months).  

Pearson’s correlations were calculated within these groups to ensure none of the 

variables were highly correlated. If any variables were, then they were not entered 

into a model together.  If any of the continuous variables were not linearly related to 

the log odds of having a fall, they were recoded into tertiles and remained as 3-level 

categorical variables for the logistic regression analyses. Due to the limited sample 

size, only one variable from each subcategory was entered into the model. This 

variable was selected as the variable with the lowest p-value. 

 

The second type of model included statistically significant variables from the first 

model as well as those from other sub-categories (listed above) based on clinical 

reasoning and previous literature (Hennekens and Buring 1987). Previous literature 
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has repeatedly shown that falls risk is increased with increasing age (Lord et al. 

1993b), being female (Campbell et al. 1989) and for those people with a history of 

falls (Nevitt et al. 1989). Age and gender were included in all models as they are 

potential confounders. Previous falls history (having experienced a fall in the prior 

12 months) is another potential confounder, however, it was important to undertake 

analysis initially without adjusting for this variable to avoid over-adjustment in terms 

of identifying physiological characteristics that influence risk of falling. In this 

chapter, it was considered important to determine the variables that were 

independently related to future falls, which might serve best as screening tools; 

therefore, falls history was included along with age and gender to achieve this aim. 

  

Backward stepwise logistic regression was again used to determine whether any of 

the clinical tests were more predictive than others, and what the best combination of 

these clinical tests was for the prediction of future falls. Analyses were also 

undertaken, following these methods, for the cycle group. The no-cycle group’s 

sample size was not large enough to be able to enter in more than two variables at a 

time. Therefore, logistic regression using the direct entry method was undertaken on 

variables shown to be significant in bivariate analyses in Chapters 5 and 6 for the no-

cycle group.  The same subjects were used in each model so that Nagelkerke’s R-

squared could be used to assess differences in predictive power between models.  

 

7.3 Results 

7.3.1 Summary results 

The mean age of the participants was 72±5 years and 62% of participants were 

female (n=48). Overall, 39% of the 77 subjects experienced a fall in the 12 month 

follow-up period. At the bivariate level of analysis, gender was not statistically 

associated with falls (chi-squared, p= 0.149). Age was related to falls with fallers on 

average 3 years older than non-fallers (p= 0.028; 74±5 vs. 71±5 years). Thirty-four 

percent of participants reported having a previous fall (in the prior 12 months). 

Previous fallers had 5.5 times higher odds (p= 0.02; 95% CI= 1.9-15.3) of a future 

fall than previous non-fallers. 
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At the bivariate level of analysis, variables that were significantly different between 

fallers and non-fallers were the Timed Up and Go (TUG), Berg Balance Scale 

(BBS), Functional Reach (FR), Physiological Profile Assessment (PPA), Six-Minute 

Walk Test (6-MWT) distance, Six-Minute Walk Test (6-MWT) distance adjusted for 

height; knee flexion strength, knee extension strength, ankle dorsi-flexion strength, 

hand reaction time, foot reaction time and total reaction time. These results largely 

reflected bivariate findings from previous chapters albeit on a smaller sample. Table 

7-1 shows there were no statistically significant differences between the sample with 

87, compared with the sample of 77 participants for personal characteristics, nor for 

the Physiological Profile Assessment falls risk score. Therefore the results in this 

chapter should be generalisable to those participants in the wider sample. 

 

Table 7-1: Comparison between sample for the current chapter (n=77), and 
sample for previous chapters (n=87) 

 Sample n= 77 Sample n = 87
 Mean ± SD Mean ± SD
Age (years) 72 ±5 75 ±6
Gender 62% Female 63% Female
Previous falls 34% 33%
Future falls 39% 41%
PPA score 0.87± 0.97 0.87 ±0.97
* Denotes a statistically significant difference (p≤0.05). 
Previous falls, Experienced  fall/s in the previous 12 months; Future falls, Experienced  fall/s in the 
following 12 months; PPA score, Physiological Profile Assessment score. 

 

7.3.2 Correlations between variables 

The relationships that were considered to be highly correlated (r >0.9) were between 

6-MWT distance and 6-MWT adjusted for height, foot reaction time and total 

reaction time. As a result these variables were not entered into any logistic regression 

models together. All other pairwise comparisons yielded correlations less than 0.8. 
 



 

Chapter 7:  Clinical and Physiological falls risk factors among older people  
168 

7.3.3 Logistic regression model 1: statistically-derived physiological 

variables  

The first logistic regression model was based only on variables that were statistically 

significant or approaching significance in bivariate analyses, these included: the 

TUG, knee extension, knee flexion, total reaction time, previous falls and age. It was 

decided that although the PPA was significant, it would not be used to determine the 

best combination of variables, as the PPA score was calculated from many of the 

individual physiological scores.  Only one variable per category could be used in the 

final model, hence the variable with the lowest significant p-value was selected for 

use. The statistically-derived model included: TUG, knee flexion strength, total 

reaction time, age and gender.  

 

There were four steps to the first stepwise backward logistic regression model. All 

variables were in the first step of the model, although gender was removed at Step 2, 

age removed at Step 3, total reaction time removed at Step 4 and the final step 

included TUG and knee flexion strength (Table 7-2). The final model was highly 

significant at p <0.001 and the R-squared for this model was 0.251. The TUG was 

highly significant showing a 42% increase in falls risk with per extra second it takes 

to perform the TUG. Knee flexion strength approached significance showing each kg 

greater leg strength,  reduced falls risk by 9%.  

 

Table 7-2: Logistic regression results for statistically-derived physiological 
variables, age and gender 

  B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
  TUG 0.352 0.146 0.016 1.42 1.069 1.892
  Knee flexion  -0.089 0.052 0.089 0.92 0.826 1.014
 TUG, Timed Up and Go; Knee flexion, Knee flexion Strength. 

 
 

When this analysis was undertaken with the addition of previous falls, there were 

four steps to the model. All variables were in the first step of the model, however in 

Step 2, gender was dropped from the model; in Step three, knee flexion strength was 

dropped; and in Step 4, age was dropped. Step four was the last step of the model and 
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consisted of previous falls, TUG and total reaction time (Table 7-3). The final model 

was highly significant at p <0.001 and the R-squared for this model was 0.332. 

Previous falls were related to future falls and was the strongest predictor in the 

model, indicating that previous fallers were 4.4 times more likely to fall again after 

adjustment for TUG and total reaction time. The TUG was the next most significant 

test, with a 37% increase in risk for each extra second it takes to complete the test, 

after adjustment for previous falls and total reaction time. Total reaction time was not 

statistically significant in the final step of the model.  

 

It was interesting to note that gender was dropped from both models at an early 

stage, indicating that it was not an important predictor of future falls, once all the 

additional variables had been accounted for. When a logistic regression was run with 

only previous falls, this model had an R-squared of 0.188, which shows, on its own, 

prior falls can only predict approximately 19% of the variance.  

 

Table 7-3: Logistic regression results for statistically-derived physiological 
variables and all personal characteristics 

  B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
  Previous falls 1.480 0.565 0.009 4.39 1.45 13.3
  TUG 0.313 0.150 0.036 1.37 1.02 1.84
  Total RT 0.005 0.004 0.181 1.005 0.99 1.01
Previous falls, Experienced a fall/s in the previous 12 months; TUG, Timed Up and Go; Total RT, Total 
Reaction Time. 

 
 
 
  

7.3.4 Logistic regression model 2: statistically- and clinically-

derived physiological variables  

For the second logistic regression model, the variable chosen to represent balance 

was sway with eyes closed on a firm surface because several participants were 

unable to complete the foam condition of this task, thus reducing the sample size 

available for analysis. The eyes closed variant is the more difficult of the two tasks 

on the firm surface and is therefore thought to be better at predicting falls (Lord  et 

al. 2003). Contrast sensitivity as measured by the Melbourne Edge Test was selected 
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to represent the vision tests because other prospective studies have found contrast 

sensitivity to predict falls among older people. This test assesses a person’s ability to 

detect edges under low-contrast conditions, and it has been proposed that a loss of 

edge-contrast sensitivity may predispose older people to trips on the pavement or 

other outdoor hazards (Lord et al. 1994b; Lord and Dayhew 2001). Touch threshold 

had much higher statistical significance than lower-limb proprioception and was 

therefore selected as the sensory variable. Six-MWT distance is a more clinically 

applicable variable and more statistically significant than 6-MWT distance adjusted 

for height. This second model therefore included TUG, knee flexion strength, total 

reaction time, age, gender as well as contrast sensitivity, sway with eyes closed on 

firm surface, touch threshold and 6-MWT distance. No bivariate relationships were 

shown to be so highly correlated that they could not be placed together into logistic 

regression models.  

 

The second model with statistically- and clinically-derived variables and age and 

gender had 7 steps. Step 1 contained all variables; at Step 2 the sway variable was 

removed; at Step 3 reaction time was removed; at Step 4 the vision variable was 

removed; at Step 5 the 6-MWT variable was removed; at Step 6 gender was 

removed; at Step 7 age was removed. The final step in the model included TUG, 

knee flexion strength and touch threshold (Table 7-4) and was highly significant at  p 

<0.001 and the R-squared was 0.266. The results showed for each additional second 

in TUG duration, there was 43% increased risk of a future fall. Knee flexion strength 

approached significance with poorer leg strength being predictive of a future fall. 

Touch threshold was not significant at p≤0.05. 

 

Table 7-4: Logistic regression results for statistically- and clinically-derived 
physiological variables with age and gender 

 B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
  TUG 0.360 0.151 0.017 1.43 1.07 1.93

  Knee flexion strength -0.093 0.054 0.084 0.91 0.82 1.01

 Touch threshold 0.315 0.238 0.186 1.37 0.86 2.19

TUG, Timed Up and Go. 
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When the model was undertaken with the addition of previous falls, the final step 

was somewhat different. The second model with statistically- and clinically-derived 

variables and all personal characteristics had eight steps. Step 1 contained all the 

variables; Step 2 dropped out the sway variable; Step 3 dropped out the vision 

variable; Step 4 dropped out the 6-MWT variable; Step 5 dropped out reaction time; 

Step 6 dropped out the strength variable; Step 7 dropped out gender; and Step 8 

dropped out age.  

 

The final model consisted of previous falls, TUG and touch threshold (Table 7-5) 

was highly significant at p <0.001 and the R-squared was 0.324. This model was able 

to predict only 1% less of the variance in future falls compared to the previous 

model. Again, previous falls was the strongest predictor in the final model, with 

previous fallers at 4.7 greater odds of having a future fall than previous non-fallers 

(once the aforementioned variables were adjusted for). TUG was also significant and 

showed that with each second increase in TUG duration, there is 50% greater odds of 

having a future fall. Touch threshold approached significance in the final model, 

showing that with an increase in monofilament thickness, there was an increase in 

falls risk, although due to wide confidence intervals these results should be 

interpreted with caution.  

 

Table 7-5: Logistic regression results for statistically- and clinically-derived 
physiological variables and personal characteristics 

 B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
  Previous falls 1.553 0.587 0.008 4.72 1.50 14.94

  TUG 0.382 0.147 0.009 1.47 1.10 1.95

  Touch threshold 0.381 0.249 0.126 1.46 0.90 2.39

Previous falls, Experienced a falls in the previous 12 months; TUG, Timed Up and Go. 
 

7.3.5 Logistic regression models for clinical tests 

The third set of models were undertaken to determine the best clinical test for 

prediction of future falls. Since clinical tests do not provide information on 

physiological risk factors for falls, clinical tests were modelled with age, gender and 

previous falls. Clinical tests were first modelled individually with only personal 
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characteristics. All clinical tests were evaluated as none of the variables were highly 

correlated.  

 

When the TUG was entered into a model with age, gender and previous falls, the 

final model included the TUG and previous falls with a significance level of <0.001 

and R-squared of 0.304.  The remaining variables, PPA, BBS, Functional Reach, and 

6-MWT distance, were not retained in the model, and the last stage always consisted 

only of age and previous falls (p< 0.001, R-squared of 0.258).  POMA was not 

included in these analyses as it was shown in Chapter 5 to not be related to falls in 

bivariate analyses. 

 

The final model run included all clinical variables and personal characteristics. At the 

final step (Step 7), it included the TUG, PPA and previous falls (Table 7-6). The 

BBS was removed at Step 2, gender at Step 3, age at Step 4 and 6-MWT at Step 5. 

This model was highly significant p<0.001 and it had an R-squared of 0.313.  

 

This final model showed that the TUG and previous falls were the most predictive 

variables in the model, with previous fallers being at almost 4 times higher future 

falls risk, and for a one second increase in TUG performance, individuals were at 1.4 

times increased risk of a future fall. By including PPA in this model, it did not add 

significantly to the prediction of variance of future falls.   

 

Table 7-6: Logistic regression results of all clinical tests and personal 
characteristics  

  B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
 Previous falls 1.370 0.565 0.015 3.93 1.30 11.90

  PPA 0.366 0.282 0.193 1.44 0.87 2.58

  TUG 0.347 0.149 0.020 1.41 1.06 1.89

TUG, Timed Up and Go; PPA, Physiological Profile Assessment; Previous falls, Experienced a fall/s in 
the previous 12 months. 
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7.3.6 Relationship between ability to undertake and complete the 

cycle test and falls prediction 

In previous chapters it was established that two distinct subsamples existed. It was 

therefore determined that, although these subsamples would have small sample sizes, 

it was important to look at them separately in this research, to determine whether 

predictors of falls in these two groups were similar or not. A logistic regression 

model was run to determine whether ability to undertake and complete the cycle test 

was a predictor of future falls. When adjusted for age and previous falls, it was 

shown that completing the cycle test was associated with 1.4 times odds of falling 

compared to not completing the test; however, these results were not statistically 

significant (OR=1.42, 95%CI=0.41-4.87, p=0.58). 

7.3.6.1 Cycle group and falls prediction 

The cycle group had a sample size of 60, therefore the number of variables entered 

into the model were fewer than that for the whole sample. There were few variables 

that had p-values of 0.20 or less, in the t-tests run for the cycle test group. Only the 

TUG (p=0.044, t=-2.1), Functional Reach (p=0.165, t=1.4), knee flexion strength 

(p=0.037, t=2.1), knee extension strength (p=0.194, t=1.3), total strength (p=0.066, 

t=1.9) and ankle dorsi-flexion strength (p=0.075, t=2.2) met this criterion.  

 

Due to the fact that there were several possible leg strength measures for the model, 

but limited sample size, the strength measure with the best bivariate p-values was 

selected to be representative. Therefore, knee flexion strength, along with TUG, 

Functional Reach and personal characteristics of age and gender were entered into 

the logistic regression model together. None were so highly correlated they could not 

be entered into one model.  

 

There were 4 steps to the model with all variables entered at Step 1; gender removed 

at Step 2; age removed at Step 3; and Functional Reach removed at Step 4. The final 

step included TUG (OR=1.25, 95%CI=0.91-1.72, p=0.17) and knee flexion strength, 

(OR=0.92, 95%CI=0.83-1.02, p=0.13) although neither of these were significant at 

the p≤0.05 level. The model was significant (p= 0.036) with an R-squared of 0.143. 
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The results show that none of these variables were highly predictive of falls in the 

cycle test group. 

 

When these analyses were undertaken with previous falls also entered into the model 

the results showed there were 5 steps to the model with the final step being  

significant (p= 0.004), with an R-squared of 0.233. This final step included age and 

previous falls, with knee flexion being removed at Step 2, gender removed at Step 3, 

Functional Reach removed at Step 4 and TUG removed at Step 5.  These results 

show that none of the physiological variables were predictive of future falls in this 

cycle test group. 

 

When individual clinical tests were entered into a logistic regression model along 

with age, gender and previous falls, similar results were observed. The TUG, BBS, 

6-MWT, PPA and Functional Reach all dropped out before the final step. Age and 

previous falls were the only variables remaining at the final step (Table 7-7). This 

model was significant (p= 0.004), although it did not have a high R-squared (0.233). 

This model shows that previous falls is the best predictor of future falls in the cycle 

test group, as experiencing a previous fall placed an individual at 7.15 times the odds 

of having a future fall. 

 

Table 7-7: Logistic regression results for clinical test variables for cycle test 
group 

 B S.E. Sig. Odds Ratio  95.0% C.I. for OR 
         (OR) Lower Upper 
 Age 0.10 0.063 0.122 1.10 0.97 1.25

  Previous falls 1.97 0.667 0.003 7.15 1.93 26.4

Age, age in years; Previous falls, Experienced fall/s in the previous 12 months. 
 

7.3.6.2 No-cycle group and falls prediction 

Due to the fact that the sample size for the no-cycle group was so small (n=17), it 

was not possible to run logistic regression models with more than 2 variables without 

violating the assumptions for the model. Therefore the models included only one 

physiological variable and age, in the first instance; then the same physiological 
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variable and previous falls in the next instance. The results showed that the tests best 

able to independently differentiate between fallers and non-fallers were TUG, knee 

flexion strength, hand and foot reaction times and 6-MWT distance.  

 

The most notable results presented in Table 7-8 were that hand and foot reaction 

times approached significance when adjusted for age, and showed a 4% increase in 

the odds of falling with an increase of one millisecond in reaction time. The PPA 

when adjusted for age had a high odds ratio of 21.8, however the 95% confidence 

intervals were wide because the sample size was too small to have confidence in 

these findings. Age was also significantly related to future falls with each year 

increasing the risk of experiencing a fall by 42%. 

 

The TUG, when adjusted for previous falls, showed that for a 1 second increment in 

TUG time, there were 3 times the odds of experiencing a future fall. A decrease in 

every kilogram of knee flexion strength (when adjusted for previous falls) was 

significantly related to an increase in the odds of falling by 1.6. Foot reaction time 

was also associated with a 4% increase in the odds of falling with each millisecond 

increase. A similar finding was evident for hand reaction time; although not 

statistically significant, it showed a 2% increase in the odds of falling with each 

millisecond increase. The PPA when adjusted for previous falls showed that for a 

one unit increase in PPA score there was 14 times the odds of experiencing a future 

fall, although, again,  the wide confidence intervals for this variable indicate the 

sample size is too small to draw definite conclusions from this result. Previous falls 

on its own was not statistically significant, although the odds ratio showed that 

previous fallers are almost four times more likely to fall again. However the 

confidence intervals were too wide to determine this conclusively. 
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Table 7-8: Logistic regression results for clinical and physiological variables in 
the no-cycle test group 
 Significance Odds Ratios 95% C.I. for Odds Ratios 

Lower                       Upper 
Age 0.029 1.42 1.03 2.02 
TUG 0.143 2.11 0.78 5.83 
Knee flexion strength 0.205 0.73 0.46 1.22 
Hand reaction time 0.096 1.04 0.994 1.08 
Foot reaction time 0.080 1.04 0.995 1.09 
6-MWT distance 0.351 0.99 0.97 1.01 
6-MWT distance adjusted for height 0.869 1.00 0.98 1.01 
PPA 0.150 21.76 0.33 1435.60 
Previous Falls 0.176 3.89 0.54 27.87 
TUG 0.062 3.04 0.94 9.81 
Knee flexion strength 0.049 0.63 0.40 1.00 
Hand reaction time 0.083 1.02 1.00 1.05 
Foot reaction time 0.045 1.04 1.00 1.08 
6-MWT distance 0.118 0.98 0.96 1.00 
6-MWT distance adjusted for height 0.329 0.99 0.97 1.01 
PPA 0.057 14.25 0.92 219.80 
TUG, Timed Up and Go Test; 6-MWT, Six-Minute Walk Test; PPA, Physiological Profile 
Assessment. 
Results for age and previous falls are bivariate, results under age are adjusted for age, results under 
previous falls are adjusted for previous falls. 
 

 

7.3.7 Aerobic variables and falls prediction 

An aerobic fitness variable (i.e. 6-MWT distance) was included in the models of 

cycle group and no-cycle group with statistically- and clinically-significant variables. 

However, 6-MWT distance was dropped out of the model prior to the final step, 

indicating its lack of ability to predict future falls. The 6-MWT distance was also 

assessed along with personal characteristics and was once again dropped out of this 

model before the final step. When a final model of all clinical tests was run, the 6-

MWT distance was once again dropped out prior to the final step. The 6-MWT 

distance was not significantly related to future falls in either the cycle or no-cycle 

groups when other physiological or personal characteristics were adjusted for.  
  

7.4 Discussion 

This research aimed to determine the best combination of physiological variables and 

clinical tests for the prediction of future falls. Initially, knee flexion strength seemed 

to be the best physiological variable. However when models adjusted for previous 
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falls, the two models with the highest predictive ability of future falls included total 

reaction time, previous falls and the TUG, and the second model included touch 

threshold, previous falls and the TUG. In both models the only statistically 

significant variables were previous falls and the TUG. Therefore the best clinical test 

was the TUG. One of the most important findings was that previous fallers had at 

least 4 times greater odds of experiencing a future fall, compared with previous non-

fallers.  

 

7.4.1 Logistic regression model 1: statistically-derived variables 

The final step in the first logistic regression model included TUG and knee flexion 

strength. When the model was undertaken a second time with the inclusion of 

previous falls, the final step included TUG, total reaction time and previous falls. 

Physiologically it appears that knee flexion strength is a factor for future falls. 

However, the best screening tools would appear to be the TUG and previous falls.  

 

This shows that leg strength is related to previous falls, because when adjusted for 

previous falls, knee flexion strength becomes a less important predictor. However, 

reaction time becomes more important when the model is adjusted for previous falls. 

Reaction time seems to be an independent predictor, whereas leg strength as a 

predictor seems to be related to an individual’s previous falls. Total reaction time, a 

combination of both hand and foot reaction times, is therefore an important variable 

which may be able to predict falls independently of an individual’s falls history. This 

may be a pathway that can be improved through tailored exercise prescription with 

an emphasis on reaction time tasks, improving motor skills and the speed of 

movement.  

 

It was anticipated that the variables within the final model would be more diverse, 

which would demonstrate the importance of a multi-disciplinary approach to the 

assessment of falls risk. While this finding is different to previous work (Lord et al. 

2003), the current study is one of the first to include the TUG for the prediction of 

falls risk and therefore has more emphasis on the importance of mobility.  This is the 

first study to use this combination of variables to predict future falls. 
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It is important to acknowledge that this model was able to explain 33% of the 

variance in predicting falls. Although this result is encouraging, it also points to the 

fact that other variables were still not accounted for. This research focussed on 

physiological, intrinsic characteristics for falls risk assessment. Some of the variance 

not accounted for may have been due to other intrinsic risk factors not measured in 

this research or extrinsic factors.  

 

7.4.2 Logistic regression model 2: statistically- and clinically-

derived variables 

Logistic regression model 2 contained both clinically- and statistically-derived 

variables.  The final model included the TUG, knee flexion strength and touch 

threshold. However the TUG was the only significant variable in the final step of the 

model. When this analysis was undertaken with the addition of previous falls the 

model possessed a similar R-squared value as model 1, containing only statistically-

derived variables. This combined model predicted 32% of the variance in future falls. 

The final step included touch threshold in addition to previous falls and TUG.  These 

results show that knee flexion strength was a potential physiological predictor, which 

seems to be related to previous falls. However touch threshold appeared to be a 

potential predictor both before and after adjustment for previous falls, which shows it 

is unrelated to previous falls and may be a potential predictor in its own right. 

 

However, as touch threshold was not statistically significant in the final step, this 

model emphasised the importance of mobility as demonstrated by the TUG, and 

previous falls. Although none of the variables from the original PPA were 

significant, this may have been due to a different categorisation of falls with Lord  et 

al. preferring a multiple faller categorisation (0,1; 2+ falls) compared with the (0; 1+) 

categorisation of the current study.  With such a limited sample size, it was not 

possible for the current study to use a multiple faller categorisation, although this 

would be recommended for future research in this field.  
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The lack of a multifaceted set of predictive variables in this research indicates 

success in identifying falls screening tools. Physiological falls risk assessment tools, 

were not the strongest predictors in the models, although variables like touch 

threshold, total reaction time and knee flexion strength showed potential. The 

strongest predictor was touch threshold as it remained in the model when all the 

other variables were adjusted for, thus showing the importance of peripheral sensory 

function in falls prediction among this group of older people. Every attempt was 

made to investigate physiological risk factors by removing previous falls as it over-

adjusted the models removing potential physiological risk factors, and by the 

inclusion of a wide-range of physiological variables. 

 

Screening tools are able to predict future fallers, sometimes with little insight into 

specific risk factors, whereas assessment tools are usually multifaceted and 

investigate physiological deficits that might be potential causes of future falls. The 

TUG and previous falls may be able to predict a future fall, but their lack of ability to 

identify the cause of a previous fall, or a physiological deficit that may be placing an 

individual at higher risk of falls, is not helpful in tailoring interventions to high risk 

fallers. The role of an assessment tool is to perform this task.  

 

Having experienced a previous fall/s was consistently shown to be the strongest 

predictor of future falls in the current study. This is consistent with previous research 

that has shown that older people who have suffered a fall are at increased risk of 

falling again (Nevitt et al. 1989). This is to be expected through the downward spiral 

that can occur post-fall, including fear of falling, which may lead to increased 

caution during daily life, which can result in a reduction in physical activity. This in 

turn can result in reduced strength and balance, which increases an individual’s risk 

of future falls.  

 

However, as shown in Chapter 6 and the current chapter, fit, strong and mobile older 

people do continue to fall, although it would be expected that these people would be 

at less risk of having a fall. Even though it has been proposed that falls lead to a 

downward spiral of physical and psychological decline, placing an individual at 

further risk of falling, this research shows that physical decline does not always 
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accompany a fall. The mechanism by which previous fallers (including those who are 

fit) are at significantly higher risk of future falls remains unknown. Questions to be 

investigated by future research might include: Do these individuals have risk-taking 

personalities? Do they exhibit more psychological resilience post-fall? Does whether 

they suffered a fall-related injury impact on their risk of future falls? 

 

Although previous research has suggested that women, aged 65 years or older, fall 

more than men (Campbell et al. 1989), gender was not a predictor of future falls in 

the current study. There were a high proportion of females in this study (62%), 

although these participants may not have been representative of those in previous 

falls studies. Selection bias may have been inherent in the current study, 

inadvertently through the request that all participants be able to complete a cycle 

ergometer test. In community-dwelling sample, it seems that gender was not a 

predictor of falls. Age was not a significant predictor of future falls in the 

multivariate models, although previous research has shown that with increasing age 

there is increased incidence of falls (Lord et al. 1993b). This indicates that physical 

functioning is more important than chronological age or gender in predicting future 

falls in the current study. 

 

7.4.3 Clinical test models 

Of the individual clinical tests, the TUG had the highest predictive ability. This was 

consistent with the findings of the bivariate analyses in Chapter 5. It was thought that 

the PPA would be the most predictive assessment, as it is a multifaceted test and has 

been shown to have 75% accuracy in predicting future falls in published literature 

(Lord et al. 2003). The fact that the PPA was not the most predictive test in this study 

could be due to a number of factors. The PPA was validated on a larger sample size 

with greater power. In other models in this study, the magnitude of odds ratios for the 

PPA was high, although the confidence intervals indicated the study was 

underpowered. If the odds ratios found in this study remained, when conducted on a 

larger population, the PPA would be a powerful, predictive tool. This may have been 

the case with previous research on the PPA. The PPA may also have been validated 

on a slightly different population. Although both populations were described as 
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“random samples from the electoral roll,” our sample may have suffered from self-

selection and had a larger proportion of fitter individuals participating in our research 

as previously discussed.  

 

When the TUG was combined, not only with all personal characteristics but with all 

the clinical tests, the R-squared increased to explain only 1% more variability in falls 

than TUG alone. When the best clinical test model was compared with the best 

statistically- and clinically-derived model, this explained only 1% more variance in 

future falls than the clinical tests combined. This similarity in predictive ability is 

primarily because TUG and previous falls were the only significant variables in each 

of these models. 

 

The lack of predictive ability of other tests may have been due to ceiling effects. 

However, other tests, such as the Four Square Step Test (Dite and Temple 2002) and 

the Step Test (O'Loughlin et al. 1993) which were designed to discriminate mild risk, 

might yield different results. 

 

7.4.4 Relationship between ability to undertake and complete the 

cycle test and falls prediction 

The cycle group’s multivariate results showed none of the tests were able to 

differentiate between fallers and non-fallers when adjusted for age and previous falls. 

The cycle group also exhibited a similar trend in the previous falls being related to 

future falls.  

 

The no-cycle group’s multivariate results showed that, overall, hand and foot 

reaction times (when adjusted for age or previous falls), as well as knee flexion 

strength and TUG (when adjusted for previous falls), were the best tests for 

predictors of falls in this group with less functional ability.  

 

Reaction time has previously been shown to be slower among fallers than non-fallers 

(Adelsberg et al. 1989; Lord et al. 1991; Grabiner and Jahnigen 1992). Individuals 
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with slower reaction times may be at more risk of falling due to an inability to 

correct postural imbalances (Lord et al. 2001).  

 

Clinical leg strength measures (including knee flexion) have been shown to differ 

between fallers and non-fallers (Lord et al. 2003). The mechanism behind this is 

likely to be the loss of muscle mass (sarcopenia) associated with ageing, or due to 

physical inactivity. Sarcopenia is associated with functional impairment and 

disability, particularly among older women (Janssen et al. 2002). This is thought to 

be mainly due to the loss of muscle mass affecting mainly type II muscle fibres, 

which results in a loss of power. Sarcopenia can be the result of a decrease in fibre 

size, fibre number, or a combination of the two (Williams 2002). 

 

Again, the TUG was shown to be a predictor once adjusted for previous falls. The 

TUG, as previously mentioned, is a good screening tool as it assesses several 

components of functional ability in the one test. These findings are limited due to the 

fact that this group had a very small sample size. It is recommended that future 

research with a larger sample size be undertaken to determine whether these findings 

are accurate and replicable. 

 

7.4.5 The Six-Minute Walk Test 

The 6-MWT distance was used in the statistically- and clinically-derived logistic 

regression models. However, it was not part of the best combination of variables to 

predict falls.  Although 6-MWT distance was significant in discriminating between 

fallers and non-fallers in bivariate analyses, it was not predictive in a model with 

other co-variates. This may be due to the small sample size or simply that it was not 

able to predict falls after adjustment for stronger predictors.  

 

It is important to note that the 6-MWT distance was correlated with a large number 

of variables, including the TUG, sway with eyes closed on a firm surface, reaction 

time, contrast sensitivity, age and previous falls. This result in itself shows that the 6-

MWT is a multifaceted test that is not simply a measure of aerobic fitness or mobility 

but incorporates components of leg strength, balance, reaction time and vision. This 
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suggests that if a relationship is to be found between aerobic fitness and falls among 

older people, a variable that relates predominantly to aerobic fitness should be 

investigated rather than the 6-MWT.  

 

7.4.6 Clinical applications 

Previous falls and the TUG are good screening tools that enable a clinician to quickly 

assess whether an older person is at higher risk of falls. This information is important 

to ensure that limited clinician time and resources are spent on those who are at the 

highest risk. This type of information is important in directing policy and funding.  

 

The high-risk individuals should be referred on for further assessment and 

intervention. Even though the PPA was not shown to be the best predictor of future 

falls in this study, it is able to provide the clinician with cut-off values for individual 

physiological tests which provides the clinician with an understanding of the 

patient’s deficits that place them at higher risk of falls. The clinician can then 

implement tailored and relevant interventions for that patient. This process is 

summarised in Figure 7-1.  These were very similar findings to the bivariate analyses 

undertaken and conclusions drawn in Chapters 5 and 6, although this has expanded 

with the addition of previous falls as a screening question.  

 

These findings indicate that falls screening and assessment involves a two-stage 

approach. In the model presented, the General Practitioners (GP) or practice nurses 

would bear the load of initial screening. If an individual is screened or identified at 

high risk, they need to be referred off for a full assessment. This could occur in the 

context of a falls clinic, where personnel with expertise in conducting full falls risk 

assessments are available. Alternatively, if the GP has completed a risk assessment 

and has identified the underlying deficit that may be placing an individual at 

increased risk, the patient should be referred off to the professional who specialises 

in interventions for that deficit. For example, if an individual is falling over 

environmental obstacles they should be referred to an Optometrist for specialised 

vision assessment and interventions. Additionally, previous fallers, particularly those 

who are fit and mobile and undertaking high-risk activities potentially need to 
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receive education to reduce their risk of falling when undertaking high-risk activities. 

In one study, improving client engagement in recommendations and education 

resulted in reduced falls risk (albeit in a higher risk group) (Clemson et al. 2004). 

 

 

 

Figure 7-1: Flow Chart of clinical recommendations as a result of logistic 
regression results 

 

7.5 Conclusions 

This research showed that the best combination of variables for falls risk prediction 

included the TUG and previous falls. The combination of all clinical tests showed 

that the TUG was the best clinical test. It could therefore act as a good screening tool 

for higher-risk fallers who require referral for further assessment and intervention.  

 Patient Screening 
• TUG 
• Previous Faller 

Low Risk 
Screening at regular 
intervals 

High Risk 
Thorough falls risk 
factor assessment 
required, 
ie. PPA or  
combination of variables 
shown be contributing 
factors to future falls 
(e.g. knee flexion 
strength, total reaction 
time, touch threshold). 

Intervention  
Tailored to deficits found in 
PPA or other multi-disc 
assessment. Referral to 
other appropriate health 
professional may be 
required. 

Regular Re-
assessment 

Regular Screening 
Revision 

Previous Fallers 
require 
education 
to reduce risk due 
to participation in 
high-risk activities 
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Previous falls was also a good predictor of future falls, although this provides little 

information on the cause of the previous fall or what deficits may lead to future falls.  

The one aerobic test variable used in these analyses did not add to the predictive 

ability of physiological variables or established clinical tests. The most important 

physiological variables included knee flexion strength, touch threshold and total 

reaction time. No physiological variables were able to predict future falls in the cycle 

group, although the no-cycle group showed that hand and foot reaction times, as well 

as knee flexion strength and the TUG may be future falls risk factors in this select 

subsample of older people. 
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Chapter 8:  Discussion and Conclusions 

 

8.1 Introduction 

The goal of this research was to develop an understanding of the relationship 

between components of aerobic fitness and falls among older people.  Many 

physiological falls risk factors have already been identified, including poor leg 

strength, balance deficits, reduced vision, slower reaction time and poorer 

proprioception (Lord et al. 2003). However, very little research has been conducted 

to determine whether components of aerobic fitness are also physiological falls risk 

factors for falling. The literature review has shown that aerobic fitness has previously 

been related to an individual’s ability to perform activities of daily living, and in 

turn, activities of daily living have been linked to falls. It was therefore proposed that 

aerobic fitness may also be a risk factor for falls among community-dwelling older 

people.  

 

The aim of this research was to establish which aerobic measures could be used to 

accurately measure aerobic fitness of older people and to determine if these factors 

were related to falls risk. The novel aspects of this research project is the exploration 

of aerobic fitness variables as potential falls risk factors. In view of the large amount 

of research that includes aerobic training in falls intervention projects, this study was 

clearly needed. There were many original findings reported throughout this thesis as 

well as important implications for clinicians and public health practitioners.  

 

8.2 Heterogeneity of risk 

Community-dwelling older people comprise a heterogeneous sample in terms of 

functional ability. This research showed that those fit, strong and mobile older people 

who can be found in the community experience falls, despite their heightened levels 
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of fitness. However little previous research has explored the aetiology of these falls, 

or considered interventions to prevent future falls. Research on community-dwelling 

older people, it seems, usually focuses on a more functionally impaired sample than 

in the current study.  

 

It would have been ideal to have a fitness measure that could have divided the groups 

clearly in two. However, this subgroup analysis was determined post-hoc when the 

two groups became apparent. As a result, these groups are not ideal and there are 

clinical reasons unrelated to an individual’s fitness that excluded them from the cycle 

group. Hence the cycle/no-cycle categorisation is not a pure measure of what it was 

intended. Future research should plan this type of analysis prior to testing with 

fitness-related categorisations if they wish to advance knowledge in this field. 

 

The current study also investigated the differences in falls risk factors for two 

functionally different subsamples, as defined by their ability to undertake and 

complete the submaximal cycle test. The participants who could complete the test 

had significantly better balance ability, strength and fitness, indicating they had more 

functional ability than those unable to undertake and complete the cycle test. 

However, this ability to undertake and complete the cycle test did not differ between 

fallers and non-fallers.  

 

These two groups also differed in the relationships between clinical test results and 

falls risk. Participants in the cycle group had very similar results to that of the entire 

sample. After adjustment for age, the TUG, hand and foot reaction times were all 

significantly different between fallers and non-fallers, with knee flexion strength 

approaching significance. However, for participants in the cycle group, none of the 

physiological or clinical tests were able to discriminate between fallers and non-

fallers. The cycle group had better balance ability and strength than the no-cycle 

group. All of this indicated the cycle group was uniquely different to the no-cycle 

group. 

 

These results suggest that factors other than physiological influenced falls risk in less 

functionally able participants. The inability to distinguish between fallers and non-
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fallers in strong, mobile, older people has been noted previously. Boulgarides  et al. 

(2003) noted that subjects who were active scored well on balance tests, but they also 

engaged in more activities that might result in falls than the less active subjects. This 

led to the conclusion that although physical activity is important in maintaining 

balance and function, people who are active are more likely to engage in activities 

that put them at greater risk for falls. Speechley and Tinetti  (1991) found that older 

people who were “vigorous” had a lower incidence of falls (17%) than those who 

were frail (52%). The results presented within this thesis differ from previously 

presented results in that although the no-cycle group possessed a higher falls rate 

(52%) this was not significantly different to that of the more functional group (38%). 

This demonstrated that the more able cycle group was still falling, although 

established physiological variables seem not to be able to discriminate between 

fallers and non-fallers in this group. There is a small body of evidence to suggest that 

this may be due to environmental hazards, particularly outside the home (Speechley 

and Tinetti 1991; Northridge et al. 1995; Weinberg and Strain 1995) or risk-taking 

behaviour (Studenski et al. 1994; Zhang et al. 2004). In a study by Chan  et al. 

(2006), even men with preserved leg power continued to fall. It was concluded this 

was because stronger individuals are more likely to take risks and be more active 

beyond their abilities (Graafman et al. 1996; de Rekeneire et al. 2003). If this is the 

case, and falls in this group are causing injuries or fear of falling, the solutions seem 

fairly limited. Increased family contact with the hope of greater support with 

household activities and specific education regarding risks has been suggested 

(Faulkner et al. 2003; Chan et al. 2006).  

 

Our sample may have also attracted individuals with an interest in falls, as the study 

was promoted as a “falls” study. If there was selection bias towards people with an 

interest in falls (either having experienced a previous fall, or with a heightened fear 

of falling) than is currently in the general population of people aged 65 years or over, 

this could explain the high rate of highly functioning participants also having 

experienced falls. Future research should consider promoting fall-related research as 

“healthy ageing” research projects to avoid this potential bias. 
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To date, falls literature has focussed on either large representative samples of 

community-dwelling older people (Lord et al. 1994a; Lord et al. 1994b) or at-risk 

groups, like those with strength and balance impairments (Buchner et al. 1997b). To 

the author’s knowledge, no research has investigated falls risk specifically in fit, 

strong, older people. The current study is unique as it considers not only a sample of 

community-dwelling older people, but also two subsamples of this group. The results 

of this study not only confirm the differences between these two subgroups, but also 

investigated the ability of physiological variables to discriminate between fallers and 

non-fallers in two functionally different groups of older people. 

 

Despite the relatively small sample size, logistic regression models run on only the 

cycle or no-cycle subgroups showed that that much of the variance in predicting falls 

is attributable to physiological variables in the no-cycle group. By contrast, no 

physiological variables or clinical tests were predictive of falls in the cycle group. 

The explanation for this difference, in particular, the reasons why fitter, more mobile 

individuals still experience falls, is an important area for future research, particularly 

if the difference is confirmed with larger samples.  

 

8.3 Importance of aerobic fitness 

This research found only 54% of older people were able to complete a test of 

maximum oxygen consumption. This finding supports the position that 2OV& max is 

unsuitable for research that involves populations comparable to those used in this 

study.  Because the current study population had higher aerobic fitness (as measured 

by 2OV& peak) than frail, or mobility-impaired, older people reported in the literature, 

it is reasonable to argue that the latter groups would be even less likely to achieve 

2OV& max due to medical or physical limitations. Therefore the current finding that 

only just over half of the elderly population can achieve 2OV& max may, if anything, 

overestimate this success rate. No submaximal measures of aerobic fitness were 

representative of, or could largely predict, 2OV& peak in older people. Although these 

tests are not predictors of 2OV& peak, they still provide useful information on either 
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the anaerobic component of initial exercise, the aerobic component of a constant 

load, submaximal exercise or efficiency of that exercise, all of which are relevant to 

an older person’s ability to  undertake activities of daily living. 

 

The 6-MWT was a good predictor of future falls for the no-cycle group. A threshold 

of 450m was established as the cut-off below which an individual was at increased 

risk of future falls. In terms of resource distribution, this finding is important, 

because if it enabled improved clinical identification of fallers among a group of at 

risk older people, more efficient and targeted interventions to prevent falls could be 

implemented. These are novel findings in that while 6-MWT performance has been 

shown to be a good test of mobility, it has not previously been investigated as a falls 

risk factor (Lord and Menz 2002).  

 

Six-MWT performance also differed between participants able and those unable to 

undertake and complete the cycle test. Longer 6-MWT distance was reported in those 

the cycle group.   It was also shown that the cycle ergometer test could only be 

undertaken by 74% of community-dwelling older people in this study, whereas the 6-

MWT was completed by all participants in this study. Another benefit of the 6-MWT 

is the ability to be quickly and easily administered, by any healthcare professional. 

 

The majority of participants who were unable to undertake and complete the cycle 

test were unable due to cardiovascular/cardiorespiratory contraindications. This 

group therefore automatically included a less fit, less functionally able population 

compared to the group able to undertake and complete the cycle test.  

 

There were no differences between fallers and non-fallers for any of the aerobic 

variables with the cycle test group. This highlights the concept that something other 

than physiological measures were related to falls within the cycle group.  These 

results do not necessarily show that aerobic variables are not related to falls, rather, 

they are not related to falls in this fit, mobile subgroup. This is further demonstrated 

by the fact that the 6-MWT distance was able to differentiate between fallers and no-



 

Chapter 8:  Discussion and Conclusions 

191 

fallers in the whole sample and the no-cycle group, but not the cycle group. To 

confirm these findings, a laboratory-based aerobic exercise test that functionally 

impaired older people could undertake would be required.  

 

It is important to note that the 6-MWT distance was correlated with a large number 

of variables. This result shows that the 6-MWT is a multifaceted test which is not 

simply a measure of aerobic fitness or mobility but incorporates components of leg 

strength, balance, reaction time and vision. Ideas for future research into a test of 

aerobic fitness for older people are described in section 8.7.4. 

 

8.4 Importance of the Timed up and Go Test 

This research showed that only the TUG could be recommended for the prediction of 

future falls. However, none of the clinical tests in this research had the characteristics 

of a good falls risk assessment tool, i.e., high sensitivity (above 80%) and specificity 

(above 75%) (Perrell  et al. 2001), as well as the ability to determine where the 

physiological deficits lie, in order to inform specific interventions for the patient. 

 

The most consistent finding was that the TUG was predictive of future falls, at 

bivariate and multivariate levels (except for the cycle group). The TUG has been 

shown to provide a good assessment of functional mobility (Podsiadlo and 

Richardson 1991) and has been said to reflect a combination of motor, sensory and 

strength abilities (Isles et al. 2004).  The TUG, although a good tool for predicting 

future falls, tells the clinician nothing of the deficit that may be placing a person at 

higher risk of falls. It could be any of the abilities mentioned above. Ideas for future 

research are listed in section 8.7.3.  

 

8.5 Categorisation of falls 

Falls categorisation is an important methodological issue in this research domain.  

There is a trend within the current literature to investigate recurrent fallers as 
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opposed to those who experience isolated falls. Although a focus on these fallers 

appears logical, it may be unduly restrictive. For example, Scott  et al. (2007) have 

noted that the generalisation of research findings is limited by the focus on recurrent 

fallers rather than fallers and  non-fallers. Moreover, the distinction between isolated 

fallers and recurrent fallers may not be the most useful categorisation.  Haines  et al. 

(2006) suggested a novel method to describe the accuracy of falls prevention 

assessment tools, which removed the need for categorisation into faller and non-

faller categories, instead using a bootstrap method that compared the accuracy of 

falls screening tools.  

 

Another method of considering falls is in terms of whether the fall caused an injury 

(Lord 1990; Speechley and Tinetti 1991),  or required hospitalisation (Baker and 

Harvey 1985; Lord 1990), or the length of time to first fall (Buchner et al. 1997a). 

Future research might consider whether components of aerobic fitness are 

differentially related to falls classified using these different approaches.  

 

8.6 Strengths and limitations 

One of the major limitations of this research was a limited sample size. This reduced 

the ability to investigate recurrent fallers or fall-related injury. Sample size 

calculations were undertaken a priori for this research as detailed on p.71. However, 

they do not do justice to this study. At the time no consideration was given to 

multivariable analyses or the necessity to divide the sample into subgroups based on 

ability to undertaken and complete the cycle test. The PPA variables which were 

validated on a group of potentially more frail older people, did not adequately 

address the distribution of variables in this sample of more fit, older people. 

Although the participants of this study were obtained from a random sample, it is 

possible that the sample was inherently biased. Participants were asked if they would 

be willing to complete a cycle test when being recruited. Volunteers for this study 

may have therefore been more likely to have an interest in undertaking the cycle test 

than other members of the community and therefore more likely to want to 

participate. This may have contributed to a fit, healthy sample. 
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The strength of this research was evident in four areas. First, it measured falls 

prospectively unlike many comparable studies. Second, it used an inclusive set of 

existing clinical tests.  This enabled generalisability of the research as well as 

comparison of the predictive capacity of the new tests to existing clinical tests. This 

also allowed for the evaluation of existing tests with unique subsamples. Thirdly, this 

research explored in detail for the first time a wide variety of aerobic fitness 

measures (oxygen uptake kinetics (specifically time constant), oxygen deficit; 

efficiencies; oxygen uptake at zero, 30 and 50Watts; and Six-Minute Walk Test 

Distance). One of these, the 6-MWT, despite the fact that aerobic capacity is only 

one of its components, showed promise as a practical tool for predicting falls 

specifically in a frail group of older people. 

 

Finally, this study evaluated a range of older people, not just one homogeneous 

subgroup. Community-dwelling older people are a group with diverse functional 

abilities and future research could focus specifically on these subgroups, as they 

differ greatly.  

8.7 Future research 

The key recommendations for future research on aerobic fitness, physical function 

and falls are presented below.  

8.7.1 Research design 

Within the design of future research on falls risk factors, the most important 

recommendation would be to consider not only falls as the main outcome variable 

but several different approaches to categorisation and analysis of falls as well as the 

very important fact of whether the fall/s caused an injury and the severity of that 

injury. Prior to conducting this type of research, it needs to be noted that large 

sample sizes are required since the rate of injurious falls are much lower than non-

injurious falls. 

 

Other recommendations for research design would be to track changes in participants 

over the course of the 12 month falls follow-up, and include a final reassessment at 
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the completion of the study. This will help to discover the causes of a higher or lower 

falls risk than when participants were originally assessed and cater for changes that 

occurred to increase or decrease falls risk for example, cataracts development or 

reversal surgery, cognitive impairment, neuromuscular disease or other chronic 

disease, or reduction in physical activity due to illness or fear of falling. 

 

 

8.7.2 Heterogeneity of risk 

Further research is required to determine why fit, strong and mobile older people still 

experience a high proportion of falls, and whether in the long-term these falls are 

predictive of later falls or fall-related injury, or whether they are isolated “one-off” 

events.  The current body of literature speculates that the falls experienced by 

healthy, vigorous people are likely a single occurrence. However, our research shows 

that previous falls are predictive of future falls, even in the strong, fit, cycle group. It 

is suggested that future research determine whether this first fall has affected the 

individual physically or psychologically, and whether it results in a future fall-related 

injury. This could be undertaken with pre- and post-testing where subjects are 

assessed not only at the start of the follow-up, but also at the end, and perhaps at 

intervals in between. Chan  et al. (2006) suggested that future research on falls risk 

be designed to examine the interaction between activity levels and physical 

performance (measured directly, not questionnaire based). 

 

8.7.3 Clinical tests 

Due to the consistent results of the TUG’s ability to predict future falls, an obvious 

candidate for a future study would be to investigate whether the components of the 

TUG could be timed (by using a videorecording). The components might include: sit 

to stand time, gait cycle duration, turning ability and controlled sitting ability. It is 

noteworthy that most of these tasks feature in the Berg Balance Scale or the POMA, 

neither of which were predictive of future falls. The time component of the TUG, 

and the need to combine all the aforementioned abilities seamlessly, seems to be the 

TUG’s unique feature, by which there is no ceiling effect, and can cater for fit, 
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mobile, older people, as well as frail, older people. This study reported fast TUG 

times even though participants were told to walk at a comfortable speed. It appears 

that some may have pushed themselves harder than others, which may have been the 

unique feature which increased the TUG’s sensitivity in predicting future falls. 

Future research could explore this concept further by comparing the predictive ability 

of a regular TUG test with a TUG that included the instructions to undertake the test 

as fast as possible. This could help determine whether pushing oneself, thus working 

closer to physical limits, is the reason behind the relationship between the TUG and 

falls. 

 

8.7.4 Aerobic fitness measures 

Despite the empirical value of the 6-MWT, it is not a pure measure of aerobic 

capacity, and if a relationship is to be found between aerobic fitness and falls in older 

people, an alternative measure of aerobic fitness should be investigated. Such a test is 

yet to be developed, but would be important to consider in future research. The ideal 

aerobic test would be one that could be performed by a range of fitness levels. This 

test might have characteristics of measuring oxygen uptake and walking (since all 

older people in the current study could walk for at least six minutes). This test might 

simply be a delta efficiency test on a treadmill, or walking using a portable oxygen 

uptake device (e.g. Cosmed). The advantage of using an efficiency test is that new 

software is not required, and it is fairly easy to calculate, compared to oxygen uptake 

kinetics. It is clear from these extensive requirements that such a test would be 

unlikely to have widespread clinical application. 

 

Future research with a clinical/medical emphasis could focus on the sub-groups 

within community-dwelling older people and not treat them as one homogeneous 

group. This research has shown that there are large differences in physical 

functioning within community-dwelling older people, which needs to be taken into 

consideration in future falls risk studies.  
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8.8 Clinical and public health applications 

This section is structured around a model (illustrated in Figure 8-1), that encapsulates 

the findings of the current research and its applicability to public health and medical 

models of healthcare. This thesis can inform several aspects of policy and practice 

for falls prevention and screening.   

 

8.8.1 Clinical/individual model 

The Clinical or Individual model, shown as one part of Figure 8-1 demonstrates that 

patients can be categorised as “unimpaired” or “impaired” as determined by their 

performance on a health screen questionnaire as completed by GP or practice nurse. 

One “yes” response places them in the “impaired” category.  This frail older person 

would then receive further screening consisting of a 6-MWT, a TUG, and a falls 

history. If the patient achieves below the threshold for the 6-MWT or the TUG, or 

has experienced one or more falls in the prior 12 months, they are then required to 

undergo further assessment. It is acknowledged that external or temporal validation 

would be required in order to extrapolate these findings and make definitive 

recommendations however (Haines et al. 2007). It should be noted though that due to 

limited resources within the community, these fast TUG times may not be a feasible 

cut-off for referral. A cut-off time that means that more frail individuals are only 

referred for further assessment and treatment might be more realistic. 

 

If an older person was categorised as “unimpaired” a TUG and falls history question 

are recommended as they are good screening tools which enable a clinician to 

quickly assess whether an older person is at higher risk of falls. These higher risk 

individuals should then be referred on for further assessment. Predictive ability is 

less important in an assessment tool if its aim is to identify deficits in physiological 

functioning so that tailored, relevant interventions can be designed for the patient. In 

this case variables contained in the PPA, would be suitable to include as they cover a 

broad spectrum of physiological functioning. However, if the assessment tool is 

being used for predictive purposes our research showed that only the TUG and falls 

in the prior 12 months predicted future fallers, including single fallers.  
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It should be noted that the PPA needs to be purchased and there is a substantial cost 

involved which may limit some centres/clinics from using this assessment tool. 

Additionally, if the PPA were to be used, it needs to be supplemented with other 

tools that assess a patient’s level of cognitive impairment, medication use and 

continence status, for example. 

 

A recent review article by Scott  et al. (2007p.135) summarised the importance of 

context for falls risk screening and assessment tools, 

The choice of tool in a clinical context needs to reflect the purpose for which the tool 

is to be applied. If the purpose is to screen for high-risk populations, a tool is needed 

that is quick and easy to apply, yet has good sensitivity and  specificity. If the purpose 

is to reduce risk, the tool needs to reliably identify remediable risk factors on which 

interventions can be focussed. 
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Figure 8-1: Flow of individuals through the interaction between the public health and 
clinical/individual model of community falls prevention. 
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8.8.2 Public health model 

The public health model would follow the path of a falls risk screen being 

undertaken by any qualified health professional. It is important that this screening be 

available to a broader segment of the population, without necessarily the need for 

clinical intervention for which a cost is incurred. However, as indicated by the 

dashed arrow in the above figure, individuals may be referred into the public health 

model by their clinician if they are unimpaired but would like to maintain their 

current level of physical ability. Individuals at high risk would be referred on for 

further assessment and would flow through the clinical model. Individuals at low risk 

would be referred on to a preventive program. Usually these programs would have 

only a single strategy, as recommended by Campbell and Robertson (2006). 

Although they could also be multifactorial, like the “Stay on Your Feet” program 

(Beard et al. 2006). If an individual is screened and identified as high risk, they 

should be referred on for a falls risk assessment. This should be taken by experienced 

medical, nursing or allied health staff. This assessment would help determine where 

the deficits lie for that individual, and what tailored interventions should be 

implemented to reduce their falls risk. These interventions are usually multifactorial 

(Campbell and Robertson 2006). For example, an individual may require a specific 

exercise program to improve their poor reaction time. In addition to this, they may 

also require a referral to their Optometrist, for further vision assessment, then referral 

to an Ophthalmologist for cataract surgery. However, re-screening must be 

undertaken on a regular basis to determine whether an individual has changed their 

falls risk status, and thus requires a different intervention or approach. 

 

Falls screening and assessment is not an intervention which will prevent falls on its 

own. However, falls risk assessment, when combined with interventions, has been 

effective (Rubenstein 2006). In order for a successful community falls prevention 

program to occur, there needs to be partnerships between clinicians, policy makers 

and researchers to ensure that the screening or assessment tools being used or 

recommended are valid and reliable, as well as practical for daily use (Scott et al. 

2007). 
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It is important that future research attempt to assess the risk factors for falls in 

vigorous/fit older people. These may be associated with their duration of exposure to 

risk, or the increased risk of their Activities of Daily Living. Once risk factors are 

determined for this specific group, then interventions can be tailored to reduce this 

risk.  This finding is also important for General Practitioners who may be tempted to 

think that their active, healthy 65 year old patient is at low risk of falling. This thesis 

showed that this is not the case and these individuals still experience falls. 

 

8.9 Conclusions 

The results of this work demonstrate that the best screening tests are simple tasks like 

the TUG and asking an individual if they have experienced a fall in the last 12 

months. This research also found that fit, strong, mobile older people who could 

undertake and complete a submaximal cycle ergometer test, still experienced falls in 

the following 12 months, although the causes of this are currently unknown. This 

research showed that physiological falls risk factors are less relevant as these 

unimpaired older people do not have physiological deficits. However, this study 

found that the 6-MWT showed promise as a predictor of falls in older people with 

less functional ability. The results showed that physiological falls risk factors are still 

very important for functionally impaired older people, and this is where aerobic 

fitness may still be related to falls. While the association between aerobic fitness and 

falls remains unclear, these are novel and provocative findings highlighting the need 

for future falls risk investigations to consider aerobic fitness as a contributing factor. 
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Appendix A:  Review of key physiological falls risk factor studies 
to 2002. 
This review was undertaken at the start of the PhD process to determine the gas in literature in this field in 2002. 

Article Population, age, 
sample size 

Type of Study 
(prospective, 
retrospective, 
x-sectional) 

Findings Comments 

Ooi, W.L., et al. (2000) Nursing home 
residents 
N=844 
Age= 60+ 

6-month 
retrospective. 
Nursing home 
falls reports 

Orthostatic hypotension was a risk 
factor for recurrent falls in nursing 
home residents 

 

Lord, SR. et al. (1999) Community dwelling 
N=156 
Age=63-90 

x-sectional and 
retrospective 

Patients with a history of falls had 
increased lateral sway both with 
eyes open and eyes closed, poorer 
visual acuity, proprioception & 
quads strength. 

 

Downton, J.H. et al. (1991)  Community dwelling 
N=203 
Age=75+ 

12 months 
retrospective 

Fallers had significantly greater 
dependency and cognitive 
impairment, more physical 
symptoms, and higher scores for 
anxiety and depression 

No association with 
postural hypotension, 
neurological 
abnormalities, or 
measurements relating to 
nutritional state. 

Tinetti, M.E. et al. (1988b) Community dwelling 12 months Risk of falling increased linearly No independent 
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N=336 
Age=75+ 

prospective with the number of risk factors. 
Risk factors cognitive impairment 
and sedative use = very high risk of 
falling. Palmonmental reflex, lower-
extremity disability, foot problems, 
balance and gait problems indicate 
difficulty with neurologic and 
musculoskeletal functions that 
contribute to physical stability. Poor 
vision another risk factor. 

association between 
falling and demographics, 
depression, alcohol 
consumption, postural 
hypotension, or 
environmental hazards in 
the home.  

Berg, W.P. et al. (1997) Community dwelling 
N=96 
Age=60-88 

12 months 
prospective 

Trips and slips were the most 
prevalent causes of falls (50%). 
Falls most often occurred in the 
afternoon and while subjects 
walked on level or uneven surfaces. 
Men fell most in winter and women 
during summer. 

 

Friedman, S.M. et al. (2002) N=2520 
Age= 65-84 

20-months 
prospective 

Fear of falling at baseline was a 
predictor of falling at 20-months. 
Women with a history of stroke 
were at risk of falls at follow up.  

 

Lichtenstein, M.J. et al. (1988) N=50 
Age=65+ 
Community dwelling 

12 months 
Retrospective  

Falls in the last 12 months was 
associated with increased areas of 
sway.  

Other variables linked to 
increased sway included 
postural hypotension, 
slower hand reaction 
times, poor hearing. 

Heitterachi, E. et al. (2002) N=70 
Age=62-92 

12 months 
prospective 

Those who had unstable systolic BP 
during 3 minutes post tilt, in 

Symptoms of dizziness on 
tilting were uncommon 



 

Appendices 

229 

Retirement village 
recruited 

addition to large blood pressure 
drops, had a two-fold increased risk 
of falling compared with those with 
neither of these conditions. 

and not associated with 
blood pressure or heart 
rate changes, medication 
use, or falls incidence.  

Campbell, A.J. et al. (1989) N=761 
Age= 70+ 
Community dwelling 

12 months 
prospective 

Variables associated with falling 
differed in men and women. In 
men, decreased PAL levels, stroke, 
arthritis of the knees, impairment of 
gait, and increased body sway. In 
women, total no. of drugs, 
psychotropic drugs and drugs liable 
to cause postural hypotension, 
standing SBP < 110mmHg, muscle 
weakness. 

Most falls in elderly 
people are associated with 
multiple risk factors, 
many of which are 
potentially remediable. 

Lord, S.R. et al. (2002a) N=78 
Age= 28-71years 
Polio vs. normals 

12 months 
retrospective 

Muscle weakness was identified as 
having both a direct association 
with falls and an indirect effect 
mediated through increased postural 
sway. 

 

Lord, S.R. et al (1994b) N=414 
Age=65+ 
Community dwelling 
women 

12 months 
prospective 

Multiple falling was associated with 
low contrast visual acuity and 
contrast sensitivity, poor vibration 
sense and proprioception, reduced 
lower limb strength, slow reaction 
time, and impaired balance, as 
indicated by 4 sway tests and 2 
clinical stability measures. 

Visual contrast sensitivity, 
proprioception in the 
lower limbs, quadriceps 
strength, RT, and sway on 
a compliant (foam) 
surface with eyes open  
were variables that 
significantly discriminated 
between subjects who had 
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multiple falls and subjects 
who had no falls or one 
only fall. 

Leveille, S.G. et al. (2002) N=1002 
Age=65+ 
Community dwelling 
disabled women 

3-year 
prospective 

Musculoskeletal pain, especially 
widespread pain is a risk factor for 
falls.  

 

Shumway-Cook, A. et al. 
(2000)  

N=30 
Age=65-85 
Community dwelling 

6-months 
retrospective 

TUG is a sensitive and specific 
measure for identifying community-
dwelling adults who are at risk for 
falls. 

TUG is a test of balance 
that is used to examine 
functional mobility. 

Lord, S.R. et al. (1996) N=70 
Age=72-96 
Retirement village 
residents 

12 months 
prospective 

RT, body sway, quad strength, 
tactile sensitivity, gait impairment, 
cognitive impairment, psychoactive 
drug use and age were variables that 
sig. discriminated between fallers 
and non-fallers. 

 

Skelton, D.A. etal. (2002) N=20 
Age=65+ 
women 

12 months 
retrospective 

Poor lower limb explosive power 
combined with asymmetry between 
limbs may be more predictive of 
future falls than more traditional 
measurement of strength in older 
women who live independently. 

The women with a history 
of falls were less active 
but were not sig weaker in 
any of the strength 
measurements apart from 
ankle dorsiflexion.  

Lord, S.R. et al. (1994a) N=1762 
Age=60+ 
Community dwelling 

12 months 
retrospective 

Multiple fallers had weaker 
quadriceps, poorer tactile 
sensitivity, greater visual field 
dependence and greater body sway 
than other patients.  

Tests of postural stability 
can identify, 
independently of age, 
individuals living in the 
community who are at 
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risk of falls. 
McLean, D. et al. (1996) N=95 

Age=60+ 
Community dwelling 

12 months 
retrospective 
(hospital 
admission 
based) 

Subjects who had fallen in the home 
reported sig more difficulties with 
transfers than subjects who had 
fallen outside or non-fallers. 

 

Nevitt, M.C. et al. (1989) N=325 
Age=60+ 
Community dwelling 

12 months 
prospective 

Risk factors for having a single fall 
were few and relatively weak. But 
multiple falls were more 
predictable. These included 
difficulty standing from a chair, 
difficulty performing a tandem 
walk, arthritis, PD, 3+ falls during 
the previous year, and a fall with 
injury during the previous year. 

History of a recent fall 
increases risk for multiple 
nonsyncopal falls. 

Shading denotes key articles.
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Appendix B:  Standard Six-Minute 
Walk Test phrases 
 

The American Thoracic Society recommends standard phrases every minute 

(American Thoracic Society 2002) for the 6-MWT. 

 

“After the first minute, tell the patient the following (in even tones): ‘You are 

doing well. You have 5 minutes to go.’ When the timer shows 4 minutes 

remaining, tell the patient the following: ‘Keep up the good work. You have 4 

minutes to go.’ When the timer shows 3 minutes remaining, tell the patient 

the following: ‘You are doing well. You are halfway done.’ When the timer 

shows 2 minutes remaining, tell the patient the following: ‘Keep up the good 

work. You have only 2 minutes left.’ When the timer shows only 1 minute 

remaining, tell the patient: ‘You are doing well. You have only 1 minute to 

go.’ Do not use other words of encouragement (or body language to speed 

up) (American Thoracic Society 2002).” 
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Appendix C:  Screening and consent 
tools 
(i) Dr Screening Letter for Submaximal Tests 
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(ii) Dr Screening Form Submaximal Tests 
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(iii) Informed Consent Submaximal Tests 
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(iv) Dr Screening Letter for Maximal Tests 
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(v) Dr Form for Maximal Tests 
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(vi) Informed Consent for Maximal Tests 
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Appendix D: Questionnaires 
(i) Health Screen Questionnaire 
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(ii) Mini-Mental State Exam 

 
 

 

 



 

Appendices 

242 
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(iii) Predictors of Injury in Older People Questionnaire 
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(iv) Edinburgh Handedness Inventory 

 



 

Appendices 

249 

 

Appendix E: Clinical Tests 
(i) Berg Balance Scale (Berg et al. 1992; Berg et al. 1995)  
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(ii) Performance Oriented Mobility Assessment (Tinetti et al. 1986; Tinetti 1986) 
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Appendix F: Falls Calendar Example 
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Appendix G: Additional data from 
Chapter 4 
 

Appendix Table G-1: Heart rates at 30 and 50W for all 

participants 

Subj. No. Heart rate (bpm) at 30W Heart rate (bpm) at 50W 
1 84 91 
2 100 107 
3 121 136 
4 88 95 
5 82 101 
6 100 123 
7 94 101 
8 97 101 
9 108 112 
10 104 114 
11 92 98 
12 82 87 
13 102 110 
Mean 97 106 
SD 11 13 
SD, standard deviation. 
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Appendix H: Validation of the use of 
oxygen uptake kinetics for older people. 
 

 

When we get up from a chair, run to catch a ball or bus, or participate in any 

athletic event, the energetic demands of our muscles change rapidly. In the transition 

from rest to movement, the pulmonary, cardiovascular and muscular systems 

increase the oxygen supply to muscle mitochondria, allowing aerobic respiration and 

energy production to increase in turn. If an individual can ‘switch on’ this aerobic 

energy system quickly, he or she will fatigue less rapidly and be better able to 

tolerate the demands of any exercise or physical activity. These oxygen uptake 

dynamics, or kinetics, can be improved by exercise training, but are impaired as a 

result of ageing and a variety of disease states  (Jones and Poole 2005). 
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“
•
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of engineering concepts. Dr Graham Kerr from QUT worked with me on the process 

of analysing each data-set, editing the technical parts and challenged me not to 

simply accept existing techniques as correct. Dr Surendran Sabapathy from Griffith 

University provided a lot of advice to help my understanding of this field and was 

always available for me. Prof. Don Paterson from University of Western Ontario, 

Canada, provided his advice and assistance with difficult concepts and their 

application to this work, and more importantly, was kind enough to let me in on the 

unwritten secrets of this discipline. Prof. Andy Jones from Manchester Metropolitan 

University, UK, kindly invited me to spend time with him and his students learning 

the basics of 
•

2V O kinetics which started me out on the right foot. Mr Nathan 

Stevenson from QUT gave me advice and assistance with complex statistics and 
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mathematical concepts which are integral to this field. This is therefore a 

collaborative piece of work that stretched the boundaries of Human Movement and 

Public Health research and gave me the confidence to know that I can bridge the gap 

between small-scale, technical laboratory research and large-scale epidemiological 

studies. Thank you to all who assisted my learning and challenged my limits by 

helping me with this study. 

 

Background  
This research was undertaken as a pilot project to determine whether oxygen uptake 

kinetics could be used effectively in a sample of community-dwelling older people. 

The background literature review found three key gaps in existing literature. The aim 

of this study was to provide answers to these questions, thus providing a 

methodology that could be used in the body of the thesis.  

 

Introduction 
Maximal aerobic tests are the assessment tools most commonly used to measure an 

individual’s cardiorespiratory fitness (Howley et al. 1995). However, the ability of 

older people to reach a “true” 
•

2V O max has been questioned, as has the usefulness of 

a test that does not reflect a “true” 
•

2V O max (i.e. 
•

2V O peak) (Hollenberg and Tager 

2000). Submaximal tests have been deemed more appropriate for older people, as 

they are more representative of an individual’s capacity to undertake activities of 

daily living  (Koufaki et al. 2001b; Cress and Meyer 2003; Reybrouck et al. 2003).  

Oxygen uptake kinetics (
•

2V O kinetics) within a moderate domain is one of these 

tests. 
•

2V O kinetics is a popular choice for use in clinical groups, as it requires 

subjects to perform a submaximal exercise test, usually 6 minutes in duration. This is 

shorter and easier compared to a 
•

2V O max test, and it places participants at lower 

risk of an adverse cardiovascular event. The time constant obtained from 
•

2V O  

kinetics has also been reported to be more sensitive than those from
•

2V O max tests, 

when measuring changes in fitness among older people. For example, in a training 
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study of older people, a change in time constant was evident prior to a change in 
•

2V O max (Babcock et al. 1994a; Chilibeck et al. 1996a).  

 

Previous research on older people has shown that the time constant obtained from 
•

2V O kinetics was significantly slower for impaired versus unimpaired older people 

as defined by their performance on a 
•

2V O peak test (<18ml/kg.min= impaired as 

defined by the American Social Security criterion of disability) (Alexander et al. 

2003). 
•

2V O kinetics have also been used to assess aerobic fitness in clinical groups, 

including patients with peripheral arterial disease, heart failure or end-stage renal 

disease  (Paterson et al. 1994; Koike et al. 2000; Koufaki et al. 2002).  
•

2V O kinetics 

have been used in predicting the prognosis of congestive heart failure patients 

(Brunner-La Rocca et al. 1999; Koike et al. 2000).  

 

Previous research has found that the time constants of 
•

2V O  kinetics from loadless 

cycling to moderate-intensity exercise are primarily determined by muscle oxygen 

utilisation kinetics (Barstow et al. 1990).  This suggests that 
•

2V O  kinetics 

parameters can potentially be related to physiological mechanisms; in this case the 

time constant can be used to assess muscle oxygen utilisation. Based on this theory, 

it may be possible for researchers to identify physiological mechanisms, and if a 

physiological mechanism is found to be deficient, an intervention to target the 

specific mechanism can then be developed.   

 

Another parameter of 
•

2V O  kinetics is the phase 1. The existing research on 

determination of duration of phase 1 
•

2V O kinetics is still not confirmed in older 

people. It is important that this is determined in this study prior to the investigation 

of any other research questions as the duration of phase 1 can influence the phase 2 

duration.  Previous research has used an arbitrary 20s cut-off for phase 1 in young 

people (Whipp et al. 1982). The only two research studies that report an estimate of 
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to determine a phase 1 cut-off among older people, finding no difference between 

zero and a 20s curve fit (Chilibeck et al. 1996a) or no phase 1 at all (Babcock et al. 

1994b). Barstow and Scheuermann (2005) have noted that the literature is lacking in 

a detailed analysis of the phase 1 2OV& kinetics among older people. Without a correct 

phase 1 duration, the time constant of phase 2 will be contaminated and could 

potentially give misleading results, including a slower time constant. Therefore the 

phase 1 determination is the first issue that will be addressed by the current study. 

 

There are two accepted data cleaning/filtering techniques described within the 

current body of literature. The applicability of the moving-average and bin-average 

techniques to the 
•

2V O  data of older people has not yet been assessed. Additionally, 

the most appropriate technique for producing an acceptable goodness of fit, whilst 

maintaining confidence in the time constant, is yet to be determined.  

 

Finally, it seems there is no research on older people to determine whether one 

repetition can produce a similar time constant to that of eight repetitions, with an 

acceptable confidence interval. Currently several repetitions are accepted as being 

required to produce accurate time constant results in all populations  

 

This study aims to determine the phase 1 response for older people, establish some 

effective data treatment procedures and apply this information to investigate the 

accuracy of one trial of moderate-intensity constant-load exercise for people aged 65 

years or older.  

 

 

Literature review 

A basic literature review has been presented in Section 2.5.3.4 including a 

description of oxygen uptake kinetics parameters. This literature review includes 

further detail necessary for the present study. 

Phase 1  oxygen uptake kinetics 

Several methods exist to determine the duration of phase 1 oxygen uptake kinetics 

( 2OV& kinetics). 
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1. Visual inspection. In 1982 Whipp  et al. reported that the transition from φ 1- φ 2 

could be identified by an increase in PETCO2 (end-tidal partial pressure of carbon 

dioxide) and a decrease in PETO2 (end-tidal partial pressure of oxygen), an inflection 

in 2OV&  and a decrease in Respiratory Exchange Ratio (RER) ( 2COV& / 2OV& ). Whipp  

et al. (1982) have recommended averaging these data over a number of trials to make 

the φ 1 more detectable, as this technique reduces the number of intra-breath 

fluctuations. 

 

2. Arbitrary points. From Whipp  et al.’s (1982) study, it was also found that in 

healthy adults the phase 1 duration was, on average, 19 seconds. This has lead to an 

abundance of studies applying this information and deciding against visual 

inspection to ascertain phase 1, and to fit curves for all participants from 20 or 25s 

onwards (Lamarra et al. 1987; Barstow and Mole 1991; Paterson and Whipp 1991; 

Barstow et al. 1993; Chilibeck et al. 1996b; Grassi et al. 1996; Bell et al. 1999; Bell 

et al. 2001; Borrani et al. 2001; Fukuba et al. 2002; Fukuoka et al. 2002b). Similar 

problems are inherent in using a group mean as a phase 1value. Prior to a group 

mean being considered for use as an arbitrary 1 point for future research, group mean 

phase 1 values would have to be shown to be not statistically different to values 

derived from a backward curve fit phase 1 (see 4. below). 

 

3. Modelling Phase 1. Although Whipp  et al. (1982) showed that a mono-

exponential curve with a time delay (See Appendix Equation G-1) was not the best-

fitting model, many researchers still employ this method (Barstow 1996; Bauer et al. 

1999; Carter et al. 2000; Burnley et al. 2001) either by modelling phase 1 as a time 

delay or modelling phase 1 as a curve. It is important to note that there is no 

sufficiently sound evidence to support the exponentiality of the phase 1 component 

to model the curve (Whipp and Ozyener 1998; Whipp and Rossiter 2005). Appendix 

Equation H-1 gives a time delay to fit the φ 2 data, although time delay has no 

physiological meaning and is not equal to phase 1 (Whipp and Ozyener 1998). 

 

( ) ( ) ( )/ 0
2 2 0 1 tV O t V O b A e τ

• •
−= + × −

 
Appendix Equation H-1 
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Where: ( )bOV 2

•

 is the average value over 2 min of resting baseline; 0A  is the asymptotic 
amplitude for the exponential term; and τ is the time constant. 

                                         

4. Backward curve fit.  

Some researchers have chosen to use a combination of the above methods to fit the 

curve. The usual procedure is to visually inspect the data for a phase 1 component, 

and then iteratively fit a curve using cut-offs above and below the predicted phase 1.  

For example, Rossiter  et al. (1999) ensured the fitting of the curve was “moved 

around” the expected φ 1 – φ 2 transition and any change in time constant or its 

associated confidence limit was considered. This method has been refined by 

Paterson  et al. (2005), who initially used a fitting window from approximately 30s 

after exercise onset to the end of the 6 minutes of exercise. The window was then 

iteratively extended backwards towards the exercise onset (i.e. t=0) until the 

goodness of fit deteriorated. This was determined by: (a) the flatness of residuals and 

deviation from zero line; (b) sudden increase in χ² ; and (c) sudden increase in value 

of time constant as data from phase 1 were included in the fitting window.  The φ 1 – 

φ 2 transition was taken as the point just prior to these changes occurring.  This 

recent method is a more objective method of determining phase 1 than previous 

methods, although the criteria still require refinement to be replicated. This technique 

will be referred to in this study as the backward curve fit phase 1 technique. 

 

Phase 1 determination can be difficult when the onset of exercise is from unloaded 

pedalling where the change in amplitude of the 2OV&  response is small, compared to 

when the exercise is commenced from rest, due to a larger increase in stroke volume 

invoked from a resting condition (Whipp et al. 1982). There is generally more 

“noise” in the signal at low amplitudes, with a smaller change in 2OV& . This is 

especially relevant among older people, as their moderate workload can be 50W or 

less. 

 

Phase 1 determination and older people 

Babcock  et al. (1994b) reported no phase 1 response from a group of 60-80 year old 

men whose cycle workload was 80% of their 2OV& recorded at ventilatory threshold 



 

Appendices 

262 

(which was determined from a separate 2OV& max test). They postulated that the 

preliminary period of no-load pedalling was severe enough to diminish any phase 1 

response. There are several reasons why the authors may not have found a phase 1 

response in their 2OV& data. Firstly, there may have been a phase 1 but it may not have 

been evident in their data, due to such low workloads (starting from 12 Watts) and/or 

such a small change in 2OV&  and workload (0.32L/min or 40.5W).  At low workloads 

there is also more noise, making the data more difficult to interpret.  

 

Babcock  et al. (1994b) may not have found a phase 1 response because they only 

considered the residuals for the first 15s of exercise. It is likely, that if φ 2 was found 

to be slower in older people, then perhaps phase 1 might also be slower. Thus, 

extending the residuals to duration of longer than 15s (Paterson  et al. (2005) 

considered 30s to be a relevant period of phase 1 in a study of healthy young adults) 

may have resulted in this study finding a phase 1.  

 

Chilibeck  et al. (1996b) had a group of 29 older people with an average age of 69 

years undertake square wave transitions from a baseline of 12 Watts to a workload of 

90% 2OV&  at VT, and recorded the average workload was 40Watts (workload ranges 

were not provided). They found that the time constant did not differ whether the 

mono-exponential model was fit from the start of exercise (t=0) or from an arbitrary 

20s. This paper considered that the phase 1 in older people may be shorter, but not 

longer. The authors stated this indicated that the exclusion of a possible phase 1 did 

not affect the analyses of the relationship of age with time constant. However, this 

study had several methodological concerns. Firstly, it was not surprising that a phase 

1 was not evident in the data due to the low workloads. Secondly, the subjects in this 

study completed 3 repetitions of a square wave transition, with 6 minutes of 

unloaded cycling between them. This could have led to an accumulation of fatigue 

over the course of the three trials, which may have caused a slower time constant in 

the later trials. Thus, the average of the three trials may have been slower than if the 

subjects were rested for each trial. The authors do not report amplitude or time 

constant over the course of the three separate trials or whether there were differences 

between these measures. As a result of these methodological concerns, it seems 
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premature to conclude that there is no difference in modelling phase 1 from t=0 or 

from another point. Future research could assess if any differences exist between the 

curve-fitting for not only t=0, but a phase 1 (based on more than an arbitrary figure) 

that may exist after 20s.  

 

Therefore, the existing research on the determination of the duration of phase 1 

2OV& kinetics is still not confirmed in older people. It is important that this is 

determined prior to the investigation of any other research questions. Without the 

correct φ 1 duration, the time constant of φ 2 will be contaminated and could 

potentially give misleading results, including a slower time constant. Therefore the 

phase 1 determination is the first issue that will be addressed by the current study. 

 

Data treatment 

Although modelling, or fitting a curve to, oxygen uptake data seems to provide a 

summary of an individual’s physiological transition from rest to a steady state of 

exercise, there are many factors that need to be considered prior to reaching a final 

time constant value. Firstly, breathing is rarely ‘clean.’ Typically breaths have 

different durations interspersed with coughs, swallows and sighs. These are unrelated 

to metabolic changes occurring as a result of exercise onset, and reduce the quality of 

data to be modelled. Breath-to-breath noise can have confounding effects on 

parameter estimation (Lamarra et al. 1987). This noise has previously been shown to 

be part of an uncorrelated Gaussian stochastic process, and thereby allows parameter 

estimation to within known bounds of confidence (Lamarra et al. 1987). By 

increasing the number of exercise bouts performed (eight repetitions were used in 

this study), Lamarra  et al. (1987) showed that the 95% confidence limits for the 

estimation of time constant (τ) can be reduced.  The authors concluded that four 

repetitions would be adequate in most studies.  

 

Whipp and Rossiter  (2005, p. 74) have clearly noted that editing of breath-by-breath 

data, “strays perilously close to the brink of scientific ethics.” Thus, they 

recommended that this task is undertaken with specific criteria established. It has 

been recommended by Whipp and Rossiter (2005) that one should err on the side of 
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stringency and use the criterion that if a datum lays more than four standard 

deviations away from the local mean, it has a remote likelihood of being part of the 

physiological response. Other papers have cleaned their data by deleting outliers that 

are greater than three standard deviations from the local mean (Bakker et al. 1980; 

Lamarra et al. 1989). Local mean has only been defined in one study. Burnley  et al. 

(2001) have defined it as the average of the five previous breaths.  

 

In addition to excluding outliers, other investigators have smoothed their data using a 

five- (Barstow and Mole 1991) or nine- (Paterson et al. 1994) point moving-average 

filter. These methods act to increase the goodness of fit of the mono-exponential 

curve and improve the 95% confidence intervals of the time constant. An alternate 

method to reduce the noise, once the outliers have been removed, is to apply a bin-

averaging technique whereby data are averaged into five- (DeLorey et al. 2004b; 

DeLorey et al. 2004a; DeLorey et al. 2005), eight- (Paterson et al. 2005) or 10- 

(Rossiter et al. 1999) second bins. This technique improves the goodness-of-fit of the 

data, but has the disadvantage of increasing the 95% confidence interval of the time 

constant due to the decreased number of data points available for use. 

 

Reducing the noise in the dataset can therefore be undertaken by cleaning the data to 

reduce the noise, increasing the signal, or both. To increase the signal to noise ratio, 

high work rates can be undertaken, but these require large increases in 2OV& , which 

may only be possible to achieve above VT, which is classified as heavy or severe 

workload. This should be modelled with a slow component or bi-exponential curve. 

In comparison, a moderate workload is defined as being below an individual’s 

ventilatory, or anaerobic, threshold (Whipp et al. 1982).  Thus, it is difficult to gain 

high increases in 2OV&  in the moderate domain. Therefore, reducing the noise is 

common practice. This is generally undertaken through the averaging together of 

several responses to the same workload for a given subject (Lamarra et al. 1987). 

However, it should be noted that this is only justified when the noise is demonstrably 

Gaussian and stochastic; that is, the noise describes a random variable, meaning it 

has a normal distribution.  
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In summary, there are two main data cleaning/filtering techniques within the current 

body of literature. The applicability of these techniques to the 2OV&  data of older 

people has not yet been assessed, and the most appropriate technique to produce an 

acceptable goodness-of-fit, whilst maintaining confidence in the τ, is yet to be 

determined.  

 

Modelling of 2OV&  kinetics 

Non-linear, least-squares, curve-fitting techniques are used to model the data through 

the 2OV&  kinetics body of literature. The curve-fitting is an iterative process whereby 

the criteria for convergence is usually minimising the sum of squared errors or 

improving goodness-of-fit whilst still maintaining confidence in the parameter of 

interest (Rossiter et al. 1999; Koga et al. 2005). This process is demonstrated 

pictorially in Appendix Figure H-1 which shows the second-by-second data being 

used to plot a graph. The curve-fitting process is then undertaken for either on- or 

off- transition of 2OV&  kinetics. In this study, the on-kinetics only will be 

investigated. The intensity domain is then chosen (i.e. above or below LT) and then 

the correct equation is chosen depending on the domain. For a moderate-intensity 

domain, an equation is chosen for a mono-exponential curve fit and parameter 

estimates including baseline 2OV& , amplitude, time delay and time constant are 

calculated. After this process is undertaken, the 95% confidence intervals, χ² 

goodness-of-fit and residual plots can be used to check the goodness-of-fit of the 

model. The best fit procedure is iterated until any further modulation in the 

parameters does not reduce the mean squared error between the curve drawn from 

the model and the measured data.  
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<LT, less than lactate threshold; >LT, greater than lactate threshold; 2OV& , volume of oxygen uptake; 
BL, baseline; A, amplitude; TD, time delay; τ, time constant; s, seconds; min, minutes; C95, 95% 
confidence interval; χ², chi-squared goodness of fit. 

Appendix Figure H-1: “A step-by-step process for resolving the kinetic parameter estimates 
using non-linear least-squares regression curve-fitting techniques” (Koga et al. 2005 p.52.). 
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Goodness-of-fit  

The first step for determining goodness of fit should involve testing the residuals for 

normality. A residual is the difference between the fitted curve and the data. The 

residuals should then be analysed using a Lilliefors test with a two-sided 5% 

significance level. The residuals are accepted as normal if the test statistic is greater 

than critical value (i.e. the alternative hypothesis that the residuals are not Gaussian 

is rejected). This assesses the quality of the model to the data. If the residuals are 

Gaussian then the curve is considered an appropriate fit to the data (Rayner and 

Fitzgerald 1998). If this is proven, it indicates that there is an acceptable fit to the 

data.  

 

The second step is to quantify the goodness of fit. Within the 2OV&  kinetics literature 

there are several approaches used.  

(i) Chi-squared (χ²) goodness of fit is recommended by (Jones and Poole 

2005) and used by other researchers (Rossiter et al. 1999; Rossiter et al. 

2000; Rossiter et al. 2002). The equation is shown below. 

∑ −
=

ected
ectedobserved

exp
)exp( 2

2χ  Appendix Equation H-2 

 

  (Snedecor and Cochran 1989). 

(ii) Sum of squared error or residual error has been used within the published 

literature  (Barstow and Mole 1991; Carter et al. 2000). Sum of squared 

error is the sum of squared differences between each sample and the 

expected value (Devore and Farnum 2005). 

(iii) The closely related mean square error has also been used to quantify the 

curve fit (Paterson and Whipp 1991; Bell et al. 2001; Ozyener et al. 

2001). Mean square error is the sum of squared errors divided by degrees 

of freedom (Devore and Farnum 2005). 

(iv) Residuals have been used by Petrella  et al. (1999). No further elaboration 

of their calculation was provided. 
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(v) Least squares error has been used by Whipp  et al. (1982). No further 

detail is given except that this is the least-squares variance of model fit. 

(vi) Standard deviation of the residuals has been used as another method of 

quantifying the fit of the curve to the data (Paterson et al. 1994). 

Chilibeck  et al. (1996a) also used this method. 

 

There is much inconsistency within the published research pertaining to goodness-of-

fit of the modelled curve to the treated 
•

2V O  data.  Apart from the inconsistency in 

nomenclature and which goodness of fit equations are used, there are methodological 

considerations that also make it difficult to compare results. Most research 

emphasises that their “criteria for convergence” is to minimise the sum of squared 

error or chi-square  test statistic, but do not report what values they actually 

calculated. One of the few papers that reported the goodness-of-fit and confidence 

intervals is that of Rossiter  et al. (1999). As observed in Appendix Table H-1, the 

values are excellent, but it is very important to note they used young, healthy 

subjects at much heavier workloads than the current study (increasing the signal-to-

noise ratio). This group also used a 10s bin-average technique, which is known to 

improve the goodness-of-fit considerably.  
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Appendix Table H-1: Summary of goodness of fit and confidence intervals of  5 
key papers 
Reference Population Goodness 

of fit  
Goodness 
of fit value 

Measurement 
period 

CI 
Method 

CI Value 

Rossiter  et 
al. (1999) 

21-59 year old 
healthy 
subjects 

Sum 
squared 
errors 

0.008 unknown Lamarra  
et al. 
(1987) 

3.3±1.2s 

Babcock  et 
al. (1994a) 

(65-78 years) 
Trained and 
untrained 
older people 

SD of 
residuals 

0.03 First 3 mins of 
exercise 

Not 
reported 

Not 
reported 

Chilibeck  et 
al. (1996b) 

(66.7 ±6.7 
years) 
Older people 

SD of 
residuals 

0.06 First 340-s of 
phase 2 

Not 
reported 

Not 
reported 

Petrella  et 
al. (1999) 

Active Older 
(71± 2 years); 
Sedentary 
Older (69± 
3years); 
Hypertensive 
Older (71± 5 
years). 

Residuals 0.623-
0.946 

Not reported Lamarra  
et al. 
(1987) 

8.3-8.9s 

Paterson  et 
al. (1994) 
 
 
 
 

Control 
subjects mean 
age 47 years.  
Heart 
transplant 
patients. 

SD of 
residuals 

0.08 
 

Phase 3 Lamarra  
et al. 
(1987) 

13.6 & 
20.45s HF 
pats 
 
6.35s 
controls 

CI, confidence interval; SD, standard deviation; HF, heart failure; controls, control subjects. 
 

 

It is important that standard methods of goodness of fit are agreed upon so 

comparison across the literature can be undertaken. There are inconsistencies in the 

definition of goodness-of-fit in the current body of literature. For example, the term 

“χ²” has been used to mean sum squared error (Rossiter et al. 2002), whereas others 

have used “goodness-of-fit” to mean standard deviation of the residuals (Chilibeck et 

al. 1996a). This is a problem as using different methods may lead to different 

conclusions being drawn. 

 

Confidence intervals 

Ensuring the residuals are normally distributed (as described above) ensures that then 

the confidence intervals of the time constant can be evaluated. There are several 

methods within the literature for doing this. 
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(a) Lamarra’s 95% confidence interval equation. 

Yss
s

LK
Δ

= 0
1

ˆ  Appendix Equation H-3 

 
Where: 

1K  = confidence interval for the time constant; s0= standard deviation of the breath-to-breath 

fluctuation in gas exchange variable Y; YssΔ = gain of the response to the workrate; L̂  = a constant 
of which the value depends in a complex fashion on the value of the underlying time constant and the 
amount of data available for fitting. 
(Lamarra et al. 1987). 

 

To the author’s knowledge, there is only one study that reports the L̂   value they 

calculated. Petrella  et al. (1999) reported this value as 47.5s. Other studies report  

using Lamarra  et al.’s equation to calculate the confidence intervals but do not 

report the L̂  value (Rossiter et al. 1999; Rossiter et al. 2000; Rossiter et al. 2002). 

This  leads the reader to question the correctness of their calculations. 

 

(b) Non-linear least squares confidence intervals can be derived by software to 

determine the 95% confidence intervals of any of the parameters (MATLAB v.7.0, 

MathWorks, Massachusetts). 

 

(c) The bootstrap method (Efron and Tibshirani 1993) has been used in the field of 

2OV&  kinetics to  derive confidence intervals on the model parameters. This method 

estimates potential error in the determination of the model parameters using repeated 

samples from the original data set. This is a popular method in single repetition 2OV&  

kinetics research (Borrani et al. 2001; Carra et al. 2003; Draper and Wood 2005).   

 

In order for a researcher to extrapolate physiological meaning from the 2OV&  kinetics 

data, it is essential to have acceptable confidence in the time constant.  Even though 

the importance of the goodness-of-fit and confidence intervals for the time constant 

have been emphasised (Rossiter et al. 1999; Jones and Poole 2005), few papers exist 

that actually present both these measures in their results. If these results are reported, 

often different equations were used, which does not allow for the comparison of 

values for goodness-of-fit and confidence intervals within the literature. 
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There is also concern within the literature regarding lack of confidence in the 

parameter estimates. If the 95% confidence intervals are large, and there is little 

confidence in the parameter of interest, then few physiological inferences can be 

made, thus rendering the data meaningless (Whipp and Rossiter 2005).  

 

Another example of a study involving older people (active, sedentary and 

hypertensive) (Petrella et al. 1999) presented 95% CI for τ of less than 10s (range 

6.35-9.35s). This demonstrated that a 10s threshold was acceptable in this study. If 

the CIs are considered relative to the time constant duration, then older sedentary 

subjects had a CI = 13.9% of τ; older active subjects had a  CI = 20.1% of τ; and 

older hypertensive subjects CI = 11.9% of τ. As there are few data in this area to, this 

comparison is useful as a guide for acceptable limits in older people. 

 

Moderate domain protocol  

(a) Intensity 

The testing protocol for assessing an individual’s oxygen uptake kinetics differs 

greatly depending on the research question. For older adults,  it has been determined 

that the most appropriate workload to assess 2OV&  kinetics is one of moderate 

intensity as this most closely corresponds to their ADL  (Alexander et al. 2003).  

 

In the literature there are two methods to ensure that a moderate intensity is reached. 

Firstly, to conduct a 2OV&  max test, and from that, to ascertain an individual’s 

ventilatory or lactate threshold (Whipp et al. 1982).  Secondly, to use an absolute 

workload of an assumed moderate intensity. Once the gas analysis data are collected 

and modelled, it can be determined whether the 2OV&   for the absolute workload has 

reached a plateau (indicating a steady-state workrate, and sub-ventilatory threshold) 

(Whipp et al. 1982). The time taken to reach a steady-state oxygen uptake can be 

define as being the time taken for the measured response to reach ±2% of the 

maximum value of the modelled response. This time is approximately 4 x the time 

constant, which equals 98.2% of the maximum value of the modelled response 

(Ogata 1997). 
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Several studies have used an absolute workload. Koike  et al. (2000) used a workload 

of  20W for all subjects in a congestive heart failure study. Alexander  et al.  (2003) 

also used an absolute workload of 1mph and 0% grade for all subjects when 

investigating functional capacity in older adults. Whipp  et al. (1982) and Lamarra  et 

al. (1987) both used absolute workloads of 100W in their research on young, healthy 

subjects. Reybrouck (2003) used one repetition of three different absolute intensities 

(4, 8 or 12% incline) on a treadmill test of healthy young adults. Using an absolute 

workload enables differing responses to the same bout of exercise to be examined. It 

also negates the need for a 2OV& max test to be performed, which is of benefit in 

research involving older people.  

 

The definition of moderate workload varies somewhat in studies that use relative 

workloads (i.e. from 70 -90% of VT or AT, whichever the case may be). For 

example, several studies have used 80% AT; this includes Shimizu  et al. (1999) 

studied myocardial infarction patients, Koike  et al. (1990) studied healthy young 

individuals and DeLorey  et al. (2003) who studied older people, whereas Koufaki  et 

al. (2001a; 2002) studied end-stage renal disease patients and used 90% VT. Ozyener  

et al. (2001) used 90% AT in a study with young healthy participants. Fukuoka  et al. 

(2002a) studied older people and chose a novel way of setting a relative workload 

and used 50% of 2OV&  peak power. Therefore, in setting a relative workload there is 

much contention as to what constitutes this and how to assess it. To date the only 

definitive answer is that a moderate relative workload is that which is lower than VT 

or AT, or if it can be modelled using a mono-exponential curve that plateaus. 

 

(b) Repetitions 

There is still much contention as to how many repetitions of a square-wave transition 

should be performed for optimal 2OV&  kinetics results. Appendix Table H-2 shows 

single repetitions have been previously used in studies involving older people, 

children or clinical groups. These trials are usually undertaken with moderate 

exercise intensity. Other studies that have used only one repetition have used young, 

healthy participants and exercised them at a heavy or severe intensity of exercise. 
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Research involving heavy or severe intensity exercise can use fewer repetitions as 

they have a high signal and less noise. In contrast, moderate intensity exercise 

usually requires the ensemble-averaging of several exercise trials (i.e. 

mathematically combining several trials to form a single trial) to reduce the noise 

inherent in these data.  
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Appendix Table H-2: Summary table of studies that have used one repetition 
and a sample of 2OV&  kinetics studies that have used more than one repetition, 
with population group and exercise intensity/domain tested. 
Reference No. of 

Reps 
Population Intensity/Domain 

Alexander  et al. (2003)  1 Older people Moderate 
Brunner-La Rocca  et al. 
(1999)  

1 Heart failure patients Moderate 

Koike  et al. (2000)  1 Heart failure patients Moderate 
Reybrouck  et al. (2003) 1 Healthy, young  participants Moderate 
Armon  et al. (1991)  1 Children Moderate 
Barstow  et al. (1996)  1 Healthy, young  participants Heavy 
Bearden & Moffatt  (2000)  1 Healthy, young  participants Heavy 
Bearden  et al. (2004)  1 Healthy, young  participants Heavy 
Borrani  et al. (2001)  1 Healthy, young  participants Heavy 
Carra  et al. (2003)  1 Healthy, young  participants Heavy 
Fukuba  et al. (2002)  1 Healthy, young  participants Heavy 
Riley & Cooper  (2002)  1 Healthy, young  participants Heavy 
Tordi  et al.  (2003)  1 Healthy, young  participants Heavy 
Billat  et al. (2002)  1 Healthy, young  participants Severe 
Sabapathy  et al.  (2004)  1 Healthy young & old participants Severe 
Koufaki  et al. (2001b)  2 End stage renal disease Moderate 
Paterson & Whipp (1991)  2-4 Healthy, young  participants Heavy 
Fukuoka  et al.  (2002a)  3 Healthy 50-year olds Moderate 
Chilibeck  et al. (1996a)   3 Healthy young & old participants Moderate 
Chilibeck at al. (1996b)  3 Healthy young & old participants Moderate 
Özyener  et al.  (2001)  3 Healthy, young  participants Moderate & Heavy 
Petrella  et al.  (1999)  4 Older people Moderate 
Babcock  et al. (1994a)  4 Older people Moderate 
Babcock  et al. (1994b) 4 Healthy young & old participants Moderate 
Barstow & Mole  (1991)  4 Healthy, young  participants Heavy 
Scheuermann  et al. (2002) 6 Older People Moderate 
Whipp & Wassermann (1972)  6 Healthy, young  participants Moderate & Heavy 
Whipp  et al. (1982)  8 Healthy, young  participants Moderate 
 

 

The only previous research that has attempted to determine the most reliable number 

of repetitions required to reduce breath-by-breath noise was undertaken by Lamarra  

et al. in 1987. These researchers recommended that several repetitions of a square-

wave transition be undertaken, with the recommended number being four. These 

numerous repetitions were then ensemble-averaged to produce one value which is 

said to be representative of an individual’s oxygen uptake kinetics. The exact number 

of repetitions required can be calculated using the data from one repetition and 

entering it into Appendix Equation H-4 (if adequate information on the calculation of 

the constant L was provided as previously discussed).  
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The rationale was that by averaging several trials, the noise inherent in breathing will 

be reduced. This study, however, was undertaken on five individuals aged 27 to 52 

years. These results may not be applicable to an older population. It is also important 

to note that in a clinical setting, it is not feasible to undertake several trials on older 

people. 

 

Therefore, the confidence to use a single repetition for older people needs to be 

determined by future research.  

 

Study aim 
This study was designed to investigate whether, in a sample of 12 participants: 

1. Phase 1 duration could be determined; 

2. Which is the best data treatment technique to use for older people (moving-

average or bin-average); 

3. Whether one repetition can be used instead of eight repetitions in a sample of 

older people. 

 

Methods 
Participants in this investigation are a subsample of the subjects tested within the 

body of the thesis (see Methods Chapter 3 for more details). 

 

Participant characteristics  

Twelve healthy, non-smokers (five males and seven females) aged 70 ± 3.6 years 

volunteered to participate in this study. Age, weight, height, cardiovascular disease 

(CVD) history and medications are listed in Appendix Table H-3.  
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Appendix Table H-3: Demographic characteristics of 12 participants in the 2OV&  
kinetics reliability study. 
Subj. 
No.  

Gender Age 
(years) 

Weight 
(kg) 

Height 
(cm) 

CVD History Medications 

1 M 77 84 174 NIDDM 1, 6. 

2 F 75 74 165 Hypercholesterolemia 1, 2, 3. 

3 F 66 64 162 Hypertension 2, 11. 

4 M 69 74 175 Nil 1. 

5 M 74 90 185 Nil Nil 

6 F 66 79 167 Hypercholesterolemia 3, 8. 

7 M 72 77 173 Hypercholesterolemia 10, 3. 

8 F 66 73 162 Hypercholesterolemia 3. 

9 F 69 65 164 Hypertension 2. 

10 F 66 84 171 Hypercholesterolemia 4, 7, 3. 

11 F 73 68 166 Hypertension 2. 

12 M 70 77 183 Nil Nil 

Mean  70.3 75.8 170.6   

SD  3.9 7.9 7.7   

Subj. No., Subject number; M, Male; F, Female; CVD, Cardiovascular disease; NIDDM, Non-Insulin 
Dependent Diabetes Mellitus; SD, Standard Deviation.  
1, anticoagulant; 2, anti-hypertensive agent; 3, Hypolipidemic agent; 4, anti-anxiety agent; 5, 
combination simple analgesics; 6, herbal analgesic/ anti-inflammatory;  7, non-steroidal anti-
inflammatory; 8, anti-psychotic agent; 9, anticoagulant; 10, hyperacidity/reflux/ulcers; 11, Hormonal 
antineoplastic agent. 
 

 

Experimental design 

Prior to the testing sessions, all participants were required to complete a 

familiarisation session. This session included a complete repetition of a 50W 

workload complete with mouthpiece and nose clip. Constant-load (50W) exercise 

tests were performed on subsequent visits to the laboratory, with participants 

undertaking no more than 3 tests per visit (each separated by 30 minutes rest) in a 

one- to two-week period.  All participants performed eight repetitions of the exercise 

protocol (Lamarra  et al. 1987). Appendix Figure H-2 shows a flow chart of the study 

design. The experimental protocol for the cycle test is described in Methods Chapter 

3, testing session B.  
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Appendix Figure H-2: Experimental design of 2OV&  kinetics study 

 

Data treatment techniques 

Data processing included filtering and interpolation of all data followed by two data 

processing methods: 1. The “moving-average” technique, which included filtering 

with a nine-point moving-average; and 2. A “bin-average” technique using five- 

second bins. These techniques were used with both single and eight repetitions 

ensemble-averaged data.   

 
Filtering and interpolation 

Appendix Figure H-3 and Appendix Figure H-4 present the process flow diagram for 

the moving-average and bin-average techniques, respectively, within the 

2V O kinetics
•

program (as detailed in Appendix I). Once the number of repetitions to 

be cleaned and modelled was selected, the software then filtered the raw data using 

three standard deviations from the local mean (i.e. five- point local mean) (Burnley et 

al. 2001). An example of raw data is shown in Appendix Figure H-5 (i) and an 

SESSION 2 
3 x 50W constant load tests (each separated by 
30mins rest) 

1 Week later

SESSION 4 
2 x 50W constant load tests (each separated by 
30mins rest) 

SESSION 1 
Cycle ergometer and gas analysis familiarisation 
session 

SESSION 3 
3 x 50W constant load tests (each separated by 
30mins rest) 

Within a 1-2 week 
period, but separated by 
at least one rest day. 
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example of raw data filtered using local mean and standard deviation is shown in 

Appendix Figure H-5 (ii). Data were then interpolated to one-second intervals (using 

a cubic spline), at which point multiple trials were ensemble-averaged to yield a 

single response (Appendix Figure H-6 (i)). A numerical or bin-average filter was 

then applied (Appendix Figure H-6 (ii)). After the 2V O
•

 data were processed a curve 

was then fit to these data.  
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Appendix Figure H-3: Flow chart of data cleaning process for single and 
multiple repetitions using the standard technique. 

 

Check number of 
trials 

“VO2kinetics” Program 

One Trial Multiple trials 

A. Filter raw data 
using local mean and  
standard deviation 

B. Spline Interpolation 
into seconds 

C. Numerical filtering 
with user parameters 
(9 point moving-avg) 

Filtering 

1. Filter raw data using 
local mean and 
standard deviation 

2. Spline Interpolation 
into seconds 

4. Numerical filtering 
with user parameters 
(9 point moving-avg) 

Filtering 

3. Ensemble average 
the trials 

The user has the control to vary the following  test conditions/parameters: warm-up time, phase 1 
time, exercise time, use of time delay, filtering parameters, choose to save output, specify the 
number of trials being analysed. 

Uses the conditions and parameters set by the user to fit the 
curve to the data. 

Output as text file and figure 

Raw Data

MOVING-AVERAGE TECHNIQUE
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Appendix Figure H-4: Flow chart of data cleaning process for single and 
multiple repetitions using bin-average.  
 

 

 

 

 

 

 

 

 

One Trial Multiple trials 

A. Filter raw data 
using local mean and 
standard deviation 

B. Spline Interpolation 
into seconds 

C. Bin-Averaging 
 (5s bins) 

Filtering 

1. Filter raw data using 
local mean and 
standard deviation 

2. Spline Interpolation 
into seconds 

4. Bin-Averaging 
 (5s bins) 

Filtering 

3. Ensemble average 
the trials 

Uses the conditions and parameters set by the user to fit the 
curve to the data. 

Output as text file and figure 

BIN-AVERAGE TECHCHNIQUE
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(iii) 3 Standard Deviation filter and 9 point 
moving-average filter 

 

Appendix Figure H-5: Case study example of a single trial curve fit with no phase 
1 but with floating time delay showing only the 50 W load phase. 
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(i) 3 Standard Deviation Filter and Ensemble 
Average of 8 single trials 

(ii) 3 Standard Deviation Filter and 9 point 
moving-average filter 

Appendix Figure H-6: Case study example of multiple trials curve fit with no phase 
1 but with floating time delay showing only the 50 W load phase. 
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Normality, goodness-of-fit and confidence intervals 

The confidence limits for the prediction of τ are expected to be within the confidence 

limits, only if the underlying process is a ‘true’ exponential. It is therefore necessary 

to assess the goodness of fit of these data, then calculate the 95% CI for τ, and the 

parameter estimates.  

(a) Test for Gaussian Residuals (normal distribution) 

The residuals (i.e., difference between the fitted curve and the data) were plotted 

and tested for normality (Lilliefors test, p≤0.05).  

 

(b) Quantifying goodness-of-fit 

Chi-squared (χ²) goodness of fit was calculated for all curve fits using the 

equation shown below. 

∑ −
=

ected
ectedobserved

exp
)exp( 2

2χ  Appendix Equation H-5 

  (Snedecor and Cochran 1989). 

 

(c) Confidence intervals 

The 95% confidence intervals of the estimates of the model parameters (time delay, 

time constant and amplitude) were calculated using the ‘nlparci’ function, an existing 

MATLAB function used to calculate confidence intervals in nonlinear models.   

 

 

Determination of Phase 1 

The following techniques were used on eight-repetition ensemble-averaged data 

using the 2V O
•

kinetics program. Appendix Figure H-7 shows the two methods used 

to determine phase 1 (φ 1).  
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2OV& , volume of oxygen uptake; RER, respiratory exchange ratio; φ 1, phase 1 response; χ², chi-
squared goodness of fit;τ, time constant. 

Appendix Figure H-7: Flow chart outlining procedures used to determine Phase 
1. 

 

The visual inspection method utilised the 
•

2V O  and Respiratory Exchange Ratio data 

to determine a phase 1 response for each individual.  Phase 1 was defined to be at the 

point where an inflection in the rate of rise of 
•

2V O  and a decrease in the Respiratory 

Exchange Ratio were found (
•

2V CO /
•

2V O ) (Whipp et al. 1982). An example of the 

visually determined φ 1- φ 2 transition points are shown in Appendix Figure H-8.  

 

METHOD 1: Visual Inspection 

φ1 determination by Visual Inspection for 
each subject 

• ↑ 2OV&  
• ↓ RER 

(b) Selection of φ1, for each subject by: 

• Min χ² value prior to a continued 
sudden increase. 

• If no increase in χ² then select the 
first point where it plateaued. 

• If selection of points is unclear 
using χ² refer to τ for minimum 
value prior to a continued sudden 
increase. 

• If no increase in τ  then select the 
first point where τ  plateaued. 

8 repetition ensemble averaged output used 
for Methods 1 and 2  

Phase 1 Determination Procedure  

(Modified from Rossiter  et al. (1999) and Paterson  et al. (2005)) 

METHOD 2: Backward Curve Fit 

 (a) Curve fit from 50s backwards to zero 
seconds at one second intervals. 
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Appendix Figure H-8: An example of visually inspected phase 1- phase 2 
transition points.  

 

A curve was then fit to the data from the visually identified phase 1 onwards.  The 

visually determined phase 1 was then recorded for each subject and used for 

comparison against backward curve fit phase 1 later in the study.   

 

The backward curve-fitting method for phase 1 determination  was undertaken by 

iteratively fitting a curve to the data from 50s backwards to zero seconds using one-

second intervals (Part (a) of method 2 (Appendix Figure H-7)). Fifty seconds was 

used  as a conservative estimate for older people. Paterson  et al. (2005) used a time 

frame of 30s for young people, and it was hypothesised that while the phase 1 would 

be longer for older people, it would occur within 50 seconds. Parameter estimates, 

chi-squared goodness of fit and 95% CIs for the time constant were recorded for each 

curve fit.  

 

The chi-squared values obtained from the backward curve fit were then plotted 

against the value of their corresponding phase 1 duration (Appendix Figure H-9a).  
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The value of phase one was determined by establishing the local minimum of the 

chi-squared within the phase 1 duration.  If a local minimum was not able to be 

determined, the first point where the chi-squared value plateaued at a minimum was 

accepted.  If there was still ambiguity, phase 1 was then defined as the point in time 

at which there was a sudden increase in the time constant or where the time constant 

had reached a plateau (Appendix Figure H-9b). 

 

It is important to note that the bin-average method was not used for the visual 

inspection of φ 1 determination, as the more the data are averaged, the less chance 

there is to see the φ 1 (Koga et al. 2005), even though there is improved goodness of 

fit of the curve (Appendix Figure H-10).  

 

Paired t-tests were undertaken on all kinetic parameters to assess the effect of using 

different phase 1 estimates on the calculation of the 2V O
•

kinetics parameters. This 

was undertaken for both moving-average and bin-average techniques. Paired t-tests 

were also used to assess whether the phase 1 determination procedures using one 

repetition produced statistically significant differences in kinetic parameters from 

eight repetition data.
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(a) The use of chi-squared for phase 1 determination 
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(b) The use of time constant for phase 1 determination  
Phase 1 was able to be determined using the chi-squared in the top figure.  The time constant figure 
(presented for demonstration purposes only) shows where the phase 1 occurs.  
Appendix Figure H-9: An example of the use of chi-squared goodness of fit and 
time constant to determine phase 1. 
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Data treatment techniques: Bin-average versus moving-average 

The first data treatment protocol used in this study was the moving-average 

technique. The methods for this are presented in Appendix Figure H-3. This figure 

demonstrates how the filtering method was applied to both single and multiple trial 

cases.  Visual representations of the output of the different types of filtering for 

single and multiple repetitions are shown in Appendix Figure H-5 and Appendix 

Figure H-6, respectively. A nine-point moving-average filter was applied to all data  

after the filtering and interpolation process (Paterson et al. 1994). This type of 

cleaning, especially with multiple repetitions, can reduce the noise to a large extent, 

as seen in Appendix Figure H-6,. 

 

 Bin-averaging is a variant of the moving-average technique and is a method for 

removal of noise from the data and for increasing the goodness of fit.  Appendix 

Figure H-4 shows where bin-averaging is added to the process. This step occurs after 

ensemble-averaging the data then averaging into 5s ‘bins’ occurred (DeLorey et al. 

2004b). Appendix Figure H-10 shows the output of this for single and multiple 

repetitions.  

Single Trial Multiple Trial (8 repetitions) 

200 250 300 350 400 450 500 550 600
400

600

800

1000

1200

1400

Time [seconds]

VO
2 [m

l.m
in

-1
]

200 250 300 350 400 450 500 550 600
400

600

800

1000

1200

1400

Time [seconds]

V
O

2 [m
l.m

in
-1

]

5-second bin-average 

Appendix Figure H-10: Case study example of 5s bin-averaging for single and 
multiple repetitions with no phase 1 but with floating time delay. 
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One versus eight repetitions 

Parameters for both one and eight repetitions were compared to investigate whether 

one repetition could be used with older people. Two-tailed paired t-tests were 

undertaken for all kinetic parameters (τ, 95% confidence intervals for τ, amplitude, 

time delay and φ 1) to determine whether there was a significant difference between 

one and eight repetitions. 

 

Significance for all statistical analyses was set at two-tailed, p ≤ 0.05. All confidence 

intervals were set at the 95% level. All results are presented as mean ± standard 

deviation (SD) unless otherwise specified. 

 

Results 
All subjects were found to be working in the moderate domain. The curve was 

mathematically modelled to assess a steady state in amplitude, and there were no 

outlying values in any of the parameter estimates, which indicates all subjects 

achieved a steady state in oxygen uptake. This would have been particularly 

noticeable by a longer time constant, which was not evident in any of the subjects. 

 

Phase 1 determination 

From a steady state baseline, an initial abrupt response in 2V O
•

 was apparent shortly 

after the start of exercise. This delay lasted, on average, 29-30s and was followed by 

an exponential increase, until it once again reached a steady state (Appendix Figure 

H-8).   

 

Individual and group mean data for the three phase 1 techniques are presented in 

Appendix Table H-4. When the phase 1 duration for all methods was compared using 

paired t-tests, no significant differences were found. When repeated-measures 

ANOVA was undertaken, there were no significant differences between the phase 1 

estimates produced by the three techniques.  The moving-average and the bin-

average techniques produced phase 1 values for the group of approximately 30 
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seconds.  From this point on, the group mean phase 1 value was taken to be 30 

seconds for the moving-average technique and 29 seconds for the bin-average 

technique. 

 

Appendix Table H-4: Mean and standard deviation of visually determined and 
backward curve fit determined phase 1 values for moving-average and bin-
averaged techniques. 
Subj. No. φ 1 Visually determined  φ 1 Moving-average 

Technique  

φ 1 Bin-average  

1 36 40 36 

2 36 34 39 

3 28 30 27 

4 28 28 25 

5 28 27 25 

6 36 30 28 

7 20 22 29 

8 24 25 26 

9 36 38 34 

10 20 27 28 

11 36 33 30 

12 28 24 25 

Mean 29.7 29.8 29.3 

SD 6.3 5.5 4.6 

φ 1, phase 1 duration (s); SD, standard deviation. 
 

 

The 
•

2V O kinetics parameters were calculated using different methods of obtaining a 

phase 1.  Firstly, the moving-average technique, using the group mean phase 1 and 

the backward curve fit phase 1 methods, was undertaken.  Two-tailed paired t-tests 

were performed on the kinetic parameters derived from the backward curve fit phase 

1 and the group mean phase 1. There was a statistically significant difference 

between the time constant of the two types of phase 1 determination (Backward 

Curve Fit mean =44.3±7 vs. Group Mean =45.6±7s, p=0.02). Results for individual 

subjects are shown in Appendix Table J-1:. 
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This analysis was also undertaken using the bin-average technique.  There was a 

statistically significant difference between the time constant of the two types of 

phase 1 determination (Backward Curve Fit mean =42.2±7 vs. Group Mean 

=45.2±7s, p=0.03). The time constant values were slightly longer for the group mean 

phase 1 compared with the backward curve fit phase 1.  Results for individual 

subjects are shown in Appendix Table J-2 

 

Data treatment techniques:  Moving-average versus bin-average 

The goodness-of-fit of the modelled response of the oxygen uptake was assessed 

using the criteria described previously.  All samples were found to have Gaussian 

residuals according to the Lillefors test.    The results showed that the moving-

average technique had higher χ² goodness of fit results than the bin-average 

technique (moving-average mean =0.17±0.10, bin-average mean =0.08±0.05), 

indicating a worse fit for the moving-average technique. The χ² goodness of fit data 

for one and eight repetitions for both techniques are presented in Appendix Table 

J-3. 

 

There was a significant difference between techniques for time constant results and 

95% CI for the estimate of the time constant. The moving-average technique 

produced a slower time constant and smaller 95% CIs than the bin-average technique 

(moving-average mean time constant =44.3±7, 95% CI=2.38±0.7; bin-average mean 

time constant =42.2±7, 95% CI=7.9±2.7). The results for each participant can be 

observed in Appendix Table J-3. 

 

One versus eight repetitions 

 The phase 1 duration and the corresponding 
•

2V O kinetics parameters for the single-

and eight-repetition data using the moving-average technique were calculated. Two-

tailed, paired t-tests between one and eight repetitions using the moving-average 

technique showed no statistically significant differences between any of the kinetics 

parameters. This analysis did, however, show a statistically significant difference for 

95% confidence intervals of the time constant (p=0.05), with one repetition found to 

have larger confidence intervals for τ (one repetition mean =4.1±2.6, eight repetitions 
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mean = 2.4±0.7). Results for individual subjects for all parameter estimates are 

shown in Appendix Table J-4. 

 

The same analysis was undertaken for bin-averaged data, and once again no 

statistically significant differences between any of the kinetic parameters were 

evident. This analysis did again, however, show that one repetition had a 

significantly larger 95% confidence interval of the time constant (one repetition 

mean = 16.3±9.7, eight repetition mean = 7.9±2.8, p=0.02). Results for individual 

subjects for all parameter estimates are shown in Appendix Table J-5. 

 

The time constant and its related 95% CI for the moving-average and bin-average 

techniques for one and eight repetitions are presented in Appendix Figure H-10. This 

Figure shows that when data for the single repetition were compared, there were no 

significant differences between data cleaning techniques for time constant. The bin-

average technique was found to have a significantly larger 95% confidence interval 

for τ (p<0.01) for both one and eight repetitions.   
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Appendix Figure H-11: Time constant and 95% confidence interval for moving-
average and bin-average techniques for one and eight repetitions. 
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Appendix Figure H-11 shows the 95% confidence intervals as a percentage of the 

value of the time constant for one and eight repetitions using the two data treatment 

techniques.  This figure also shows that the values relative to their time constant were 

less than that in one study of older people (Babcock et al. 1994b), except for the 1 

repetition bin-average data. 
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repetition; Moving Avg  8 reps, moving-average technique eight repetitions; Bin Avg 1 rep, bin-
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comparison the values are shown relative to the threshold established by Babcock   et al. 1994. 
Appendix Figure H-12: 95% confidence intervals as a percent of time constant, 
for moving-average and bin-average techniques for one and eight repetitions. 
 

 

Discussion 
This study had three objectives: to determine whether a phase 1 existed in older 

people, which was the most accurate type of data treatment technique and whether 

one repetition could be used instead of eight repetitions in a sample of older people. 

This study found that the average phase one in this sample of older people was 29-

30s. The most accurate type of data treatment was the moving-average technique. 

Finally, it was determined that one repetition could be used to accurately determine 

oxygen uptake parameter estimates for older people.  
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Phase 1 determination 

No statistically significant differences were evident between φ 1 values using visual 

inspection, moving-average or bin-average techniques. The φ 1 was clearly 

distinguishable in the eight-repetition average group when the moving-average 

technique was used. In comparison, the signal-to-noise ratio decreased for the one-

repetition trial, leading to a reduction in the confidence of the φ 1 prediction.  The 

bin-average technique removed data points, effectively smoothing out the data and 

reducing the clarity of the φ 1 transition for both one and eight repetitions. Visually 

determined φ 1 values should therefore only be used if there are multiple repetitions 

averaged. For single repetitions, backward curve fit is the more appropriate technique 

to use.  

 

The time constant derived from the group mean phase 1 was significantly different 

from that of  the backward curve fit phase 1. This demonstrated the potential flaws in 

using a group mean, or an arbitrary value for phase 1. These results show that the 

time constant was slightly longer for the group mean compared with the backward 

curve fit phase 1 (for both the moving-average and bin-average techniques). The 

implications of this could significantly affect findings and conclusions drawn from a 

study. Correct phase 1 determination is important to ensure accurate phase 2 (time 

constant) parameter estimates are produced. An accurate time constant estimate is 

said to reflect gas exchange at a muscular level. Therefore it is important it not be 

contaminated by phase 1 kinetics, which represent a cardiodynamic phase. It is 

recommended that future 
•

2V O  kinetics research involving older people determine 

phase 1 values using the backward curve fit technique. This is in contrast to the 

findings of a study by Whipp  et al. (1982), who used the same method as the current 

study and compared a group mean and visual inspection but found no differences 

between the two in 12 young healthy adults. This finding has previously been the 

basis for the use of an arbitrary 20s cut-off. 

 

The average φ 1 duration in this study was 29-30s depending on the technique used. 

This is different from the average value of 20s (Whipp et al. 1982) found with young 
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people, and zero second value for older people (Babcock et al. 1994b). The only two 

research papers that have attempted to determine a phase 1 in older people have 

either found no difference between 0 and a 20s curve fit (Chilibeck et al. 1996a), or 

found no phase 1 evident at all (Babcock et al. 1994b).  

 

 

Babcock  et al. (1994b) reported no phase 1 response from a group of 60-80 year old 

men whose cycle workload was 80% of their 
•

2V O recorded at ventilatory threshold 

(which was determined from a separate 
•

2V O max test). They postulated that the 

preliminary period of unloaded pedalling was severe enough to diminish any phase 1 

response. There are several reasons why a phase 1 response was not found in the 
•

2V O data. Firstly, there may have been a phase 1 but it may not have been evident 

due to such low workloads (starting from 12 Watts), and such a small change in 
•

2V O  and workload (0.32L/min or 40.5W).  At low workloads there is also more 

noise, making the data more difficult to interpret.  

 

Babcock  et al. (1994b) may not have found a phase 1 response because they only 

considered the residuals for the first 15s of exercise. If φ 2 was found to be slower in 

older people, it is possible that phase 1 might also be slower, thus, extending the 

phase 1 window to a duration of longer than 15s. Paterson  et al. (2005) considered 

30s to be a relevant period of phase 1 in a study of healthy young adults. 

 

Chilibeck  et al. (1996b) studied a group of 29 older people (with an average age of 

68.9 years) undertaking square-wave transitions from a baseline of 12 Watts to a 

workload of 
•

2V O  at 90% of VT. The average workload for this intensity was 

40Watts (workload ranges were not provided). The time constant did not differ 

whether the mono-exponential model was fitted from the start of the exercise (t=0) or 

from 20s after the initiation of the workload. This paper only investigated whether 

the phase 1 in older people may be shorter, but did not consider that it might be 

longer. The authors stated this indicated that the exclusion of a possible phase 1 did 
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not affect the analyses of the relationship of age with time constant. However, this 

study had several methodological concerns. Firstly, it was not surprising that a phase 

1 was not evident in the data due to the low workloads. Secondly, the subjects in this 

study completed three repetitions of a square-wave transition, with 6 minutes of 

unloaded cycling between them. This could have led to an accumulation of fatigue 

over the course of the three trials, which may have caused a slower time in the latter 

trials. Thus, the average of the three trials performed may have been slower than if 

the subjects were rested for each trial. The authors do not report amplitude or time 

constant over the course of the three separate trials or whether there were differences 

between these measures.   

 

Data treatment techniques 

Previous literature advises researchers to expect worse goodness of fit with low 

workloads and special groups like older people (Lamarra et al. 1987).  This was the 

case for the current study. For the eight-repetition ensemble-average using the 

moving-average technique, our χ2 goodness of fit average (±SD) was 0.17± 0.10 and 

bin-average was 0.08 ±0.05. Although it is difficult to compare to other studies that 

used slightly different goodness of fit techniques, it is obvious there is a range of 

values presented in the literature.  

 

Goodness of fit of the curve for older people has been presented as the standard 

deviation of the residuals over a three-minute period, with values of 0.06 and 0.03 

presented by Babcock  et al. (1994b) and Chillibeck  et al. (1996a), respectively. A 

study by Petrella  et al. (1999) on active older people, sedentary older people and 

hypertensive older people reported their goodness of fit in terms of residuals. 

Residuals for active subjects were 0.700 ±0.338; sedentary subjects were 

0.623±0.535; and hypertensive subjects were 0.946±0.650. These results were for a 

40W absolute workload for all subjects (which was proposed to be approximately a 
•

2V O  of 90% of their VT). Although these values are much higher than other studies, 

the strength of this study is that they also reported consistent and narrow confidence 

intervals for the time constant within all groups.  
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The other closely related literature is by Paterson  et al. (1994), as it presented 

goodness of fit values and focussed on heart failure patients. The mean standard 

deviation of the residuals for all subjects was 0.08±0.04. It would have been 

interesting to note if the heart failure patients had a larger value than the young 

healthy participants. The mean age of the subjects was 47.7 years, compared to the 

average age in the current study of 69.7 years, which might explain some of the 

reduction in noise. The standard deviation of the residuals from this study were based 

on the steady state of exercise (phase 3), for which the noise may be different from 

the phase 2. Our χ² goodness of fit values were calculated from the phase 1- phase 2 

transition, to four times the time constant (i.e. Phase 2). If this is the parameter of 

interest, then the noise should be measured in that section, not another phase that 

holds little meaning.  

 

Data treatment techniques: Moving-average versus bin-average  

The next stage of the process was to consider the 95% CI for τ. It is important that 

these values are narrow in order to have confidence in the parameter estimates and 

consequently be able to extract physiological meaning.  

 

The current body of literature rarely provide 95% CI for τ, even though the only text-

book in this field, written by pre-eminent researchers, explains the importance of 

reporting 95% CI for the interpretation of physiological mechanisms from the data 

(Whipp and Rossiter 2005). A summary of key data from the literature is presented 

in Appendix Table H-1.  

 

In the study by Paterson  et al. (1994), they report 95% CI for τ for healthy control 

subjects was 6.35s , 13.6s for the first transition with heart failure patients and 20.5s 

for the second transition. This study used the moving-average technique of data 

treatment and a moderate-intensity workload. The eight-repetition data from the 

current study had confidence intervals that were much tighter at 2.38s for the 

moving-average technique and 7.92s for the bin-average technique. The single-

repetition data for the standard technique still showed an excellent 95% CI of 4.11s. 

When compared with eight repetitions, the single-repetition bin-averaged data 
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showed a significantly larger 95% CI of 16.33s, although this is still within the CI 

bounds of Paterson’s heart failure patients.  

 

These bin-average results were not unexpected, as Koga  et al. (2005) explained that 

investigators must be cautious when using bin-averaging because the longer time 

bins (e.g. 5s versus 10s) reduce the number of data points available for parameter 

estimation, which may compromise the fidelity of the true signals and the confidence 

of the estimates. 

 

In order to be able to infer any meaning from the 95% confidence intervals these 

should be narrow enough for the time constant to be accurate.  Using an example of 

previous research on older people, a mean time constant of 62.2 ±15.5s was reported 

for untrained, and 31.9±7.05s for trained, older people (Babcock et al. 1994a). If the 

95% CIs are considered as a percent of the time constant, for these data, this is 25% 

and 22%, respectively. The results from the current study showed that all results 

were within these bounds, except for one repetition, bin-averaged data, for which the 

95% confidence intervals were 36% of the time constant. 

 

One versus eight repetitions  

Parameter estimates did not vary with one compared to eight repetitions. This 

provided confidence in the use of phase 1 determination using one repetition. This is 

especially important in clinical situations where practitioners or even researchers are 

not able to collect eight trials of 
•

2V O  kinetics data. These results infer that phase 1 

can be determined from one repetition successfully and with confidence in the 

resulting parameter estimates. 

 

The results showed statistically significant differences between one and eight 

repetitions for the 95% confidence intervals of τ for both techniques. The χ² was 

larger in the single repetitions for both techniques. None of the kinetic parameters 

were significantly different between one and eight repetitions. These results show 

that although eight repetitions are the more preferable option, one repetition provides 

an accurate measure of time constant, time delay and amplitude, although there is 
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greater chance for a type 2 error (i.e., there is more power with eight repetitions, 

therefore the confidence intervals tend to be tighter).  

 

These results are essential for the clinical application of this technique as it shows 

that one repetition is not significantly different to eight repetitions. This has not been 

shown in any previous research. It has previously been thought that one repetition 

could produce similar goodness of fit compared with eight repetitions, but the 

concern was that the time constant would not be reliable (Whipp and Rossiter 2005). 

Appendix Figure H-11 shows this is not the case for the current study. It should be 

emphasised that although the 95% CI of τ were significantly different between one 

and eight repetitions, the Lilliefors test showed that the residuals for one repetition 

were normally distributed, indicating that the application of the model was 

acceptable. In summary the one repetition value for the moving-average technique 

was well within acceptable levels within the current body of literature.  

 

Clinical relevance of results 

Many studies do not use eight repetitions for their research (Koike et al. 1990; 

Chilibeck et al. 1996b; Alexander et al. 2003; Sabapathy et al. 2004). Current 

practice is to ensure that the goodness of fit is optimised and that confidence exists in 

the prediction of the time constant value. If a study is designed to determine the best 

model fit for a set of data (i.e. modification of the monoexponential model), or a 

definitive φ1 for a specific group, then eight repetitions need to be undertaken.  

 

Although research has shown that multiple repetitions at a heavy or severe intensity 

are preferred to reduce the noise in the data (Lamarra et al. 1987), concerns have 

been raised about the time required for multiple trials, and whether it is physically 

feasible to request this of older people (Hollenberg and Tager 2000; Alexander et al. 

2003). Exercise at heavy or severe intensities places an older person at higher risk of 

a cardiac event, or injury occurring, than exercise at moderate intensity. Moderate-

intensity exercise has also been shown to be more representative of activities of daily 

living (ADL). The application of 
•

2V O  kinetics to an older person might be in a 

situation where they wish to go from standing to climbing a flight of stairs, or 
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undertaking the vacuum cleaning. In the current study, it was important to choose a 

workload that was reflective of ADL, because the aim of this thesis is to examine the 

relationship between aerobic variables (including 
•

2V O  kinetics) and falls risk in 

older people.  

 

According to the results of this study it is acceptable to use one repetition for clinical 

practice and research in older people. 

 

Future Research and Study Limitations 

A limitation of this study was the amount of noise in the data, although this was to be 

expected due to the population group and low workloads. To this point in time, we 

have used the most up-to-date methods within the published literature. We chose not 

to undertake any unpublished methods of data cleaning and chose not to remove 

subjectively-determined aberrant breaths. Discussions with pre-eminent researchers 

have produced the following summary of ideas for future research, which as yet 

remains unpublished. 

(a) Some research groups have recently moved away from the traditional three 

standard deviations from the local mean filters, to residual-based filters (i.e., those 

based on the curve fit). This assumes that any noise is that of data not properly fit to 

the curve and should be removed.  

(b) Recently, researchers have started to acknowledge the importance of the 95% 

confidence intervals, but are aware that bin-averaging produces wider confidence 

intervals. To attempt to improve the CI, some researchers iteratively fit the curve, 

then fix the amplitude and time delay and iteratively re-fit the model until the best 

confidence interval for the time constant is reached. Although not specified, this may 

be the reason researchers have been able to use the bin-average technique, yet still 

report tight confidence intervals for τ. This technique is worth considering in future 

investigations.  

(c) It has been recommended that not interpolating bin-averaged one-repetition data 

may reduce the noise in this type of analysis. This is due to the fact that interpolation 

introduces noise, so if noise already exists, interpolation exaggerates the existing 

noise. 
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(d) The use of the bootstrap method for single repetitions (Borrani et al. 2001; Carra 

et al. 2003; Draper and Wood 2005) acts to iterate the data hundreds of times in 

order to improve the goodness of fit and 95% CI in the data. This is another level of 

programming that could be considered in future research. 

 

The author acknowledges that this field is continually changing, and that different 

techniques are continually evolving. This study has been based on common practice 

within published research and acknowledges that the concepts in the above section 

were not adopted by the current study, although there is merit in applying them to 

future research in this field.   

 

Conclusions 

In conclusion, this study found that a φ1 
•

2V O  response does exist in older people. 

The average phase 1 response for this group of adults aged 65 years or over was 29-

30s. This is an important finding that suggests that backward curve fit phase 1 values 

are necessary for accuracy of τ in older people.  

 

This study has shown that using the moving-average technique, accurate time 

constants can be achieved in both single and eight repetitions. It was also shown that 

similar time constant, amplitude, time delay and phase 1 results were found between 

single and eight repetitions for a group of older people. Therefore it is recommended 

that one repetition is suitable for use in clinical practice and research involving older 

people. However, if studies on preferable model fits or phase 1 determination are to 

be undertaken, then multiple repetitions are still required.  

 

The bin-average technique was shown to be suitable for use, but only with eight 

repetitions. This technique may be considered for use with single repetitions in the 

future if a method is found to narrow the 95% CI of τ. Fixing parameters and re-

fitting the model may be a useful method, although a validation study should be run 

on this method first.  
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In conclusion, the results of this study clearly show that one repetition of moderate-

intensity exercise can produce 
•

2V O  kinetic parameters that can be used with 

confidence in older people. 

 

 

 

 

 



 

Appendices 

302 

 

Appendix I: VO2 kinetics Program 
 

All analyses of experimentally-acquired participant data were undertaken using the 

2OV&  kinetics program (Bell 2005) written using MATLAB (7.0 R14, The 

MathWorks. inc).  This included filtering of raw data using local mean and standard 

deviation, spline interpolation into seconds, numerical filtering or bin-averaging and 

curve fitting.  An overview of the program’s functions is presented in Appendix 

Figure I-1. 

Gaussian Residuals
Are the residuals normally distributed?

Goodness of Fit
Was a convergence criteria used to minimise the error and improve the goodness of fit?

Confidence Intervals
Are the confidence intervals within a level that will allow physiological inferences to be 

made?

Yes

Yes

No

Terminate analysisNo

No

Application of Data Treatment Technique
Data treatment was the application of either the moving average technique or the bin-

averaged technique.  One repetition and eight repetitions were tested

Parameter Estimates
Do the parameter estimates make scientific sense and are they similar for single and eight 

repetitions?

Yes

Assessment of the Data Treatment Technique

 

Appendix Figure I-1: Flow chart showing the assessment process for the data 
treatment techniques.  
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Appendix J:  VO2 kinetics data 
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Appendix Table J-1: Backward curve fit phase 1 and group mean phase 1 for moving-average technique for eight repetition ensemble 
averaged data 

 Backward curve fit Phase 1 Group Mean Phase 1 

Subj. No.  φ 1 χ² CI τ δ A φ 1 χ² CI τ δ A 

1 40 0.115 1.4 31.97 1.88 0.95 30 0.18 1.21 37.24 7.33 0.96 

2 34 0.087 2.5 42.60 0.99 1.02 30 0.09 2.28 43.60 2.05 1.02 

3 30 0.100 1.8 50.69 -0.32 0.94 30 0.10 1.76 50.69 -0.32 0.94 

4 28 0.081 1.6 34.84 -0.37 1.02 30 0.08 1.89 35.22 -2.91 1.02 

5 27 0.312 2.5 43.35 1.83 1.13 30 0.31 2.64 42.78 1.95 1.13 

6 30 0.173 2.3 45.68 -1.04 1.08 30 0.17 2.33 45.68 -1.04 1.08 

7 22 0.111 2.2 41.35 1.20 1.07 30 0.12 3.14 41.57 -4.74 1.07 

8 25 0.100 2.8 47.86 -0.39 1.00 30 0.13 3.73 50.50 -6.19 1.00 

9 38 0.155 1.9 40.88 0.90 0.96 30 0.16 1.51 43.14 4.35 0.97 

10 27 0.176 2.5 57.34 1.34 0.99 30 0.19 2.88 57.26 -2.24 0.99 

11 33 0.380 4.0 54.73 -2.80 0.92 30 0.39 3.10 56.82 9.23 0.92 

12 24 0.258 3.1 40.80 0.49 0.95 30 0.26 4.10 43.14 -1.30 0.95 

Mean 29.83 0.17 2.38 44.34* 0.31 1.00 30.00 0.18 2.55 45.64* 0.51 1.00 

SD 5.52 0.10 0.72 7.46 1.36 0.06 0.00 0.10 0.89 6.94 4.67 0.06 

φ 1,  phase 1 (s); χ²,  chi-squared ; CI, 95% confidence interval for the time constant (s);  τ,  time constant (s); δ,  time delay (s); A,  amplitude (l/min); SD,  standard 
deviation.  *denotes a statistically significant difference between individually determined and group mean of the same parameter. 
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Appendix Table J-2: Backward curve fit phase 1 and group mean phase 1 for bin-averaged technique for 8 repetition ensemble 
averaged data. 
 Backward curve fit Phase 1 Group Mean Phase 1 

Subj. No.  φ 1 χ² CI τ  δ A φ 1 χ² CI τ δ A 

1 36 0.040 4.4 32.26 0.81 0.95 29 0.077 4.0 37.96 7.56 0.96 

2 39 0.054 12.8 39.88 -11.73 1.02 29 0.060 7.9 43.68 1.30 1.02 

3 27 0.035 4.9 49.75 -0.37 0.94 29 0.043 6.3 49.68 -4.19 0.94 

4 25 0.038 4.7 33.10 3.71 1.02 29 0.043 8.1 33.39 -7.68 1.02 

5 25 0.110 8.0 43.44 -1.42 1.13 29 0.179 10.8 43.48 -1.35 1.13 

6 28 0.070 6.0 43.37 2.51 1.08 29 0.076 8.0 43.92 -5.80 1.08 

7 29 0.051 9.3 38.29 -3.30 1.07 29 0.051 9.3 38.29 -3.30 1.07 

8 26 0.035 7.3 40.93 -1.73 1.00 29 0.047 12.3 47.53 -13.27 1.00 

9 34 0.095 6.7 40.89 -1.96 0.96 29 0.100 5.4 43.96 5.70 0.97 

10 28 0.097 9.7 56.94 2.86 0.99 29 0.087 9.6 56.56 1.53 0.99 

11 30 0.130 9.2 51.88 5.39 0.92 29 0.139 8.1 54.56 17.79 0.92 

12 25 0.193 12.0 35.82 -3.42 0.95 29 0.149 26.8 49.17 -21.32 0.95 

Mean 29.33 0.08 7.92 42.21* -0.72 1.00 29.00 0.09 9.71 45.18* -1.92 1.00 

SD 4.64 0.05 2.76 7.49 4.48 0.06 0.00 0.05 5.84 6.78 10.09 0.06 

φ 1,  phase 1 (s); χ²,  chi-squared ; CI, 95% confidence interval for the time constant (s);  τ,  time constant (s); δ,  time delay (s); A,  amplitude (l/min); SD,  standard 
deviation.  *denotes a statistically significant difference between individually determined and group mean of the same parameter. 
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Appendix Table J-3: Parameter estimates for eight repetition ensemble averaged data: moving-average and bin-average techniques. 

 Moving-Average Bin-Average 

Subj. No. φ 1 χ² CI τ δ A φ 1 χ² CI τ δ A 
1 40 0.115 1.4 31.97 1.88 0.95 36 0.040 4.4 32.26 0.81 0.95 

2 34 0.087 2.5 42.60 0.99 1.02 39 0.054 12.8 39.88 -11.73 1.02 

3 30 0.100 1.8 50.69 -0.32 0.94 27 0.035 4.9 49.75 -0.37 0.94 

4 28 0.081 1.6 34.84 -0.37 1.02 25 0.038 4.7 33.10 3.71 1.02 

5 27 0.312 2.5 43.35 1.83 1.13 25 0.110 8.0 43.44 -1.42 1.13 

6 30 0.173 2.3 45.68 -1.04 1.08 28 0.070 6.0 43.37 2.51 1.08 

7 22 0.111 2.2 41.35 1.20 1.07 29 0.051 9.3 38.29 -3.30 1.07 

8 25 0.100 2.8 47.86 -0.39 1.00 26 0.035 7.3 40.93 -1.73 1.00 

9 38 0.155 1.9 40.88 0.90 0.96 34 0.095 6.7 40.89 -1.96 0.96 

10 27 0.176 2.5 57.34 1.34 0.99 28 0.097 9.7 56.94 2.86 0.99 

11 33 0.380 4.0 54.73 -2.80 0.92 30 0.130 9.2 51.88 5.39 0.92 

12 24 0.258 3.1 40.80 0.49 0.95 25 0.193 12.0 35.82 -3.42 0.95 

Mean 29.83 0.17 2.38* 44.34* 0.31 1.00 29.33 0.08 7.92 42.21 -0.72 1.00 

SD 5.52 0.10 0.72 7.46 1.36 0.06 4.64 0.05 2.76 7.49 4.48 0.06 

φ 1, χ², CI, τ, δ, A, SD represent, phase 1 (s), chi-squared, 95% confidence interval for the time constant (s), time constant (s), time delay (s), amplitude (l/min), standard 
deviation. *denotes statistically significant difference between a parameter for different techniques. 



 

Appendices 

307 

Appendix Table J-4: Phase 1 duration and parameter estimates for one and eight repetitions for the moving-average technique. 

 8 repetition ensemble averaged data 1repetition data 

Subj. No. φ 1 χ² CI τ δ A φ 1 χ² CI τ δ A 
1 40 0.115 1.4 31.97 1.88 0.95 42 0.694 5.97 41.56 2.21 1.00 
2 34 0.087 2.5 42.60 0.99 1.02 33 0.848 3.63 42.83 -0.73 1.01 
3 30 0.100 1.8 50.69 -0.32 0.94 29 0.376 3.61 74.02 -1.02 0.94 
4 28 0.081 1.6 34.84 -0.37 1.02 28 0.081 1.62 34.84 -0.37 1.02 
5 27 0.312 2.5 43.35 1.83 1.13 27 1.259 4.40 48.28 5.07 1.14 
6 30 0.173 2.3 45.68 -1.04 1.08 32 2.200 10.89 73.07 8.55 1.03 
7 22 0.111 2.2 41.35 1.20 1.07 27 0.334 3.22 42.84 0.37 1.11 
8 25 0.100 2.8 47.86 -0.39 1.00 16 0.398 2.61 52.96 -0.17 1.05 
9 38 0.155 1.9 40.88 0.90 0.96 45 0.524 1.67 27.18 7.97 0.99 
10 27 0.176 2.5 57.34 1.34 0.99 27 1.975 5.90 40.78 0.56 1.00 
11 33 0.380 4.0 54.73 -2.80 0.92 33 0.450 3.20 42.86 1.42 0.91 
12 24 0.258 3.1 40.80 0.49 0.95 20 0.634 2.57 28.69 -1.11 0.95 
Mean 29.83 0.17 2.38* 44.34 0.31 1.00 29.92 0.81 4.11* 45.83 1.90 1.01 
SD 5.52 0.10 0.72 7.46 1.36 0.06 8.08 0.67 2.55 14.85 3.43 0.07 
φ 1, χ², CI, τ, δ, A, SD represent, phase 1 (s), chi-squared, 95% confidence interval for the time constant (s), time constant (s), time delay (s), amplitude (l/min), standard 
deviation. *denotes statistically significant difference between variables. 
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Appendix Table J-5: Phase 1 duration and parameter estimates for one and eight repetitions for the bin-average technique.  

 8 repetition ensemble averaged data 1repetition data 

Subj. No. φ 1 χ² CI τ δ A φ 1 χ² CI τ δ A 
1 36 0.040 4.4 32.26 0.81 0.95 41 0.388 21.2 39.61 0.83 1.00 
2 39 0.054 12.8 39.88 -11.73 1.02 32 0.369 12.2 41.24 -3.68 1.01 
3 27 0.035 4.9 49.75 -0.37 0.94 29 0.339 23.1 70.26 -19.05 0.94 
4 25 0.038 4.7 33.10 3.71 1.02 23 0.228 9.7 63.62 20.35 1.12 
5 25 0.110 8.0 43.44 -1.42 1.13 26 0.795 18.8 47.52 -3.75 1.14 
6 28 0.070 6.0 43.37 2.51 1.08 12 1.104 42.0 64.96 -19.91 1.03 
7 29 0.051 9.3 38.29 -3.30 1.07 26 0.200 10.3 34.47 -4.22 1.10 
8 26 0.035 7.3 40.93 -1.73 1.00 20 0.165 9.7 50.60 -2.49 1.05 
9 34 0.095 6.7 40.89 -1.96 0.96 38 0.295 9.0 35.06 2.17 1.00 
10 28 0.097 9.7 56.94 2.86 0.99 26 0.847 19.9 38.19 -4.21 1.00 
11 30 0.130 9.2 51.88 5.39 0.92 31 0.271 13.5 37.84 -10.47 0.91 
12 25 0.193 12.0 35.82 -3.42 0.95 19 0.333 6.5 23.76 0.19 0.95 
Mean 29.33 0.08 7.92* 42.21 -0.72 1.00 26.92 0.44 16.33* 45.59 -3.69 1.02 

SD 4.64 0.05 2.76 7.49 4.48 0.06 8.08 0.30 9.74 14.20 10.42 0.07 

φ 1,  phase 1 (s); χ²,  chi-squared ; CI, 95% confidence interval for the time constant (s);  τ,  time constant (s); δ,  time delay (s); A,  amplitude (l/min); SD,  standard 
deviation.  * denotes values significantly different between 1 and 8 repetitions (p<0.05). 
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Appendix K: General Indications for 
Stopping an Exercise Test in 
Apparently Healthy Adults*  

 

(American College of Sports Medicine 1995: 78). 
 

*Assumes that testing is nondiagnostic and is being performed without direct physician 

involvement or electrocardiographic monitoring.  

 

 

halla
This appendix is not available online.  Please consult the hardcopy thesis available from the QUT Library
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Appendix L: Borg Scale: Rating of 
Perceived Exertion 
6…… 

7…… Very, very light 

8…… 

9…… Very light 

10…… 

11……Fairly light 

12…… 

13……Somewhat hard 

14…… 

15……Hard 

16…… 

17……Very hard 

18…… 

19……Very, very hard 

20……
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Appendix M: Oxygen uptake kinetics 
summary data for prospective fallers 
and non-fallers 
 

 

 

Appendix Table M-1: Means and standard deviation of 2OV&  kinetics summary 
data for prospective fallers and non-fallers 
 
 φ 1 χ² CI τ δ A 
Non-Faller 30 ±8 699 ±596 4.1 ±2.1 40 ±18 2.6 ±6.1 946 ±106 
Faller 28 ±9 721 ±619 3.9 ±2.3 39 ±20 1.5 ±3.0 931 ±124 
φ 1, phase 1 duration (s); χ², chi-squared; CI, 95% confidence interval of time constant; τ, time 
constant (s); A, amplitude (ml/min).  
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