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Abstract 

Advances in electronic sensor technologies have led to the increased use of 

accelerometers for measuring physical activity and sedentary behaviours.  

Accelerometers overcome many of the inherent limitations of other measurement 

methods; for example, unlike self-reported instruments, accelerometers are free from 

random and systematic errors introduced by respondents and interviewers, cultural 

tradition, and language.  However, accelerometers have their own set of limitations; for 

example, not all accelerometers are created equal and raw accelerometer data require 

significant data mining procedures in order to yield meaningful outcome variables.  

Therefore the overall purpose of this three study dissertation was to determine the impact 

accelerometer model has on the development of a comprehensive physical activity and 

sedentary behaviour profile and to design and apply novel profiling methods in an order 

to gain new insights into children‘s physical activity.    

 

Study One 

Purpose: To determine which of the three most commonly used accelerometer models 

has the best intra- and inter-instrument reliability using a mechanical laboratory setup.  

Secondly, to determine the effect acceleration and frequency have on these reliability 

measures.  Methods: Three experiments were performed.  In the first, five each of the 

Actical, Actigraph, and RT3 accelerometers were placed on a hydraulic shaker plate and 

simultaneously accelerated in the vertical plane at varying accelerations and frequencies. 

Six different conditions of varying intensity were used to produce a range of 

accelerometer counts.  Reliability was calculated using standard deviation, standard error 

of the measurement, coefficient of variation, and intraclass correlation coefficients.  In 
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the second and third experiment, 39 Actical and 50 Actigraph accelerometers were put 

through the same six conditions.  Results:  Experiment One showed poor reliability in 

the RT3 (intra- and inter-instrument CV > 40%).  Experiments Two and Three clearly 

indicated that the Actical (CVintra = 0.5%; CVinter = 5.4%) was more reliable than the 

Actigraph (CVintra = 3.2%; CVinter = 8.6%).  Variability in the Actical was negatively 

related to the acceleration of the condition while no relationship was found between 

acceleration and reliability in the Actigraph.  Variability in the Actigraph was negatively 

related to the frequency of the condition while no relationship was found between 

frequency and reliability in the Actical.  Conclusion:  Of the three accelerometer models 

measured in this study, the Actical had the best intra- and inter-instrument reliability.  

However, discrepant trends in the variability of Actical and Actigraph counts across 

accelerations and frequencies preclude the selection of a ‗superior‘ model.  More work is 

needed to understand why accelerometers designed to measure the same thing, behave so 

differently. 

 

Study Two 

The accurate measurement of habitual physical activity is fundamental to the study of the 

relationship between physical activity and health.  However, many physical activity 

measurement techniques produce variables accurate to only the day level, such as total 

energy expenditure via self-report questionnaire, pedometer step counts or accelerometer 

measurements of minutes of moderate to vigorous physical activity. Monitoring 

technologies providing more detailed information on physical activity/sedentary 

behaviour can now be used to explore the relationships between health and movement 

frequency, intensity, and duration more comprehensively.  This paper explores the 
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activity and sedentary profile that can be acquired through objective monitoring, with a 

focus on accelerometry.  Using previously collected objective data, a detailed physical 

activity profile is presented and case study examples of data utilization and interpretation 

are provided. The rich detail captured through comprehensive profiling creates new 

surveillance and study possibilities and could inform new physical activity guidelines. 

Data are presented in various formats to demonstrate the dangers of misinterpretation 

when monitoring population adherence to Canada‘s Physical Activity Guidelines. 

Recommendations for physical activity and sedentary profiling are provided and future 

research needs identified. 

   

 

Study Three 

Purpose:  This study explored the influence of modernity on the physical activity 

behaviours (e.g. intensity and timing) of children.  Methods: Children aged 8-13 years 

living a traditional lifestyle (Old Order Amish; OOA n=68, Old Order Mennonite; OOM 

n=120) were compared with children living a contemporary lifestyle (rural 

Saskatchewan; RSK n=132 and urban Saskatchewan; USK n=93).  Physical activity was 

objectively assessed for seven consecutive days using Actigraph 7164 accelerometers.  

Custom software was used to reduce the raw accelerometer data into standardized 

outcome variables.  Results:  On weekdays there were group differences in moderate 

physical activity between all lifestyle groups (OOA > OOM > USK > RSK).  On the 

weekend, the group differences in moderate physical activity persisted between, but not 

within, lifestyle groups (OOA = OOM > USK = RSK).  During school hours, all groups 

had similar activity and sedentary timings; however, they differed in magnitude with the 

OOA and OOM being both more sedentary and more active.  Compared to in school, the 
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OOA and OOM children had 44% lower sedentary time out of school compared to only 

15% lower for RSK and USK children.  Conclusions:  Though cross-sectional, these data 

suggest that contemporary/modern living is associated with lower levels of moderate and 

vigorous intensity physical activity compared to lifestyles representative of earlier 

generations.  Analyzing the physical activity and sedentary patterns of traditional lifestyle 

groups such as the OOA and OOM can provide valuable insight into the quantity and 

quality of physical activity necessary to promote health.  

 

General Conclusions:  Together, these three studies will help contribute to the 

generation of best practices in the accelerometric profiling of both physical activity and 

sedentary behaviours. 
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Chapter 1: Introduction and review of literature 

1.1 Introduction 

Physical activity plays in important role in the aetiology of over 35 chronic diseases and 

disorders, the most alarming of which is the epidemic rise in the prevalence of obesity and type 2 

diabetes in the developed world (Booth et al. 2002; Chakravarthy and Booth 2004).  Accurate 

measurements of physical activity are crucial to our understanding of the activity–health 

relationship, estimating population prevalence, identifying correlates, detecting trends, and 

evaluating the efficacy of interventions (Dollman et al. 2008b).  Unfortunately, the exposure 

assessments in physical activity epidemiology are often crude which can contribute to 

inconsistent results among studies (Lagerros 2009; Lagerros and Lagiou 2007b).  Traditionally, 

epidemiologists have relied on the assumption that the use of simple exposure measures lead to 

an underestimation of the true exposure-health relationship; however, physical activity is doubly 

complex because it can be both over and under reported (Welk et al. 2002).  Unfortunately, most 

large studies of physical activity, including most national population surveillance programs, rely 

almost exclusively on ―simple‖ exposure measures such as those obtained from physical activity 

questionnaires (Katzmarzyk and Tremblay 2007).  Although questionnaires have been sufficient 

to demonstrate crude associations with disease end-points, uncertainties exist about the 

subjective nature of the data, which dimension of physical activity is being assessed, and the 

degree to which the assessment is valid (Adams et al. 2005; Rennie and Wareham 1998; Sallis 

and Saelens 2000; Schmidt et al. 2008; Shephard 2003; Wareham and Rennie 1998).  As a result, 

the exact quantity, quality, and type of physical activity required to establish health protection 

remains unclear.  Such clarity can only be achieved with reliable and valid measurement 

instruments.   
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Choosing the most appropriate instrument(s) to measure physical activity in a particular 

study depends on a number of factors, including the main dimension(s) of physical activity that 

is of health interest, the size of the study, and the frame of reference (e.g., current activity or past 

activity) (Rennie and Wareham 1998).  A vast array of possible field methods exist and the 

relative merits of each have been well described previously (Montoye et al. 1996; Welk 2002).  

Recent advances in low power, low cost, microelectromechanical systems (MEMS) has lead to 

an increase in sensor-bases activity monitoring technologies such as pedometers, inclinometers, 

and accelerometers to name a few (Chen and Bassett, Jr. 2005).  However, over the past decade 

it has been accelerometers that have gained the favour of researchers.  Fortunately, industry 

responded to this demand by turning out a number of different models and greatly increasing the 

functionality of these measurement tools (see Godfrey et al. (2008) for a comprehensive review).  

In fact, accelerometers are now one of the most commonly used tools for assessing free-living 

physical activity (Welk 2002) and are playing an increasing role in surveillance, observational, 

and intervention research.  However, not long ago accelerometers were still being considered 

technologies that were in the developmental stage.  For example in a 1999 Copper Institute 

hosted meeting titled ―Measurement of Physical Activity‖, one of the conclusions was that 

objective sensors were not practical for large-scale studies because of the high cost, uncertain 

reliability, and difficulties in the interpretation of the data (Troiano 2005).  However, less than 

five years later, in 2004 at a conference titled ―Objective Measurement of Physical Activity: 

Closing the Gaps in the Science of Accelerometry‖, use of accelerometry was overwhelmingly 

supported as ―ready for prime time‖.  Although the 60 invited scientists, the present author 

among them, endorsed the use of accelerometers for measuring physical activity, consensus 
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could not be reached on decisions related to data analysis nor could agreement on cut points for 

the classification of physical activity intensity be reached (Troiano 2005).   

Five years later, in 2009, the American College of Sports Medicine was one of a quartet 

of organizations, among them, the National Cancer Institute, the National Heart, Lung, and 

Blood Institute, and the National Institute of Environmental Health Sciences that co-sponsored a 

meeting titled Objective Measurement of Physical Activity Conference: Best Practices and 

Future Directions. The aim of the conference was to identify the ―what‖ and the ―how‖ of 

objective monitoring of physical activity. Organizers wished to tackle multiple issues, inter alia, 

the lack of a ‗Best Practice‘ for:  1) determining which accelerometer to use for a given 

application, 2) accelerometric data reduction and the generation of outcome variables, and 3) 

profiling/interpreting physical activity and sedentary data.  These issues are seen as the major 

hurdles in the evolution of the accelerometric measurement of physical activity. 

Therefore, the purpose of this three study dissertation was to develop innovative methodologies 

in each of these above-mentioned areas in an effort to establish a solid foundation for the 

development of ‗Best Practice‘ in these important areas of physical activity measurement.   

Aims of Study 1 

The purpose of Study One was to determine which of the three most commonly used 

accelerometer models Actical (Mini Mitter Co., Inc., Bend, OR), Actigraph model 7164 

(Actigraph, Fort Walton Beach, FL), or RT3 (Stayhealthy, Inc., Monrovia, CA) has the best 

intra- and inter-instrument reliability, using a mechanical laboratory setup. Secondly, this study 

aimed to determine the individual and combined effects of acceleration and frequency of 

movement on accelerometer count output. 

Aims of Study 2 
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Study Two is a review paper that explores the physical activity and sedentary behaviour 

profiles that can be acquired through objective monitoring, with a focus on accelerometry. Using 

previously collected objective data, a detailed physical activity profile is presented and case 

study examples of data utilization and interpretation are provided.  The rich detail captured 

through comprehensive profiling creates new surveillance and study possibilities and could 

possibly inform new physical activity guidelines. Data are presented in various formats to 

demonstrate the dangers of misinterpretation when monitoring population adherence to Canada‘s 

physical activity guidelines.  Recommendations for physical activity and sedentary profiling are 

provided and future research needs identified. 

Aims and Hypotheses of Study 3 

The purpose of Study Three was to profile the physical activity and sedentary behaviours 

of Old Order Amish (OOA), Old Order Mennonite (OOM), and contemporary-living children as 

a means of assessing the influence of lifestyle. Hypothesis 1 was that group differences in 

physical activity would be evident (i.e., Amish > Mennonite > contemporary-living children). 

Hypothesis 2 was that group differences in sedentary time would be evident (i.e., contemporary-

living > Mennonite > Amish children). Hypothesis 3 was that the time of the day and the day of 

the week when most (majority) of the physical activity occurring in Amish and Mennonite 

children would be different from that occurring in the contemporary-living children.   

 

1.2  Review of literature 

1.2.1  Measurement 

Galileo is often credited as the father of modern science as it was his 1610 dictum, 

―Count what can be counted, measure what is measureable and what is not measureable, make 
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measurable‖, that initiated the transformation of science from that based on Aristotelian logic to 

that of empiricism (Ferris 2004).  Up until the Renaissance, scientists were free to declare any 

logically founded physical statement and no experimental proof, no measurements were needed 

(Walcher 1988).  In 1693 Decartes contributed to this paradigm shift (Kuhn 1996) in science by 

suggesting that the mind solves problems by breaking them down into successively smaller 

elements until they become understandable a paradigm that has become known as reductionism 

(Sydenham 2003).   

Perhaps the most well known declaration on measurement was that made by William 

Thomson (Lord Kelvin).  In 1883, during a lecture to the Institution of Civil Engineers, he stated 

‗‗In physical science a first essential step in the direction of learning any 

subject is to find principles of numerical reckoning and methods for 

practicably measuring some quality connected to it. I often say that when you 

can measure what you are speaking about, and express it in numbers, you 

know something about it; when you cannot measure it, when you cannot 

express it in numbers, your knowledge is of a meagre and unsatisfactory 

kind: it may be the beginning of knowledge, but you have scarcely, in your 

thoughts, advanced to the stage of science, whatever the matter may be.‘‘ 

However, the notion that to be valued, scientific data must be expressed objectively in the form 

of dimensional measurements is an misinterpretation of Kelvin‘s dictum (Sydenham 2003).  

Although the paradigm shifting dicta of these great thinkers ushered in an age of enlightenment 

for science, the over-zealousness of Kelvin‘s supporters led one prominent clinical 

epidemiologist to declare ―the curse of Kelvin‖ (Feinstein 1971).  Feinstein reminds us that 

Kelvin, a physicist, was addressing engineers when he made that statement and goes on to warn 

against the unthinking and inappropriate worship of quantifiable information in medicine.  This 

lamentation is shared by many fields of study as most seem easily seduced into accepting the 

objectivity of apparent quantification.  One needs only read through the litany of scales created 
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to assign numbers to the subjective to find evidence of this numerophilia (Seidel 1986).  

However, quantitative measures alone offer only a partial definition of phenomena. 

Quantification is a crucial limitation in the realm of social measurement because the complexity 

of most social interactions and change can rarely be understood purely in terms of quantifiable 

parameters (US General Accounting Office 1979). 

Throughout his life, Kelvin (1824-1907) would have seen firsthand the strides made in 

the medical sciences as clinicians began to employ advanced measurement systems, complete 

with physical measurement tools, to assist in disease diagnoses, prognoses, and the development 

of therapeutic guidelines.  Invented in 1816 and 1895 respectively, the stethoscope and the x-ray 

are cogent examples of this evolution as it allowed physicians to base their diagnoses on 

information/data obtained from mechanical/electrical instruments rather than solely on 

subjective, self-reported histories or visual inspection (Reiser 1979).  The development and 

adoption of these new measurement tools/procedures ultimately lead to a paradigm shift in terms 

of the theory of disease.  

Fortunately, the concept of measurement has evolved over time from being overly 

focused on quantification in and of itself, to a broader focus on the elicitation of information 

about the phenomena being measured and making that information meaningful and usable (Ferris 

2004).  The essentials of this form of measurement system require the answers to the following 

questions (Sydenham 1985): 

i) What knowledge is sought? 

ii) What measurands (i.e., particular quantity subject to measurement) need to be 

used? 

iii) What should the performance specification of the measurands be? 



 

7 

 

iv) How are the resultant measured data to be used? 

This concept of measurement is nicely laid out by Sydenham‘s (2003) continuum of intelligence 

(Figure 1.1).  Unfortunately, the weakest step in the measurement process is the decision of what 

to measure.  The sign hanging over Albert Einstein‘s office door at Princeton captures this 

sentiment particularly well, it reads:  Not everything that counts can be counted, and not 

everything that can be counted counts.  It is clear that the decision of what to measure (i.e., what 

data to collect) needs to be well informed in order to facilitate the task of translating data into 

much sought after knowledge and further up the taxonomy to wisdom.  Indeed, this led one 

acclaimed futurist to say:  ―we are drowning in information, but we are starved for knowledge‖ 

(Naisbitt 1986).  The fact is, most fields of study are inundated with data; however, the 

translation of those data into useful knowledge is severely undersubscribed (Larose 2005). 

  

 

Figure 1.1.  Schematic of a continuum of intelligence for a measurement system. 

Note:  As published in Sydenham (2003) 
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1.2.2  Definition of Physical Activity 

In the field of physical activity, the decision of what to measure is made even more 

difficult because the exposure is complex and multidimensional (LaPorte et al. 1985) and 

researchers often use different terms to define the underlying dimensions.  For example, exercise 

physiologists often define physical activity as ―any bodily movement produced by skeletal 

muscles that results in caloric expenditure‖ (Caspersen 1989).  However, others have suggested 

that physical activity involves a behavioural component implying that some level of voluntarism 

is involved (Freedson and Miller 2000).  Others stress the importance of sub-dimensions of 

physical activity—frequency, intensity, duration, mode, and context (Haskell 2001; Kesaniemi et 

al. 2001; Montoye 2000).  Frequency is defined as the number of bouts of activity per time 

period (e.g., day, week, month, etc.).  Intensity is defined as the effort associated with the 

physical activity (e.g., light, moderate, vigorous) and is usually expressed in terms of energy 

expenditure.  Duration refers to the time spent in physical activity (e.g., minutes, hours).  

Together, the product of frequency, intensity, and duration yield the volume of physical activity 

or dose.  The mode of physical activity helps describe what type of activity is being performed 

(e.g., walking, running, swimming, gardening).  Finally, the physical activity context refers to 

the practice of categorizing one‘s physical activity according to identifiable portions of daily life 

(e.g., leisure-time, occupational, transportation-related physical activity). 

 

1.2.3  Measuring physical activity   

In addition to understanding the sub-dimensions of physical activity, one must understand 

the relationship between physical activity the behaviour, and energy expenditure, the caloric cost 

of the behaviour (Figure 1.2).  This is particularly important in terms of understanding the dose-
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response relationship between physical activity and health.  The global construct representing the 

exposure variable within the activity-health paradigm is best defined as ―movement,‖ with two 

dimensions: physical activity (the behaviour) and energy expenditure (the physiological response 

to the behaviour) (Lamonte and Ainsworth 2001).  Regardless of the methods used to measure 

movement, some form of extrapolation to units of energy expenditure is necessary to assess the 

relationship between movement and health outcomes.  The reason for this extrapolation is due to 

the fact that energy expenditure has been shown to relate better to health outcomes than specific 

forms of physical activity (Lee and Paffenbarger, Jr. 1998; Manson et al. 1999).  Assessments of 

behaviour include among others, direct observation, physical activity diaries, recall 

questionnaires, pedometers, and accelerometers.  Assessments of energy expenditure include 

among other methods, calorimetry, labelled isotope methods, and energy intake.     
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Figure 1.2.  A conceptual model of the relationship between movement, physical activity, and 

energy expenditure, as well as various measurement methods (adapted from LaMonte and 

Ainsworth (2001)). 

 

Each branch of the conceptual model in Figure 1.2 can be further sub-classified.  The first 

entry in each listing has its font bolded to indicate that the direct measurement is different from 

the other methods in the list.  More specifically, the items that follow the direct methods are 

designed to indirectly quantify the directly measured entity.  However, there is another important 

distinction that must be made when measuring energy expenditure and it relates to which 
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components of energy expenditure are included in any given measurement method.  For 

example, Figure 1.3 highlights the fact that total daily energy expenditure (TEE) can be divided 

into 4 major components:  1)  resting metabolic rate (RMR), 2) thermogenesis, 3) non-exercise 

activity thermogenesis (NEAT) which includes spontaneous forms of physical activity such as 

fidgeting and postural tone, and 4) exercise, the term used to define more purposeful physical 

activity (Ravussin 2005).  These latter two categories are often combined under the umbrella 

term of physical activity energy expenditure (PAEE).  RMR represents 50-70% of TEE, 

thermogenesis, which also includes the thermal effect of food digestion and accounts for 10% of 

TEE, where PAEE represents 20-40% of TEE and is the most variable or modifiable component.  

 

 

Figure 1.3.  Schematic of the components of total daily energy expenditure 

Note: saw tooth lines indicate highly modifiable components; adapted from Ravussin (2005) 

^^^^^^^^^^^^^^^^^^^^^^^^^^^ 

^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
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The sections that follow provide a brief description of the various common methods of 

assessing physical activity and physical activity-derived energy expenditure.  The section on 

accelerometry is, in comparison, much more detailed as it is fundamental to this dissertation 

research. 

      

1.2.4  Direct Calorimetry 

Calorimetry is term given to the measurement of heat production and can be 

conceptualized as belonging to one of two categories, direct, and indirect.  Direct calorimetry, as 

the name suggests, measures heat output directly.  In the nutritional sciences, a bomb calorimeter 

(see Figure 1.4) is used to assess the energy value of food.  Bomb calorimeters operate on the 

principle of direct calorimetry, measuring the heat liberated as food burns entirely.  Given that 

the first law of thermodynamics states that energy can neither be created nor destroyed but only 

converted from one form to another, the quantity of heat liberated is equal to the energy content 

in the macronutrients of the food.  In the food industry, the favoured unit of measurement to 

express a given quantity of heat is a kilogram calorie or kilocalorie (kcal).  A kilocalorie 

represents the amount of heat required to raise the temperature of 1 kg (1L) of water by 1 °C.  

The kilocalorie is a pre International System of Units (SI) unit and although its use is 

commonplace in the food and exercise science industries, the preferred scientific unit is the 

kilojoule (kJ); where 1 kcal = 4.184 kJ. 

The same measurement principles of the bomb calorimeter can be applied to the study of 

human energy balance using direct calorimetry.  The key principle behind direct calorimetry is 

that all of the body‘s metabolic processes ultimately result in heat production.  For example, in 
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cellular respiration, the chemical energy in food (i.e., carbohydrate, lipid, and protein molecules) 

is transferred to other activated molecules, most notably, Adenosine Triphosphate (ATP).  The 

simple example outlined in equation 1.1 describes the energy liberating breakdown of one mole 

(180 grams) of glucose. 

 

C6H12O6  +  6 O2 → 6 CO2 + 6 H2O + 36 ATP + Heat     -∆G 686 kcal ∙ mol
-1

      (1.1) 

 

 

 
 

Figure 1.4.  Schematic of a bomb calorimeter 

Note: As published by McArdle et al. (2001b) 
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Often described as the energy currency of the body, ATP is the chemical storage form of energy 

that, when released (see equation 1.2), is harnessed to perform all biological work, from 

breathing and digestion to skeletal muscle contractions. 

ATP + H2O → ADP + Pi     -∆G 7.3 kcal ∙ mol
-1

               (1.2) 

 

However, unlike the bomb calorimeter, the human body is not an efficient machine as 62% of the 

energy required to metabolize glucose is liberated as heat, as a by-product.  Fortunately, this heat 

can be measured and can be used as a method of measuring physical activity or more 

specifically, energy expenditure.  Human heat production is measured via a direct calorimeter, a 

thermally-insulated chamber through which an absorbent medium is pumped via piping and/or 

ductwork (e.g., water or air) (see Figure 1.5).  That is, the difference in temperature between the 

water entering and leaving the chamber directly reflects the human heat production.  The sources 

of this heat are: radiation, convection, conduction, evaporation, work against external forces, and 

stored heat (Webb 1980).   

In the seven year period from 1896-1902 Atwater and Benedict (1903) developed the 

method of direct calorimetry and in effect, verified the fact that the first law of thermodynamics 

was as applicable to live reactions in humans and animals as it was inanimate reactions.  Their 

pioneering work also helped establish the validity of indirect calorimetry (described in detail in 

the next section).  Though highly accurate (1%) and precise (2-3%), direct calorimetry is 

expensive, technically demanding and too restrictive to allow measurement of heat production in 

free-living environments (Schoeller and van Santen 1982).  For these reasons, calorimetry is 

mainly used to validate other methods of assessing physical activity or to determine the energy 

costs of specific activities (Montoye et al. 1996).  
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Figure 1.5.  Schematic of the Atwater-Rosa calorimeter 

Note: As published by McArdle et al. (2001a) 

    

 

1.2.5  Indirect Calorimetry  

 

Indirect calorimetry calculates heat production from the stoichiometry of substrate 

oxidation by measuring the gas exchange associated with the oxidation of energy substrates.  

Equation 1.1 shows that cellular respiration consumes oxygen and produces carbon dioxide and 

heat.  It is therefore possible to indirectly determine human heat production by measuring 

oxygen consumption and carbon dioxide production.  Although the majority of energy for 

muscle contraction is generated by cellular respiration in the mitochondria, gas exchange at the 

lungs provides a valid measure of tissue respiration during steady-state activities.  Steady-state 

activities are those in which the rate of oxygen consumption is sufficient to meet the oxygen 
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demands of the tissues and anaerobic metabolic pathways are not called upon.  The energy 

expended during steady-state activities is readily determined because the consumption of one 

litre of oxygen yields approximately 5 kilocalories. The actual energy yield per litre of oxygen 

consumed varies with the macronutrient composition of the foodstuffs oxidized.  By measuring 

the ratio of carbon dioxide produced to oxygen consumed (a metric called the respiratory 

quotient, RQ) one can determine the proportion of a given fuel source (i.e., fat, carbohydrate, 

protein) being oxidized.  When fat is the sole source of energy (see equation 1.3), RQ is 0.70 and 

the energy yield is 4.68 kcal per litre of oxygen.  When carbohydrate is oxidized exclusively (see 

equation 1.4), RQ is 1.00 and the energy yield is 5.06 kcal per litre of oxygen (Starling 2002).  

Because protein (i.e., nitrogen) contributes little to energy metabolism, it is often left 

unmeasured because the extra effort involved in quantifying urinary nitrogen is often not worth 

the less than one percent reduction in error.  As a result, most metabolic equations assume a 

mixed fuel source with 40% carbohydrate and 60% fat is present which results in an RQ of 0.82 

and equates to an energy yield of 4.825 kcal per litre of oxygen consumed.   Therefore, the 

maximum error involved in the estimation of energy expenditure during steady-state oxygen 

consumption is approximately 4%, on average (McArdle et al. 2001a).  However, by actually 

measuring RQ, the error can be reduced to less than 2% (Seale et al. 1990).  In 1949 a Scottish 

physician and physiologist derived an equation (see equation 1.5) to calculate heat energy 

production from RQ and oxygen consumption (measured in litres per minute ( VO2)) (Weir 

1949).  

 

 C16H32O2 + 23 O2 → 16 CO2 + 16 H2O RQ = 16 CO2 / 23 O2 = 0.696                 (1.3) 

 C6H12O6 + 6 O2 → 6 CO2 + 6 H2O  RQ = 6 CO2 / 6 O2 = 1.00      (1.4) 
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 kcal ∙ min
-1

 = [ (1.1 ∙ RQ) + 3.9] ∙ VO2          (1.5) 

 

 The original conceptualization of an indirect calorimeter was similar to that of a whole 

room calorimeter; however it was instead called a respiration chamber.  By controlling and 

measuring the volume and composition of air flowing into and out of the respiration chamber 

oxygen consumption and carbon dioxide production could be quantified and thus energy 

expenditure calculated.  Although respiration chambers are still in use today, modern metabolic 

systems permit the measurement of gas exchange outside the confines of the chamber via 

laboratory metabolic carts or in the field via portable systems which allows for measurements to 

take place in more free-living environments. 

 

1.2.6  Doubly Labelled Water 

 

Although direct and indirect calorimetry are often considered ‗gold standard‘ measures of 

energy expenditure in the laboratory, the doubly labelled water (DLW) method has emerged as a 

viable criterion measure of total energy expenditure in the field.  The basic premise of the 

technique is that a dose of water containing known concentrations of stable isotopes (often called 

tracers) of hydrogen (
2
H) and oxygen (

18
O) is ingested and allowed to equilibrate with total body 

water.  Over time, labelled hydrogen, also known as deuterium, is expelled from the body as 

water (
2
H2O) in the form of urine, sweat, and expired water vapour.  Concurrently, labelled 

oxygen is expelled from the body as water (H2
18

O) and as expired carbon dioxide (C
18

O2) 

produced by the carbonic anhydrase system.  Therefore, metabolic carbon dioxide production ( V

CO2) can be calculated from the difference in elimination rates of the two isotopes because 
18

O 

in expired carbon dioxide is in equilibrium with 
18

O in body water (Lifson 1966).  Oxygen 

uptake and total body energy expenditure are extrapolated from VCO2 and an estimate of the 
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RQ is obtained from published equations (Black et al. 1986).  At the baseline assessment, high 

precision isotope-ratio mass spectrometers are used to measure naturally occurring 
2
H and 

18
O in 

urine or saliva before the dose of DLW is ingested. Thereafter, urine or saliva samples are 

analysed daily or after 7 and 14 days.  The timing of the isotope measurements is key because if 

the period of observation is too long the concentration of the dosed isotope is too small relative 

to the naturally occurring isotopes and if the period of observation is too short, then the 

elimination curve cannot be accurately calculated.   

The DLW method is safe, unobtrusive and much less likely to influence the behaviour of 

subjects than other methods of assessing physical activity. Compared to direct or indirect 

calorimetry, total energy expenditure is accurate within 1% to 3% and repeated measures vary by 

only 4% to 7% (Schoeller and van Santen 1982).  However, the DLW method offers no 

information about the nature or temporality of the physical activity undertaken.  Furthermore, 

TEE derived from the DLW method does not distinguish between the duration, frequency, or 

intensity of the physical activity (Lamonte and Ainsworth 2001), crucial variables for assessing 

the relationship between physical activity and health.  The feasibility of this measurement 

technique for widespread use is constrained by the cost of labelled oxygen, the cost of isotope-

ratio mass spectrometers, and by the availability of trained investigators (Montoye et al. 1996).  

As such, DLW is best applied as either a reference method for evaluating other field measures of 

physical activity or for testing hypotheses generated from population studies. 

 

1.2.7  Isotope Labelled Bicarbonate 

Another tracer technique, the isotope labelled bicarbonate (radioactive NaH
14

CO3) 

method is principally similar to DLW and has been used to measure free-living total daily energy 
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expenditure over shorter observation periods  (from hours to up to 5 days) than in studies of 

DLW (Elia et al. 1988; Gibney et al. 2003).  A known quantity of tracer is infused at a constant 

rate and eventually diluted by the body‘s CO2 pool.  Labelled carbons are recovered from 

expired air, blood, urine, or saliva.  Metabolic VCO2, is determined from an isotope dilution 

curve.  Total energy expenditure is estimated from endogenous VCO2 production and standard 

published equations for estimating RQ.  More recently, Raj and colleagues (2006) demonstrated 

the possibility of using stable isotope labelled bicarbonate (NaH
13

CO3) in addition to the 
14

C 

labelled substrate.  In a concurrent validity study, Gibney and colleagues (2003) showed that the 

labelled bicarbonate method was equally valid to that of indirect calorimetry (assessed by a 

whole room calorimeter) and DLW.  As one might expect, the limitations of bicarbonate tracer 

methods are similar to those discussed for DLW. 

 

1.2.8  Heart Rate Monitoring 

Heart rate monitoring made its debut in the field of Sports Science in 1978 with the first 

commercial release of a portable heart rate monitor for exercise training (Laukkanen and 

Virtanen 1998).  Although this new device, the first to depart from the electrocardiograph 

(ECG), Holter-style embodiment, was marketed to sport coaches, it did not take long for exercise 

scientists to recognize its utility for the measurement of physical activity.   The ability to 

measure and store heart rate data minute-by-minute was a significant advancement over older 

heart rate accumulation methods.  Temporal heart rate data provides rich profiling information 

on frequency, intensity, and duration of physical activity (see Figure 1.6).  Obtaining measures of 

heart rate (e.g., beats per minute) provides direct temporal evidence of the physiological response 

attributable to physical activity (Armstrong 1998; Welk et al. 2000).  Based on the assumption 
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that a linear relationship exists between oxygen uptake ( VO2) and heart rate (Wilmore and 

Haskell 1971) one can estimate physical activity energy expenditure.  However, this method is 

plagued with high levels of individual variability, with errors in energy expenditure ranging from 

20-50% (Livingstone et al. 1990).  A large portion of the variability can be attributed to 

differences in age, gender, and fitness levels between individuals.  However, if individual VO2–

heart rate curves are incorporated via incremental exercise tests, the error in heart rate derived 

energy expenditure is greatly improved to 5-18% (Bradfield et al. 1970; Strath et al. 2000) and 

becomes comparable to estimates obtained by indirect calorimetry (Spurr et al. 1988) and the 

DLW method (Davidson et al. 1997). 

 

 

Figure 1.6.  Twelve hour heart rate profile of a child from 8:00AM to 8:00PM 

Note: As published by Janz (2002) 

 

 Further imprecision in the estimate of energy expenditure from heart rate can be 

attributed to attenuation in the VO2–heart rate relationship during low and very high intensity 
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activities (Acheson et al. 1980).  Other known confounders have been shown to skew heart rate 

while having minimal, and at times, variable impact on VO2 (e.g., body temperature, size of the 

active muscle mass (upper vs. lower body), type of exercise (static vs. Dynamic), stress, certain 

medications, fatigue, body position, hydration status, consumption of stimulants such as nicotine 

or caffeine) (Acheson et al. 1980; Livingstone 1997; Maas et al. 1989; Montoye et al. 1996; 

Montoye and Taylor 1984; Parker et al. 1989).  Yet another challenge presented by heart rate 

monitoring is the fact that heart rate suffers from a temporal lag in response to the initiation or 

cessation of physical activity (Strath et al. 2000) making it more difficult to assess concurrent 

validity with other measurement methods.-rate recorders capable of registering and saving 

 

1.2.8 Self-Report Questionnaires, Logs/Diaries, and Interviews  

A seminal comprehensive review (LaPorte et al. 1985) concluded that self-report 

procedures provide the requisite combination of accuracy and practical application for assessing 

a population‘s physical activity levels.  Therefore, it is not surprising that the most common 

method of measuring population-level physical activity is through self report measures, such as 

diaries/logs, surveys, interviews, or questionnaires (Adamo et al. 2009).  These measures are 

popular due to their feasibility/practicality, low cost, low participant burden, and general 

acceptance (Dishman et al. 2001; Kohl et al. 2000).  Physical activity diaries are often more 

accurate than recall surveys and recall questionnaires; however, diary completion is burdensome 

to participants; diary interpretation is burdensome to investigators; diary records may not reflect 

long-term physical activity patterns; and, diary use may alter one‘s physical activity habits by 

acting as a motivational tool (i.e., subject reactivity).  Unlike diaries, recall surveys and recall 

questionnaires have no effect on behaviour and require relatively little effort by respondents.  
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Questionnaires can be self completed or interviewer administered and record information on the 

frequency, intensity, duration, and type of activities performed over a particular period of time.  

From these variables, estimates of the volume of activity-specific energy expenditure, expressed 

in metabolic equivalents (METS) or kilocalories can be calculated.  Although self report 

questionnaires are useful for gaining insight into the physical activity levels of populations, they 

risk overestimating and/or underestimating true physical activity energy expenditure and 

sedentary behaviours (Adamo et al. 2009).  That said, some global assessments administered by 

telephone, questionnaire, or interview seek only categorical information, such as participation in 

regular exercise or self-rating of physical activity relative to peers (Jacobs, Jr. et al. 1993).  The 

Physical Activity Questionnaire for Children (PAQ-C) is an example of a self-administered, 7-day 

recall questionnaire that measures general moderate-to-vigorous physical activity levels during the 

school year.  The PAQ-C is low cost, reliable and valid assessment of physical activity for children 

and its ease of administration make it feasible for large-scale studies. The questionnaire was used 

successfully in the University of Saskatchewan‘s longitudinal Pediatric Bone Mineral Accrual Study 

(Bailey et al. 1999) (see Appendix A for a copy of the full questionnaire, complete with scoring 

procedures).   

The self report methods of recalling intensity, frequency and duration of bouts of activity 

are considered problematic in children who are less time conscious than adults and tend to 

engage in physical activity in intermittent or sporadic bouts with varied intensities rather than 

consistent patterns (Armstrong and Bray 1991; Bailey et al. 1995; Berman et al. 1998).  Not only 

is reliability compromised by recall difficulties but also the validity of measures may be affected 

in children and adolescents who feel compelled to respond in a certain way (Jago et al. 2007a).  

Warnecke and colleagues (1997) attributed the over reporting of physical activity in these 
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situations to what he called social desirability.  It seems that society has come to know that being 

physically active, like eating a well balanced diet, is the socially desirable ―thing to do‖.   

In fact, self report questionnaires possess several additional limitations in terms of their 

reliability and validity (Shephard 2003).  The list below outlines some key examples of potential 

issues that may arise when different questionnaires are used or during repeat administrations of 

the same questionnaire over time: 

 Differential interpretation and/or operationalization of the definitions of the terms 

'exercise' and 'physical activity';  

 

 Differing domains of physical activity (leisure-time, gardening/yard work, household 

chores, physical activity for transport, occupational physical activity);  

 

 Differing time frames (e.g. last week or last month versus usual week or month);  

 

 Seasonality of participation in physical activity and/or sedentary behaviour may vary, 

especially in more variable/extreme climates;  

 

 The timing of surveys needs to be consistent for trend comparisons;  

 

 Differing classes of activity (generic/global questions) versus questions asked about each 

specific activity;  

 

 Differential interpretation of the use of symptoms of activity (sweating, breathlessness) 

versus examples of types of activity to illustrate questionnaire items; and  

 

 The impact of different modes of questionnaire administration: telephone, interview, or 

self-completed questionnaire.  

   

Research has indicated that certain populations such as children are less likely to make 

accurate self report assessments than adults (Going et al. 1999).  Children are more likely to 

misinterpret questions posed to them creating possible content validity problems (Welk 2002).  

Difficulties also arise when attempting to translate activity information from self-reports to 

energy expenditure (Goran et al. 1998).  A major improvement in questionnaire assessment of 

physical activity was the inclusion of household sources of activity, which can be the primary 
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context for physical activity among some groups (e.g. stay at home parents, retirees, etc.).  In 

addition, some types of questionnaires include sources of physical activity common among 

certain racial/ethnic groups. However, efforts to understand how various population subgroups 

interpret certain constructs used in physical activity questionnaires, such as leisure time activity 

or moderate physical activity, are limited.  Additional research indicates that self report methods 

generally provide less accurate indications of activity than more objective methods, such as 

doubly labelled water, heart rate monitoring, pedometers and accelerometers, (Adamo et al. 

2009; Janz et al. 1995). 

 

1.3.0  Direct Observation Techniques 

Direct observation techniques are used to study human behaviour in free-living 

environments and often provide information during specific windows of time.  For a detailed 

description of the various methods available the reader is referred to McKenzie (2002).  The 

main advantage of direct observation is that it enables researchers to accurately describe what is 

taking place in the physical activity environment, thus generating both qualitative and 

quantitative information.  Direct observation systems are often developed for target populations 

in specific settings and include the following characteristics:  a well defined observation strategy 

to sample activities per unit of time, a list of activity categories to code movement types, a list of 

associated variables that may influence behaviour (e.g., context, teacher behaviour, 

environmental settings), supplemental methods to record concurrent levels of energy 

expenditure, data entry procedures (e.g., pencil and paper, computer, palm pilot), and detailed 

scoring schemes used to summarize the data (Pettee et al. 2009).  Direct observation is 

predominantly conducted in children because of their limited ability to accurately recall physical 
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activity or properly complete records, logs, and questionnaires and typically takes place in the 

school or home setting.   

The most obvious disadvantage of this technique is related to the expense (i.e., researcher 

burden) necessary for data collection and scoring (Montoye et al. 1996).  In order to increase 

confidence that accurate data are collected (i.e., to ensure high between-observer and within-

observer agreement), observers must go through considerable training and evaluation before and 

during data collection.  Subject reactivity is another limitation of direct observation as the 

presence of the observer may disrupt or change regular physical activity patterns, decreasing the 

reliability and validity of the data.  As a result of these limitations, direct observation is typically 

confined to studies that are smaller and conducted in distinct settings over a shorter period of 

time. 

 

1.3.1  Pedometers 

 

Evidence suggests that step-based ambulation accounts for the majority of physical 

activity energy expenditure (Bassett, Jr. et al. 2000) thus step counts provide an objective 

measure capturing a significant portion of daily physical activity. Therefore, capturing step 

counts in long-term population surveillance of physical activity may be warranted.  The primary 

tool used for the measurement of step counts is the pedometer (Schneider et al. 2004).  

Pedometers are small match book sized, battery operated waist-, ankle-, or foot-worn sensors that 

in their simplest form use a horizontal, spring-suspended lever arm that oscillates during step 

impact to increment the step accumulator (Freedson and Miller 2000).  The accumulated step 

total provides a volumetric index of physical activity; however, it suffers from a lack of 

temporality (i.e., bout durations or time of day).  That said, pedometers can provide an indication 
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of the distance walked, by multiplying the number of steps by stride length.  However, variables 

such as walking speed, height, age, and gender affect stride length (Welk et al. 2000).    

Although pedometers are reasonably accurate at counting steps, they cannot discriminate 

between steps accumulated in walking, running, or stair climbing and therefore compromise 

measures of physical activity intensity (Bassett, Jr. and Strath 2002).  Furthermore, the devices 

are not sensitive to upper body movements or activity that does not require locomotion 

(Melanson, Jr. and Freedson 1996).  Measurement accuracy also decreases at very slow or very 

fast walking speeds (Bassett, Jr. et al. 1996; Crouter et al. 2003; Le Masurier et al. 2004; Le 

Masurier and Tudor-Locke 2003; Tudor-Locke et al. 2002).  The implication is that they will 

disproportionally effect populations with a shuffling sort of gait (e.g., the frail elderly) 

(Melanson et al. 2004; Wilcox et al. 2001).  Although this problem has been readily identified, it 

is unlikely to be corrected as there is an inevitable sensitivity/specificity trade-off; the greater the 

sensitivity (i.e., ability to detect low step forces), the less specificity (i.e., ability to discriminate 

between actual stepping movements and non-ambulatory oscillations of one‘s center of gravity 

such a changes in posture or mechanical vibrations caused by motor vehicle travel).   

Research indicates that pedometers can offer distinct advantages over self-report methods 

as a form of physical activity monitoring.  For example, physical activity questionnaires typically 

ask individuals to recall the distance that they walk on a daily basis (Ainsworth et al. 1993b). 

Individuals often have trouble remembering or may lack perception of distance and therefore 

provide inaccurate reports of the distance actually walked on a daily basis (Welk 2002). 

Research also reflects that it is often more difficult for individuals to accurately recall common, 

moderate-intensity activities such as walking than structured, vigorous exercise (Richardson et 

al. 2001).    
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In an effort to provide information on activity intensity some pedometer manufacturers 

have developed models that measure time-stamped step counts (e.g., Lifecorder EX, New 

Lifestyles).  These new generation digital pedometers use steps accumulated per unit time to 

estimate intensity level.  A better solution for those that require both the rich outcome variables 

provided by an accelerometer (Esliger et al. 2005) as well as the simple step count provided by a 

pedometer is to use a dual mode accelerometer.  For example, the Actigraph (Fort Walton Beach, 

FL) has an auxiliary function that provides simultaneous, time-stamped measurement of both 

accelerometer counts and step counts.    

 

2.1.7. Accelerometers 

 

Accelerometry-based physical activity monitors are one of the most commonly used 

devices for assessing free-living physical activity (Welk 2002).  In fact, the use of accelerometers 

in large-scale surveillance studies is on the rise (e.g., National Health and Nutrition Examination 

Survey (Troiano et al. 2008), Canadian Health Measures Survey (Tremblay and Gorber 2007), 

the Health Survey for England (Craig et al. 2009) and population level data from Sweden 

(Hagstromer et al. 2010)).  Over the past decade accelerometers have become increasingly 

popular for assessing physical activity/sedentary behaviour.  As a result, commercial suppliers 

have responded by producing a number of different models and greatly increasing the 

functionality of these measurement tools (see Godfrey (2008) for a comprehensive review).  

Although the technological evolution of the field has been beneficial, it has made it more 

difficult for end users to choose the best accelerometer model for their purposes.   Unfortunately 

the notion of a ―one size fits all‖ accelerometer is highly unlikely because monitor selection 

depends on the application for which it is intended (Bassett, Jr. 2000). 
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Described often as small pager-sized electronic measurement devices, accelerometers are 

worn on the waist, hip, wrist, and/or ankle.  There are a variety of commercially available 

accelerometers and although there is a wide range in size, shape, and price, there is little 

variation in their basic functioning.  Most MEMS accelerometers use some form of piezoelectric 

or piezoresistive technology to measure the intensity of body or body segment accelerations (see 

Figure 1.7).  The basic premise of this approach was described by Cavagna and Margaria (1966) 

and is based on the idea of kinetic and potential energy of one‘s center of mass.  Work is 

calculated in this method using the following equation:  

Work = kinetic energyfinal – kinetic energyoriginal = ½ mass∙velocityfinal
2
 – ½ mass∙velocityoriginal

2
 

(1.6) 

This model may be over simplistic as it assumes that changes in the body‘s center of mass 

reflects the energy changes in all body segments.  This model also fails to account for energy 

losses due to the simultaneous generation and absorption of energy at different joints and many 

of the reciprocal or compensatory movements common in locomotor activities.  Despite these 

limitations the center of mass approach to work or energy calculation is meritorious.   

When accelerated, the piezosensor emits a voltage signal proportional to the intensity of 

the acceleration (see Figure 1.8).  Various low and high pass frequency filtering techniques (see 

Figure 1.9) are employed to exclude accelerations unlikely to be generated by human movement.  

Human generated accelerations range from approximately 0-60 m/s
2
 with a frequency response 

typically less than 10 Hz (Welk 2002) (see Figure 1.10).  The capability of these devices, in 

terms of measuring accelerations in various planes, is dependent on the configuration and 

orientation of the piezosensor(s).  At present there are uniaxial, bidirectional, omnidirectional, 

and triaxial accelerometers available for commercial purchase.  Most manufacturers convert the 
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raw acceleration data into some form of activity count over a user-defined interval from one 

second to several minutes or more (i.e., epoch) (see Figure 1.11).  These activity counts provide 

an objective assessment of movement intensity, with greater accelerations producing greater 

counts.  However, because counts are tallied in proprietary, manufacturer-specific units, they 

only allow the comparison of data among similar accelerometer models. 

 

Figure 1.7.  Conceptual illustration of movement (i.e., the rise and fall of the center of gravity) 

that occurs during ambulation using a simple stick model 

Note:  The basic premise of accelerometry is that a linear relationship exists between the integral 

of the modulus of body acceleration and energy expenditure for that activity. 
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Figure 1.8.  Internal components of a MEMS uniaxial accelerometer (Actigraph 7164; Actigraph 

LLC, Pensacola Florida) 

 

 

 

Figure 1.9.  Typical MEMS accelerometer sensor design schematic 

Note: Figure adapted from Tryon and Williams (1996). 
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Figure 1.10.  Illustration of the raw sampling procedure of a typical accelerometer 

Note:  The y-axis represents the magnitude of the acceleration signal; the x-axis is partitioned 

into 0.5 second increments; the arrows indicate the 10 Hz samples; the shaded area under the 

curve represents the integral of body acceleration; each 10 Hz sum represents 1 second of raw 

data in a unit called accelerometer counts. 

 

 

 
 

Figure 1.11.  Conceptualization of how a user can define the summary epoch level to suit their 

needs in terms of the resolution of the acceleration signal (i.e., counts) 

Note:  The # symbols represent the 60 x 1 second raw data points; the summation symbols depict 

common summary epoch choices. 
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In practice, most users convert or ‗calibrate‘ the count data into more physiologically 

relevant units, usually based on energy expended per unit time.  For adults, light, moderate and 

vigorous intensity levels have been defined conventionally using the thresholds of 3 and 6 

METS. For children and adolescents, there is no consensus as some use 3 and 6 MET thresholds, 

while others use 4 and 7 MET thresholds.  To date, the most popular method used to calibrate 

accelerometer count data into time spent in physical activity is some form of count to intensity 

(i.e., energy expenditure) prediction equation is often used to generate intensity cut-points (see 

Figure 1.12).   

 

 

Figure 1.12.  Conceptual illustration of an accelerometer value calibration study 

Notes:  i) The perpendicular lines represent the delineation of accelerometer counts per minute 

that correspond to a given intensity of physical activity (e.g., Moderate > 3 METS, Hard > 6 

METS, Very Hard > 9 METS).  ii) Figure inspired by Freedson and colleagues (1998).   
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Accelerometer cut-points have also been derived statistically using Receiver Operator 

Characteristics Curves (ROC).  ROC curve analysis is a graphical technique for describing and 

comparing the accuracy of diagnostic tests.  In accelerometry applications, ROC curve analysis 

is used to examine the potential of using count cut-points within a given accelerometer to 

discriminate between different activity intensity categories.  As Jago et al. (2007b) described, 

ROC analysis is a means to evaluate and visualize the sensitivity [true positives/(true positives + 

false negatives)] and specificity [true negatives/(true negatives + false positives)] of tests.  The 

ROC curve is simply a plot of the sensitivity of a test on the y-axis versus its 1-specificity (i.e. 

false positive fraction on the x-axis). Each possible threshold value corresponds to a point on the 

ROC curve. The upper-left corner [the point (0, 1)] represents perfect classification, and the 

diagonal line represents the strategy of randomly guessing.  Sensitivity is maximized by correctly 

identifying at or above the threshold for intensity, whereas specificity is maximized by correctly 

excluding activities below the threshold for intensity.  Therefore, the strength of ROC curve 

analysis is that the cut-points can be chosen to optimize the balance between sensitivity and 

specificity (i.e., point nearest 0,1 on the ROC curve) (see Figure 1.13 for an example). 

 
 

Figure 1.13.  Sample ROC curve analysis of children‘s accelerometer cut-points complete with 

diagnostic accuracy measures 

Notes:  i) NA, not applicable using ROC curve analysis; ii) intensity cut-points listed were 

chosen to maximize sensitivity and specificity; adapted from Evenson et al. (2008). 
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ROC curve analysis is known to be superior to previous accelerometer calibration 

methods that employed linear regression approaches (see Jago et al. (2007b) for a more thorough 

discussion on this topic).  To date, only four studies have employed ROC curve analysis to 

generate cut points, and these were done on children (Chu et al. 2007; Evenson et al. 2008; Jago 

et al. 2007b; Welk et al. 2007).   

For those involved in the use of accelerometers or for those dealing with accelerometric 

data (i.e., raw data and/or data that is published in manuscript formant) must understand that the 

interpretations of these data are severely complicated by the availability of several differing cut-

point ranges which yield markedly different results for the same data (Strath et al. 2003).  A 

discussion of appropriate cut-points is beyond the scope of this dissertation; however the lack of 

consensus, both within and between accelerometer models, remains a major barrier to data 

interpretation (Ward et al. 2005).  Despite their limitations, accelerometer value calibrations are 

important in delineating the number of accelerometer counts per epoch corresponding to a given 

category of physical activity (e.g., light, moderate, vigorous).  This allows an easy calculation of 

the time spent on physical activity, cited as one of the most relevant variables for population 

health research because of its direct link to current physical activity recommendations (Welk 

2002).  In fact, data mining of time in intensity levels can yield a comprehensive list of outcome 

variables detailing the frequency, intensity, and duration of physical activity and sedentary time 

that together provide a detailed profile of overall behaviour (Esliger et al. 2005) (see Figure 

1.14).  

While developed primarily for assessing movement, there has been considerable interest 

in using accelerometers to also indicate levels of sedentary behaviour (Healy et al. 2008b; 

Matthews et al. 2008; Pate et al. 2008).  Sedentary thresholds have been determined arbitrarily, 
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by observation, statistically, or physiologically as MET values less than 1.5.  In addition, recent 

evidence suggests the amount of time spent in sedentary or light activity is related to clustered 

metabolic risk, independent of moderate to vigorous physical activity (Healy et al. 2008b; Healy 

et al. 2007).  Clustered metabolic risk is simply the notion that metabolic risk factors tend to 

occur simultaneously more frequently than expected by chance alone (Andersen et al. 2003; 

Pahkala et al. 2010). This has lead to the acknowledgement that light and sedentary behaviours 

require equally accurate measurement tools as those used for more intense physical activity. 

 

 
 

Figure 1.14.  Tabular minute-by-minute accelerometer data complete with intensity 

categorization via the inlaid calibration chart. 

Note:  As published by Freedson and colleagues (1998).  
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Validity studies in adults have yielded moderate-to-strong correlations (r=0.45 to 0.93) 

between accelerometer counts and VO2, PAEE or METS in adults and similar correlations 

(r=0.53 to 0.92) in children (Trost et al. 2005). Compared to uniaxial sensors, triaxial 

accelerometers theoretically provide a more comprehensive assessment of body movements; 

triaxial accelerometers have been shown to have higher correlations with measured energy 

expenditure in adults and children than uniaxial accelerometers in some but not all studies (Chen 

and Bassett, Jr. 2005; Van Hees et al. 2009; Westerterp 2009).  

Muscle activity in walking and running serves two major purposes: to support body 

weight and to generate a propulsive impulse.  Because the magnitude of the vertical component 

of ground reaction force is much greater than the forward and backward component, most of the 

metabolic energy during running comes from supporting body weight.  The fact the vertical 

motion of the center of mass accounts for more energy expenditure than motion in the other two 

axes brings into question the need for triaxial accelerometers over uniaxial accelerometers.  

Triaxial accelerometry provides a technique for quantifying movement patterns during walking 

(Kavanagh et al. 2006; Kavanagh and Menz 2008).  Normal walking patterns can be deduced 

from vertical and anterior-posterior accelerations, which coincide with step frequency and 

account for majority of the total signal power in each direction.  Mediolateral accelerations are 

governed by the stride frequency.  Specific gait-related movement can be measured from hip, 

shoulder, upper trunk, thigh and lower trunk accelerations.  However, one particularly positive 

feature of triaxial accelerometers is that the validity and reliability of measurement is not as 

affected by improper physical orientation (aligned to the appropriate axis), because of body size 

or shape, clothing peculiarities or improper instruction.  This concern is overcome by using the 
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vector magnitude setting that combines the output from the x, y, and z axes into and overall 

count value.   

This discussion on the relation of biomechanical factors on accelerometer-measured physical 

activity should highlight the importance of understanding the ―black box‖.  Understanding the 

sources of error and reliability of accelerometers is essential because this ultimately sets the limit 

on the validity of these devices.  Studies that aim to assess accelerometer reliability need to 

ensure that the source of movement is highly controlled so that nearly all variability can be 

attributed to the device (Tryon and Williams 1996).  This can only be accomplished under 

laboratory conditions; however clinical or field repeatability is also important.  Field reliability 

pertains to the conditions under which replicable activity measures can be obtained from subjects 

despite all the sources of variation that require instrument reliability and validity to be evaluated 

in the laboratory (Tryon and Williams 1996).  Between-day stability is increased with the 

number of days assessed. Research suggests that 4-7 days of monitoring of people living under 

normal conditions are required to obtain a reliable assessment of physical activity behaviour 

(Janz et al. 1995; Trost et al. 2000).  

Expectations that correlation coefficients may approach 1.0 when performing concurrent 

validity studies are unrealistic because any variation in measurement interval, missing data, 

environmental influence or physiological or mechanical difference will result in irreconcilable 

differences.  However, until a true criterion measure for physical activity is found, mass-specific 

oxygen consumption rate will remain the best tool for validity studies.  

 

   

 

1.3.3  Multiple sensors 
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Multiple sensor systems have been developed that entail attaching multiple sensors to the 

body trunk and extremities.  Intelligent Device for Energy Expenditure and Activity (IDEEA) 

system captures body and limb motions through five biaxial accelerometer sensors attached to 

the chest, thighs and feet (Zhang et al. 2003; Zhang et al. 2004).  The system uses artificial 

neural network to recognize 32 types of activities such as jumping, walking, and running, stair 

climbing and descending.  In an adult study, IDEEA correctly identified posture and limb 

movement and gait 98% of the time.  Energy cost of specific activities requires assignment from 

a published compendium of physical activities which are available for adults (Ainsworth et al. 

1993a; Ainsworth et al. 2000), but limited in children (Ridley et al. 2008; Ridley and Olds 2008).  

Another physical activity measurement system was developed for adults and children that 

incorporated inclinometers and triaxial accelerometers to capture body position and motion 

(Lanningham-Foster et al. 2005). Body posture was correctly identified, and accelerometer 

output correlated well with varying walking velocities. Weaknesses of multiple sensor systems 

are: 1) available systems are wired, not wireless, and therefore cumbersome and intrusive; 2) 

data requires complex, sophisticated data processing; and 3) limited validation in large and 

varying population samples. 

 

1.3.4  Summary of Physical Activity Measurement Methods 

This review of the various methods of measuring physical activity and physical activity 

associated energy expenditure, highlights the fact that each measurement method varies in 

accuracy, feasibility (especially in large studies of free-living populations), cost, and reactivity 

(i.e., likelihood of influencing the activity they are designed to measure) (LaPorte et al. 1985).  

This review of physical activity measurement methods should also convey the fact that the 
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physical activity constructs one wants to quantify will have a direct influence on the selection of 

the method or tool used to measure it.  Also, all methods do not measure all the constructs, nor 

do they measure the individual constructs equally well (see Tables 1.1 and 1.2).  Having said 

this, Table 1.2 does highlight the fact that accelerometers deliver as much capability as indirect 

calorimetry with the added benefit of being much less obtrusive.  However, for some research 

applications where activity mode and/or context are important, accelerometry would need to be 

supplemented with another measurement method such as a questionnaire.     

 

Table 1.1.  Methods of assessment and the characteristics of physical activity that can be 

assessed  
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Reproduced from Welk and colleagues (2000) 

 

 

Table 1.2.  Listing of physical activity measurement methods by constructs each instrument is 

capable of assessing 

 

Method Frequency Intensity Duration Mode Context 
Energy 

Expenditure 

Diary Y Y Y Y Y N 

Questionnaire Y Y Y Y Y N 

Accelerometer Y* Y* Y* N N Y* 

Heart rate monitor Y* Y* Y* N N N 

Pedometer N N N N N Y* 

Observation Y Y Y Y Y N 

Doubly labelled water N N N N N Y 

Indirect calorimetry Y* Y* Y* N N Y 

Caloric intake N N N N N Y 

Y = yes, can assess that aspect of physical activity; N = no, cannot assess that aspect of physical 

activity; asterisk (*) denotes that this information is available for only some models of this type 

of instrument. 

Notes:  i) This is not an exhaustive list of the methods available to measure physical activity, nor 

is it a complete list of the constructs of physical activity; ii) Adapted from Mahar and Rowe 

(2002). 

 

 Effective population measurement of physical activity and/or sedentary behaviour allows 

for the: 1) baseline prevalence of physical activity and/or sedentary behaviour to be assessed, 2)  

tracking of physical activity and/or sedentary patterns throughout the lifespan, 3) identification 

of subgroups at high risk, 4) assessment of trends over time for the tracking of 

provincial/national targets, 5) evaluation of interventions, policies, and programs, 6) analysis of 

systemic changes in counselling and environmental design 7) determination of dose-response 

and measurement issues, 8) budgeting of public health resources, 9) development of population-

specific physical activity interventions (Macera and Pratt 2000).  With all these benefits, it is not 

surprising that there has been keen interest in monitoring physical activity and sedentary 

behaviours.  Indeed, in recent years there has been a widespread call for improved research and 
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surveillance of many chronic disease related health promotion measures, including physical 

activity (Daar et al. 2007). 

 

1.3  Statement of the Problem 

Physical activity is a complex and multidimensional human behaviour (LaPorte et al. 

1985).  Measuring the quantity and quality of physical activity requires the use of valid and 

reliable methods (Caspersen et al. 1998).  Unfortunately, the exposure assessments in physical 

activity epidemiology are often crude which can contribute to inconsistent results among studies 

(Lagerros 2009; Lagerros and Lagiou 2007a).  Moreover, doubt remains over the optimal and 

minimal volume (i.e., frequency, duration and intensity) of physical activity required to achieve 

health benefits (Warburton et al. 2007; Warburton et al. 2006).  

Accurate measurements of physical activity are crucial to our understanding of the 

activity–health relationship, estimating population prevalence, identifying correlates, detecting 

trends, and evaluating the efficacy of interventions (Dollman et al. 2008a).  These research 

endeavours have encouraged researchers to seek valid, reliable, and logistically feasible methods 

to measure physical activity.  Fortunately, recent advances in low power, low cost, electronic 

sensors has lead to an increase in movement sensing technologies, such as pedometers and 

accelerometers (Chen and Bassett, Jr. 2005).  These technologies have become progressively 

smaller and more sophisticated, allowing these measurement tools to move out of the laboratory 

and into the field (Janz 2006).  In fact, accelerometry-based physical activity monitors are one of 

the most commonly used devices for assessing free-living physical activity (Welk 2002).  

However, accelerometers are not without problems, including frequent malfunctions, reduced 
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participant compliance, and issues related to the standardization and optimization of 

accelerometry analytical techniques (Adamo et al. 2009; Esliger et al. 2005; Olds et al. 2007). 

Therefore, the overall  objective of this thesis was to determine the optimal accelerometer 

model to use to develop a comprehensive physical activity and sedentary behaviour profile and 

to apply the novel profiling methods in an order to gain new insights into children‘s physical 

activity.   Three studies were necessary to realize this objective. The first study assessed the 

reliability of three market-leading accelerometer models; thereby informing longer term 

accelerometer purchasing decisions. The second study reviewed the literature on physical 

activity and sedentary behaviours in an effort to construct a comprehensive list of outcome 

variables, including their method of calculation, required to create a detailed physical activity 

profile.  The third and final paper acted as a proof of concept to determine if the newly 

developed physical activity profile could actually quantify the differences in physical activity 

and sedentary behaviours in four groups of children known to differ in their lifestyle-embedded 

physical activity. The three studies together will help enhance the best practices in the 

accelerometric profiling of physical activity and sedentary behaviour in both children and adults. 

 

1.3.1  Aims of Study 1 

The purpose of this study was to determine which of the three most commonly used 

accelerometer models Actical (Mini Mitter Co., Inc., Bend, OR), Actigraph model 7164 

(Actigraph, Fort Walton Beach, FL), or RT3 (Stayhealthy, Inc., Monrovia, CA) has the best 

intra- and inter-instrument reliability, using a mechanical laboratory setup. Secondly, this study 

aimed to determine the individual and combined effects of acceleration and frequency of 

movement on accelerometer count output. 
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1.3.1  Aims of Study 2 

This review paper explores the physical activity and sedentary behaviour profile that can 

be acquired through objective monitoring, with a focus on accelerometry. Using previously 

collected objective data, a detailed physical activity profile is presented and case study examples 

of data utilization and interpretation are provided.  The rich detail captured through 

comprehensive profiling creates new surveillance and study possibilities and could possibly 

inform new physical activity guidelines. Data are presented in various formats to demonstrate the 

dangers of misinterpretation when monitoring population adherence to Canada‘s physical 

activity guidelines.  Recommendations for physical activity and sedentary profiling are provided 

and future research needs identified. 

 

1.3.1  Aims and Hypotheses of Study 3 

The purpose of this study was to profile the physical activity and sedentary behaviours of 

Old Order Amish (OOA), Old Order Mennonite (OOM), and contemporary-living children as a 

means of assessing the influence of lifestyle. Hypothesis 1 was that group differences in physical 

activity would be evident (i.e., Amish > Mennonite > contemporary-living children). Hypothesis 

2 was that group differences in sedentary time would be evident (i.e., contemporary-living > 

Mennonite > Amish children). Hypothesis 3 was that the time of the day and the day of the week 

when most (majority) of the physical activity occurring in Amish and Mennonite children would 

be different from that occurring in the contemporary-living children. 
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Chapter 2: Study 1 

 

Title:  Technical reliability assessment of three accelerometer models in a mechanical setup 

 

 

Study 1 has been published as an original investigation article in a peer-reviewed journal 

(Esliger et al. 2006).  With the exception of the some minor wording and/or format changes that 

were necessary for the conversion to graduate thesis format, it is presented in its published form. 

The introduction section below may repeat key aspects of the review of literature directly 

pertinent to the purpose of the study. 

 

2.1 Introduction 

It is generally believed that the association between physical activity and health outcomes 

might be stronger if physical activity measurements were more accurate (U.S.Department of 

Health and Human Services 1996).  More accurate assessments of free-living physical activity 

would help to: characterize the relationship between physical activity and disease prevention 

(i.e., the dose/response relationship), assess the efficacy of intervention strategies, and monitor 

the physical activity patterns of various populations (Wood 2000).  With these goals in mind, 

researchers are actively searching for valid and reliable measures of physical activity (Caspersen 

1989).  This search has led to the increased availability of a wide variety of objective monitoring 

technologies.  The research application of these technologies has resulted in the accrual of a 

significant body of literature on objective physical activity assessment, a large portion of which 

involves accelerometers (up to 90 articles per year in 2003 and 2004) (Troiano 2005).  Indeed, 

accelerometry-based physical activity monitors are one of the most commonly used devices for 
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assessing free-living physical activity (Welk 2002).  Moreover, the use of accelerometers in 

large-scale surveillance studies is on the rise (e.g., National Health and Nutrition Examination 

Survey (NHANES) (National Center for Health Statistics 2005) and the Physical Activity Levels 

in Children and Youth study (PACY)) (Thompson et al. 2005).   

Although the literature suggests that accelerometer technology and its applications have 

progressed significantly, information is lacking in key areas.  As a result, in December 2004 a 

conference titled Objective Monitoring of Physical Activity: Closing the Gaps in the Science of 

Accelerometry was hosted by the School of Public Health, Department of Nutrition at the 

University of North Carolina.  The proceedings from the three day meeting were assembled in 

article format and published as a supplement.  The final paper authored by Ward et al. (2005) 

titled Accelerometer Use in Physical Activity: Best Practices and Research Recommendations 

summarized the salient points of the meeting.  In it, the authors identified the need for studies 

that compare the validity and inter-instrument reliability of different models of accelerometers.  

Studies of this nature were seen as critical for accelerometer model selection but were deemed 

equally important as a means to scrutinize the quality and objectivity of the available reliability 

evidence (Trost et al. 2005).   

The accelerometer reliability research published to date can be divided into two 

categories: studies conducted using a mechanical apparatus or those employing some form of 

subject mounted setup.  The subject mounted setups can be further subdivided into laboratory-

based activity assessment and the more practical, but less controlled situations of free-living 

activity assessment.  Mechanical setups, by virtue of the precise control of the experimental 

conditions, are able to determine the variability attributed solely to the accelerometer.  As with 

any method of measurement, it is important to identify and quantify the different sources of 
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variation so actions can be taken to try and reduce or control them.  This is important because if 

the measurement error intrinsic to the accelerometer is found to be small, then focus can shift to 

other sources of variation (e.g., position worn on the body, variation over time (e.g., day-to-day, 

week-to-week, season-to-season, etc.)) (Metcalf et al. 2002).  Moreover, quantifying the inherent 

variation in accelerometer models allows for better interpretation of results and helps inform 

accelerometer purchasing decisions. 

Researchers have used various mechanical apparatuses to oscillate accelerometers in 

various axes in an effort to assess reliability. Examples include turntables (Metcalf et al. 2002), 

rotating wheel setups (Brage et al. 2003) and vibration tables (Powell et al. 2003).  These 

apparatuses allow the researcher to control the magnitude of the acceleration being imparted as 

well as the frequency of the oscillation, two key variables that contribute to the accelerometer‘s 

output.  However, technical reliability studies to date have assessed only one accelerometer 

model and could only accommodate a small number of instruments at one time.  Therefore, the 

purpose of this study was to determine which of the three most commonly used accelerometer 

models (Actical (Mini Mitter Co., Inc., Bend, OR); Actigraph model 7164 (Actigraph, Fort 

Walton Beach, FL); RT3 (Stayhealthy, Inc., Monrovia, CA); see Table 2.1 for specifications) has 

the best intra- and inter-instrument reliability using a mechanical laboratory setup.  Secondly, 

this study aimed to determine the individual and combined effect of acceleration and frequency 

of movement on accelerometer count output.  To the authors‘ knowledge, this study is the first to 

simultaneously assess the reliability of multiple accelerometers and multiple models in a 

mechanical setup.            

 

Table 2.1.  Accelerometer specifications by model 
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Model 
Dimensions

(LxWxH) 

(mm) 

Weight 

(grams) 

Piezosensor 

Orientation 

Dynamic 

Range (m·s
-2

) 

Frequency 

Range (Hz) 

Actical 28 x 27 x 10 17 omnidirectional* 0.5-98.1 0.5-3.0 

Actigraph† 51 x 38 x 15 43 uniaxial 0.5-19.6 0.25-2.5 

RT3 71 x 56 x 28 65 triaxial** 0.5-19.6 2.0-10.0 

†Note: The Actigraph 7164 has recently been replaced by a newer model (GT1M) with enhanced 

features. 

*although affected by motion in all planes, the Actical is most sensitive to vertical movement 

**sensitive to motion along three axes (vertical (X), mediolateral (Y), and anterioposterior (Z)) 

 

2.2 Materials and Methods 

2.2.1 Hydraulic Shaker Table 

All reliability testing was completed using a hydraulic shaker table (Figure 2.1).  The 

shaker table was driven by a hydraulic cylinder (Sheffer, 1-1/18HHSL6ADY) controlled by an 

electrohydraulic servo valve with cylinder position feedback.  A position transducer (Lucas 

5000, DC-E) was used to measure position of the table and a high grade control accelerometer 

(calibrated at 98.1 mV·g
-1 

±3.6%) (B&K model 4371) was attached to the table to measure 

vertical acceleration.  The acceleration signal was transmitted to a charge amplifer (B&K model 

2635) and band-passed filtered at 3 KHz.  The amplifier input was provided by a function 

generator, which was programmed to accurately and reliably oscillate the platform at the various 

testing conditions using a sinusoidal oscillation procedure.  The separation of the hydraulic 

power supply unit from the shaker table helped to minimize the mechanical vibration in the 

mechanical setup.   
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Figure 2.1.  The hydraulic shaker table complete with input controls and external power supply 

(left) and shaker platform for adhering multiple accelerometers (right top and bottom). 

 

The shaker table testing conditions were restricted by the displacement amplitude of the 

shaker plate (approximately 6.5 cm).  Within this amplitude range the possible conditions of 

acceleration and frequency of oscillation are described by the equation:  

acceleration (m·s
-2

) = (amplitude (m) · frequency
2 
(rad·s

-1
)                                           (2.1)   

The six different conditions chosen were selected to produce a range of physiologically relevant 

accelerometer counts from light to moderate to hard within the limitations of the shaker plate 

(Table 2.2).  When compared to treadmill calibration studies reported in the literature on the 

Actical (Puyau et al. 2004), these six conditions range in locomotive speed from approximately 

2.5-4.75 mph.  When compared to treadmill calibration studies using the Actigraph (Trost et al. 

1998), the conditions range in locomotive speed from approximately 2.5-6.75 mph.  Finally, 
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when compared to treadmill calibration studies using the RT3 (Rowlands et al. 2004), the 

conditions range from approximately 1.0-3.25 mph.  Further, these conditions were chosen to 

allow for independent assessments of both acceleration and frequency on accelerometer 

reliability.  This was achieved by selecting three conditions at 0.5 g allowing only the frequency 

of oscillation to change and similarly, by selecting three conditions at 2.5 Hz allowing only 

acceleration of the shaker plate to change.  

    

Table 2.2.  Six different testing conditions varying in acceleration and/or frequency 

 

Condition 

 

Force 

(g) 

Frequency 

(Hz) 

Acceleration 

(m·s
-2

) 

Amplitude 

(m) 

Work·kg
-1

 

(m
2
·s

-2
) 

1 0.50 2.50 4.90 0.0198 0.0970 

2 0.50 2.00 4.90 0.0311 0.1524 

3 0.50 1.50 4.90 0.0552 0.2705 

4 1.00 2.50 9.81 0.0398 0.3904 

5 1.00 2.00 9.81 0.0621 0.6092 

6 1.25 2.50 12.26 0.0497 0.6093 

Note:  Although the testing conditions were administered in random order to minimize the 

possibility of an order effect, they are organized above from the least intense to the most intense 

(condition 1-6) based on the product of acceleration and amplitude (i.e., Work·kg
-1

). 

 

2.2.2 Experiment One 

Fifteen accelerometers, five of each of three models (Actical, Actigraph, and RT3), were 

initialized to collect data using one minute epochs.  The computerized initialization function of 

the Actical and the Actigraph made time synchronization of these two models easy to attain.  In 

the case of the five RT3s the external start buttons were simultaneously pressed at the exact time 

(using the initialization PC clock) the Actical and Actigraph were set to begin data collection.  

The triaxial RT3 was set to vector magnitude mode thereby combining count data from all three 

axes.  The accelerometers were mounted to the surface of the shaker plate (surface area 

approximately 1500 cm
2
) using industrial wax.  Care was taken to ensure that the monitors were 
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secured firmly and were positioned vertically along their sensitive axis in order to maximize and 

standardize the output of the piezosensor.  In the case of the triaxial RT3, it was positioned so the 

vertical oscillation was along the x-axis.   

The hydraulic shaker table was switched on once all 15 accelerometers were in place and 

the first of the random ordered conditions was set, thereby accelerating all 15 monitors 

simultaneously in the vertical plane.  The shaker table was warmed up to achieve optimal 

functioning of the hydraulics and the control electronics thereby ensuring the proper execution 

and maintenance of each of the six conditions for the seven minute test periods.   All conditions 

began at the turn of a new minute on the PC clock which was recorded along with the condition 

end time for data analysis purposes.  After approximately 60 minutes of data collection (12 

minute warm-up + (6 conditions x 7 minutes per condition) + (6 x 1 minute transitions between 

conditions)) the accelerometers were removed from the shaker plate and downloaded to the 

initialization PC for further analysis.  Data were imported into a customized spreadsheet 

application using the common epoch-by-epoch time stamp to align the data vertically across 

models.  The recorded condition start and end times were identified and the middle five minutes 

of each condition were identified and exported from the spreadsheet application into a statistical 

package for further analysis (SPSS 13.0). 

            

2.2.3 Experiment Two and Three 

Based on promising reliability data from Experiment One, the Actical and Actigraph 

accelerometer models were selected to undergo more robust reliability assessments.  In 

Experiment Two, using exactly the same data collection and analysis procedures as described 

above, 39 Actical accelerometers from a different lot of 40 devices (one was found to be faulty 
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upon delivery) were simultaneously accelerated in the vertical plane using the same six 

conditions already described (Table 2.2).  In Experiment Three, again using a similar data 

collection and analysis procedure as in the first experiment, 50 Actigraph accelerometers from a 

different lot were simultaneously accelerated in the vertical plane.  However, because two 

devices malfunctioned, all analyses were performed on a sample of 48 Actigraphs.   

 

2.2.4 Statistical Analyses 

2.2.4.1 Intra-instrument reliability 

 To determine the variability within a given accelerometer, standard deviation (SD), 

standard error of the measurement (SEM), and coefficient of variation (CVintra) were calculated 

from the replicate minutes (i.e., minutes 1-5) within each condition.  This minute by minute 

variability characterizes the accelerometers‘ ability to consistently measure the given condition 

rendered by the shaker table.  This is a noteworthy distinction as most intra-instrument reliability 

analyses focus on within accelerometer, between trial variability.  As a result, less variability 

(i.e., technological error) is expected using the present calculation methods as no trial effect is 

present.        

2.2.4.2 Inter-instrument reliability 

 To determine the variability between like-model accelerometers (i.e., between units) 

standard deviation, standard error of the measurement, coefficient of variation (CVinter) were 

calculated for each of the six testing conditions.  In addition, intra-class correlation coefficients 

(ICC) with a two-way random effects model for absolute agreement were calculated.  To 

determine the independent effect of acceleration and frequency on count output across models, 
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repeated measures ANOVA were used.  Where significance was found, post hoc analyses were 

conducted via paired t tests.  In all cases alpha was set at P < 0.05. 

 

2.3 Results 

2.3.1 Experiment One 

The summary accelerometer count data across all six conditions and models (Table 3) 

suggests that the Actical accelerometer had better intra-instrument reliability (mean CVintra = 

0.4%) followed by the Actigraph (4.1%) and the RT3 (46.4%), respectively.  However, the 

Actigraph accelerometer had better inter-instrument reliability (mean CVinter = 4.9%) followed 

by the Actical (15.5%) and the RT3 (42.9%), respectively (Table 2.3).  The same hierarchy in 

inter-instrument reliability was found with the calculation of the average measure intra-class 

correlation coefficients (R = 0.995, 0.985, 0.910 for the Actigraph, Actical, and RT3, 

respectively). 

 

Table 2.3.  Comparison of mean counts per minute and reliability statistics across the six testing 

conditions for the three accelerometer models (n=5 per model) 

 

Conditions   

Intra-Instrument 

Reliability 

Inter-Instrument 

Reliability 

Acceleration 

(m·s
-2) 

Frequency 

(Hz) Model 

 

Counts SD SEM CV SD SEM CV 

4.9 2.5 

Actical 2688 7 3 0.3 537 240 20.0 

Actigraph 1877 134 60 7.1 126 63 6.7 

RT3 1088 469 210 43.2 442 198 42.4 

4.9 2 

Actical 2465 27 12 1.1 493 220 20.0 

Actigraph 2668 59 26 2.2 102 51 3.8 

RT3 339 334 149 106.9 318 142 94.8 

4.9 1.5 

Actical 1960 4 2 0.2 312 140 15.9 

Actigraph 3081 5 2 0.2 135 67 4.4 

RT3 584 78 35 13.2 76 34 12.7 

9.81 2.5 Actical 6832 24 11 0.3 1005 450 14.7 
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Actigraph 5682 63 28 1.1 223 111 3.9 

RT3 2242 895 400 40.0 765 342 35.3 

9.81 2 

Actical 5003 19 8 0.4 690 308 13.8 

Actigraph 5755 252 113 4.4 178 89 3.1 

RT3 2009 773 346 38.9 700 313 35.5 

12.26 2.5 

Actical 8275 25 11 0.3 706 316 8.5 

Actigraph 7230 688 308 9.5 546 273 7.7 

RT3 3005 1001 448 36.2 1072 479 36.9 

Overall Mean 

Actical 4537 18 8 0.4 624 279 15.5 

Actigraph 4382 200 90 4.1 218 109 4.9 

RT3 1545 592 265 46.4 562 251 42.9 

 

 

Holding the frequency of oscillation of the shaker plate constant at 2.5 Hz allowed for an 

independent assessment of the impact of varying acceleration conditions on the magnitude of the 

count output.  As expected, increasing the magnitude of acceleration increased the count output 

in all accelerometer models (Figure 2.2).  However, holding acceleration constant at 4.9 m·s
-2

 

and increasing movement frequency produced seemingly counter-intuitive results; that is, no 

consistent relationship was found between models with increasing frequency of oscillation of the 

shaker plate (Figure 2.3).  In fact, the Actical count output increased with increasing frequency, 

while the Actigraph counts decreased and the RT3 counts both decreased and increased.   
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Figure 2.2.  Between model comparison of the effect of acceleration on count magnitude and 

variability (frequency held constant at 2.5 Hz) (n=5 per model). 

 

 

 
Figure 2.3.  Between model comparison of frequency effects on count magnitude and variability 

(acceleration held constant at 4.9 m·s
-2

) (n=5 per model). 
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Further testing of a larger sample of Actical accelerometers (n=39) showed that the intra-

instrument reliability remained relatively stable in Experiment Two (CVintra = 0.5%) compared to 

Experiment One (0.4%) (Table 2.4).  However, the inter-instrument reliability improved 

markedly from an average CVinter of 15.5% in Experiment One, to 5.4% in Experiment Two 

(Table 2.4).  Further testing of Actigraph accelerometers in Experiment Three (n=48) also 

produced differing results compared to Experiment One.  The second set of analyses on the 

Actigraphs produced better intra-instrument reliability (3.2% compared to 4.1% in Experiment 

One) (Table 2.5).  However, the inter-instrument reliability of the Actigraph decreased from a 

CVinter of 4.9% in Experiment One, to 8.6% in Experiment Three (Table 2.5). 

Table 2.4.  Comparison of mean counts per minute and reliability statistics across the six testing 

conditions for 39 Actical accelerometers 

 

Conditions  

Intra-Instrument 

Reliability 

Inter-Instrument 

Reliability 

Acceleration 

(m·s
-2

) 

Frequency 

(Hz) 

 

Counts SD SEM CV SD SEM CV 

4.9 2.5 2499 8 4 0.3 109 18 4.4 

4.9 2.0 2651 6 2 0.2 119 19 4.5 

4.9 1.5 2409 7 3 0.3 109 17 4.5 

9.81 2.5 5841 65 29 1.1 230 37 3.9 

9.81 2.0 6550 7 3 0.1 262 42 4.0 

12.26 2.5 6988 67 30 1.0 193 31 2.8 

Overall Mean 4490 26 12 0.50 171 27 4.02 

 

 

Table 2.5.  Comparison of mean counts per minute and reliability statistics across the six testing 

conditions for 48 Actigraph accelerometers 

 

Conditions  

Intra-Instrument 

Reliability 

Inter-Instrument 

Reliability 

Acceleration 

(m·s
-2

) 

Frequency 

(Hz) 

 

Counts SD SEM CV SD SEM CV 

4.9 2.5 2008 105 47 5.2 217 31 10.8 

4.9 2.0 3310 6 3 0.2 255 37 7.7 

4.9 1.5 4667 26 12 0.6 342 49 7.3 
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9.81 2.5 6016 379 169 6.3 581 84 9.6 

9.81 2.0 9309 15 7 0.2 608 88 6.5 

12.26 2.5 7907 528 236 6.6 763 110 9.6 

Overall Mean 5536 176 79 3.17 461 67 8.61 

 

Presenting the relative variability data of the two accelerometer models in graphical 

rather than tabular form highlights the intensity effect.  The variability of the Actical 

accelerometer is negatively related to the intensity of the shaker plate testing condition (Top of 

Figure 2.4).  As the acceleration of the condition increases the inter-instrument variability 

decreases; thus, it is the acceleration, rather than the frequency, that affects the variability of the 

Actical output.  However, a comparable graph (Bottom of Figure 2.4) depicting the Actigraph 

data shows no relationship between acceleration and relative inter-instrument variability; rather, 

it suggests that frequency is more closely related (again negatively) to accelerometer variability.  

This apparent heteroscedasticity went undetected by the ICC values which increased for the 

Actical from 0.985 in Experiment One to a perfect value of 1.00 in Experiment Two.  Likewise, 

the already high ICC values of the Actigraph increased from 0.995 to 0.999 from Experiment 

One to Experiment Three.   

 



 

57 

 

 

 
 

Figure 2.4.  Relationship between acceleration and frequency of oscillation and accelerometer 

variability.  Top: Actical (n=39).  Bottom: Actigraph (n=48). 

 

In Experiment Two and Three, when the frequency was held constant at 2.5 Hz and the 
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output responded by increasing in magnitude, the same as in Experiment One.  Meanwhile, when 

the acceleration of the shaker table was held constant at 4.9 m·s
-2

, the Actical count output did 

not follow the same pattern of increasing magnitude, as the frequency of oscillation increased 

from 1.5 to 2.0 to 2.5 Hz (Figure 2.5).  However, the Actigraph count output showed its 

characteristic decrease in count output as the frequency increased (Figure 2.5).   

   

 

Figure 2.5.  Between model comparison of frequency effects on count magnitude ( X ±SD) and 

variability (acceleration held constant at 4.9 m·s
-2

) (Actical n=39; Actigraph n=48).   

Note: All three frequency combinations were significantly different within each accelerometer 

model (P < 0.05). 

 

Actigraph count output increased as frequency decreased at a given acceleration resulting 

in a graded count output across the intensity spectrum (Figure 2.6).  However, because the 

Actical accelerometers showed very little count variation across the three testing frequencies at 

4.9 m·s
-2

 (i.e., conditions 1-3), a gap appears in the middle of the count output intensity spectrum 

(Figure 2.6).  In addition to the differences in the distribution of count outputs across the 

intensity spectrum, the order of the conditions also differs between accelerometer models.   

0

1000

2000

3000

4000

5000

6000

1.5 2.0 2.5

A
v
er

a
g
e 

C
o
u

n
ts

/M
in

u
te

Frequency (Hz)

Actical Actigraph



 

59 

 

 

Figure 2.6.  Between model comparison of the combined effects of acceleration and frequency 

(i.e., Work·kg
-1

) on count magnitude ( X ±SD) across six testing conditions (Actical n=39 (top); 

Actigraph n=48 (bottom)). 

 

2.4 Discussion 

2.4.1 Experiment One 

In Experiment One the Actical was found to have the best intra-instrument reliability 

while the Actigraph had the best inter-instrument reliability, with the RT3 generally performing 

poorly.  The exceptionally poor reliability of the RT3 accelerometers may be explained by the 
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fact that the RT3 has a much wider frequency range than both the Actical and Actigraph (upper 

cut-off frequency of 10 Hz compared to 3.0 and 2.5 Hz, respectively).  It has been suggested that 

an overly wide bandwidth filter could allow physiologically unrelated vibrations (i.e., noise) to 

be included in the signal (Chen and Bassett, Jr. 2005).  Although the separation of the hydraulic 

power supply unit and the shaker table in our experimental setup helped minimize vibration in 

the mechanical setup, it could not ensure it.  Further complicating the issue of reliability is the 

fact that the lower cutoff frequency of the RT3 is 2.0 Hz, which is greater than one, and equal to 

two, of the six testing conditions used in the present study.  Finally, the fact that the RT3 

accelerometer is triaxial may have increased its ability to detect vibrations in the mediolateral 

and anterior-posterior axes, something neither of the other monitors were capable of doing.  

These explanations suggest that a large portion of the variability in the RT3 may be due to 

hardware and setup issues.  Nevertheless, the following attributes of the RT3 can be considered 

limitations: its large size, its external display, the presence of an external button, the accessible 

battery compartment, and the fact that it is not waterproof.     

The excellent intra- and much weaker inter-instrument reliability of the Actical in 

Experiment One were surprising and disconcerting.  This level of inter-instrument variability 

raises quality assurance concerns.  Most accelerometer companies perform some form of 

calibration procedure as part of a quality assurance check before filling an order (Welk 2005).  

Experiment Two was conducted to assess the extent of the quality assurance concerns across a 

larger number of Actical accelerometers.   

Although the Actigraph performed well, with both the intra- and inter-instrument 

variability falling below five percent, the existence of a discrepant trend in count output across 
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frequencies between the Actical and the Actigraph suggested a validity concern (discussed in 

next section).  Experiments Two and Three were performed to further assess this concern.     

 

2.4.2 Experiment Two and Three 

The results of Experiments Two and Three clearly indicate that under the mechanical 

testing conditions of these experiments, the Actical (CVintra = 0.5%; CVinter = 5.4%) is more 

reliable than the Actigraph (CVintra = 3.2%; CVinter = 8.6%).  This suggests better inter-

instrument calibration of the Actical by the manufacturer when compared to the lot of devices 

from Experiment One.  To the authors‘ knowledge, this is the first technical reliability data 

published on the Actical.  However, there are three such technical reliability studies available for 

comparison on the Actigraph accelerometer (Brage et al. 2003).   

In the study by Brage and colleagues (2003), six Actigraph accelerometers were exposed 

to a host of acceleration and frequency conditions via a dual rotating wheel setup.  The mean 

intra-instrument variability of the six Actigraphs was slightly higher (within instrument, between 

trial CVintra = 4.4%) but comparable to that of the 48 Actigraphs in the present study.  Likewise, 

over similar acceleration and frequency conditions the range of inter-instrument reliabilities 

reported (CVinter ~ 5-12%) matched quite well with those in the present study.  When presented 

with large inter-instrument variability, Brage et al. (2003) suggest that either a multipoint, unit 

specific calibration be used before and after each measurement period, or some form of post 

measurement adjustment be employed (i.e., covariate) during statistical analyses.   

In a preliminary study by Fairweather and colleagues (1999), four Actigraphs were 

oscillated at 2.0 Hz using a mechanical shaker system.  The only reliability data reported was for 

inter-instrument reliability (CVinter ~ 3.0%) which was much better than that found in the present 
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study.  The difference in these results can be explained first, by the small number of 

accelerometers tested (i.e., homogeneous sample) and second, by the fact that only one testing 

condition was used.  In a study by Metcalf et al. (2002), Actigraphs were rotated at medium and 

fast speeds via a turntable setup.  Intra-instrument reliability (within instrument, between trials; 

n=7) ranged from 0.8-1.4% while inter-instrument reliability (n=23) was found to be 3.3% at 

both fast and medium speeds.  At first glance the intra-instrument reliabilities look much better 

than those in the present study.  However, if only similar frequency conditions from the present 

study are compared (i.e., fast speed of 120 rev·m
-1

 = 2.0 Hz and medium speed of 72 rev·m
-1

 = 

1.2 Hz), then the reliability results align much better with the present study (aligned CVintra = 

0.17% and 0.56%, respectively).  However, the inter-instrument reliability did not align as well 

(aligned CVinter = 7.1% and 7.3% respectively), likely due to the larger, more heterogeneous 

sample of accelerometers in the present study.    

To date, only one study has compared the inter-instrument reliability of different 

accelerometer models (1996).  This study assessed four accelerometer models using a more 

applied approach employing standardized bouts of treadmill and outdoor running activity.  The 

results of the generalizibility study concluded that overall, the Actigraph (n=10) was the most 

reliable accelerometer (CVinter = 8.9%) compared to the Tritrac (the predecessor version of the 

RT3; n=9) (CVinter = 9.4%), Biotrainer (IM Systems, Baltimore, MD; n=9) (CVinter = 10%), and 

Actical (n=7) (CVinter = 20.0%), respectively.  Although not a technical reliability study, the 

inter-instrument reliability of the Actigraph was nearly equal to that of the present study.  

However, the high degree of variability in the Actical was much greater than in the present study, 

especially in Experiment Two.  It is possible that the Actical monitors were acquired prior to the 

manufacturer being aware of potential issues in their calibration quality assurance. 
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The discrepant trend in count output across frequencies between the Actical and the 

Actigraph (Figure 2.3) was confirmed in Experiments Two and Three (Figure 2.5).  This result is 

indeed intriguing as it suggests there is a validity issue at play.  How can two accelerometer 

models designed to measure the same thing, produce very different trends when presented with 

the same testing conditions?  Which one, if any, is correct?  It is important to understand that 

accelerometers are accelerometer-based physical activity monitors, not instruments that merely 

record acceleration.  As such, these instruments must consider both the frequency and 

acceleration of movement in order to validly assess physical activity.   

The six testing conditions imposed on the Actical resulted in a bimodal distribution of the 

six mean count outputs (Figure 2.6).  The gap in Actical output occurs because conditions 1-3 

remain virtually unchanged despite changes in frequency and hence work performed.  These 

results seem to call into question the validity of the Actical.  Conversely, these same six 

conditions imposed on the Actigraph resulted in a distributed count output across the intensity 

spectrum (Figure 2.6).  With the exception of a reversed order in conditions 5 & 6, the graded 

output of the Actigraph matches the theorized intensity spectrum based on the quotient of work 

and body mass (Table 2.2).   The fact that there is general agreement between the Actigraph 

count output and mass specific work may provide evidence of instrument validity.  However, 

data from the present study do not allow definitive conclusions regarding the validity of either 

accelerometer model.   

The Actigraph user‘s manual presents the accelerometer frequency rage as 0.25-2.5 Hz 

which may be misleading as it seems to imply that movements inside this range are measured 

full scale while those outside this range are not registered at all.  However, in the original 

Actigraph design study, Tryon and Williams (1996) describe the filter as a weighting function 
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with optimal weight at 0.75 Hz that decreases as frequency increases or decreases.  However, 

unlike Tryon and Williams, Brage et al. (2003) explicitly state that Actigraph output is only 

proportional to acceleration if frequency is held constant, thus suggesting that some form of 

frequency-dependent filter is present.  The authors went on to develop a frequency-based 

correction factor that can be applied to raw Actigraph counts to restore linearity.  Applying this 

correction factor to the Actigraph data in Experiment Three results in increased mean count 

output across all six conditions (due to the re-weighting) (Figure 2.7).  Likewise, conditions 5 

and 6 become properly ordered (i.e., aligning to Work·kg
-1

) as a result of the frequency 

correction equation.  The corrected data are consistent with the notion that at least a portion of 

the decline in Actigraph output with increasing frequency may be a result of bandwidth filtering 

procedures.   

 

Figure 2.7.  Comparison of frequency corrected Actigraph count data ( X ±SD) across the six 

testing conditions (Actigraph n=48). 
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Unfortunately, no design specifications research comparable to that of the Actigraph 

(Tryon and Williams 1996) has been published on the Actical; therefore, the filtering specifics of 

this accelerometer model are unknown and in need of future research.  Likewise, because the 

Actigraph 7164 has been phased out, replaced by the GT1M model, further studies are required 

to examine the comparability and technical reliability of this new Actigraph model.   

That reliability sets the limit on validity is a fundamental tenet of science and as such, 

justifies the need for quality reliability research.  Researchers employing accelerometers to 

assess physical activity would do well to start treating their accelerometers with the same care as 

those using metabolic carts.  This means the initiation of proper calibration checks with each and 

every use.  Obviously substitute the calibration gas with some form of mechanical apparatus that 

reliably oscillates the accelerometer across a host of intensity conditions.  And of course, an a 

priori variability limit must be set (e.g., mean difference ≤ 5%).  If such a calibration check was 

implemented with the data from Experiment Two and Three, seven (18%) of the Actical and 16 

(33%) of the Actigraph accelerometers would be rejected as too variable for use (Figure 2.8).  

That the accelerometer units along the x-axes are ordered according to serial number is also of 

interest; in this manner, visual checks for batch/lot effects can easily be made.  For example, 

looking at the data from the Actical, one can easily determine that units 19-23 are clustering (i.e., 

come from the same homogeneous batch).  Further, one can readily see that units 1-18 are 

subject to more variability than units 24-39.  These data clearly illustrate that batch effects can 

greatly influence reliability and therefore deserve consideration in reliability study designs.   

The popularity of accelerometry as an objective measure of physical activity stems from 

its ability to provide direct, objective and detailed physical activity information (Esliger et al. 

2005).  However, the quality of information from accelerometers is only as good as the devices 
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themselves.  Therefore, it is important that both researchers and manufacturers work together to 

ensure both the reliability, and ultimately the validity, of these measurement devices.  Finally, 

journal editors and peer-reviewers will have to do their part by demanding that proper reliability 

procedures be both followed and reported for successful publication. 

 

 

Figure 2.8.  Calibration assessment of 39 Actical (left) and 48 Actigraph (right) accelerometers 

setting 5% variability limits. 

Note: Middle line represents mean of the six testing conditions with the line above and below 

acting as the ±5% boundary. 
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Chapter 3: Study 2   

 

Title:  Physical Activity and Sedentary Profiling: The Next Generation 

 

Study 2 has been published as a review article in a peer-reviewed journal (Esliger and 

Tremblay 2007).  With the exception of the some minor wording and/or format changes that 

were necessary for the conversion to graduate thesis format, it is presented in its published form. 

The introduction section below may repeat key aspects of the review of literature directly 

pertinent to the purpose of the review. 

 

3.1 Introduction 

On September 24-25, 1984, the Centers for Disease Control (CDC) held a workshop on 

Epidemiologic and Public Health Aspects of Physical Activity and Exercise. The organizers (the 

new Behavioral Epidemiology and Evaluation Branch) believed that although the health benefits 

of physical activity were becoming established, several important knowledge gaps remained.  In 

a process not unlike the recent initiative by the Canadian Society for Exercise Physiology 

(Tremblay et al. 2007c), ten scientific papers were commissioned to provide a summary of 

existing knowledge and to identify areas for future research (see Powell and Paffenbarger (1985) 

for a summary of the workshop).  The article by LaPorte and colleagues (1985) entitled 

―Assessment of physical activity in epidemiologic research: problems and prospects‖ reviewed 

more than 30 different methods of measuring physical activity.  The authors concluded that, 

although the resulting data were limited, surveys were the most practical approach for large-scale 

studies.  Objective techniques (e.g., heart rate monitoring, movement sensors) were seen as 



 

68 

 

promising, but experimental and cost prohibitive.  The authors concluded that despite the 

difficulty in obtaining accurate measurements, a relatively strong association had been 

established between physical activity and health, and they suggested that improved methods of 

measurement should demonstrate even stronger associations.   

Much has been learned over the subsequent two decades.  Table 3.1 outlines a 

chronology of events that have been instrumental in shaping the field of physical activity 

measurement.  Perhaps the most notable change has been the rapid growth in use of objective 

monitoring (e.g., accelerometers, global positioning systems (GPS), heart rate monitors, 

pedometers, etc.); this has provided much more robust and detailed physical activity information 

(Esliger et al. 2005; Schutz et al. 2001).  Physical activity monitors have become progressively 

smaller, less expensive, and more sophisticated, allowing these measurement tools to move out 

of the laboratory and into the field.  There has thus been a narrowing of the methodological gap 

between accuracy and feasibility for assessing physical activity (Figure 3.1).  To date, the use of 

objective monitoring has been confined largely to experimental studies; however, at least two 

countries (Canada (Tremblay et al. 2007a) and the United States (Troiano 2005)), have now 

initiated national, objective physical activity surveillance (in both cases, using accelerometry).  

Nevertheless, the most common methods of measuring population-level physical activity are still 

questionnaire-based and are limited in their ability to provide accurate or detailed information 

(Sallis and Saelens 2000; Shephard 2003; Wareham and Rennie 1998).   



 

 

 

Table 3.1.  Selected milestones that contributed to the advancement of the study of physical activity measurement. 

Date Event Description Focus/Title Output/Outcome Citation(s) 
1984 CDC workshop on epidemiologic and 

public health aspects of physical 

activity and exercise 

Workshop on epidemiologic 

and public health aspects of 

physical activity and 

exercise: a summary 

Public Health Reports supplement published 

dedicated to the topic (with a key paper titled 

―Assessment of physical activity in epidemiologic 

research: problems and prospects‖) 

 

(Powell and 

Paffenbarger, Jr. 1985) 

(LaPorte et al. 1985) 

1984 NHLBI workshop on activity 

assessment methods for use in 

epidemiologic studies 

Assessment methods for 

physical activity and 

physical fitness in 

population studies: report of 

a NHLBI workshop 

Special report published summarizing the 

workshop 

(Wilson et al. 1986) 

1989 Key paper published Physical activity 

epidemiology: concepts, 

methods, and applications to 

exercise science 

Comprehensive review paper detailing the rise of 

physical activity epidemiology as an ―area of 

study‖.     

(Caspersen 1989) 

1996 Key paper published Determinants of physical 

activity in obese children 

assessed by accelerometer 

and self-report 

This paper suggests that the predictors of physical 

activity level are different based upon the method 

of measuring physical activity. 

(Epstein et al. 1996) 

1996 Textbook published Measuring physical activity 

and energy expenditure 

1st  comprehensive text dedicated to physical 

activity measurement 

(Montoye et al. 1996) 

1996 Release of the US Surgeon General‘s 

Report 

Physical activity and health Generated wide-scale recognition of the important 

link between physical activity and health 

(U.S.Department of 

Health and Human 

Services 1996) 

1999 International conference held at the 

Cooper Institute in Dallas, TX 

Measurement of physical 

activity 

RQES supplement published dedicated to the topic (Wood 2000) 

2000 Journal supplement commissioned by 

the International Life Sciences Institute 

Measuring physical activity 

and energy expenditure 

MSSE supplement  published dedicated to the 

topic 

(Montoye 2000) 

2000 Dose-response symposium and 

consensus process held in Hockley 

Valley, ON (international in scope) 

Physical activity and health MSSE supplement  published dedicated to the 

topic 

(Kesaniemi et al. 2001) 

2002 2002 U.S. National Institutes of Health 

(NIH) Funding Call Launched  

Improving diet and physical 

activity assessment (R01) 

Special Emphasis Panel created to award grants 

that support new diet and exercise assessment 

methods 

(National Institutes of 

Health 2002) 

2002 Textbook published Physical activity 

assessments for health-

related research 

2nd comprehensive text dedicated to physical 

activity measurement 

(Welk 2002) 

2003- U.S. implement  largest objective NHANES initiates objective Public access data file containing accelerometry (Troiano 2005) 

6
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Abbreviations:  CDC- Centers for Disease Control; CHMS- Canadian Health Measures Survey; CVD-cardiovascular disease; MSSE- 

Medicine and Science in Sports and Exercise; NHANES- National Health and Nutrition Examination Survey; NHLBI- National Heart, 

Lung, and Blood Institute; RQES- Research Quarterly for Exercise and Sport Science 

2004 physical activity monitoring to date  monitoring of physical 

activity via accelerometry 

data on a nationally representative sample of 

~7000 survey participants 

2004 Scientific meeting held in Chapel Hill, 

NC 

Objective measurement of 

physical activity: Closing 

the gaps in the science of 

accelerometry 

MSSE supplement  published dedicated to the 

topic 

(Ward et al. 2005) 

2006 Key paper published Physical activity and 

clustered cardiovascular risk 

in children: a cross-sectional 

study (The European Youth 

Heart Study) 

Cross sectional study aiming to characterize the 

association between physical activity and clustered 

CVD risk factors better with the use of objectively 

measured physical activity 

(Andersen et al. 2006) 

2006 Key paper published  Physical activity 

epidemiology: moving from 

questionnaire to objective 

measurement 

Commentary article suggesting the physical 

activity can best be measured by a combination of 

activity monitors, questionnaires, and analytical 

techniques 

(Janz 2006) 

2006 Institute of Medicine (IOM) workshop 

held in Washington, DC 

Adequacy of evidence for 

physical activity guidelines 

development 

IOM report highlighting the need for better 

measurement of physical activity (naming 

objective monitoring as showing promise in this 

regard) 

(West Suitor and Kraak 

2007) 

2007 Key paper published Objectively measured 

physical activity and fat 

mass in a large cohort of 

children 

Cross sectional study aiming to characterize the 

association between physical activity and obesity 

better with the use of objectively measured 

physical activity 

(Ness et al. 2007) 

2007-

2009 

Canada implements objective physical 

activity monitoring  

CHMS initiates objective 

monitoring of physical 

activity via accelerometry 

Began collection of 7-days of objectively 

measured physical activity data on a nationally 

representative sample of 5000 survey participants 

over a 2 year period  

(Tremblay et al. 2007a) 
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The purpose of this paper is to discuss the potential contributions of objective monitoring 

to the population surveillance of physical activity.  Detailed activity and sedentary profiles 

generated from previously collected activity monitor data are presented and examples of data 

utilization and interpretation are provided through sample case studies.  Profiles are presented in 

various formats to demonstrate the dangers of data misinterpretation when assessing population 

adherence to physical activity guidelines. Although these examples use accelerometry data, the 

findings are generalizable to other time-stamped, objectively measured physical activity data 

(e.g., heart rate monitors, pedometers, GPS, etc.). 

SR Quest.

Diaries

Pedometers

Global Positioning Systems ?
Combined Sensors ?

Accelerometers

Heart Rate Monitors

Direct Observation

Indirect Calorimetry

Doubly Labeled Water

Calorimetry

Validity

F
e
a
s
ib

il
it

y

Figure 3.1.  Conceptual illustration of the trade-off between validity and feasibility for 

researchers using a variety physical activity measurement methods (solid line); the relative 

position of these measurement methods may change as technology and methodologies evolve 

(dotted line), possibly improving the validity and/or feasibility. 

Note:  As new technologies emerge their position on the continuum must be established based on 

research results (e.g., GPS).  SR Quest. = Self-Report Questionnaire 
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3.2 Population Surveillance of Physical Activity 

 To date, the population surveillance of physical activity in Canada has relied almost 

exclusively on questionnaire (i.e., self or proxy-reported) data (Katzmarzyk and Tremblay 2007).  

These authors highlight the incongruence between national health data, indicating a decline in 

health status, and current physical activity surveillance data which indicate increased levels of 

physical activity in the population.   Katzmarzyk and Tremblay (2007) suggest that the current 

surveillance is failing to capture the ―true‖ levels of activity and sedentariness in the population.  

One possible explanation is that many of the questionnaires currently employed measure only 

one aspect / context of activity, leisure-time physical activity; this accounts for a relatively small 

proportion of daily energy expenditure (Tremblay et al. 2007b).  This limitation of data is 

evident in information from other countries as well (Troiano et al. 2001).  A second explanation 

is that over time, the population has increasingly tended to over-report socially desirable health 

behaviours, including physical activity.  As a result of these limitations, the authors call for a 

more robust physical activity and sedentary behaviour surveillance system.     

Current physical activity surveillance utilizes self-report questionnaires to determine the 

proportion of a population that achieves physical activity guidelines based on epidemiological 

evidence informed by self-report measures of physical activity. However, as physical activity 

epidemiology evolves, and objective monitoring techniques become commonplace, there is 

increased likelihood of data misinterpretation, since the guidelines and monitoring procedures 

are based on differing methodologies.  Therefore, it is important to understand fully objective, 

time-stamped physical activity monitors and the physical activity and sedentary profiling 
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opportunities that they provide.  The detailed information obtained by these techniques allows a 

more comprehensive assessment of the relationships between physical activity and health. 

 Studies by Rowlands et al. (2000) and Ness et al. (2007) highlight the fact that the 

relationship between children‘s physical activity and adiposity is strengthened when objective 

monitors are used rather than questionnaires. Evidence is mounting (Bassett, Jr. et al. 2000; 

Epstein et al. 1996; Janz et al. 2004) that studies using activity monitors rather than 

questionnaires are more likely to detect significant and meaningful associations between physical 

activity and a variety of health outcomes (Janz 2006).  The ability of activity monitors to assess 

frequency, intensity and duration with extended real time recording allows investigators to 

examine questions that cannot be answered from questionnaire data.  For example, which 

dimension(s) of physical activity (i.e., frequency, intensity, duration, mode) are important for a 

particular health outcome and how much activity (i.e., what dose) is necessary to have a 

beneficial effect (Wareham and Rennie 1998).   

Janz (2006) asserted that the most important contribution of activity monitors is their 

ability to measure routine, intermittent, moderate intensity activities such as walking.  It seems 

intuitive that physical activity of this nature is less memorable and therefore more likely to be 

underestimated by self-report questionnaires.  This is particularly important, as many national 

and international guidelines promote the daily accumulation of short bouts of moderate intensity 

physical activity. 

 

3.3 Physical Activity and Sedentary Profiling 

3.3.1 Data Reduction and Analysis 
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The wealth of information provided by objective monitors makes them invaluable in 

understanding the complex nature of physical activity behaviour.  However, data mining is a 

challenge that accompanies such high resolution data.  Fortunately, researchers and manufactures 

alike are beginning to develop custom and commercially available software to simplify data 

analysis. Custom software (Esliger et al. 2005) designed by our research team generates a 

detailed activity profile from seven days of minute-by-minute accelerometry (Figure 3.2; Tables 

3.2 and 3.3).  Summary variables detailing the frequency, intensity, and duration of physical 

activity are generated and combined to provide a detailed profile of overall behaviour.   

 

3.3.2 Amount and Intensity of Physical Activity   

An important first step in objective analysis is to summarize the raw data. Total and 

average counts per minute are important accelerometer outcome variables, because they indicate, 

respectively, the aggregate amount and the intensity of physical activity.  However, because 

counts are tallied in proprietary, manufacturer-specific units, they only allow the comparison of 

data among similar accelerometer models.  After obtaining the raw count data, most users 

convert the arbitrary score into more physiologically relevant units, usually based on energy 

expended in unit time.  In order to calculate the time spent in physical activity, some form of 

count to intensity (i.e., energy expenditure) prediction equation must be used.  However, the 

issue is complicated by the introduction of several differing cut-point ranges (Hendelman et al. 

2000; Puyau et al. 2002; Swartz et al. 2000; Trost et al. 2000)
 
which yield markedly different 

interpretations of the same data (Strath et al. 2003).  A discussion of appropriate cut-points is 

beyond the scope of this paper; however the lack of consensus, both within and between 

accelerometer models, remains a major barrier to data interpretation. 



 

 

 

 
Figure 3.2. Seven day, minute-by-minute activity graph illustrating the intensity of activity over time. 

Note:  In an effort to facilitate comprehension, each 24 hour period is shaded dark and/or light, sleep time is given a value of -200, and 

days are labelled in 6 hour segments. 
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Table 3.2. Sample of a comprehensive physical activity profile. 

 

 

 

 

 

 

 

  

PHYSICAL ACTIVITY PROFILE 

Subject Gender Age Accelerometer Model Epoch Days of Monitoring Location of Monitoring Monitoring Date 

Jim Socks Male 10 Actigraph 7164 1 minute 7 

Latitude:  43° 58' N 

Longitude:  80° 45' W Sept. 18-24, 2007 
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Amount of Physical Activity            

Counts (x 1000) 2865 409 424 373 302 436 566 365 451 396 349 

Average Counts/Minute1 459 516 523 498 394 541 705 465 509 579 418 

Light Minutes (<3 METs) 4560 651 665 618 675 659 610 658 722 515 721 

Moderate Minutes (3.00-5.99 METs) 958 137 136 139 87 136 174 126 157 166 112 

Hard Minutes (6.00-8.99 METs) 45 6.43 8 2.5 5 13 14 2 6 2 3 

Very Hard Minutes (9+ METs) 5 0.71 1 0 0 0 5 0 0 0 0 

Vigorous Minutes (6+ METs) 50 7.14 9 2.5 5 13 19 2 6 2 3 

MVPA Minutes (3+ METs) 1008 144 145 142 92 149 193 128 163 168 115 

Accumulation of  Physical Activity (MVPA)            

How      Sporadic (<10 continuous) Minutes 750 107 107 109 80 113 132 128 80 132 85 

Number of Sporadic Bouts 383 54.7 52.8 59.5 36 52 56 70 50 70 49 

Average Minutes/Sporadic Bout 2.0 2.0 2.0 1.8 2.2 2.2 2.4 1.8 1.6 1.9 1.7 

            2Short Bout (10-19 continuous) Minutes 186 26.6 24 33 12 36 34 0 38 36 30 

Number of Short Bouts 15 2.1 2.0 2.5 1 3 3 0 3 3 2 

Average Minutes/Short Bout 12.4 10.7 9.6 13.5 12.0 12.0 11.3 0.0 12.7 12.0 15.0 

            3Long Bout (20+ continuous) Minutes 72 10.3 14.4 0 0 0 27 0 45 0 0 

Number of Long Bouts 3 0.4 0.6 0 0 0 1 0 2 0 0 

Average Minutes/Long Bout 24.0 7.1 9.9 0 0.0 0.0 27.0 0.0 22.5 0.0 0.0 

          Short & Long Bout (10+ continuous) Minutes 258 36.9 38.4 33 12 36 61 0 83 36 30 
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1
Average counts/minute were calculated based on wear minutes only (i.e., sleep minutes were excluded); MVPA = moderate and 

vigorous physical activity; 
2
allowing one minute <3 METs; 

3
allowing 2 minutes <3 MET 

Note: variables outlining When MVPA is accumulated are based on theoretical times of the events listed

When     Early Morning (0600-0830) 17 2.4 3.4 0.0 3 4 2 6 2 0 0 

               Morning Commute (0830-0900) 59 8.4 11.2 1.5 13 5 9 16 13 3 0 

               In School (0900-1500) 437 62.4 63.2 60.5 33 61 93 50 79 78 43 

              Recess (1015-1030) 42 6.0 4.8 9.0 4 6 3 3 8 11 7 

              Lunch (1200-1300) 167 23.9 26.6 17.0 23 47 28 19 16 12 22 

              After School (1500-2100) 286 40.9 35.8 53.5 16 26 58 34 45 64 43 

              Late Night (2100-0000) 0 0.0 0.0 0.0 0 0 0 0 0 0 0 
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Table 3.3. Sample of a comprehensive sedentary behaviour profile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PAR = physical activity ratio (based on cut-points by (Puyau et al. 2004); 
1
allowing one minute with a PAR ≥1.5; 

2
allowing 2 minutes 

with a PAR ≥1.5; Note: variables outlining When sedentary time is accumulated are based on theoretical times of the events listed 

SEDENTARY BEHAVIOUR PROFILE 

Subject Gender Age Accelerometer Model Epoch Days of Monitoring Location of Monitoring Monitoring Date 

Jane Go Female 10 Actical 15 second 7 

Latitude:  53° 10' N 

Longitude:  106° 43' W Jan. 16-22, 2007 
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Amount of Sedentary Time            

Sleep Hours 79.1 11.3 11.3 11.2 10.9 11.6 10.1 12.3 11.9 8.6 13.9 

Sedentary Minutes (PAR<1.5) 3024 432 432 432 490 474 443 407 345 507 358 

Light Minutes (PAR 1.5-2.99) 4189 598 603 587 652 603 642 582 537 679 495 

Accumulation of  Sedentariness            

How      Sporadic (<10 continuous) Minutes 1272 182 183 178 146 137 221 187 224 175 182 

Number of Sporadic Bouts 1269 181 180 185 154 129 199 195 222 202 168 

Average Minutes/Sporadic Bout 1.0 1.0 1.0 1.0 0.9 1.1 1.1 1.0 1.0 0.9 1.1 

            1Short Bout (10-19 continuous) Minutes 655 94 100 78 181 55 76 115 73 101 55 

Number of Short Bouts 49 7 8 6 14 4 6 8 6 7 4 

Average Minutes/Short Bout 13.4 13.4 13.2 14.1 12.9 13.8 12.7 14.3 12.1 14.4 13.8 

            2Long Bout (20+ continuous) Minutes 1097 157 149 176 163 282 146 106 49 231 121 

Number of Long Bouts 34 5 5 6 5 8 4 4 2 7 4 

Average Minutes/Long Bout 32.3 31.2 31.0 31.6 32.6 35.3 36.4 26.4 24.4 33.0 30.2 

          Short & Long Bout (10+ continuous) Minutes 1752 250 249 254 343 337 222 220 121 332 176 

When    AM Commute (8:00-8:45AM) 76 11 13 5 22 10 8 6 22 9 0 

              Morning Recess (10:30-10:45AM) 24 3 5 0 14 4 1 5 0 0 0 

              Lunch Time (Noon-1:00PM) 188 27 26 30 48 30 14 17 21 22 37 

              PM Commute (3:30-4:15PM) 144 21 15 34 4 15 15 28 14 37 32 
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Despite their limitations, prediction equations are important in delineating the number of 

accelerometer counts per epoch corresponding to a given category of physical activity (e.g., 

light, moderate, vigorous).  This allows an easy calculation of the time spent on physical activity, 

cited as one of the most relevant variables for public health research because of its direct link to 

current physical activity recommendations (Welk 2002). Many physical activity guidelines 

adjust the recommended duration of activity based on intensity (Hardman 2001).  For example, 

Canada‘s Physical Activity Guide for Adults recommends 60 minutes of light physical activity 

daily, and as you progress, 30 minutes of moderate to vigorous physical activity on four or more 

days a week (Health Canada and the Canadian Society for Exercise Physiology 1998).  However, 

as described by Lee (2007), in some populations fitness (used as a surrogate for health) can be 

improved even with modest doses of physical activity (i.e., approximately 50% of the current 

guideline of 150 minutes/week) (Church et al. 2007).   

 

3.3.3 Importance of the Collection Period  

The time-stamped feature of objective data allows not only a weekly summary, but also a 

weekday versus weekend day or even a day-by-day summary of outcome variables. This has 

important implications, as most physical activity guidelines are based on a single day (e.g., 30 

minutes of moderate-to-vigorous physical activity (MVPA) per day), yet for many people, 

behaviour follows a weekly cycle.  Measuring for periods of less than 7 days can complicate the 

assessment of guideline compliance (Esliger et al. 2005).  For example, a study participant could 

accumulate 210 minutes of MVPA through weekend participation in organized sport (i.e., a 

weekend warrior (Kruger et al. 2007; Lee et al. 2004)).  If their average MVPA per day is 

calculated over the course of an otherwise inactive week, they will appear to have been active for 
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30 minutes per day.  In this example the active weekend days, when averaged on a per day basis, 

provides a deceptive description of daily physical activity.  Figure 3.3 illustrates the problem of 

using averages when assessing guideline compliance.  Similar issues have been demonstrated 

using self-report measures of physical activity (Sarkin et al. 2000). 

 

Figure 3.3.  Proportion of youths (n = 351) meeting the physical activity guidelines of an 

average of 30, 60, and 90 or more minutes of MVPA per day [using every minute] (Top); 

Proportion of youths (n = 351) meeting physical activity guidelines when using daily activity 

requirements of 30, 60, and 90 or more minutes of MVPA [using every minute].   

Note. MVPA = moderate and vigorous physical activity (3 + METs) 
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3.3.4 How Physical Activity is Accumulated 

The concept of fractionalization is important, as health benefits may be conferred based 

on the accumulation of multiple short bouts of physical activity (Hardman 2001). The notion that 

―every little bit counts‖ has been incorporated, among other places, into Canada‘s physical 

activity guide for adults; this states that activity can be accumulated in bouts of 10 or more 

minutes (Health Canada and the Canadian Society for Exercise Physiology 1998).  At face value, 

this implies that physical activity bouts of <10 minutes do not ―count‖ towards meeting the 

guidelines.  This is an important point.  Figure 3.4 and Table 3.2 illustrate the fact that the bulk 

of MVPA (at least in children) is accumulated in sporadic bouts lasting less than 10 minutes and 

therefore would not count towards meeting the guidelines.  A correct assessment of guideline 

compliance should exclude sporadic minutes of MVPA and require compliance on most (5 or 

more) days of the week (Figure 3.5). The varying proportion of people who meet various 

physical activity guidelines is highlighted by contrasting Figures 3.3 and 3.5; and the range is 

from 1-100%!  However, the hypothesis that a minimum duration of physical activity (i.e., bouts 

of >10 minutes) was needed to achieve health benefits was based on self-report data, which is 

unlikely to reflect less memorable, sporadic/incidental physical activity. Evidence is mounting 

that underscores the contribution of incidental (i.e., non-purposeful) physical activity to 

maintaining energy balance and preserving health (Matthews et al. 2007; Tremblay et al. 2007b).  

With this in mind, many custom programmes (the present one included) incorporate user-defined 

options for dividing physical activity data into bouts; this allows the user to choose the bout 

duration for a given intensity of activity.  However, because data indicating what should 

constitute a minimum bout of activity are lacking, it may be prudent to choose analysis options 
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that generate a complete listing of all bout durations.  Activity variables of this nature, when 

linked with health outcome data, could then be used to inform future research. 

 

 

Figure 3.4.  Proportion of MVPA accumulated in sporadic bouts (1-9 minutes), short bouts (10-

19 minutes), and long bouts (20+ minutes) in a sample (n=351) of youths. 

Note. MVPA = moderate and vigorous physical activity (3 + METs) 

 

3.3.5 When Physical Activity is Accumulated 

The outcome variables that describe when physical activity is accumulated are also 

important.  Whether one performs more physical activity through the week as opposed to the 

weekend may provide insight into the context of the activity (e.g., is it occupational, leisure-time 

or transportation-related physical activity).  Also, the ability to summarize data over user-defined 

intervals allows the researcher to determine particularly active and/or inactive times; this 

provides insight to reaffirm, or to encourage a change in behaviour.  For example, the child in 

68%
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Proportion of MVPA Accumulated in Long Bouts
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24 
 

            20_______   
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Table 3.2 has much more physical activity in the 6 hour period at school than in the 6 hour 

period after school, identifying areas for improvement or intervention. 

 

 
Figure 3.5.  Proportion of youths (n = 351) meeting the physical activity guidelines of an 

average of 30, 60, and 90 or more minutes of MVPA per day in bouts of ≥10 minutes (Top); 

Proportion of youths (n = 351) meeting physical activity guidelines when using daily activity 

requirements of 30, 60, and 90 or more minutes of MVPA in bouts of ≥10 minutes. 

Note. MVPA = moderate and vigorous physical activity (3 + METs) 

0
30
60
90

120
150
180
210
240
270
300
330

0 50 100 150 200 250 300 350 400

Participant ID Number

A
v
er

a
g
e 

M
V

P
A

 P
er

 D
a
y
 

0

10

20

30

40

50

60

70

80

90

100

1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days 7 Days

(Avg)

%
 o

f 
S

a
m

p
le

30+ Minutes

60+ Minutes

90+ Minutes

  6% 

64% 

28% 



 

84 

 

 

 

3.3.6 Measuring Sedentary Behaviour 

Sedentary variables have become increasingly important in the face of decreasing 

lifestyle-embedded physical activity (Tremblay et al. 2005a). Sedentary pursuits (e.g., TV 

viewing) and physical activity are independently associated with health (e.g., metabolic risk in 

children) (Ekelund et al. 2006), and some nations have already incorporated sedentary time 

recommendations into their physical activity guidelines (Health Canada and the Canadian 

Society for Exercise Physiology 2002a; Health Canada and the Canadian Society for Exercise 

Physiology 2002b).  Just what index of sedentary behaviour (e.g., time spent watching television, 

other screen-time pursuits, time spent sitting etc.) is most informative remains unknown; 

however, sedentary pursuits should be limited (e.g. the Canadian Pediatric Society (Canadian 

Pediatric Society Psychosocial Pediatrics Committee 2003) recommends limiting the TV 

watching of school-aged youth to <2 hours per day).  Increased awareness that sedentary 

behaviours negatively impact health has led to changes in how sedentary behaviours are 

measured.  Many early questionnaires simply used the absence of physical activity as a measure 

of sedentariness, but contemporary questionnaires try to determine the nature of sedentary 

behaviours (Gordon-Larsen et al. 2004).  Increasingly, activity monitors are being recognized for 

their ability to provide objective, time-stamped data on how long a person is inactive (Esliger et 

al. 2005).   

 Table 3.3 provides an example of a sedentary behaviour profile that can be generated 

from accelerometer data.  Behavioural and environmental approaches to reducing sedentariness 

are not necessarily identical to those designed to increase physical activity. The resolution and 
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categorization of data realized through prolonged, time-stamped objective monitoring allows a 

richer profiling; this can improve assessment of interventions and allow new areas of study. For 

example, although a school-based intervention designed to reduce prolonged sedentary or 

inactive behaviour may fail to demonstrate increases in self-reported physical activity, or 

minutes of MVPA as measured by accelerometry, a group sedentary behaviour profile, similar to 

that in Table 3.3 could demonstrate reductions in measures of sedentariness or a shift of totally 

sedentary minutes (Physical Activity Ratio (PAR) <1.5) towards minutes of light activity (PAR 

1.5-2.99).  Just as health benefits may accrue from the accumulation of MVPA, health risks may 

arise from the accumulation of significant periods of sedentary time (Table 3.3).  Again, the 

detail inherent in time-stamped, objective physical activity monitoring allows this often ignored 

portion of the health continuum (i.e., inactivity) to be assessed comprehensively (Figure 3.6).   
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Figure 3.6.  Conceptual illustration of the relationship between physical activity and health risks 

and benefits.  As an individual alters their activity level above or below activity homeostasis 

(i.e., their normal level of activity; dotted line) their health status adapts accordingly.   

Note: The shaded section represents the variability in the health outcome response to a given 

exposure (i.e., physical activity / inactivity).  This variability can be attributed to differences in 

how much, how, and when the physical activity / inactivity is accumulated and/or differences in 

the health outcome under study. 

 

  

Canada‘s Physical Activity Guides for Children (2002a) and Youth (2002b) recommend: 

 to increase the time currently spent on physical activity by a total of at least 30 minutes 

more per day. 

 to reduce ―non-active‖ time spent on TV, video, computer games and surfing the internet, 

starting with at least 30 minutes less per day. 

 the 30 minutes more of physical activity can be accumulated in bouts as short as 5 or 10 

minutes. 

 children and youth should increase activity progressively until they reach at least 90 

minutes of daily physical activity. 

These child and youth guides are very progressive, taking the explicit approach of 

recommending increased physical activity and decreased sedentariness. Using the physical 

activity and sedentary profiling possible with accelerometer data, progress towards achieving 

Canada‘s Physical Activity Guidelines can be monitored comprehensively and accurately. 

 

3.4 Future Research 

Unfortunately, many objective monitors cannot provide information on mode and/or 

context of physical activity and therefore require supplementary information to assess these 

dimensions (usually obtained via questionnaire or diary).  However, initiatives are underway to 

recognize patterns in accelerometer data that may predict specific modes of physical activity 
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(e.g., walking, running, stair climbing) (Pober et al. 2006).  Additionally, the advent of multi-

sensor devices that combine measurements of heart rate, skin temperature, step counts, 

acceleration, body position, ventilation rate, GPS, etc. show promise in capturing even more 

information about physical activity and sedentary behaviour.  For example, combining 

accelerometers with inclinometers, Levine and colleagues (2005) found that, on average, obese 

individuals were seated 2 hours longer per day than lean individuals.  They also showed that the 

pattern of sedentary behaviour was unaltered even when these individuals gained or lost weight, 

suggesting that posture allocation may be biologically determined.  Future research is required to 

understand and refine the data that emerges from increasingly sophisticated monitoring devices 

and to interpret these data in the context of existing physical activity guidelines. Research is also 

required to understand more subtle differences in habitual physical activity across gender, age, 

ethnicity, immigrant status, marital status, geographic location and other demographic indicators. 

The number of continuous variables generated and displayed in Tables 3.2 and 3.3 give 

an indication of the potential for further exploring the relationship between physical activity and 

health. In addition to investigating relationships among health indicators and dimensions of 

physical activity (e.g., frequency, intensity and duration), detailed profiles permit us to study: 

 whether certain patterns of activity accumulation are associated with better outcomes 

o morning vs. afternoon vs. evening 

o sporadic vs. short vs. long-term 

o every other day vs. sequential days vs. "weekend warrior" activity pattern 

 the relative usefulness of indices of sedentariness compared to activity 

 the importance of variability in activity (or sedentary time)  

o between days 

o between weekdays and weekend days 
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o within days, but between patterns of activity accumulation (sporadic, short, 

long) 

o within days, but between times (morning, afternoon, evening) 

 the variability in findings when higher or lower resolution epochs are used 

 how the health benefits of physical activity are accumulated, and whether this 

accumulation varies with age, gender, occupation etc.  

Results from research as described above has the potential to lead to better informed and more 

refined physical activity guidelines for Canadians. 

 

3.5 Summary 

 Growing public health concerns about inadequate physical activity and excessive 

sedentariness are creating demands for improved surveillance of these behaviours. Objective 

physical activity monitors are being used more frequently to address this demand. These devices 

allow for a much more detailed profiling of physical activity and sedentary behaviour if the data 

collected are used to their full potential. However, care must be taken to ensure that findings are 

interpreted correctly, as there is opportunity for misleading and/or opportunistic data reporting.  

This ―next generation‖ of physical activity and sedentary indices creates enormous research 

potential; ultimately, this can further inform the development, customization and modification of 

physical activity guidelines for Canadians. 
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Chapter 4: Study 3   

 

Title:  Physical activity profile of Old Order Amish, Mennonite, and contemporary children 

 

Study 3 has been published as an original investigation article in a peer-reviewed journal 

(Esliger et al. 2010).  With the exception of the some minor wording and/or format changes that 

were necessary for the conversion to graduate thesis format, it is presented in its submitted form. 

The introduction section below may repeat key aspects of the review of literature directly 

pertinent to the purpose of the study. 

 

4.1 Introduction 

Recent 7-day pedometer data from a nationally representative sample of 6,000 Canadian 

children and youth aged 5-19 years indicate that 73-91% do not accumulate sufficient daily steps 

(Cameron et al. 2007).  Likewise, recent National Health and Nutrition Examination Survey 

(NHANES) data show that 58% of American children aged 6-11 and 92% of adolescents aged 

12-19 are not meeting the recommended 60 minutes per day of physical activity (Troiano et al. 

2008).  Although these data suggest that many children and youth are inactive, they do not allow 

us to determine if this was always the case or if physical activity has declined over time.  

Knowing how physically active children were when childhood obesity was rare may offer insight 

into obesity treatment and/or prevention.  Unfortunately, longitudinal physical activity data on 

nationally representative samples of children and adolescents are lacking (Katzmarzyk et al. 

2008).  However, data from questionnaire and time use studies may provide some insight into 

physical activity trends.  For example, Canadian data show no change in leisure-time physical 
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activity from 1981-1998 (Eisenmann et al. 2004).  These data are in line with more recent U.S 

data from the National Youth Risk Behavior Surveys that found no significant temporal trends in 

physical activity and sedentary behaviour between 1999 and 2005 (Katzmarzyk et al. 2008). 

In contrast to these trend data, evidence suggests that U.S. children and youth walk and 

cycle less for transportation with active trips to school decreasing from 20.2% in 1977 to 12.5% 

in 2001 (Sturm 2005b).  Further, U.S. time use data suggest that increased time spent in school, 

child care, studying, and reading have substantially decreased play and discretionary time from 

1981 to 1997 (Sturm 2005a).  However, these conflicting data are based on proxy ecological 

evidence that does not take into account temporal changes in a certain domain (e.g., reductions in 

active commuting) which may be counter-balanced by opposing changes in another domain (e.g., 

increases in sports participation) (Stamatakis et al. 2007).  Moreover, it is generally felt that the 

major impact of technology on sedentary behaviour was reasonably complete by the 1950s due 

to the phasing out of heavy manual labour (Haskell 1996).  Although further reductions in 

physical activity were expected due to advances in computer and communication technology, it 

was believed they would be much more subtle.  Until more robust measures of physical activity 

are integrated into public health surveillance systems, our ability to monitor trends accurately 

will continue to be severely limited (Katzmarzyk and Tremblay 2007).   

In an effort to overcome the gap in historical trend data, Tremblay et al. (2005b) 

developed a unique model to assess the impact of modernity on activity levels in children.  The 

authors reasoned that some cultures may preserve the inherently active lifestyle of earlier 

generations that preceded erosions to leisure-time and occupational physical activity and the 

childhood obesity epidemic.  Their data show that Old Order Mennonite (OOM) children are 

leaner, stronger and more active than contemporary-living children from both rural and urban 
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communities.  Extending the model to look further back in time, Bassett et al. (2007) found that 

Old Order Amish (OOA) children take more steps per day and have lower rates of overweight 

and obesity than contemporary-living children.  Although much has been learned about the 

physical activity of Old Order Amish and Old Order Mennonite children, only the most basic 

variables have been explored to date (i.e., average moderate to vigorous physical activity 

(MVPA) per day and average steps per day).  While quantitative information is useful for 

informing evidence-based physical activity guidelines (i.e., how much physical activity one 

should do to be healthy), it offers no insights into how one might go about achieving the 

recommended levels of physical activity (Brawley and Latimer 2007).     

To fully understand the quantity and quality of physical activity of these traditional 

groups, further work is needed to examine their activity patterns (i.e., specific intensities and 

timing of activity and sedentariness) (Bassett 2008).  Therefore, the purpose of this paper was to 

profile the physical activity and sedentary behaviours of Old Order Amish, Old Order 

Mennonite, and contemporary-living children as a means of assessing the influence of lifestyle.  

Hypothesis one was that group differences in physical activity would be evident (i.e., Amish > 

Mennonite > contemporary-living children).  Hypothesis two was that group differences in 

sedentariness would be evident (i.e., contemporary-living > Mennonite > Amish children).  

Hypothesis three was that the timing (e.g., time of day and day of the week) of the physical 

activity of the Amish and Mennonite children would differ from that of the contemporary-living 

children. 

 

4.2 Methods 
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The study employed an ex post facto (comparative) design whereby the cause(s) of group 

differences are assumed despite the lack of an experimental design.  An overall sample of 474 

children was drawn from four different groups: two living a traditional agrarian lifestyle (OOA 

and OOM) and two living a mainstream contemporary lifestyle (rural (RSK) and urban (USK)).  

Details of the Ethics Review process can be found in Appendix B.  The sampling procedures 

differed across the groups as follows:  i) OOA: sampled entire population of 81 children (i.e., 

100% response rate); ii) OOM: randomized by family from a pre-screened list with a total 

eligible population of 300 with an achieved response rate of 40%; iii) RSK: self selected 

volunteers with a total population of 262 children and an achieved response rate of 59%; USK: 

self selected volunteers with a total population of 178 and an achieved response rate of 62%.  As 

this study is based on secondary data analysis, each sample has been described in detail 

elsewhere (Bassett 2008; Bassett, Jr. et al. 2007; Tremblay et al. 2005b; Tremblay et al. 2008).  

Details of the consent process can be found in Appendix C.  In brief, the lifestyle of OOA and 

OOM children emphasizes simplicity and traditional values rather than progress and technology.  

Ownership of automobiles is not permitted.  Farm tractors, telephones, and bicycles, are 

permitted, however, among the OOM.  Farming and various labour trades are the preferred 

occupation.  Children are educated in their own schools and formal education takes place only 

through to eighth grade.  Therefore, we reasoned that the lifestyles of OOA and OOM children 

would be representative of typical physical activity behaviours of 100 and 60 years ago, 

respectively.  The lifestyles of RSK children are typical of rural towns (population <5000) 

whereas the lifestyles of USK children are typical of urban centers (population >200,000) in 

Canada today. 
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As part of a larger battery of anthropometry and health-related fitness tests (peripheral to 

the present study), the 8-13 year old children had their height and body mass measured using a 

Health O Meter 402KL balance beam scale (Health O Meter Inc., Bridgeview, Illinois, United 

States).  The attached height rod served as a stadiometer.  The triceps skinfold was measured 

midway between the shoulder and elbow on the right arm using Harpenden C136 skinfold 

calipers (British Indicators, West Sussex, England).  All anthropometric measures were 

measured using the same procedures and equipment for all samples. 

In the autumn, each child‘s physical activity was objectively measured for seven 

consecutive days via accelerometry.  All pertinent data collection and analytical procedures 

related to the accelerometry portion of the study are described in Table 4.1.  The raw data were 

analyzed using custom software KineSoft version 2.0.95 (KineSoft, New Brunswick, Canada) to 

produce a series of standardized outcome variables similar to the procedures of Esliger et al. 

(2005) (2007).  For a detailed explanation of how KineSoft works, see Appendix D.  The main 

variables of interest were average minutes of sedentary, light, moderate, and vigorous intensity 

physical activity per day.  Because the timing of activity and sedentary behaviour was of interest, 

the intensity variables were analyzed with the following time period groupings:  weekday, 

weekend day, and hourly.  Physical activity was measured using the same procedures and 

accelerometer model for all samples.  In addition to parental consent, each child provided written 

assent to participate in the study.  All procedures were approved by the Institutional Research 

Ethics Boards of the University of Saskatchewan and University of Tennessee. 

 

4.2.1 Statistical Analyses 

  One-way ANOVAs were used to test for group differences in chronological age, month 
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of data collection (i.e., seasonality), and accelerometer wear time.  Subsequent analyses used 

MANCOVA models with chronological age and wear time as the covariate to determine group 

differences in anthropometric variables and physical activity and sedentary variables.  Owing to 

the skewed distribution of the moderate and vigorous physical activity variables, these data were 

log transformed.  All statistical tests were performed on the transformed data; however, in all 

cases the non-transformed means and standard deviations are presented.  Paired samples t-tests 

were used to determine within group differences in the weekday versus weekend day physical 

activity variables.  The influence of time of day on physical activity and sedentariness was 

described visually via 24 hour x 7 day area plots for each group.  Where appropriate, models 

used Bonferonni adjustments for post-hoc comparisons and alpha was set at p<0.05.  All 

analyses were performed using SPSS for Windows version 15.0 (SPSS Inc., Chicago, IL).   

 



 

 

 

Table 4.1.  Accelerometry data collection and analytical procedures. 

 

General Information 

Device Actigraph 

Model 7164 

Piezosensor Orientation Uniaxial 

Number of Accelerometers Used 117 

Serial Number Range 11672-23880 

Average Number of Deployments Per 

Unit 4 (ranging from 1 to 9) 

Pre-deployment Calibration Check Yes 

Technical Variability Tolerance (CV%) ≤5% 

Setup Information 

Mode Counts Only 

Epoch 1 Minute 

Deployment Method Delivered and attached by researcher (on day 0) 

Location Worn Right hip at mid clavicular line (via adjustable nylon waist belt) 

Requested Days of Wear 7 days (i.e., 10080 epochs) not including day 0 

Initialization & Monitor Start Time Delayed until next day (i.e., day 1 at 06:00) 

Wear Instructions During all *waking hours (except water based activities) 

Analytical Decisions 

Sleep Time Appropriation 

Continuous zeros indicating the start of sleep time were coded by researchers 

based on the transition from epochs with normal count data to epochs of 

continuous zeros.  The accelerometer on time at wake up was marked based on the 

first non-zero epoch after the overnight period (informed by the participant's log 

sheet). 

Valid Day Criteria 10 hours of wear 

Valid File At least 5 of 7 days (with at least 1 weekend day) 

Modeling (i.e., imputation) of Missing 

Data None 

9
5
 



 

 

 

Daylight Saving Time Files crossing DST in the fall of 2002 were corrected for the repeat hour 

Cutpoint Reference(s) 

For light, moderate, and vigorous intensity, age-specific cutpoints developed by 

the Freedson group as published by Trost et al. (2002) were used.  The sedentary 

cutpoint, although not empirically derived, has been published previously by 

Mattocks et al. (2007). 

Sedentary 0-199 counts 

Light Intensity 200 counts – 3.99 METs (age specific) 

Moderate Intensity 4.0 – 6.99 METs (age specific) 

Vigorous Intensity 7+ METs (age specific) 

*The start and end of the daily accelerometer wear periods was used as a surrogate for sleep time. 

9
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Table 4.2.  Characteristics of the study sample. 

 

Variable OOA OOM RSK USK 

Sample location in Canada Aylmer, ON 

Waterloo & 

Wellington 

County, ON 

Clavet, 

Colonsay, & 

Hanley, SK 

Saskatoon, 

SK 

Data collection period Spring 2005 Fall 2002 Fall 2002 Fall 2002 

Original sample 79 120 165 110 

Failed to initialize/collect 10 0 8 3 

Spurious data 1 0 6 0 

Not enough wear time 0 0 19 14 

Viable sample 68 120 132 93 

7 valid days 68 (100%) 120 (100%) 105 (80%) 76 (82%) 

6 valid days - - 24 (18%) 15 (16%) 

5 valid days - - 3 (2%) 2 (2%) 

Average daily wear minutes (SD) 873 (33) 820 (27) 805 (46) 806 (44) 

Average daily non-wear minutes (SD) 567 (33) 620 (27) 635 (46) 634 (44) 

Average morning "on" time (SD) 06:38 (0:25) 07:07 (0:26) 08:13 (0:31) 08:30 (0:35) 

Average evening "off" time (SD) 21:05 (0:25) 20:49 (0:22) 21:28 (2:11) 22:01 (0:47) 

Note: Non-wear (manually coded by the researcher) was used as a surrogate for sleep 

9
7
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4.3 Results 

The characteristics of the study sample are displayed by group in Table 4.2.  The sample 

size lost to technical failure of the accelerometers was 13.9, 0.0, 8.5, and 2.7% for the OOA, 

OOM, RSK, and USK groups respectively.  The traditional lifestyle groups were diligent in 

wearing their accelerometers and recording on/off times on their logs.  As a result, the average 

sample size lost to participant non-compliance (i.e., not wearing the accelerometer for at least 10 

hours per day for at least 4 weekdays and 1 weekend day) was 0.0, 0.0, 12.6, and 13.1% for the 

OOA, OOM, RSK, and USK groups respectively.  Impressively, 100% of the OOA and OOM 

children had 7 days of valid data.  All groups exceeded the daily wear time requirement with 

OOA children having the greatest average amount of wear time (14.5 hours per day) and RSK 

and USK children having the least (13.4 hours per day).  The extra wear time was a result of the 

1-2 hour earlier morning wake-up times of the traditional groups and their 30-70 minute earlier 

bed times.   

The descriptive characteristics of the participants are displayed by group in Table 4.3.  

The samples are sex balanced; however, because the OOM children were older than the other 

groups, all further analyses controlled for age since it is well established that physical activity 

declines with age (e.g., a recent study (Nader et al. 2008) convincingly showed physical activity 

reductions from 9 to 15 years of age).  OOA children were shorter than RSK children, weighed 

less than OOM and RSK children, and had lower BMI and triceps skinfolds than all other 

groups. 

 

Table 4.3.  Descriptive characteristics of study participants; mean (SD) and range. 

 

Variable OOA OOM RSK USK 

N (% female) 68 (44) 120 (45) 132 (57) 93 (54) 
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Age (yrs) 10.6 (1.74) 11.6 (1.26)
*
 10.9 (1.20) 11.1 (1.16) 

 8.0-13.9 9.1-13.8 8.8-13.2 8.8-13.2 

Standing height (cm) 141.0 (11.7) 149.0 (9.3) 146.3 (10.1)
†
 146.2 (10.3) 

 119.0-165.0 124.5-174.5 123.5-169.0 122.0-172.0 

Weight (kg) 35.3 (10.2) 44.4 (10.1)
†
 41.2 (9.7)

†
 40.6 (9.6) 

 20.0-73.3 23.5-70.3 21.4-69.5 22.0-67.8 

BMI (kg∙m
-2

) 17.2 (2.6)
**

 19.8 (3.0) 19.0 (2.8) 18.8 (2.7) 

 13.4-31.3 13.2-26.7 11.9-26.2 13.9-25.8 

Triceps skinfold (mm) 10.8 (4.8)
**

 16.5 (6.8) 17.7 (7.2) 18.0 (7.5) 

 5.0-31.7 6.1-33.0 5.2-39.8 5.5-39.4 

Prevalence of overweight (%) 3.0 28.3 23.7 18.3 

Prevalence of obesity (%) 1.5 3.3 1.5 1.1 

BMI = body mass index; * significantly different from all other groups; ** significantly 

different from all other groups when controlling for age; †significantly different than OOA 

when controlling for age; P<0.05 

 

 

4.3.1 Influence of Lifestyle on Physical Activity and Sedentary Behaviour 

Support for hypothesis one was evident on weekdays where there were group differences 

in moderate intensity physical activity (4-6.99 METs) between traditional lifestyle groups and 

contemporary lifestyle groups (OOA > OOM > USK > RSK; 90, 69, 58, 49 minutes per 

weekday respectively) (Figure 4.1).  On the weekend, the group differences in moderate intensity 

physical activity persisted between, but not within, lifestyle groups (OOA = OOM > USK = 

RSK; 55, 54, 36, 40 minutes per weekend day respectively) (Figure 4.2).  There was relatively 

little vigorous physical activity (≥ 7 METs) accumulated on any day of the week.  On weekdays 

OOA children accumulated a greater amount of vigorous physical activity compared to all other 

groups (Figure 4.1).  Although the greater amount of vigorous physical activity in OOM children 

compared to RSK children was statistically significant, it is unlikely to have biological 

significance.  With even fewer minutes of vigorous physical activity accumulated on the 

weekend by all groups, it was of little surprise that there were no differences between groups 
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(Figure 4.2).  Likewise, there were no group differences in sedentary behaviours between 

lifestyle groups on weekdays (Figure 4.1); however, on weekend days the USK children 

accumulated more sedentary time than any other group and the RSK children were more 

sedentary than the OOM children (Figure 4.2). 

   

 

Figure 4.1.  Mean minutes per weekday of sleep, sedentary, light, moderate, and vigorous 

intensity physical activity, by group 
*
significantly different from all other groups; 

†
significantly different from RSK; # indicates no 

within group difference between weekday and weekend day on the given variable; P<0.05 

Notes:  i) means are adjusted based on age and wear time covariates; ii) both moderate and 

vigorous physical activity are scaled according to the secondary y-axis; iii) although statistical 

analyses were performed on log transformed moderate and vigorous physical activity variables, 

non-transformed data are presented; iv) error bars represent standard error 

 

4.3.2 Influence of Day of the Week and Time of Day on Physical Activity and Sedentariness 



 

101 

 

All within group differences between weekday and weekend day physical activity and 

sedentary time were significant with the exception of the USK group for sedentary time and 

vigorous physical activity and the RSK group for light activity (Figures 4.1,4.2).     

Plotting and visualizing the hourly physical activity behaviours by intensity and group 

revealed some interesting temporal trends (Figure 4.3).  Focusing on school days (i.e., Monday-

Friday from 08:00-15:00), it appears that the groups have similar patterns in physical activity and 

sedentariness (i.e., they have the same activity and sedentary ‗hotspots‘).  Comparing the two 

peak sedentary hours of the school day (i.e., 09:00-10:00 and 13:00-14:00) showed that OOA 

and OOM children spent on average, 50 of every 60 minutes during these two, one-hour blocks 

being sedentary compared to 40 of every 60 minutes for the contemporary children.  Although 

being more sedentary during school hours, the OOA and OOM children were more active overall 

as evidenced by the higher amounts of moderate physical activity.  In fact, both traditional 

groups had a pronounced tri-modal pattern of moderate physical activity, peaking during the 

morning commute (08:00-09:00), morning recess (10:00-11:00), and lunch (12:00-13:00) hours 

(Figure 4.4).  Notably, the hour during lunch break was on average the most active for all groups 

even when compared to free time on evenings and weekends.  On average, OOA and OOM 

children spent 9 of every 60 minutes during these three, one-hour blocks being moderately active 

(compared to only 5 of every 60 minutes in the RSK and USK children).  In fact, with the 

exception of the peak in moderate physical activity over the lunch break, it was difficult to 

discern clear peaks during the morning commute and/or the morning recess in the contemporary 

groups.  The hourly contribution of vigorous physical activity was negligible across all groups 

over these three time periods. 

 



 

102 

 

 

Figure 4.2.  Mean minutes per weekend day of sleep, sedentary, light, moderate, and vigorous 

intensity physical activity, by group 
*
significantly different from all other groups; 

†
significantly different from RSK; 

‡
significantly 

different from RSK and USK; # indicates no within group difference between weekday and 

weekend day on the given variable; P<0.05 

Notes:  i) means are adjusted based on age and wear time covariates; ii) both moderate and 

vigorous physical activity are scaled according to the secondary y-axis; iii) although statistical 

analyses were performed on log transformed moderate and vigorous physical activity variables, 

non-transformed data are presented; iv) error bars represent standard error 



 

 

 

 

Figure 4.3.  Group differences in intensity-specific physical activity profiles (7 days x 24 hours) 

Note:  White areas of the figure represent sleep time while the coloured areas signify traffic light labelling of physical activity 

intensity.  The sedentary activity is coloured red to give the message to stop the behaviour, light activity is coloured yellow to give the 
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message to be cautious of too much light activity, and both moderate and vigorous activity are coloured green to give the message that 

these are positive behaviours. 
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Figure 4.4.  Descriptive group differences in weekday moderate to vigorous physical activity 

(hour x hour)  

 

Compared to the in-school time, OOA and OOM children‘s out-of-school time (i.e., 

Monday-Sunday from 15:00-21:00) showed a marked decline in sedentary time and an increase 

in time spent in moderate physical activity.  This favourable shift was less pronounced in the 

RSK and USK children (Figure 4.3).  Compared to in-school time, there was on average, 44% 

less sedentary time out of school in the OOA and OOM children amounting to 25 of every 60 

minutes (27 minutes on weekend days) being spent sedentary during this 6-hour block.  

However, in the RSK and USK children sedentary time out of school was only 15% lower than 

in school time, amounting to 31 of every 60 minutes (35 minutes on weekend days) being spent 

sedentary during this 6-hour block.  On weekend days, the RSK and USK children‘s sedentary 

time was fairly consistent with roughly half of every hour spent sedentary.  Although OOA and 

OOM children were more active on Saturday, they were more sedentary on Sunday.  
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Collectively these results support the hypothesis that the groups differ with respect to the day of 

the week and the time of the day they accumulated their physical activity and sedentary time.   

 

4.4 Discussion 

The purpose of this study was to determine if differences in the lifestyles of children 

would be evident in their physical activity behaviour profile (e.g. intensity and timing).   In an 

attempt to provide a ‗window‘ to the past, we profiled the physical activity behaviours of Old 

Order Amish and Mennonite children known to differ in their use of modern conveniences such 

as labor saving technologies and sedentary, multimedia-based leisure pursuits.  Though cross-

sectional, these data suggest that contemporary/modern living is associated with lower levels of 

moderate physical activity compared to lifestyles representative of earlier generations 

(weekdays: OOA > OOM > USK > RSK; weekend days: OOA = OOM > USK = RSK).  It is 

important to note that the physical activity levels of RSK and USK children (i.e., 51 and 58 

minutes of MVPA per day) are comparable to other similarly analyzed datasets (e.g., NHANES, 

60 minutes of daily MVPA; (Troiano et al. 2008)).  These comparative data imply that the 

differences between lifestyle groups are a result of OOA and OOM children being more active 

(i.e., 91 and 71 minutes of MVPA per day), not USK and RSK children being less active than 

typical children today.  The fact that these traditional groups do not participate in organized 

sports or attend physical education classes suggests that the group differences are likely 

explained by differences in lifestyle-embedded physical activities such as farm and other manual 

chores, active commuting, and free play.  This explanation seems logical when one considers the 

substantial contribution that lifestyle-embedded physical activities, also referred to as NEAT 
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(non-exercise activity thermogenesis) (Levine et al. 1999), make towards total daily physical 

activity energy expenditure (Tremblay et al. 2007b).   

Those living a traditional agrarian lifestyle, most notably OOA children, accumulated 

large amounts of physical activity and met or exceeded most national physical activity 

guidelines, including on weekdays, Health Canada‘s (2002a; 2002b) recommendation of ≥90 

minutes per day.  Therefore, the physical activity and sedentary profiles of OOA and OOM 

children may be a useful behavioral model for contemporary children to emulate.  Perhaps the 

most remarkable difference between lifestyle groups was the consistently greater amount of 

physical activity and less time spent sedentary exhibited by the OOA and OOM children 

compared to the RSK and USK children in their discretionary time.  Although the context or 

mode of this ‗extra‘ physical activity is unknown, detailed information is available with respect 

to when/how this activity is accumulated.  This ‗how-to‘ information is crucial for the 

development of effective physical activity messages and programs that are necessary to promote 

healthy behavior change (Brawley and Latimer 2007).  For example, data from OOA children 

highlight the fact that the physical activity gap that exists for contemporary children could be 

made up by encouraging them to accumulate small amounts of physical activity intermittently 

throughout the day (e.g., during the morning commute, recess, lunch, after school commute and 

during the evening).  These data, which are in agreement with those recently published by 

Riddoch and colleagues (2007), show that making small changes in behaviours can add up to 

significant amounts of daily physical activity.   

Living a lifestyle reminiscent of 100 years ago, OOA children accumulated on average 55 

minutes more MVPA per weekday and 18 more minutes per weekend day compared to 

contemporary children.  The ‗extra‘ time spent being active in OOA children was significant and 
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likely contributed to their low levels of overweight and obesity (Bassett, Jr. et al. 2007; Tremblay 

et al. 2008).  Unfortunately information about the mode and/or context of the physical activity is 

unknown; however, it is likely that agricultural chores contributed to the higher activity levels in 

the OOA and OOM children.  Based on conservative estimates (i.e., using 4 kcal·kg
-1

·hr
-1

), this 

translates to an activity energy expenditure deficit of 124 kcal per weekday and 51 kcal per 

weekend day for the contemporary children.  All else being equal, if the energy imbalance was 

maintained over the long term the contemporary children would be at risk of gaining ~5 kg of fat 

per year (assuming that 7700 kcal leads to an average of 1 kg weight gain as fat).  This energy 

gap is similar to that found by Wang et al. (2006) who suggested that consistent behavioural 

changes (i.e., reduced energy intake and/or increased energy expenditure) averaging 110 to 165 

kcal/day may be sufficient to counterbalance the energy gap in children.  Unfortunately, 

maintaining energy balance in a modern world is difficult since the behavioural processes that 

evolved in order to ensure our survival are still intact.  That is, people still eat when food is 

available and ‗rest‘ when physical activity is not required.  The problem is, food is nearly always 

available and physical activity is seldom required (Bellisari 2008; Peters et al. 2002). 

Although OOA and OOM children were more active than contemporary-living children 

regardless of the day, on weekdays both groups spent similar amounts of time being sedentary.  

There were however, clear differences in how sedentary time was accumulated with group 

differences evident on weekend days.    This is an important finding as there is mounting 

literature linking overall sedentary time and its pattern of accrual to health risks (Hamilton et al. 

2007; Healy et al. 2008b; Healy et al. 2008a; Pate et al. 2008; Tremblay et al. 2010).  For 

example, on Sundays virtually all OOA and OOM children attend church.  However, unlike the 

active commute to school, children travel to church with their families via horse and buggy and 
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then sit through a service lasting two or more hours.  These religious observances are easily 

discernable as sedentary bouts in Figure 4.3 when the activity profile on Saturday is compared to 

Sunday.  No such clearly demarcated bout of sedentary time was found for the contemporary 

groups on Sunday.  The notion that religious observance can have an impact on the accrual of 

physical activity and sedentary time has been studied before.  Kahan (2004) found that in a group 

of Jewish adolescents, those most likely to observe the Sabbath and attend a synagogue accrued 

less MVPA and less sedentary time compared to the less observant.  Another contributing factor 

to the relatively large amounts of sedentary time during the school day relates to the fact that 

OOA and OOM children are educated in one-room school houses with limited space for moving 

around both during and between lessons.  In contrast, contemporary children attend relatively 

large schools and often change classrooms between lessons and may have physical education 

classes scheduled throughout the school day.  Cohen and colleagues (2008) recently showed that 

the indoor square footage of a school can contribute 4 and 16% to the light and MVPA of 

adolescent girls respectively.   

A strength of this study was the use of objective measurements of physical activity 

(Shephard 2003).  Another strength is the detailed analysis of the accelerometry data in terms of 

intensity and temporality.  However, there are limitations to accelerometry, most notably, their 

inability to assess lifting and carrying activities, cycling, water-based activities, and the general 

lack of contextual information relating to activity mode and/or location/domain (Montoye et al. 

1996).  For example, the fact that waist mounted accelerometers do not measure cycling could 

have limited the true quantification of MVPA in the OOM, RSK, and USK children all of whom 

ride bicycles; whereas the OOA children are disallowed.  This explanation may partly explain 

the relatively high amounts of MVPA in the OOA children compared to the OOM children; 
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however, one cannot forget the fact that OOM farms and homesteads are allowed some labour 

mechanization (e.g., tractors).  Unfortunately no information was collected on activity mode.  

Although attempts were made to control for the month of data collection, seasonal differences 

were not specifically measured.  In addition, specific information was not collected regarding 

school start and end times, recess, or lunch.  Another limitation was that selection bias could not 

be ruled out due to the non-random nature of the sample.  Although virtually all OOA children 

were measured, less than half of the OOM children were sampled; however, it is unlikely that the 

OOM children are at risk of physical activity related non-response bias as it was the most 

technologically conservative families that declined to participate.  In contrast, the self-identifying 

process of contemporary school selection likely resulted in schools participating that were very 

supportive of physical activity.  We are confident that, if anything, these limitations work to 

disprove our hypotheses and therefore strengthen our findings.  Finally, it should be noted that 

this study included only children in technologically conservative Amish and Mennonite 

communities.  Therefore, these results should not be generalized to other less conservative 

religiocultural communities where fewer families farm, and modern technology is more 

prevalent, as physical activity is likely to be lower in these groups. 

 

4.5 Conclusion 

Though cross-sectional, these data suggest that contemporary/modern living is associated 

with lower levels of moderate and vigorous intensity physical activity compared to lifestyles 

representative of earlier generations.  Analyzing the physical activity and sedentary patterns of 

traditional lifestyle groups such as the OOA and OOM can provide valuable insight into the 

quantity and quality of physical activity necessary to promote health.  Future work in this area 
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should address differences in how children fractionalize (i.e., accumulate in bouts) their physical 

activity and sedentary time and the impact these behaviours have on health. 
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Chapter 5:  General Discussion 

What determines which tool is the best for measuring physical activity?  The simple 

answer is function.  Chicago architect Louis Sullivan (1856-1924),
 
father of the skyscraper, 

observed that "form follows function‖.  This is as true for the myriad of physical activity 

measurement tools that have evolved as it is for the structural elements of a building.  However, 

it is function, not form, which is the critical evolutionary determinant.  Therefore, it is important 

to understand that when little was known about physical activity and health, simple, 

unsophisticated and inexpensive methods (e.g., questionnaires) were used to demonstrate disease 

associations (Rennie and Wareham 1998).  However, over the last few decades research has 

evolved from the description of simple relationships to more advanced applications such as: 

which aspects of physical activity are of importance? What quantity and quality of physical 

activity is necessary to stay healthy? Does timing matter; does physical activity in different life 

stages have different impact on disease? Over time, research has focused on related issues as 

well, such as: which factors affect the habits of health-enhancing physical activity? To answer 

these questions (Lagerros 2009) we need more accurate exposure quantification.  As a result, the 

tools developed during the era of the ‗descriptive phase‘ do not always meet the demands of the 

more advanced phase.  Therefore, new improved, validated and reliable methods (such as 

accelerometers) are required and fortunately, this need is being met. 

Today, accelerometers have become one of the most commonly used tools for measuring 

physical activity.  The published literature is a testament to this fact.  Searching the SciVerse 

Scopus abstract and citation database (www.scopus.com accessed 27/09/2010) using a simple 

search for ―accelerometer or accelerometry or accelerometric‖ and ―physical activity‖ in article 

title, abstract, or keywords yields 2193 articles to date (see Figure 5.1).  Sifting through the data 
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highlights the fact that the uptake of this technology was slow at first, with less than one article a 

year published from 1978-1987.  However, by 1990 there was a steady increase in the use of 

accelerometers with 2003 marking an exponential rise in their use.  In 2009 and 2010, on 

average, more than one ‗accelerometer and physical activity‘ paper is published every day.   

However, the wide-scale acceptance of accelerometers as a viable tool for the measurement of 

physical activity and sedentary behaviour has come with some challenges.  Because of their 

apparent simplicity, accelerometers are being used with little effort to understand the technology 

and its inherent limitations.   This can result in the outright misuse of the ―black box‖ by some 

researchers or results in a failure to exploit the devices full potential.   

Therefore the overall purpose of this three study dissertation was to determine the impact 

accelerometer model has on the development of a comprehensive physical activity and sedentary 

behaviour profile and to design and apply novel profiling methods in an order to gain new 

insights into children‘s physical activity.   The purpose of Study One was to determine which of 

the three most commonly used accelerometer models has the best intra- and inter-instrument 

reliability using a mechanical laboratory setup.  This study also determined the effect 

acceleration and frequency have on these reliability measures.  The purpose of Study Two was 

to highlight the detailed physical activity and sedentary information that can now be examined to 

understand the relationships between health and movement frequency, intensity, and duration 

more comprehensively.  The purpose of Study Three was to profile the physical activity and 

sedentary behaviours of Old Order Amish (OOA), Old Order Mennonite (OOM), and 

contemporary-living children as a means of assessing the influence of lifestyle.  Hypothesis 1 

was that group differences in physical activity would be evident (i.e., Amish > Mennonite > 

contemporary-living children). Hypothesis 2 was that group differences in sedentariness would 



 

114 

 

be evident (i.e., contemporary-living > Mennonite > Amish children).  Hypothesis 3 was that the 

timing (e.g., time of day and day of the week) of the physical activity of the Amish and 

Mennonite children would differ from that of the contemporary-living children.  

 

 

Figure 5.1.  Histogram illustrating the year-on-year rise in the use of accelerometers in physical 

activity research 

Notes:  i) 2010 is a partial year; ii) this figure is modelled off Troiano (2005)    

 

 

5.1 Summary of Main Findings 

 In Study One, Experiment 1 highlighted the poor reliability of the RT3 accelerometer 

(intra- and inter-instrument CV > 40%).  Experiments 2 and 3 clearly indicated that the Actical 

(CVintra = 0.5%, CVinter = 5.4%) was more reliable than the Actigraph (CVintra = 3.2%, CVinter = 

8.6%).  Variability in the Actical was negatively related to the acceleration of the condition, 

whereas no relationship was found between acceleration and reliability in the Actigraph. 
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Variability in the Actigraph was negatively related to the frequency of the condition, whereas no 

relationship was found between frequency and reliability in the Actical.  Of the three 

accelerometer models measured in this study, the Actical had the best intra- and inter-instrument 

reliability.  However, discrepant trends in the variability of Actical and Actigraph counts across 

accelerations and frequencies preclude the selection of a superior model.  These findings suggest 

that accelerometer users need to ensure they understand the device specifications of their 

measurement technologies or more importantly, understand the implications of using a particular 

device. 

 In the process of performing the literature review and generating the activity and 

sedentary profiles for Study Two it became clear just how information-rich accelerometry data 

are.  It also became clear that careful attention must be paid to the comprehensive operational 

definition of the outcome variables in order to ensure potential users have a full appreciation for 

and understanding of the data.  Objective physical activity monitors are being used more 

frequently to address this demand. These devices allow for a much more detailed profiling of 

physical activity and sedentariness if the data collected are used to their full potential. However, 

care must be taken to ensure that findings are interpreted correctly, as there is opportunity for 

misleading and/or opportunistic data reporting.  Physical activity and/or sedentary profiles have 

the potential to rapidly increase our understanding of these complex, multi-dimensional 

behaviours.  This ―next generation‖ of physical activity and sedentary indices creates enormous 

research potential; ultimately, this can further inform the development, customization and 

modification of physical activity guidelines for Canadians.  In fact, as this thesis goes to print, 

the Canadian Society for Exercise Physiology has just released its updated family of Physical 

Activity Guidelines (Tremblay et al. 2011b).  In addition to the revision of the existing physical 
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activity guidelines, CSEP has also minted the world‘s first Sedentary Behaviour Guidelines 

(Tremblay et al. 2011a).  Growing public health concerns about inadequate physical activity and 

excessive sedentary time are creating demands for improved population health promotion and 

surveillance of these behaviours. 

 In Study Three group differences in moderate physical activity were found on weekdays 

between all lifestyle groups (Old Order Amish > Old Order Mennonite > Urban Saskatchewn > 

Rural Saskatchewan).  On the weekend, the group differences in moderate physical activity 

persisted between, but not within, lifestyle groups (OOA = OOM > USK = RSK).  During school 

hours, all groups had similar activity and sedentary timings; however, they differed in 

magnitude, with the OOA and OOM being both more sedentary and more active.  In comparison 

with the children in school, the OOA and the OOM children had 44% lower sedentary time out 

of school compared with only 15% lower for RSK and USK children.  Although cross sectional, 

these data suggest that contemporary/modern living is associated with lower levels of moderate- 

and vigorous-intensity physical activity compared with lifestyles representative of earlier 

generations.  Analyzing the physical activity and sedentary patterns of traditional lifestyle groups 

such as the OOA and the OOM can provide valuable insight into the quantity and quality of 

physical activity necessary to promote health.   

 

5.2 The Goal of Physical Activity Measurement 

The primary goal of physical activity measurement is to obtain the best possible scientific 

evidence to enhance our understanding of the role of individual and contextual level factors in 

influencing physical activity and sedentary behaviours (Bauman et al. 2006b).  This information 

is crucial in order to develop and implement effective physical activity and population health 



 

117 

 

promotion programs.  Simple epidemiological measures of physical activity, such as 

questionnaires, have proved adequate to demonstrate associations with a number of chronic 

disease outcomes; however, they rarely separate physical activity into its different dimensions, 

nor have they facilitated an estimation of dose-response effects (Wareham and Rennie 1998).  

For example, because of the use of simple questionnaires in studies of the aetiology of type 2 

diabetes, it is unclear whether public health interventions should focus on increasing total energy 

expenditure or rather to increase physical activity (Wareham and Rennie 1998). These are 

distinctly different public health targets, as it requires vastly different public health messaging 

(Brawley and Latimer 2007) to advocate vigorous activity rather than simply increasing energy 

turnover. Therefore, the appropriate design of interventions hinges on the availability of precise 

epidemiological data, which is, in turn, dependent upon having valid physical activity measures.  

Improved measures would be of use in aetiological studies, in tracking trends in physical activity 

within populations, making objective comparisons between populations and in monitoring the 

effect of interventions (Wareham and Rennie 1998). 

 

5.3  Physical Activity Profiling 

The epidemic rise in the prevalence of obesity and type 2 diabetes, among 33 other 

chronic diseases, is a consequence of the worldwide trend of engineering physical activity out of 

our daily lives.  The World Health Organization (2009) has concluded that 3.2 million premature 

deaths each year are a result of sedentariness.  In fact, physical activity has joined diet and 

tobacco use as one of the leading modifiable risk factors for chronic disease.  As a result, a 

considerable amount of epidemiological research has been conducted to determine the nature of 

the relationship between physical activity and health. 
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Fortunately, physical activity and sedentary profiling generates an impressive suite of 

outcome variables that once scrutinized thoroughly, contribute to our understanding of these 

complex behaviours.  Although the relationship between children‘s physical activity and health 

has been tenuous in the past (Riddoch 1995), stronger associations are increasingly being found 

in studies that employ objective measurement techniques (Andersen 2006; Dencker 2008; 

Hopkins 2009; LeBlanc 2010; Mark 2008; Mark 2009; Riddoch 2009; Schmidt 2008; Steele 

2009).  For example, Andersen et al. (2006) published convincing data from the European Youth 

Heart Study, on over 2000 British children, showing an inverse graded association between 

accelerometer-measured physical activity and fatness (among other cardiometabolic risk factors).  

These cross sectional data were reaffirmed by the results from the Avon Longitudinal Study of 

Parents and Children which also showed strong relationships between accelerometer-measured 

physical activity and obesity (Ness et al. 2007; Riddoch et al. 2009).  These already convincing 

data were further supported by data from NHANES that showed an inverse dose–response 

relationship between the blood pressure of children and youth and both total activity and MVPA 

(Mark et al. 2008).  A year later, Mark et al. (2009) confirmed a similar relationship between 

more continuous bouts of MVPA and body mass index.   Although these findings provide 

important new insights into the physical activity and sedentary behaviours of children, to date the 

outcome variables studied in relation to physical activity and sedentariness have been limited.  

We do not know the full range of predictors of physical activity, nor do we have sufficient 

knowledge of how different levels, patterns, and timings of activity and sedentariness are 

associated with physiological and psychological health outcomes.  As a result, we still have 

inadequate evidence to inform the design of physical activity interventions that will be effective 

in improving children‘s health. 
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5.4  The Importance of Understanding the Black Box 

As advances are made in the use of accelerometers in surveillance and intervention 

research, it becomes increasingly important to understand how much variability exists between 

models, between units, and how variable are data over time (Welk et al. 2004).  Researchers have 

used various mechanical apparatuses to oscillate accelerometers in various axes in an effort to 

assess reliability. Examples include turntables (Metcalf et al. 2002), rotating wheel setups 

Moeller et al. 2008), vibration tables (Powell et al. 2003), and various types of mechanical 

shakers (Esliger and Tremblay 2006; Kransoff et al. 2008; Rothney et al. 2008; Van Hees et al. 

2009).  These apparatuses allow the researcher to control the magnitude of the acceleration being 

imparted as well as the frequency of the oscillation, two key variables that contribute to the 

accelerometer‘s output.  Mechanical setups, by virtue of the precise control of the experimental 

conditions, are able to determine the variability attributed solely to the accelerometer.   

As with any method of measurement, it is important to identify and quantify the different 

sources of variation so actions can be taken to try and reduce or control them.  For example, 

device failures and/or batch effects (i.e., serial number clusters of high or low output units) can 

easily be identified using mechanical testing regimens (Esliger and Tremblay 2006).  This type 

of testing is important because if the measurement error intrinsic to the accelerometer is found to 

be small, then focus can shift to other sources of variation (e.g., position worn on the body, 

variation over time (e.g., day-to-day, week-to-week, season-to-season) (Metcalf et al. 2002).  

Moreover, quantifying the inherent variation in accelerometer models allows for better 

interpretation of results and helps inform accelerometer purchasing decisions.  In addition, data 

from precisely controlled mechanical experiments may help researchers determine within and 
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between accelerometer model equivalency.  This will become increasingly important as research 

groups begin to share and/or pool large amounts of accelerometer data (e.g., the International 

Children‘s Accelerometry Database (ICAD) aims to pool Actigraph data on >25,000 children 

from 20 studies from 11 different countries) or large surveys such as NHANES are obliged to 

change/update the type of monitor used.  Researchers employing accelerometers to assess 

physical activity should treat their accelerometers with the same care as those working with 

laboratory-based clinical chemistry to achieve high quality data (Welk 2005).  Because reliability 

sets the limit on validity, proper checks should be undertaken on all devices prior to each and 

every use. 

While developed primarily for assessing movement, there has been considerable interest 

in using accelerometers to also indicate levels of sedentary behaviour (Healy, et al., 2008; 

Matthews, et al., 2008; Pate, O'Neill, & Lobelo, 2008; Reilly, et al., 2008; Sardinha, et al., 2008; 

Williams, et al., 2008).  However, this new functionality has only recently been considered in the 

design stage of device development.  As a result, current generation accelerometers such as the 

Actical and Actigraph, have not undergone rigorous reliability and validity testing to ensure 

these new outcomes can be accurately quantified.  For example, a study by Silva et al. (2010) 

recently showed that testing at the 0.05g threshold detection level of the Actigraph GT1M only 

resulted in 10 of the 50 units registering any movement. These mechanically derived results are 

consistent with a previous study that reported increases in zero count values observed with 

GT1M data (Rothney, et al., 2008).  Variability in threshold detection between units could have a 

significant impact on the number of sedentary epochs detected for a given study participant.  

This is particularly worrying considering how reliant the field has become on accelerometer data 

reduction procedures that scan and exclude continuous zero strings above a given threshold in an 
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effort to determine accelerometer wear vs. non-wear.  Further lab-based and field-based studies 

are warranted to clarify the impact of wide ranging threshold detection levels in the Actigraph 

GT1M accelerometer and indeed other common accelerometric devices. 

   

5.5 Limitations of Accelerometers 

 There are numerous limitations of using accelerometry to assess habitual physical 

activity. Accelerometers are usually expensive, may be obtrusive, cannot be worn in certain 

environments (e.g., contact sports, underwater – although some newer models are waterproof), 

create the potential for subject reactivity, are susceptible to data loss because of instrument 

failure or tampering, and at present require significant data cleaning, reduction and translation 

for most research or physical activity counselling purposes.  In addition, the utility of 

accelerometers is affected by the participant‘s commitment to wear the device and follow the 

deployment instructions.  Research suggests that 4-7 days of monitoring are required to obtain a 

reliable assessment of physical activity behaviour (Janz et al. 1995; Trost et al. 2000) because 

between-day stability is increased with the number of days assessed.  Furthermore, because the 

accuracy of measurement is based on proper physical orientation (aligned with appropriate axis), 

the quality of the data may be compromised if misplaced because of body size or shape, clothing 

peculiarities or improper instruction.   

 In addition to cost, measurement logistics and data management issues, there are both 

theoretical and technical limitations of accelerometry. When a person moves, the limbs and/or 

body are accelerated, theoretically in proportion to the muscular force exerted, and thus to energy 

expenditure. Portable accelerometers measure accelerations of the body part to which they are 

attached, producing data in the form of counts per minute or estimated energy expenditure. 
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Although the accelerometer provides an objective summary of body movements, it often 

underestimates energy expenditure because it cannot detect physical activity in free living 

situations where much of the body remains stationary, for example, during cycling, resistance 

training or seated assembly line work (Montoye et al. 1996; Meijer et al, 1989; Sallis et al. 

1990).  Uniaxial accelerometers have the obvious limitation of detecting movement in only one 

plane. Newer triaxial and/or omnidirectional devices may help to overcome this limitation. 

Regardless, accelerometers are unable to detect additional energy expenditure resulting from 

lifting or carrying additional weight, climatic or thermal challenges or variations in footing or 

footwear (Montoye et al. 1996).  Highlighting the limitations of accelerometry for assessing 

physical activity further, it has been suggested that accelerometers are able to estimate energy 

expenditure more accurately at low levels of activity, whereas heart rate monitors are more valid 

for energy expenditures at high levels of energy output (Luke et al. 1997). 

 Although some preliminary work has been done to adjust movement count interpretation 

across age during childhood the work has been anchored to chronological age (Puyau et al. 2002; 

Trost et al. 2002).  More work is required to understand the effects of changes in growth and 

maturation particularly for longitudinal or long-term follow-up studies. Where multiple 

measurement periods are employed, efforts should be made to match participants with 

accelerometers to minimize the impact of inter-instrument variability (Metcalf et al. 2002).  

Despite the limitations of accelerometery, accelerometers have become the most common tool 

used to measure physical activity and sedentariness (Welk 2002).   
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Chapter 6: Future Research and Conclusions 

6.1. Future Research 

 Accelerometry data for the purpose of physical activity monitoring has been 

tremendously under-utilized. By taking better advantage of the richness of the data collected, 

new opportunities for research are opened. Following are areas where future research is required: 

1. Additional analyses of accelerometer data are required to better assess physical activity 

profiles (time of day activity distributions, weekly variations) and how these vary across age, 

sex, and ethnicity. 

2. Additional work to describe seasonal (monthly) variation in activity and activity patterns is 

required. 

3. Work to clarify how longitudinal data should be modeled to adjust for changes resulting from 

growth and development, aging, or changes in body weight is required. 

4. Further investigation of the influence of varying the epoch duration on outcome variables, 

including meeting physical activity guidelines, is required. 

5. Pending some acceptance of standardized procedures for reporting accelerometer data, inter-

study comparisons should be made to examine variations in physical activity and sedentary 

behaviours. 

Research exploring how current accelerometry technology can be modified or advanced 

to better accommodate physical activity data collection is desperately required.  In many 

situations it may be advisable to adopt multiple simultaneous approaches, such as accelerometry 

(to provide an assessment of frequency, intensity, and duration) and self-report (to provide 

activity mode or type, and context), as additional information gathered would lead to a more 

complete profile of physical activity.  In addition, the combination of methods with uncorrelated 
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error would result in an improved estimation of the true exposure and is an important area for 

research.         

 

6.2 Conclusions 

Growing public health concerns about inadequate physical activity and excessive 

sedentariness are creating demands for improved surveillance of these important behaviours. 

Physical activity is a complex and multidimensional human behaviour (LaPorte et al. 1985).  

Measuring the quantity and quality of physical activity requires the use of valid and reliable 

methods (Caspersen et al., 1998).  Objective physical activity monitors are being used more 

frequently to address this demand and accelerometers are at the forefront of these tools. These 

devices allow for a much more detailed profiling of physical activity and sedentary behaviour if 

the data collected are analyzed and used to their full potential. However, care must be taken to 

ensure that findings are interpreted correctly, as there is opportunity for misleading and/or 

opportunistic data reporting (Olds et al. 2007).  This ―next generation‖ of physical activity and 

sedentary indices creates enormous research potential; ultimately, this can further inform our 

understanding of the complex relationship between physical activity and health.  

The purpose of this dissertation was to develop research findings to assist the 

development of ‗Best Practices‘ as it relates to the objective measurement of physical activity.  

The three areas of focus were:  1) determining which accelerometer to use for a given 

application, 2) accelerometric data reduction and the generation of outcome variables, and 3) 

profiling/interpreting physical activity and sedentary data.  These issues, as identified by a recent  

‗Best Practices‘ conference (described in greater detail on page 3 of this dissertation), are seen as 

the major hurdles in the evolution of the accelerometric measurement of physical activity. 
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 Study One explored the comparative reliability of three commonly used accelerometers 

and in so doing, highlighted the considerable differences in accelerometer output that can occur 

as a result of the technical specifications of a given accelerometer model.  The results of Study 

One will be useful for researchers and practitioners to inform their decisions as to what 

accelerometer technology they should deploy for their given research application.  In addition, 

the robust technical reliability methods developed in Study One are replicable and adaptable to 

suit the needs of a growing cadre of physical activity measurement specialists. Study Two 

summarized the various accelerometer data reduction strategies and methods used for outcome 

variable extraction.  Study Two went on to explore the physical activity and sedentary behaviour 

profiling possibilities that current generation accelerometers have the potential to provide.  The 

final study of the dissertation, Study Three, employed a descriptive study design that aimed to 

profile the physical activity and sedentary behaviours of groups of children known to differ in 

these important lifestyle behaviours.  This study was designed to be a ‗test case‘ to determine if 

the methods developed in Study Two would be useful for comparing and contrasting movement 

related lifestyle behaviours.  The richness of the behavioural profiling data that emanated from 

Study Three is a testament to the utility to this data mining approach.  Collectively, these three 

dissertation studies complement one another and refine our understanding of these robust 

measurement tools and in so doing, evolve the ‗Best Practices‘ of accelerometry. 
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Physical Activity Questionnaire for Children (Elementary School) 

 

Name: _______________________ Age:___________  Sex: M_______ F_______  

 

Grade:__________  Teacher:_______________________ 

 

We are trying to find out about your level of physical activity from the last 7 days (in the last 

week).  This includes sports or dance that make you sweat or make your legs feel tired, or games 

that make you breathe hard, like tag, skipping, running, climbing, and others. 

 

Remember: 

There are no right and wrong answers — this is not a test. 

Please answer all the questions as honestly and accurately as you can — this is very important. 

  
 

1. Physical activity in your spare time: Have you done any of the following activities in the 

past 7 days (last week)?  If yes, how many times? (Mark only one circle per row.) 

 

7 times 

No 1-2 3-4 5-6 or more 

 

Skipping ...................................      

Rowing/canoeing .....................      

In-line skating ..........................      

Tag .....................................…..     

Walking for exercise ................     

Bicycling ..............................…      

Jogging or running ...................      

Aerobics ...............................…      

Swimming ................................      

Baseball, softball ......................     

Dance ..................................….      

Football ................................…      

Badminton ...............................      

Skateboarding ..........................      

Soccer ...................................…      

Street hockey ............................      

Volleyball ................................      

Floor hockey .........................…      

Basketball ................................      

Ice skating ................................      

Cross-country skiing ..................      

Ice hockey/ringette ....................      

Other:_______________________      

 _________________________     
 

2. In the last 7 days, during your physical education (PE) classes, how often were you very 
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active (playing hard, running, jumping, throwing)? (Check one only.) 

 

I don‘t do PE ....................................…………..  

Hardly ever .........................................................  

Sometimes ..........................................................  

Quite often ..........................................................  

Always ................................................................  


3. In the last 7 days, what did you do most of the time at recess? (Check one only.) 

 

Sat down (talking, reading, doing schoolwork)…  

Stood around or walked around ..........................  

Ran or played a little bit ......................................  

Ran around and played quite a bit .......................  

Ran and played hard most of the time ................  


4. In the last 7 days, what did you normally do at lunch (besides eating lunch)? (Check one 

only.) 

 

Sat down (talking, reading, doing schoolwork)..  

Stood around or walked around ..........................  

Ran or played a little bit ......................................  

Ran around and played quite a bit .......................  

Ran and played hard most of the time ................  
 

5. In the last 7 days, on how many days right after school, did you do sports, dance, or play 

games in which you were very active? (Check one only.) 

 

None ..................................................................  

1 time last week .................................................  

2 or 3 times last week ........................................  

4 times last week ................................................  

5 times last week ................................................  


6. In the last 7 days, on how many evenings did you do sports, dance, or play games in 

which you were very active? (Check one only.) 

 

None ...................................................................  

1 time last week .................................................  

2 or 3 times last week ........................................  

4 or 5 last week ..................................................  

6 or 7 times last week ........................................  






7. On the last weekend, how many times did you do sports, dance, or play games in which 
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you were very active? (Check one only.) 

 

None ...................................................................  

1 time .................................................................  

2 — 3 times ........................................................  

4 — 5 times ........................................................  

6 or more times ..................................................  

 

8. Which one of the following describes you best for the last 7 days?  Read all five 

statements before deciding on the one answer that describes you. 

 

A. All or most of my free time was spent doing things that involve little 

physical effort  …............................................................................  

 

B. I sometimes (1 — 2 times last week) did physical things in my free time 

 (e.g. played sports, went running, swimming, bike riding, 

 did aerobics) ………………………………………….......……  

 

C. I often (3 — 4 times last week) did physical things in my free time 

………………………………………………………...........…..  

 

D. I quite often (5 — 6 times last week) did physical things in my free 

time………………………………………………………….……  

 

E. I very often (7 or more times last week) did physical things in my free time 

………………………………………………………………….  

  

9. Mark how often you did physical activity (like playing sports, games, doing dance, or any 

other physical activity) for each day last week.
Little    Very 

None  bit Medium Often often 

Monday ...................      

Tuesday ...................      

Wednesday ..............      

Thursday .................      

Friday ......................      

Saturday ..................      

Sunday .....................      

 

10. Were you sick last week, or did anything prevent you from doing your normal physical 

activities? (Check one.) 

Yes ...................................................…………..  

No ...……....................……...............................  

If Yes, what prevented you? __________________________________ 
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Scoring  

Overall process - Find an activity score between 1 and 5 for each item (excluding item 10)  

Five Easy Steps  

1) Item 1 (Spare time activity)  

- Take the mean of all activities (―no‖ activity being a 1, ―7 times or more‖ being a 5) on the 

activity checklist to form a composite score for item 1.  

2) Items 2 to 8 (PE, recess, lunch, right after school, evening, weekends, and describes you best)  

- The answers for each item start from the lowest activity response and progress to the highest 

activity response  

- Simply use the reported value that is checked off for each item (the lowest activity response 

being a 1 and the highest activity response being a 5).  

3) Item 9  

- Take the mean of all days of the week (―none‖ being a 1, ―very often‖ being a 5) to form a 

composite score for item 9.  

4) Item 10  

- Can be used to identify students who had unusual activity during the previous week, but this 

question is NOT used as part of the summary activity score.  

5) How to calculate the final PAQ-C activity summary score 6  

 

Once you have a value from 1 to 5 for each of the 9 items (items 1 to 9) used in the physical 

activity composite score, you simply take the mean of these 9 items, which results in the final 

PAQ-C activity summary score.  

- A score of 1 indicates low physical activity, whereas a score of 5 indicates high physical 

activity.
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CONSENT FORM 

Walking and Physical Fitness in Amish Children 
 
Researchers:  

David R. Bassett, Jr.    Mark Tremblay 
University of Tennessee   University of Saskatchewan 
Dept. of Exercise, Sport, & Leisure  College of Kinesiology 
1914 Andy Holt Ave.    105 Gymnasium Place 
Knoxville, TN  37919    Saskatoon, SK  S7N 5C2 
U.S.A.      Canada 
Telephone: 865-974-8766   Telephone: 613-951-4385 
 

Purpose 
Your child is invited to take part in a research study.  The purpose of the study is to learn 
how much walking Amish children do each day.  We also want to measure their physical 
fitness. 
 
Procedures 
The testing will take place at your child's school, during regular school hours or after 
school.  Children will be asked their age and grade in school.  Height, weight, and 
skinfold thickness on the back of their arm will be measured. 
 
Physical Fitness Measures 
Measurements of the children's physical fitness will be made.  They will squeeze a metal 
device to measure handgrip strength.  They will sit on the floor with legs straight and try 
to touch their toes to measure flexibility.  They will also step up-and-down on a bench for 
3-4 minutes, after which their pulse rate will be measured.  We have been performing 
these tests for years on children across Canada with no harmful outcomes.  In all, this 
study will take less than an hour including providing a short description of the fitness 
results.   
 
Step counter and Activity meter 
Your child will be loaned a step counter and an activity meter.  The step counter is to be 
worn each day for 7 days.  We will use it to see how far your child walks.  The activity 
meter tells the number of minutes spent in light, moderate, or strenuous exercise.  These 
must be returned at the end of the study.  The daily step counts will be provided to each 
child at the end of the study, but the activity monitor information requires extensive 
calculations and will not be shared with the children.  
 
Risks and Benefits 
There are few risks to being in this study; your child could strain a muscle or have an 
abnormal heart rate or blood pressure response during the fitness test.  We will try not to 
let those things occur.  The results will help us to understand the effects of technology on 
walking and physical fitness. 
 
Confidential 
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The information from these tests will be treated as private and will not be shown to any 
person without your consent.  The numbers may be used in research reports and/or 
journals but your child's name will not be used, only grouped data will be reported. 
 
Right to Ask Questions and to Withdraw 
Your child is free to decide whether or not to be in this study and may withdraw from the 
study at any time.  At any time before, during, or after this study if you have questions 
please feel free to contact us (contact information above). 
 
Consent 
The proposed research project was reviewed and approved by the University of 
Tennessee Institutional Review Board on  February 8, 2005    and the University of 
Saskatchewan Behavioural Sciences Research Ethics Board on March 14th,.  If you have 
any questions concerning the study or the rights of the participant, you may call the 
Office of Research Services, University of Saskatchewan collect at (306) 966-2084.   
 
By signing this paper, I am indicating that I understand and agree to let my child (or 
children) take part in this study. 
 
 
           
Your signature      Date 
 
 
 
           
Researcher’s signature    Date  
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Child's Assent Form 

Walking and Physical Fitness in Amish Children 

 
 
You are invited to take part in a study.  We want to learn how far Amish children walk 
each day.  We also want to measure your physical fitness. 
 
The study 
The study will take place at school.  We will ask how old you are and what grade you are 
in.  We will also measure how tall you are, how much you weigh, and the thickness of the 
skin on your arm.  We will see how strong and fit you are.  First, you will squeeze 
something to see how strong your hands are.  You will sit on the floor with legs straight 
and try to touch your toes.  Then you will step up-and-down on a bench for several 
minutes.  The overall time required will be less than an hour.  
 
You will then wear a step counter and an activity meter for 7 days.  Each day in school, 
we will open the step counter and see how far you have walked.  The devices must be 
returned at the end of the study. 

 
Risks and Benefits 
There are few risks to being in this study; you could strain a muscle or have a strange 
heart rate or blood pressure responses during the fitness test.  We will try not to let those 
things occur.  This study will tell us how far Amish children walk and how physically fit 
they are. 
 
Keeping it Secret 
Your test results will be kept secret and will not be shown to other people, unless you say 
so.  The numbers for the entire group will be used in reports but your name will not be 
used 
 
Right to Ask Questions and to Quit the Study 
You can decide if you want to be in this study and you are free to get out of the study at 
any time and we will not be upset.  Before you sign this form, do you have questions? 

 
Consent 
By signing this paper, I agree to be in the study. 
 
 

            
Your signature (or initials)     Date 
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KineSoft USER MANUAL 
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