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Introduction: A New Perspective on the

Epidemiology of Physical Activity

There is now little dispute that regular physical activity has a beneficial effect in

reducing the risk of many chronic conditions [1, 2], but it remains difficult to

change population behaviour by encouraging the necessary weekly volume of

physical activity [3]. One important roadblock in this task has been uncertainty

about the message, and much of the general public has become cynical about public

health recommendations due to frequent changes in statements about the minimum

amount of physical activity needed for benefit [4].

Issues to Be Discussed

In this text, we will begin by reviewing the various approaches to the measurement

of habitual physical activity adopted by epidemiologists over the past 70 years,

looking critically at their reliability and validity. We will consider the urging of

Janz some nine years ago that epidemiologists turn from questionnaires to objective

data [5], and we will trace the evolution of the pedometer from its humble

beginnings as a somewhat imprecise variant of the pocket watch to an inexpensive

but reliable instrument with a capacity for the storage and analysis of data collected

over many weeks. A review of its remaining limitations will prompt us to examine

the possibilities of newer multi-modal approaches to activity measurement. We will

then highlight issues of sampling, noting that short and seasonal periods of moni-

toring can give a misleading impression of activity patterns, particularly when

applied to individual subjects. A comparison of subjective and objective data will

reveal the extent of the misinformation gathered on the adequacy of physical

activity in the current generation of city dwellers. Given the continuing limitations

of many personal activity monitors, we will pose the question whether more useful

information could be obtained by focusing upon the duration of inactivity rather

than activity; are data on sitting times simply the inverse of activity durations, or do

they provide additional information? Turning to various major causes of chronic ill
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health, we will then consider how far questionnaire-based conclusions need mod-

ifying in terms of the new information yielded by objective activity monitoring. Do

new data answer the age-long puzzle of activity vs. appetite in the causation of

obesity? Does the new instrumentation bring us closer to making an evidence-based

recommendation on minimum levels of physical activity needed to maintain good

health? Given the likely two- to threefold exaggeration of habitual physical activity,

as reported in questionnaires [6], should the recommended minimum level of

physical activity be revised downward, or is it better to leave recommendations in

terms of the potential exerciser’s exaggerated perceptions? And are the postulated

economic benefits of enhanced physical activity magnified or diminished when

viewed through the lens of an objective monitor? If we examine current instrumen-

tation critically, what are its limitations and weaknesses? And what new approaches

might overcome these problems?

Finally, are there other practical applications of simple objective physical

activity monitors, such as motivators in rehabilitation programmes and as a method

of examining the pattern and quality of sleep?

These are some of the questions that are reviewed in this text. We have learned

much from their in-depth consideration. We trust that our readers will find equal

reward from studying these issues and that the outcome will be a much greater

understanding of the actions required to enhance population health and physical

activity.

Toronto, ON Roy J. Shephard

Amherst, MA Catrine Tudor-Locke
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Željko Pedišić, PhD Prevention Research Col-

laboration, School of Public Health, Sydney

University, Sydney, NSW, Australia

Institute of Sport, Exercise and Active Living,

Victoria University, Melbourne, VIC, Australia

Faculty of Kinesiology, University of Zagreb,

Zagreb, Croatia

Travis Saunders, PhD, CSEP-CEP Depart-

ment of Applied Human Sciences, Faculty of

Science, University of Prince Edward Island,

Charlottetown, PE, Canada

Meet the Authors xi



Roy J. Shephard, CM, MD, PhD, DPE, LLD,

DSc, FACSM Faculty of Kinesiology & Physi-

cal Education, University of Toronto, Toronto,

ON, Canada

Mark S. Tremblay, PhD, DLitt, FACSM

Healthy Active Living and Obesity Research

Group, CHEO Research Institute, Ottawa, ON,

Canada

Department of Pediatrics, University of Ottawa,

Ottawa, ON, Canada

Catrine Tudor-Locke, PhD Department of

Kinesiology, University of Massachusetts

Amherst, Amherst, MA, USA

xii Meet the Authors



Chapter 1

Physical Activity and Optimal Health: The

Challenge to Epidemiology

Roy J. Shephard

Abstract Epidemiologists seek associations between environmental factors, life-

style influences and human health; they use current modifications of a series of

guidelines enunciated by Bradford Hill to assess the hypothesis that observed

associations are causal in nature. We now have a long list of medical conditions

where physical activity has been suggested as having a beneficial influence in

prevention and/or treatment. Questionnaire evaluations of such claims have been

hampered by the limited reliability and validity of self-reports. The introduction of

pedometer/accelerometers and other objective monitors has facilitated the determi-

nation of causality, allowing investigators to study the effects of clearly specified

types, intensities, frequencies and durations of physical activity. Nevertheless,

further improvement of monitoring devices is needed in order that epidemiologists

can capture the full range of activities typical of children and younger adults.

Objective monitoring does not support the hypothesis that a minimum intensity of

physical effort is needed for health benefit; indeed, in sedentary individuals the

largest improvements in health are often seen with quite small increases of habitual

activity. There is no obvious threshold of response, but for many medical conditions

available data suggests a ceiling of benefit, with no apparent gains of health once

habitual activity attains a specified upper limit. Causality can never be totally

proven, but objective data allows the inference that multiple health benefits will

stem from moderate daily physical activity; the evidence is sufficiently strong that

people of all ages should be urged to adopt such behaviour.

1.1 Introduction

The primary tasks of the epidemiologist are to examine the population prevalence

of a given condition, to unearth external factors that seem to be associated with a

high prevalence of this condition in particular groups of people, and to assess the
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likelihood that such associations are causal in nature. Such information is vital in

planning tactics to reduce the risk of contracting a given condition, and in managing

it when it is already present.

In this chapter, we consider how this mandate of the epidemiologist is currently

pursued in the context of the complex relationships between habitual physical

activity and optimal health. We begin by examining definitions of physical activity

and exercise. We note the limitations of questionnaires previously used to define the

intensity frequency and duration of habitual physical activity. We underline that

despite the new opportunities offered by objective monitors of physical activity, it

remains important to allow for both reactive responses to activity measurement and

seasonal variations in activity patterns. We then consider how data from objective

monitors can be related to public health recommendations concerning a minimum

daily dose of habitual physical activity, and emphasize that even objective monitors

have limitations of reliability and validity when applied to children and young

adults under free-living conditions. Medical disorders where physical activity has

been thought of benefit in prevention or treatment are tabulated, and readers are

pointed to new insights derived from objective monitoring; concepts of threshold

and ceiling doses of physical activity are explored, and the shape of the dose/

response curve is defined. Finally, the causality of observed associations is

reviewed in the context of modern formulations of Bradford Hill’s criteria for

causal relationships.

1.2 Definitions of Physical Activity and Exercise

Epidemiologists began a close examination of relationships between exercise,

physical activity, physical fitness and cardiovascular health during the late 1940s

(Chap. 2), but it was not until 1985 that clarity was brought to the related literature

through a formal definition of these several terms [1].

1.2.1 Physical Activity

Physical activity is positively related to physical fitness, and is characterized as

“any bodily movement produced by skeletal muscles that results in energy expen-
diture” [1]. The authors of this seminal article [1] recognized that the amount of

energy expended in any given bout of exercise depended on the amount of muscle

involved, and the intensity, frequency and duration of muscle contractions; they

proposed expressing energy expenditures in units of kJ/day or kJ/week, although

they recognized that measurement might need to integrated over periods as long as

a year in order to obtain representative data. They further noted that total activity

comprised an occupational component and various leisure activities (including

sports, conditioning programmes and household chores); since 1985, both

2 Roy J. Shephard
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occupational and domestic components of the total have declined for most of the

population in developed countries.

Notice that the original definition of Caspersen and his associates comprised any
bodily movement—no specific minimum was specified, although it was recognized

that activities could be allocated between unspecified light, moderate and heavy

categories.

1.2.2 Exercise

Although many previous authors had used the terms physical activity and exercise

interchangeably, Caspersen and his associates [1] emphasized that exercise was a

subset of physical activity, referring to activity that was “planned, structured,
repetitive and purposive in the sense that improvement or maintenance of one or
more components of physical fitness is an objective.”

We may add that in the context of physical activity epidemiology, the exercise

component is commonly supervised and has known parameters of frequency,

intensity, and duration. The focus of both subjective and objective monitoring is

thus upon assessing other, less structured and poorly standardized components of

the week’s physical activities and other behaviours.

1.2.3 International Consensus Conference Definitions

The first International Consensus Conference on Exercise, Fitness and Health was

held in Toronto in 1990, with Claude Bouchard (Fig. 1.1) chairing this gathering. It

adopted essentially the same definition as Caspersen and colleagues. It further

defined leisure activity as “physical activity that a person or a group chooses to

Fig. 1.1 Claude Bouchard

chaired major International

Consensus Conferences on

physical activity, fitness and

health in Toronto (1988,

1992) and Hockley Valley,

ON (2001)
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undertake during their discretionary time,” exercise as “leisure time physical
activity,” and training as “repetitive bouts of exercise, conducted over periods of
weeks or months, with the intention of developing physical and/or physiological
fitness” [2].

The Toronto conference made the point that whereas physical activity patterns

could be used to estimate energy expenditures, the reverse was not necessarily true.

This is an important issue, as some epidemiologists such as Ralph Paffenbarger and

his colleagues (Chap. 2) have attempted to evaluate health in relation to the gross

weekly energy expenditure of study participants. To avoid issues associated with

inter-individual differences in body mass, the Toronto meeting recommended

expressing the intensity of physical activity in METs (multiples of resting meta-

bolic rate). It further noted that if activity was categorized in METs, the relative

intensity of effort was age dependent (Table 1.1), although it did not address the

issue that relative effort was also sex dependent in younger adults. The bounds of

the four age categories in Table 1.1 were not defined specifically, but from the peak

MET values that were chosen (45.5, 35, 24.5 and 14 ml/[kg min]), average ages of

25, 45, 65 and 85 years might be inferred.

Claude Bouchard chaired a second International Consensus Conference on

Physical Activity, Fitness and Health, also held in Toronto, in 1992 [3]. In one of

the opening sessions, opportunity was taken to elaborate further the definitions of

physical activity and exercise. It suggested that in questionnaire reports, some

impression of the intensity of exercise might be inferred from its frequency; for

example, a report of swimming would likely show a gradation of effort from

occasional involvement to regular sessions to preparation for competition.

Attention was drawn to a significant difference in the semantic descriptions of

intensity between leisure activities, which usually lasted 1 hour or less (Table 1.1),

and a common classification of occupational activity (Table 1.2). The latter made

no reference to the age or the sex of workers, but was probably thinking in terms of

middle-aged men. A given MET intensity of occupational activity was consistently

rated as heavier than a leisure pursuit, because it was usually sustained for several

hours at a stretch, with only short rest breaks; moreover, worksite activity might

Table 1.1 The relative intensity of physical activity in relation to age (based on recommendations

of the International Consensus Conferences of 1990 and 1994 [2, 3])

Semantic description

of effort

% Maximal aerobic

effort

Intensity of activity, expressed in METs

Young adult Middle-aged Old Very old

Rest 1 1 1 1

Light <35 <4.5 <3.5 <2.5 <1.5

Fairly light >35 <6.5 <5.0 <3.5 <2.0

Moderate >50 <9.0 <7.0 <5.0 <2.8

Heavy >70 >9.0 >7.0 >5.0 >2.8

Maximal 100 13 10 7 4

4 Roy J. Shephard
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involve the adoption of awkward postures and the use of small muscles under

adverse environmental conditions.

The second Consensus Conference underlined regional differences in interpre-

tation of the word “sport.” In North America, sport generally implied a form of

exercise that involved competition, but in some parts of Europe many forms of

exercise and recreation were considered as “sport,” as exemplified by UNESCO’s
organization of a “Sport for all movement” [5].

The average person probably has 3–4 hours per day available for the pursuit of

leisure activities [6, 7], although there are wide variations in this discretionary time,

depending upon the duration of paid work, commuting times (long for many in

major urban centres), the division of domestic work between male and female

partners, and the need for self-sufficiency activities (greater in those with low

incomes). Recent estimates of the daily time spent watching television suggest

that 3–4 hours is a conservative estimate of the leisure time currently available to

many North Americans (Table 1.3).

The 1992 Consensus Conference emphasized that the use of labour-saving

devices had reduced the daily energy cost of most domestic tasks substantially

below the figures listed in the classical “Compendia of common physical activities”
[9], the one exception being the care for dependents, which sometimes still involves

periods of heavy physical activity.

1.2.4 World Health Organisation Definition of Physical
Activity

The World Health Organisation published its definition in 2010 [10]. This essen-

tially reiterated earlier concepts of physical activity, describing it as: “any bodily
movement produced by skeletal muscles that requires energy expenditure.” The

WHO further commented that physical inactivity was the fourth leading risk factor

Table 1.2 A comparison of semantic descriptions of the intensity of effort between leisure

pursuits for a middle-aged man (see Table 1.1) and one commonly used classification of occupa-

tional activity (Brown and Crowden [4])

Semantic

description

of effort

Leisure (middle-aged

man); energy expenditure

in METS

Occupational activity;

energy expenditure in

kJ/minute

Occupational activity;

energy expenditure in

METs

Resting 1

Sedentary <8.4 1.6

Light 3.5 8.4–14.7 2.8

Fairly light 5.0

Moderate <7.0 14.7–20.9 4.0

Heavy >7.0 20.9–31.4 6.0

Very heavy >31.4 >6.0

Maximal 10

1 Physical Activity and Optimal Health: The Challenge to Epidemiology 5



for global mortality (accounting for 6% of deaths), and it was the main cause

underlying 21–25% of breast and colon cancers, 27% of cases of diabetes mellitus

and 30% of cases of ischaemic heart disease.

1.3 Questionnaire Assessments of Intensity, Frequency

and Duration of Activity

The assessment of the intensity, frequency and duration of physical activity is

important to the epidemiologist, but the indications yielded by questionnaires

have at best been crude.

In terms of intensity, as noted above inferences were sometimes drawn from the

frequency and the nature of participation (occasional, regular, or training for

competition). A second possibility was to anchor the intensity of effort to some

symptom. For example, in the simple questionnaire devised by Godin (Fig. 1.2) and

Shephard [11], subjects were asked to indicate “How often did you participate in
sports or vigorous physical activities long enough to get sweaty during leisure time
within the past four months.” However, even with anchoring to such a response,

investigators were unable to achieve much more than distinguish those who were

periodically active from those who were not.

Table 1.3 Average daily time use of U.S. adults in 2013, showing averages for the population as a

whole and the time allocations of those who engaged in the specified form of physical activity [8]

Activity category

Population

average

(min/day)

Participant

average

(min/day) Comments

Occupational activity 252 (M) 166 (F) 507 (M) 448 (F) Many women worked part

time

Domestic chores 80 (M) 131 (F) 124 (M) 158 (F) Men did less indoor work—

cleaning and laundry 19 vs.

49%, food preparation and

clean up 42 vs. 68%

Leisure (socializing and

communicating)

39 (M) 47 (F) 115 (M) 118 (F) Hosting events, visiting

friends

Leisure (TV watching) 179 (M) 154 (F) 223 (M) 196 (F)

Leisure (telephone and

e-mail)

6 (M) 11 (F) 38 (M) 46 (F)

Leisure (sport and

recreation)

24 (M) 12 (F) 114 (M) 75 (F)

Care for relatives 22 (M) 32 (F) 105 (M) 137 (F)

Care for others 10 (M) 15 (F) 101 (M) 101 (F)

6 Roy J. Shephard



When attempting to specify the frequency of an activity, not only was there

difficulty in recalling the average number of times the activity had been performed

in the past month, but because many pursuits were also seasonal in nature, repre-

sentative data were not obtained unless observations had been dispersed over an

entire calendar year. Respondents also tended to over-state the duration of bouts of

activity, because they included time allocated to changing, showering, socializing

and even travel to and from an exercise venue [12]. The end-result was commonly a

substantial over-estimate of the time spent on physical activity relative to objective

measurements (Chap. 6); sometimes, those conducting population surveys were left

with subjects who had reported activities for a total of more than 30 hours during a

given day.

1.4 Precautions Needed During Objective Monitoring

of Physical Activity

Objective monitors such as the pedometer/accelerometer provide much more accu-

rate estimates of the total time that is committed to significant physical activity than

do most questionnaires; in many instances, objective monitors also provide an

instantaneous measure of the intensity of the activity that is being undertaken.

Nevertheless, the objective information is not free of pitfalls; indeed, the observer

must deal with some of the same issues that are encountered during subjective

monitoring. In particular, there is often a reactive response to activity measurement,

and short periods of recording are biased by weekly and seasonal variations in

activity patterns. Fortunately, these issues can be countered by some simple

precautions.

Fig. 1.2 Gaston Godin

developed a simple physical

activity questionnaire where

the intensity of effort was

anchored upon the

perceived production of

sweat

1 Physical Activity and Optimal Health: The Challenge to Epidemiology 7
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1.4.1 Reactive Response to Activity Measurement

If a person knows that his or her habitual activity is being monitored, there may be a

temporary increase in the intensity and the total amount of activity performed, in a

conscious or sub-conscious desire to impress the observer.

With questionnaire responses, the intensity, frequency and duration of effort

may all be exaggerated. As Stacy Clemes (Fig. 1.3) has emphasized, the readings

obtained from personal monitors also tend to be higher during the first week,

particularly if the subject is able to see the counter readings [13, 14]. However,

there is disagreement as to the extent of the problem; it is more important in some

subjects than in others, and in any event it can easily be circumvented by preventing

study participants from viewing the monitor, and by discarding readings obtained

during the first week of observation.

1.4.2 Minimum Sampling Period

Errors in the assessment of physical activity inevitably weaken associations with

population health. It is thus important to eliminate problems from intra-individual

variations in habitual physical activity before examining inter-individual differ-

ences of activity patterns and their possible relation to health [15]. Intra-individual

differences are related to day of the week, season, and weather conditions, and such

influences must be countered by a careful definition of the minimum sampling

period.

In the 1960s, the arbitrary recommendation of the International Biological

Programme was that observers should record habitual physical activity on at least

two weekdays and two weekend days [16]. Many more recent observers have

chosen to record subjective or objective data over 7 consecutive days or less (for

example, Blair et al. [17] and Cain and Germia [18]). Often, there has been no

Fig. 1.3 Stacy Clemes

raised the issue of a reactive

response to the wearing of a

pedometer

8 Roy J. Shephard



preliminary discounted period to allow for a reactive response to measurement. One

report suggested that the day of the week accounted for less than 5% of the total

variance; in terms of sampling, “any three days provided a sufficient estimate”
[19]. Although the investigators found statistically significant differences in the

activity of middle-aged adults on Sundays, these were not of great practical

importance. Another study of middle-aged Japanese suggested that 3 days of

recording were sufficient to establish the average level of physical activity for a

given week with an 80% reliability [20]. Trost et al. [21] obtained 7 days of

consecutive objective monitoring; they concluded concluding that in adults an

ICC of 0.80 could be obtained with 4–5 days of monitoring by a uniaxial acceler-

ometer, and (by extrapolation of their data) that in adolescents 8–9 days was

required to reach a comparable level of accuracy.

However, physical activity patterns are modified not only by the day of the week

[15, 19, 22] but also the season [15, 22–25]. The simplistic approach of measuring

behaviour over a single week fails to acknowledge that many of the leisure pursuits

contributing to the relationship between physical activity and health are necessarily

seasonal in nature. Studies collecting only 7 days of data are plainly unable to assess

the magnitude of errors arising from the neglect of seasonal differences. Neverthe-

less, one report acknowledged that in order to capture an accurate picture of an

individual’s total intake of food energy, it was necessary to obtain 27 days of data in
men, and 35 days in women [26]. Another report [27], based on questionnaire data,

found that five 24-hour recall assessments over a 12 month period accounted for

only a small fraction of the variance in physical activity of 60–70 year old adults

(14% in men and 22% in women). This second investigation concluded that

seasonal factors accounted for 11% of the total variance in men, and 9% in

women; the remaining variance (49% in men, 61% in women) was attributed to

“white noise.” Subsequently, more rigorous mathematical analysis has discredited

the idea of “white noise,” and has called into question interpretations of minimum

sampling times based upon this hypothesis [28].

Pedometer/accelerometer records for free-living Japanese seniors in the com-

munity of Nakanojo have demonstrated that even such simple activities as walking

are influenced by seasonal changes in environmental conditions (Figs. 1.4 and 1.5).

Rainfall is the most important factor in an elderly population, with the daily step

count dropping exponentially from around 7000 steps/day in dry weather, to around

4000 steps/day when the rainfall is 150 mm. Other significant environmental

influences include day length, mean ambient temperature, minutes of sunshine

and relative humidity (Table 1.4) [24].

Plainly, there remains scope to extend such objective monitoring of seasonal and

environmental effects to other age groups, and to those living in other parts of the

world.

The collection of pedometer/accelerometer data continuously over an entire

year, and the calculation of power functions for temporal variations in physical

activity patterns has now allowed us to define precisely the number of days of

sampling needed to specify a person’s average annual step count with a known level
of confidence (Table 1.5). Even longer periods may be needed for more detailed
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interpretation, such as the average minutes of moderately vigorous physical activity

taken per day. The physical activity patterns of Japanese seniors are plainly more

consistent for women than for men. If observations are made on consecutive days

Fig. 1.4 Yukitoshi Aoyagi directs the longitudinal study of physical activity of seniors living in

Nakanojo, Japan
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Fig. 1.5 Step counts, averaged by month, for men and women aged 65–75 and 75–84 years living

in Nakanojo, Japan. Based on data of Yasanuga et al. [23]

Table 1.4 Influence of environmental factors upon pedometer/accelerometer step counts of

seniors in Nakanojo, Japan, on days when rainfall <1 mm

Environmental factor Regression equation r2 Statistical significance

Day length 11.2 (x)� 0.006 (x2) + 1813 0.13 <0.01

Mean ambient temperature 124 (x)� 3.65 (x2) + 5943 0.32 <0.01

Minutes of sunshine 96 (x)� 13.9 (x2) + 6656 0.029 <0.05

Relative humidity 8.1 (x)� 0.01 (x2) + 6137 0.030 <0.05

The regression equations are of the type Step count¼ a (Factor) + b, and are based on the studies of

Togo et al. [24]
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(as in many recent pedometer/accelerometer studies), an extended monitoring

period is needed to attain a 90% reliability of assessments. The most economical

pattern in terms of the number of samples would be to make observations on a

randomly selected basis throughout the year, although reliability can also be

enhanced by a simpler and more practical structured approach, picking an equal

number of observations from each season of the year and each day of the week.

Weekly activity patterns may be less variable for those who are employed than

those who are retired, but there remains a need to repeat the same type of power

function analysis that we have used in Nakanojo on different age groups. In

particular, the weekly activity patterns of those with corporate employment should

be compared with those working at home, or caring for children and relatives. Levin

and associates [29] used a Spearman-Brown prophesy formula to evaluate three

sources of activity assessment in a small group of volunteers. Fourteen visits were

made to the laboratory at approximately 26-day intervals, and Caltrac accelerom-

eter records were obtained for 48 hours prior to each visit. For 80% confidence

(an intra-class correlation coefficient (ICC) of 0.80 with averaged annual levels of

physical activity), six 48-hour Caltrac accelerometer records (i.e. a total of 12 days

of recording) were needed. Alternatives were to study nine of the twelve 48-hour

activity records, or three of twelve 4-week activity recall records. The analysis of

Matthews et al. [27] was based upon self-reports, but it concluded that for 80%

reliability, 7–10 days of assessment was required in middle-aged men, and 14–21

days in women.

1.5 Interpretation of Measurements Obtained from

Objective Monitors

Modern objective monitors yield data on both the volume and the intensity of

physical activity. The traditional step count provides an indication of the volume of

activity undertaken during the day, and from the instantaneous impulse rate an

impression is gained of the intensity of physical activity. We will consider now how

this information should be interpreted.

Table 1.5 Number of days of observation (n) required to predict an individual’s average annual
step count with 80 and 90% reliability in relation to sampling pattern

Sampling pattern

n for 80% reliability n for 90% reliability

Men Women Men Women

Consecutive days 25 8 105 37

Random days 4 4 11 9

Structured by season and day of the week 8 4 16 12

Data for seniors living in Nakanojo, Japan, based on the data of Togo et al. [28]
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1.5.1 Step Counts

The original target for those wearing a pedometer was to take 10,000 steps/day. We

will equate this target with recent public health recommendations for a minimum

daily dose of physical activity, and will make an arbitrary classification of activity

in terms of daily step counts.

1.5.1.1 The 10,000 Step/Day Target

When the pedometer was first introduced (Chap. 2), its developer (Yoshiro Hatano,

Fig. 1.6) suggested that for adults a count of 10,000 steps/day was an appropriate

target for those seeking good health; 10,000 steps equated to an energy expenditure

of 1.2–1.6 MJ/day, depending on the wearer’s body size and walking speed [30].

One investigation found that 73% of individuals who recalled a day during the

previous week when they had been active for at least 30 minutes achieved a count

>10,000 steps on that day [31], but a second report found that even after they had

been prescribed a daily 30 minute walk, only 38–50% of the women concerned

reached a pedometer count of 10,000 steps/day [32]. Longitudinal studies have

supported the health value of the 10,000 steps/day target by demonstrating such

benefits as reductions of blood pressure and body mass, and enhanced glucose

tolerance when initially sedentary groups had achieved this target [33, 34].

Unfortunately, many sedentary middle-aged and elderly people find 10,000

steps/day too ambitious a goal to attain and/or sustain. One study of Japanese

workers who were set this target found that only 83 of an initial 730 volunteers

remained active after the study had continued for 12 weeks [35]. On the other hand,

10,000 steps/day is likely an inadequate target for children and adolescents [36];

Fig. 1.6 Yoshiro Hatano

developed the first mass-

produced electronic

pedometer during the 1960s
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one report from the U.K. found counts of 12,000–16,000 steps/day in 8–10 year old

children prior to any specific intervention [37].

1.5.1.2 Equating Step Counts with Public Health Activity

Recommendations

A common public health recommendation for adults is to spend at least 150 minutes

per week in moderate to vigorous aerobic exercise [38, 39]. If the chosen exercise is

walking, a 30 minute session might equate to covering a distance of 2.5 km at a pace

of 5 km/hour, and with a stride length of 0.7 m, the individual concerned would take

3570 steps; empirical data conform to this expectation, with average values of 3100

[32], 3410 [40], and 3800–4000 steps [31] during 30 minutes of deliberate activity.

However, to this total must be added the count of around 4000 steps/day incurred

from incidental movements when a person remains at home taking little deliberate

exercise. We have set this baseline at 4000 steps/day in the elderly [41], but others

have argued that in younger adults the base count should be as high as 6000–7000

steps/day (below). Plainly, this is an important number to clarify. On the basis of

current information, the public health recommendation for the elderly would

correspond to a pedometer/accelerometer step count of at least 7500 steps/day,

and in young adults it should possibly exceed 10,000 steps/day. Most people can

meet the public health recommendation, and many cannot attain a count of 10,000

steps/day, so that 10,000 steps/day may exceed the currently recommended volume

of physical activity.

For children and adolescents, the public health recommendation is to take at

least an hour of moderate to vigorous enjoyable exercise per day [42, 43]. In

children, this might correspond to walking at a pace of 6 km/hour, 8570 steps;

given a baseline of only 4000 steps/day, the total count would still exceed 12,500

steps/day.

1.5.1.3 Arbitrary Classification of Activity Patterns

Pedometer counts on days when no deliberate exercise was taken have ranged from

6000 in middle-aged [44] and elderly [40] subjects to 7400 [31] in a young and

active sample. Thus, counts in the range 6000–7000 steps/day appear to reflect the

minimum physical demands of daily life. Those taking less than 5000 steps/day are

more likely to be classed as obese than those taking >9000 steps/day [40], and a

count of <5000 steps/day has been accepted as a measure of sedentarism [36].

Based on these considerations, Tudor-Locke and Bassett [36] proposed classi-

fying pedometer counts for adults into five categories: “sedentary” (<5000 steps/

day), “low active” (5000–7000 steps/day; participating in normal daily activities

but taking no deliberate exercise or sport), “somewhat active” (7500–10,000 steps/

day, taking some volitional activity or facing heavy occupational demands),

“active” (10,000–12,500 steps/day), and “highly active” (>12,500 steps/day).
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Somewhat lower standards are probably required for the elderly. Our extensive

observations on senior citizens in Nakanojo showed that counts of less than 2000

steps/day generally implied that a person was dependent, and counts of 2000–4000

counts/day were seen in those who were housebound, or almost so [41]. We

proposed dividing counts for those who were not dependent into four equally

sized quartiles: sedentary (2000–5000, mean 4000 steps/day), undertaking normal

daily activities (5000–7000, mean 6000 steps/day), somewhat active (7000–9000,

mean 8000 steps/day) and active (>8000, mean 10,000 steps/day).

1.5.2 Estimates of Exercise Intensity

Many of the current generation of pedometer/accelerometers are able to estimate

the intensity of physical activity from the instantaneous rate of counting [45–47].

The Actigraph is an accelerometer that estimates the total energy expenditure

(EE) using equations developed by Patty Freedson (Fig. 1.7) and her associates [48]

EE kJ=minð Þ ¼ 0:00391 Countsð Þ þ 0:560 Body mass, kgð Þ � 3:07

EE METsð Þ ¼ 0:000795 Countsð Þ þ 1:44

These equations were established by having volunteers walk or run on the treadmill

at three speeds (4.8, 6.4 and 9.7 km/hour). Freedson et al. [48] claimed a standard

deviation relative to indirect calorimetry of 5.8 kJ/minute for the first equation

and 1.12 METs for the second, both with an r2 of 0.82. Sedentary behaviour has

been associated with vertical accelerations yielding counts of 100/min [49] or

150/minute [50]. Activity measured with the Actigraph has been arbitrarily classed

as sedentary, light (<3 METs), moderate (3–6 METs), and hard (6–9 METs),

although these categories make no reference to the age or sex of the individual.

Fig. 1.7 Patty Freedson

developed one widely used

equation for converting

instantaneous

accelerometer counts into

estimates of energy

expenditures
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Various authors [48, 51–54] have also specified ranges of instantaneous counts for

moderately vigorous activity (1267–2743, n weighted average 2020 counts/minute)

and vigorous physical activity (5725–6403, n weighted average 5999 counts/

minute).

We have used the Kenz Lifecorder in our studies of exercise intensity. The Kenz

pedometer/accelerometer incorporates an undisclosed proprietary equation that

(after entering the individual’s body mass) converts the step counts measured

over 4 second intervals into an 11-level gradation of active energy expenditures.

At the end of the recording period, which can be as long as 6 months, it is possible to

estimate the number of minutes spent at each of these 11 intensities of activity. In

our sample of seniors, almost no activity was recorded at an intensity >6 METs

(in fact, this would have been close to 100% of aerobic power for many of those

studied). We thus tabulated minutes of exercise per day spent at an intensity >3

METs and minutes at an intensity <3 METs. The times spent at an intensity >3

METs were, for dependent individuals <2.5 minutes/day, for those who were

housebound <5 minutes/day, and for those falling into the four quartiles of daily

activity <7.5 (mean 5), 7.5–15 (mean 10), 15–25 (mean 20), and >25 (mean 30)

minutes/day.

Future studies could profitably subdivide the times spent at intensities between

3 and 6 METs. In order to compare the Kenz Lifecorder data with indirect

calorimetric estimates, the total energy expenditure can be calculated as [55]:

Total energy expenditure ¼ EEp=a þ EEminorp=a þ BMR þ 0:1 TEEp=a

where EEp/a is the active energy expenditure, EEminorp/a is the energy expenditure

associated with incidental movements, the BMR is calculated from height, body

mass, sex and age, and the final term (0.1 TEEp/a) is an allowance for the thermic

effect of food, based on the total energy expenditure recorded by the instrument.

Our studies of seniors [41] have demonstrated a close correlation between the

overall daily step-count and the time spent in performing activities of at least

moderate intensity (>3 METs) (r¼ 0.964). Correlations with ill-health are gener-

ally a little greater for the step count in women than, for the duration of activities>3

METs, and the converse is true in men. Possibly, the elderly women have more

consistent but less intense patterns of physical activity than the men.

1.6 Reliability and Validity of Objective Monitoring

The main attraction of objective monitoring relative to the use of questionnaires is

that the pedometer/accelerometer data offer the promise of greater reliability and

validity. How far are these advantages realized in practice? We will comment on

the behaviour of monitors during steady walking, the effects of variations in speed

and pattern of movement, and the potential to collect data under free-living

conditions.
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1.6.1 Steady Walking

Pedometers and accelerometers generally respond reliably when recording a con-

sistent movement pattern such as level walking. Tests on a panel of volunteers

showed that the 24-hour step count determined with the Kenz pedometer/acceler-

ometer had an intramodal reliability (Cronbach’s alpha) of 0.998 between two

instruments that were worn on the left and right hips, and the counting error relative

to 500 actual paces taken on a 400 m track at a normal walking speed was only

�0.2� 1.5 steps [56].

Schneider et al. [56] found that most of 10 pedometer/accelerometers were able

to estimate the treadmill walking distance to within �10% and the gross energy

expenditure to within�30% of the actual value when walking at a speed of 4.8 km/

hour. A study by David Bassett (Fig. 1.8) and his associates [57] showed that at both

moderate and slow walking speeds, the Yamax device gave the best estimate of a

4.8 km distance among five inexpensive monitoring instruments (Yamax, Freestyle

Pacer, Eddie Bauer Compustep, Bean pedometer, and Accusplit fitness walker) that

were tested on a walking course, with an average systematic error of about 2%. The

distance error for some of the other devices exceeded 10%.

1.6.2 Variations in the Speed and Pattern of Walking

The validity of data with most pedometers and accelerometers depends on the speed

and pattern of movement, with the best results being obtained at a normal walking

pace. Treadmill step counts recorded by the Kenz Lifecorder were under-estimated

at low walking speeds (an error of 8.4% at 3.2 km/hour, and of 1.7% at 4 km/hour

Fig. 1.8 David Bassett has

carried out extensive studies

on the reliability and

validity of different types of

pedometer and

accelerometer
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[58]; total energy expenditures also tended to be under-estimated. A second tread-

mill trial [55] confirmed that at a walking speed of 3.2 km/hour, the Kenz

Lifecorder and the Actigraph yielded step counts that were, respectively,

92� 6% and 64� 15% of the actual values as counted by an observer, although

at higher speeds (80–188 m/minute), both devices yielded readings that were within

3% of the true figure.

Comparisons of the Yamax Digiwalker with a heel-mounted resistance pad

showed an error of 460� 1080 steps/day during “purposeful walking” [59]. The

Suzuken Calorie counter select 2 was tested against the directly measured oxygen

consumption; overall, the relationship was fairly close (a Pearson correlation

coefficient of 0.97, with a mean error of �3.2 to +0.1 kJ/minute). Nevertheless,

this accelerometer over-estimated energy expenditures by an average of 3.8 kJ/

minute during short-step walking, and under-estimated expenditures by an average

of 5.1 kJ/minute during long-step walking, even with a fixed and comfortable

treadmill speed of 4 km/hour [60]. Kumahara et al. [61] tested the Kenz Lifecorder

in a metabolic chamber; subjects engaged in nine speeds of treadmill walking and

running (ranging from 2.4 to 9.6 km/hour); the error averaged a substantial 9% for

total energy expenditure and 8% for physical activity energy expenditure.

1.6.3 Free-Living Conditions

Recording errors are increased further if subjects choose their own activity patterns

rather than walking on a fixed course and/or at a fixed pace. Inaccuracies are also

introduced by a short stride length and abnormalities of gait [62]. Both pedometers

and accelerometers respond poorly to cycling, skating, load-carrying, household

chores, and other non-standard activities [63]. Moreover, such instruments take no

account of the additional energy expenditures that arise when climbing hills or

making movements against external resistance, and artifacts may occur because

counts are recorded when driving in a car over bumpy ground [64].

McClain and associates [65] recognized that both the reliability and the validity

of the pedometer/accelerometer were reduced on moving from the assessment of

standardized laboratory exercise to free-living conditions, where they found differ-

ences averaging 1516 steps/day between the Kenz Lifecorder and the Actigraph.

Dondzila et al. [66] compared the step-counts recorded during 24 hours of free

living relative to a criterion measurement provided by counts on a New Lifestyles

NL-100 pedometer (Table 1.6).

A comparison of Yamax Digiwalker output with direct measurements of oxygen

consumption during various forms of play in children with an average age of

9.2 years yielded a correlation coefficient of 0.81; substantially better concordance

was obtained with a triaxial accelerometer (r¼ 0.91) [67].

Several authors have compared pedometer/accelerometer data with what is

commonly accepted as the gold standard in measurements of energy expendi-

ture—the metabolism of doubly-labelled water (Table 1.7). Some authors have
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found a good correspondence of the two data sets [70, 71]. However, the doubly-

labelled water technique determines the average energy expenditure over a 2-week

period, and particularly in elderly individuals who engage in relatively little

Table 1.6 Discrepancy between counts recorded by specified pedometer/accelerometers (steps/

day) and counts recorded by New Lifestyles NL-100 pedometer, during 24 hours of free living

(based on data of Dondzila et al. [66])

Pedometer type

Subjects aged 20–49 years Subjects aged 50–80 years

Mean error Range Mean error Range

Kenz Lifecorder �305 �710 to 100 �38 �937 to 861

Omron 949 598 to 1300 613 24 to 1191

Table 1.7 Comparisons of pedometer/accelerometer estimates of total energy expenditure with

the “gold standard” (doubly-labelled water [DLW] measures of energy expenditure)

Author Sample Apparatus Findings

Choquette

et al. [68]

10 M, 7 F

60–78 year

Sherbrooke, QC

Caltrac accelerometer

7 days of recording

No significant correlations

with DLW data

Caltrac under-estimates

DLW by 0.8 MJ/day (M),

2.2 MJ/day (F)

Colbert et al. [69] 12 M, 44 F

>65 year

Wisconsin

residents

Pedometer, accelerom-

eter, and Sense-wear

armband; 7–10 days of

recording

Low correlations with DLW

data (0.5–0.6) for all

3 devices. Systematic error

on expenditure of 2.1 �
1.7 MJ/day (Crouter equa-

tion), +1.4 MJ/day (Freedson

equation); 95% limits of

regression prediction �
60%. No comment on sex

differences.

Fogelholm

et al. [70]

20 overweight

middle-aged

Finnish women

HR monitor, pedome-

ter, Caltrac

accelerometer

Active energy expenditure

Error lowest with Caltrac

0.08� 1.61 MJ/day relative

to DLW on expenditure of

4.1 MJ/day

Gardner and

Poehlman [71]

Elderly

U.S. claudicant

men

68.7� 7.3 year

Pedometer, accelerom-

eter regression

equations

Error of pedometer

vs. DLW� 516 kJ/day

(95% limits� 66%)

Error of accelerometer �
320 kJ/day (95%

limits� 41%)

Rafamantanantsoa

et al. [72]

25 M;

48� 10 year

Japanese

Accelerometer, 3 day

and 14 day records

Correlations of accelerome-

ter with DLW 0.78, 0.83;

under-estimates of acceler-

ometer �2.3, �2.4 MJ/day

Starling et al. [73] 32 M, 35 F

45–84 year

Vermont

residents

Caltrac accelerometer

7 days of recording

Caltrac under-estimates

DLW by 2.1 MJ/day (M),

1.6 MJ/day (F)
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physical activity, the overall score is heavily influenced by the individual’s resting
energy expenditure. Perhaps for this reason, other investigators have found sub-

stantial under-estimates of total weekly energy expenditures when using objective

monitors (Table 1.7).

More information is needed concerning the performance of the various available

objective monitors under free-living conditions. For the present, we may infer that

pedometer/accelerometers work reasonably well when assessing old people, pro-

vided that they do not have a severe anomaly of gait. In such populations the

accuracy of data may be sufficient for epidemiological evaluations of the amount of

physical activity associated with health benefits [46]. However, the information that

is obtained on the absolute energy expenditures of younger adults under free-living

conditions remains much more questionable. Values yielded by a CSA monitor, a

Tritrac accelerometer and a Yamax Digiwalker under-estimated doubly-labelled

water figures for the total energy expenditure of 13 healthy young women by 59, 35

and 59% respectively [74]. Plainly, there remains substantial scope to enhance the

accuracy of estimates of physical activity, possibly by combining simple pedome-

ter/accelerometers with other data on body posture, heart rate, breathing rate or the

rate of sweating.

1.7 Medical Conditions Potentially Modified by Intensity

and/or Volume of Habitual Physical Activity

1.7.1 Conditions of Interest

The International Consensus Conferences (above) provide a relatively comprehen-

sive list of medical conditions where an increase of habitual physical activity might

have preventive or therapeutic value (Table 1.8). Information is drawn from the

topics discussed at the International Consensus Conferences on Physical Activity,

Fitness and Health of 1988 [2] and 1992 [3].

1.7.2 Need for Enhanced Objective Monitors

In almost all of the investigations reviewed at these conferences, epidemiologists

relied upon the evidence of questionnaires rather than objective monitors, although

as early as 1988 the first of these conferences expressed the hope that there would

soon be low cost objective devices that could record movement patterns or phys-

iological responses at 1 minute intervals, storing this information for 12–24 hours

[2]. The 1992 conference [3] underlined the need for additional research to develop

“objective monitors of physical activity (such as improved motion sensors) better
suited to epidemiological investigations.”
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Table 1.8 Medical conditions where an increase of habitual physical activity (PA) may have

preventive or therapeutic value, and conclusions reached at the International Consensus Confer-

ences (ICC) of 1988 [2] and 1992 [3]

Medical

condition ICC 1988 ICC 1992

Atherosclerosis Influence of PA unclear No human studies of PA and pro-

gression or regression of lesions

Coronary heart

disease

Regular PA reduces risk factors and

cardiac events

Regular PA reduces risk, indepen-

dently of other risk factors

Coronary

rehabilitation

Regular PA enhances functional

recovery; structured programmes

may reduce recurrences and

mortality

Hypertension PA beneficial in borderline and

moderate essential hypertension

PA gives small reduction in resting

blood pressure

Stroke Little direct evidence of prevention

from PA

Peripheral vascu-

lar disease

Functional improvement with PA,

but most studies uncontrolled

Type I diabetes PA confers physiological and psy-

chological benefits

Type II diabetes PA improves insulin sensitivity Diabetes related to sedentary life-

style, PA beneficial in treatment

Obesity PA reduces body fat, improves insu-

lin sensitivity and blood lipids

Moderately obese who are suc-

cessful in losing weight usually

exercisers. PA conserves lean

tissue

Osteoarthritis Moderate PA may be helpful Little evidence on relationship of

arthritis to exercise (except if

injured)

Osteoporosis PA important in prevention and

rehabilitation

Weight-bearing or resisted activity

essential for bone health

Low back pain Preventive value of PA not yet

established

Value of PA in preventing back

pain unclear

Chronic airway

obstruction

Unclear if POA reduces frequency of

asthma; can enhance function in

COLD

PA may alter pattern of breathing,

reduce perceptions of dyspnea

Renal disease PA may enhance functional capac-

ity in end-stage renal disease

Bladder control No benefit from general PA, but

pelvic floor exercises may help

Neuromuscular

disorders

Lack of valid research

Cancer PA reduces risk of colon cancer,

possibly breast and reproductive tract

in women

PA reduces colon cancer, evidence

for breast, male and female repro-

ductive tracts equivocal

Surgery Pre-operative increase of PA

beneficial

Active individuals show fastest

recovery from surgery

(continued)
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At a third conference, intended to specify dose-response relationships between

physical activity and these various conditions, the need for accurate objective

monitoring of physical activity was yet more evident [75, 76]. However, it was

underlined by Lamonte and Ainsworth (Fig. 1.9) that current electronic motion

sensors were limited in their ability to discriminate specific types of physical

activity, often involved inconvenient measurement procedures [76], failed to reflect

energy expended in uphill walking [77] and often gave erroneous information under

free-living conditions [78, 79]. There was thus a pressing need to develop enhanced

motion sensors that incorporated information on ventilation, heart rate and

increases in body temperature.

1.7.3 New Insights from Objective Monitoring

The use of objective monitors has given new insights into the relative value of

activity and fitness-based indices, and concepts of thresholds and ceilings of

activity for benefit. For some health issues, the main benefit was seen with a modest

level of physical activity, but for other benefits, gains increased progressively as

more activity was undertaken.

Table 1.8 (continued)

Medical

condition ICC 1988 ICC 1992

Mental health PA can reduce anxiety, depression,

reduce tension, enhance sleep

PA increases self-esteem and psy-

chological well-being. PA may

reduce depression and anxiety

Substance abuse PA related gains in mental health

may reduce substance abuse

Reproductive

health

Reversible suppression of menstrual

function with heavy PA

Reversible suppression of repro-

ductive hormones with intense PA

in both sexes, but findings con-

founded by negative energy

balance

Pregnancy Moderate PA not harmful Moderate PA well-tolerated by

mother and foetus, with decreased

risk of gestational diabetes

Optimal growth Active children may have favourable

lipid profile

PA increases bone mineralization,

controls body fat and other cardiac

risk factors

Aging PA counters loss of aerobic power

and strength

PA has small but important effects

on cognitive function

Quality of life

(QOL) and

independence

Important but neglected. Methods

of measurement of QOL need

refining
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1.7.3.1 Relative Value of Activity and Fitness Indices

One issue discussed at the 2001 Conference was whether habitual physical activity

or the attained level of physical fitness was more important as an index of the health

benefits of exercise; possibly, they may act upon differing components of health.

A comparison based on questionnaire data that reported three or more levels of

physical activity led to the conclusion that there was a closer association of benefit

with aerobic fitness (as measured by treadmill endurance time) than with the

reported physical activity [80]. This is counter-intuitive, since the chosen measure

of physical fitness depends in part on body build and genetic factors rather than

habitual activity, and it could be argued that closer correlation with aerobic fitness

is simply a reflection that this parameter is being measured more accurately.

In support of this criticism, we recently compared the correlation of one measure

of atherosclerosis (a deterioration of pulse-wave velocity) with aerobic power

(as measured by a test of walking speed) and habitual physical activity

(as monitored objectively by a Kenz pedometer/accelerometer). In our comparison,

the association was greater for the motion sensor than for the measure of peak

aerobic power [81]; in a multiple regression analysis, step count, duration of

activity >3 METS and maximal walking speed accounted for 11, 7 and 4% of

the total variance in pulse wave velocities.

1.7.3.2 Thresholds of Benefit

Intuitively, one might presume that any physical activity would yield better health

than total inactivity, even if the individual undertook only a relatively low intensity

of activity. However, some epidemiologists, notably Jeremy Morris (Chap. 2), have

suggested that there is a threshold intensity of questionnaire-reported habitual

physical activity, at least in terms of cardiovascular disease, below which no benefit

Fig. 1.9 Barbara

Ainsworth has played a

leading role in the

evaluation of various

objective motion sensors

22 Roy J. Shephard

http://dx.doi.org/10.1007/978-3-319-29577-0_2


is realized [82]. Objective monitoring provides the detailed gradation of activity

needed to examine this question more precisely.

In terms of cardiovascular disease, objective information has been obtained by

using measurements of pulse wave velocity as a surrogate of cardiovascular disease

in elderly individuals [83]. The cardio-femoral pulse wave velocity showed a

negative correlation both with daily step count (r¼�0.23) and with the total

daily duration of moderate physical activity (r¼�0.18). Moreover, in terms of a

possible threshold, in fact the largest change of vascular distensibility in this elderly

population was seen on moving from the least active quartile (averaging 3570 steps/

day, and 4.8 minutes/day of moderate activity), to the next most active quartile

(averaging 5838 steps/day, and 12.2 minutes/day of moderate activity). In confir-

mation of a low threshold of benefit, Sugawara et al. [84] examined 103 post-

menopausal women, finding that carotid arterial stiffness was inversely related to

the duration not only of vigorous physical activity (>5–6 METs, depending on

age), but also to the duration of moderate (>3–4 METs) and light (<3–4 METs)

activity. Likewise, Gando et al. [85] demonstrated that the carotid/femoral pulse

wave velocity was correlated with triaxial accelerometer determinations of the time

that the older members of a group of 538 unfit but otherwise healthy subjects

allocated to moderate (>3 METs, r¼�0.31), light (<3 METs, r¼�0.39) and

sedentary (r¼ 0.44) activities, but was not correlated with the time spent in

vigorous physical activity. Again, a longitudinal trial in 274 sedentary, obese

young adults found that an increase of moderate physical activity over a year of

observation was associated with a decrease of pulse wave velocity [86]. Finally,

Andrea LaCroix is currently relating accelerometer-measured activity to incident

cardiovascular disease and mortality among female Seattle residents aged 80 years

Several investigators have also related objective data on habitual physical activity

to the metabolic syndrome and cardiovascular risk factors [87].

1.7.3.3 Ceilings of Benefit

A few questionnaire-based studies have suggested that there may be not only a

ceiling to the benefits of increased physical activity, but that excessive physical

activity may lead to a worsening of prognosis. Again, this issue is more readily

explored using objective monitors; if a given health benefit is plotted against the

recorded activity, a plateauing should be seen, with a substantial quadratic function

or a negative exponential function limiting benefits. We have certainly seen a

plateauing of response in terms of bone health, muscle mass, and health-related

quality of life, although no negative effects of excessive activity within the limits of

our data.

Bone Health In a comparison of activity patterns between those with osteopenia

and those with normal bone health in 92 post-menopausal women, Jana Pelclová

(Fig. 1.10) and her associates [88, 89] found the largest (although non-significant)

inter-group difference was in the time allocated to light activity (430 vs.

537 minutes/week).

1 Physical Activity and Optimal Health: The Challenge to Epidemiology 23



We measured the bone health of seniors in terms of an osteosonic index

[90]. The mathematically-fitted curves showed benefit approaching a plateau in

the most active people, with negative exponential terms both for step counts

(M¼�1.23� 2.73e�x/2884; F¼�1.21� 1.72e�x/6990) and for the duration of mod-

erate activity (M¼�1.03� 1.21e�x/17.1; F¼�1.43� 1.08e�x/20.8). Moreover,

when the sample was divided into physical activity quartiles, the osteosonic index

was not significantly enhanced in those exceeding the activity of the second quartile

(in men, averaging 6589 steps/day, and 13.0 minutes/day at an intensity >3 METs,

and in women, averaging 6165 steps/minute, and 11.9 minutes/day at an intensity

>3 METs). A longitudinal study in the same population yielded essentially similar

results (Table 1.9). The osteosonic index showed a trend to a significantly increased

risk of fractures (a T score of 1.5 below the population norm) in those with the

lowest levels of habitual activity. Kitagawa and associates reported similar findings

in a cross-sectional comparison of 7-day pedometer records with ultrasound mea-

surements of bone health in women aged 61–87 years; their fitted graph was

quadratic, with no further increase of bone density in those individuals taking

more than 12,000 steps/day [92].

The optimal dose of physical activity may differ between bones. Thus,

Vainionpää et al. [93] classified the intensity of activity of women aged 35–40

years in terms of acceleration bands; in the case of the femoral neck, the trochanter

and the calcaneus, bone density was similar with in those with daily accelerations of

3.9–5.3 g and 5.4–9.2 g, but for the lumbar spine, significantly higher densities were

associated with the highest accelerations (5.4–9.2 g). In 5-year-old children [94],

the largest increase in bone mineral content was seen in moving from the third to the

fourth (most active) quartile, the main effect being associated with minutes of what

was described as “vigorous” activity per day (>2972 counts/minute).

Muscle Mass We evaluated the risk of sarcopenia in the same population, estimat-

ing appendicular muscle mass by an impedance device [95]. A ceiling of response

was again apparent. The fitted curves showed clear evidence of plateauing in relation

both to daily step count (M¼ 7.90� 2.96e�x/2423; F¼ 6.27� 1.99e�x/2522) and the

Fig. 1.10 Jana Pelclová

and her colleagues have

studied the relationship

between actigraph

measurements of habitual

activity and bone health
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duration of activity at an intensity >3 METs (M¼ 7.93� 0.92e�x/13.5;

F¼ 6.23� 1.08e�x/5.9). When data were sorted by quartiles, the odds ratio for

sarcopenia (adjusted for age, current smoking and alcohol intake) showed a gradient

of relative risk for both step count (M 1.00, 0.79, 1.20, 2.00; F 1.00, 1.02, 1.57, 2.66)

and for minutes of moderate activity (M 1.00, 1.05, 2.03, 3.39; F 1.00, 1.23, 3.15,

4.55), with the main and highly significant effect on moving from the first quartile

(M averaging 3427 steps/day, 6.7 minutes/day of moderate exercise; F averaging

3049 steps/day, 5.9 minutes/day of moderate exercise) to the next more active

quartile (M 6171 steps/day, 14.7 minutes/day; F 4999 steps/day, 10.1 minutes/day).

A 5-year longitudinal study of the same population [96] examined the risk of

muscle mass falling below an arbitrary sarcopenia threshold in relation to habitual

physical activity (Table 1.10). Again, there was a trend of risk between the four

activity quartiles, with the greatest protection being seen on moving from the lowest

to the next more active quartile, and little difference of risk between the two most

active quartiles. It should be emphasized that no measure of possible involvement

in resistance exercise was made, although the likelihood of such activity probably

bore a moderate correlation with involvement in aerobic activity.

As with bone health, there was some evidence of site-specificity of response.

Abe and associates [97, 98] found that in subjects aged 52–83 years, muscle mass in

the lower leg was correlated with both moderate (3–6 METs) and vigorous

Table 1.9 Longitudinal data for Japanese seniors (M¼males, F¼ females), showing relative risk

and 95% confidence limits of osteosonic index dropping to fracture range (T value of �1.5) in

relation to objectively measured habitual physical activity (steps/day and minutes of activity at an

intensity >3 METs) for males (M) and females (F) [91]

Activity quartile

Men Women

Step count/day

Moderate activity

(minutes/day) Step count/day

Moderate

activity

(minutes/day)

M 3512 steps/day,

3.8 minutes/day

F 3473 steps/day,

4.0 minutes/day

2.69 (1.77–4.96) 2.99 (1.48–5.91) 3.87 (2.53�6.02) 3.94 (2.37�6.41)

M 5973 steps/day,

11.2 minutes/day

F 5909 steps/day,

9.9 minutes/day

1.51 (0.94�3.88) 1.43 (0.92�3.08) 2.66 (1.63�4.31) 1.85 (1.03�3.47)

M 7451 steps/day,

19.7 minutes/day

F 7601 steps/day,

18.2 minutes/day

1.24 (0.86�3.61) 1.20 (0.64�2.24) 1.14 (0.65�1.95) 1.08 (0.76�2.24)

M 10650 steps/day,

32.4 minutes/day

F 10334 steps/day,

30.9 minutes/day

1 1 1 1
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(6 METs) habitual physical activity, but this was not true for muscle mass in the

upper leg.

Health-Related Quality of Life The health-related quality of life (HRQOL) of

Japanese seniors was assessed using the SF-36 questionnaire. When objectively

measured physical activity was divided into quartiles, the HRQOL was greater for

individuals in the second than those in the first quartile, but there was no additional

advantage in the third and fourth quartiles [99]. However, the intensity of effort also

seemed important in that the HRQOL was greater in those taking more than 25% of

their physical activity at an intensity >3 METs [100].

In a study of colon cancer survivors [101], Kerry Courneya (Fig. 1.11) and his

colleagues found that quality of life was positively associated with both light and

moderately vigorous physical activity, and in those taking moderate activity, the

HRQOL increased progressively through to the quartile exercising for the longest

daily time (>40 minutes/day).

1.7.3.4 Form of Physical Activity/Health Relationship

Observers using questionnaires concluded that in general the main benefit from

greater physical activity and fitness was seen at the lower end of the population

distribution [80]. Objective monitoring can provide further detail on the shape of

this relationship, although in order to gain such information, it is important to

Table 1.10 Relative risk and 95% confidence limits of muscle mass falling below an arbitrary

sarcopaenia threshold in a sample of Japanese seniors (M¼males, F¼ females), in relation to

objectively measured habitual physical activity (steps/day and minutes of moderate activity)

Activity quartile

Men Women

Step count/day

Moderate activity

(minutes/day) Step count/day

Moderate activity

(minutes/day)

M 3512 steps/day,

3.8 minutes/day

F 3473 steps/day,

4.0 minutes/day

2.33 (1.43–4.51) 3.01 (2.02�5.99) 2.99 (1.91�3.42) 3.49 (2.11�6.32)

M 5973 steps/day,

11.2 minutes/day

F 5909 steps/day,

9.9 minutes/day

1.97

(1.00�2.86)

1.78 (1.32�4.17) 2.01 (1.01�3.03) 2.21 (1.03�3.61)

M 7451 steps/day,

19.7 minutes/day

F 7601 steps/day,

18.2 minutes/day

0.95

(0.43�2.01)

1.13 (0.57�2.15) 1.03 (0.58�2.25) 0.91 (0.37�2.51)

M 10650 steps/day,

32.4 minutes/day

F 10334 steps/day,

30.9 minutes/day

1 1 1 1

Odds ratios adjusted for initial lean mass, age, smoking status and alcohol consumption [96]
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recruit adequate subject numbers, including a substantial number of individuals

who are engaging in voluntary physical activity. The problems that can arise if this

precaution is neglected are illustrated by a study of Gerdhem and associates

[102]. Accelerometry measurements of physical activity showed no significant

correlations with balance, muscle strength or bone density in a sample of 57 eighty-

year-old women, but only 8 of the 57 subjects were engaging in moderate or

vigorous physical activity. This negative conclusion was quickly reversed in a

larger study by some of the same authors where 152 men and 206 women aged

50–80 were followed for 10 years; in this group, annual bone loss was 0.6% less in

those who were classified as active relative to those who were inactive [103]. In the

larger group, benefits were also seen in terms of balance, although there was no

impact upon muscle strength or gait velocity.

For many benefits, including increased bone health, greater vascular distensibil-

ity, and a larger lean tissue mass, objective monitoring confirms the impression

gained from questionnaire data that the biggest improvement of health status is seen

on moving from a completely sedentary status to a modest level of physical activity.

However, this is not true of all conditions; in particular, the risk of showing

manifestations of the metabolic syndrome [104] decreases across each of the four

quartiles of habitual physical activity (Table 1.11).

Fig. 1.11 Kerry Courneya

is encouraging cancer

survivors to increase their

objectively measured daily

physical activity

Table 1.11 Odds ratios (and 95% confidence limits) for the risk of the metabolic syndrome in

Japanese seniors in relation to habitual physical activity [104]

Activity quartile Steps/day Activity >3 METs (minutes/day)

3427 steps/day, 4.4 minutes/day 4.55 (1.81–11.41) 3.67 (1.50–8.97)

5581 steps/day, 12.1 minutes/day 3.10 (1.22–7.88) 2.29 (0.92–5.71)

7420 steps/day, 19.4 minutes/day 2.63 (1.02–6.75) 2.10 (0.83–5.27)

10,129 steps/day, 33.5 minutes/day 1 1
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1.8 Inference of Causality

Given the practical impossibility of conducting a classical randomized controlled

experiment to test the benefits of habitual physical activity in preventing various

forms of chronic disease, the epidemiologist is faced with the task of excluding

spurious and indirect associations, and then of weighing the likelihood that

observed associations are causal rather than casual.

1.8.1 Spurious Associations

The commonest cause of a spurious association is the type I error of the statistical

method. If the usual criterion—a probability of 0.05—is accepted, then there is

1 chance in 20 that an apparent association is no more than a statistical artifact. If

(as in many of the associations with physical activity), the association is reported

repeatedly, the likelihood of such an error is diminished, although it remains

necessary to watch for the possibility that perceptions have been biased by a

tendency for journals to publish papers with positive conclusions.

Problems may arise from failure to allow for particular characteristics of the

active people within a population—they may be younger, or come from a higher

socio-economic level, and this may account for their better health. The modern

tendency is to introduce co-variates to make a statistical adjustment for such issues,

but before the advent of powerful computers, some epidemiologists attempted to

overcome this issue by investigating a single age-group of comparable social status

(for example, the bus drivers and conductors studied by Morris, Chap. 2).

Bias may also arise in prospective trials, since the subjects selected for both

experimental and control groups in such trials tend to be more active and health-

conscious than the general population. This tendency weakens the potential contrast

between active and inactive individuals.

1.8.2 Indirect Associations

A further issue is a potential relationship between both habitual physical activity

and health. For instance, both inactivity and cardiovascular disease are associated

through other variables such as cigarette smoking, obesity and a mesomorphic body

build [105, 106]. Again, provided that such extraneous factors are recognized, their

influence can largely be eliminated by the incorporation of co-factors into multi-

variate analyses.
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1.8.3 Criteria Suggesting a Causal Association

The big challenge for the epidemiologist is to move beyond the demonstration of

associations between habitual physical activity and health to causal inferences that

can be used in prevention and treatment of various medical conditions. The English

statistician and epidemiologist Bradford Hill [107] (Fig. 1.12) enunciated nine

criteria that pointed towards a causal association between epidemiological findings

(Table 1.12). Although commonly termed “criteria,” Hill seems to have viewed

these nine items as guidelines, and they did not all have to be satisfied before

making a causal inference. In the case of associations between physical activity and

health, the shift from subjective to objective monitoring has strengthened several

pillars of the causal inference, although in some studies the advantages of the

objective monitor have been offset by smaller subject numbers.

1.8.3.1 Strength of the Association

The a priori assumption is that a causal assumption is a strong one. Thus, the

relative risk of developing lung cancer is increased 20-fold in a pack-a-day smoker

Fig. 1.12 Sir Austin

Bradford Hill proposed nine

criteria for testing the

causality of an

epidemiological association

Table 1.12 Criteria proposed

by Bradford Hill for testing

the causality of an association

• Strength of the association

• Consistency of the association

• Temporally correct association

• Specificity of the association

• Biological gradient

• Biological plausibility

• Coherence

• Experimental verification

• Analogy
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[108]. Unfortunately, the impact of inactivity upon health is generally small;

questionnaire estimates suggest that in terms of cardiovascular disease, the relative

risk is about 1.28 in men and 1.3 [109], and for colon cancer, it is around 1.8 in men

and 1.1–1.2 in women [110]. However, Bradford Hill recognized that a factor could

be causal without necessarily exerting a strong effect; much depends upon the care

that has been taken to eliminate sources of bias. It is difficult to measure small

differences in risk using questionnaires, and the more precise gradation of habitual

activity obtained from objective monitors should be helpful in this regard.

1.8.3.2 Consistency of the Association

A causal association should be consistently observed in a wide variety of situations,

using a variety of measuring techniques, different subjects, places, circumstances

and times. Objective monitoring is useful in providing an alternative method of

grading physical activity, and because of its greater precision, consistent associa-

tions are more likely to be seen among those using this measurement technique.

1.8.3.3 Temporally Correct Association

Exposure to physical activity must ante-date the improvement of health by a period

commensurate with the likely mechanism of benefit. This is an important issue to

explore in connection with the possible mental health benefits of greater physical

activity; if a lesser anxiety or depression preceded the increase of physical activity,

one might be looking at reverse causality. It is very difficult to obtain a detailed

history of past physical activity from questionnaires. To date, there have been few

long-term prospective studies using objective monitors, but in future such investi-

gations should provide a much clearer picture of when an individual initiated an

active lifestyle.

1.8.3.4 Specificity of the Association

Ideally, a history should always include evidence of a risk factor for the disease in

question, and the existence of that risk factor should always give rise to manifes-

tation of the condition. However, in conditions such as cardiovascular disease, there

is some lack of specificity—the risk of developing the disease is increased not only

by physical inactivity, but also by genetic abnormalities of metabolism and by other

risk factors such as cigarette smoking and obesity. Multivariate analysis may help

in elucidating an apparent lack of specificity of associations.
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1.8.3.5 Biological Gradient

A causal relationship commonly has a graded dose-response relationship, and the

objective monitoring of physical activity is helpful in demonstrating both the

existence of a relationship and its format. Hill appeared to be anticipating a

linear-dose response relationship, and a more complex dose-response relationship

might imply the intervention of other factors.

1.8.3.6 Biological Plausibility

If the relationship is causal, it should be possible to identify at least one plausible

physiological explanation of the association. An increase of habitual physical

activity has quite a wide range of known effects that could enhance various aspects

of health. However, as Cox and Wermuth have pointed out [111], a biological

mechanism has greater plausibility if it is postulated before the association is

demonstrated rather than if it is sought as a post-hoc explanation of findings.

1.8.3.7 Coherence

The requirement of coherence is closely related to that of plausibility. If the

association is causal, then the hypothesis that is advanced should provide a coherent

explanation of all available data, and should not contradict current knowledge.

1.8.3.8 Experimental Verification

Ideally, a causal explanation of an association should be validated by direct

experiment. Unfortunately, it is difficult if not impossible to test the long-term

effects of an increase of physical activity in humans through a randomized double-

blind controlled trial. Many aspects of the exercise hypothesis can be evaluated in

animal experiments, although it is sometimes difficult to translate findings in

animals to the human experience.

1.8.3.9 Analogy

The causal hypothesis gains credence if components of the postulated mechanisms

of benefit can be shown to operate at the cellular level (for instance, if the tars in

cigarettes can be shown to exert carcinogenic effects when applied to isolated

tissues or cells). Further, if physical activity produces demonstrated benefits in

one area of ill-health, it becomes more reasonable to assume it will be of benefit in

the prevention or treatment of a somewhat similar ailment.
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1.8.4 Critique of the Bradford Hill Criteria

Several investigators have sought to revise Bradford Hill’s criteria in the light of the
needs of evidence-based medicine [112]. One proposal is to group information as

direct, mechanistic and parallel evidence. Direct evidence is drawn from random-

ized or non-randomized trials, mechanistic evidence points to processes that link

the cause with the outcome, and parallel evidence looks at related studies that have

yielded similar results. We will consider these revised criteria briefly, with partic-

ular reference to physical activity; in general, the changes in thinking have not

modified the value of objective monitoring of physical activity to the establishment

of cause and effect.

1.8.4.1 Direct Evidence

Direct evidence should either exclude plausible confounders of an experiment such

as outcome expectations by blinding both subjects and observers, or at least

ensuring that the magnitude of the effect is substantially greater than the likely

influence of confounders. The size of effects that are of interest thus needs to be

larger in observational trials than in randomized experiments.

In the new approach, the criterion of temporality is expanded to encompass

temporal and spatial proximity: is the time interval to the observed effect appro-

priate to a causal hypothesis, and is there reason to seek a response in a particular

part of the body?

In terms of dose-response, the strongest inference can be drawn if the process is

reversible. This is generally true of physical activity—an adequate dose of exercise

generally enhances health, but gains are quickly lost if the activity ceases.

The criterion of specificity is now commonly omitted from the analysis, since it

is recognized that most clinical conditions have multiple antecedents and multiple

effects.

1.8.4.2 Mechanistic Evidence

Bradford Hill thought simply in terms of biological plausibility, but it is now

recognized that some of the responses to increased physical activity can have a

mechanical or chemical explanation, rather than a simple physiological basis.

1.8.4.3 Parallel Evidence

Observations should be replicable (Bradford Hill’s “consistency”), with the antic-

ipation of a similar response when others have applied a similar intervention to a

similar population, using the same outcome measures.
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1.9 Conclusions

Epidemiologists seek associations between environmental factors, lifestyle influ-

ences and human health. An up-date of principles first enunciated by Bradford Hill

is used to test whether observed associations are causal in nature. There is a long list

of medical conditions where physical activity has been suggested as having a

beneficial influence. Until recently, evaluation of the benefits of physical activity

in these conditions has been hampered by the limited reliability and validity of

physical activity questionnaires. The availability of pedometer/accelerometers and

other types of objective monitor now facilitates this task, allowing investigators to

detail the effects of various intensities, frequencies and durations of effort, although

further improvement of monitoring devices is needed to capture the full range of

activities likely to be encountered in children and younger adults. Objective

monitoring does not support the hypothesis that a minimum intensity of effort is

needed for health benefit; indeed, for many conditions, the largest effects are

associated with quite small increases of habitual activity. For many conditions,

there also seems a ceiling of benefit, with no additional gains from a further increase

of habitual activity beyond this ceiling. Causality can never be totally proven, but

the inference that moderate physical activity confers multiple health benefits is

sufficiently strong to urge people of all ages to incorporate regular physical activity

into the pattern of daily living.

References

1. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise and physical fitness:

definitions and distinctions for health-related research. Public Health Rep. 1985;100

(2):126–31.

2. Bouchard C, Shephard RJ, Stephens T, et al. Exercise, fitness and health. Champaign, IL:

Human Kinetics; 1990.

3. Bouchard C, Shephard RJ, Stephens T. Physical activity, fitness and health. Champaign, IL:

Human Kinetics; 1994.

4. Brown JR, Crowden GP. Energy expenditure ranges and muscular work grades. Br J Ind Med.

1963;20:277–83.

5. McIntosh PC. “Sport for all” programs around the world. Paris, France: UNESCO; 1980.

6. Hanke H. Freizeit in der DDR (Leisure time in East Germany). Berlin, Germany: Dietz

Verlag; 1979.

7. Stundl H. Freizeit und Erholungsport in der DDR (Free time and recreational sport in East

Germany). Schorndorf, Germany: Karl Hofmann Verlag; 1977.

8. U.S. Bureau of Labor. American time use survey—2013 results. Washington, DC:

U.S. Bureau of Labor; 2014.

9. Passmore R, Durnin JVGA. Human energy expenditure. Physiol Rev. 1955;35:801–40.

10. World Health Organisation. Global recommendations on physical activity for health. Geneva,

Switzerland: World Health Organisation; 2010.

11. Godin G, Shephard RJ. A simple method to assess exercise behaviour in the community. Can

J Appl Sport Sci. 1985;10:141–6.

12. Shephard RJ. Endurance fitness, (2nd ed.) Toronto, ON: University of Toronto Press; 1977.

1 Physical Activity and Optimal Health: The Challenge to Epidemiology 33



13. Clemes SA, Matchett N, Wane SL. Reactivity: an issue for short-term pedometer studies? Br

J Sports Med. 2008;42:68–70.

14. Clemes SA, Deans NK. The presence and duration of reactivity to pedometers in adults. Med

Sci Sports Exerc. 2012;44(6):1097–101.

15. Matthews CE, Ainsworth BE, Thompson RW, et al. Sources of variance in daily physical

activity levels as measured by an accelerometer. Med Sci Sports Exerc. 2002;34(8):1376–81.

16. Weiner JS, Lourie JA. Human biology: a guide to field methods. Oxford: Blackwell; 1969.

17. Blair SN, Haskell WL, Ho P, et al. Assessment of habitual physical activity by a seven day

recall in a community survey and controlled experiments. Am J Epidemiol. 1985;122

(5):795–804.

18. Cain KL, Geremia CM. Accelerometer data collection and scoring manual. San Diego, CA:

James Sallis Active Living Laboratory, San Diego State University; 2011.

19. Tudor-Locke C, Burkett L, Reis JP, et al. How many days of pedometer monitoring predict

weekly physical activity in adults? Prev Med. 2005;40:293–8.

20. Kubota A, Nagata J, Sugiyama M, et al. How many days of pedometer monitoring predict

weekly physical activity in Japanese adults? Nihon Koshu Eisei Zasshi (Jap J Publ Health).

2009;56:805–10.

21. Trost SG, Pate RR, Freedson PS, et al. Using objective physical activity measures with youth:

how many days of monitoring are needed? Med Sci Sports Exerc. 2000;32(2):426–31.

22. Tudor-Locke C, Bassett DR, Swartz AM, et al. A preliminary study of one year of pedometer

self-monitoring. Ann Behav Med. 2004;3:158–62.

23. Yasunaga A, Togo F, Watanabe E, et al. Sex, age, season, and habitual physical activity of

older Japanese: the Nakanojo study. J Aging Phys Act. 2008;16:3–13.

24. Togo F, Watanabe E, Park H, et al. Meteorology and the physical activity of the elderly: the

Nakanojo study. Int J Biometeorol. 2006;50(2):83–9.

25. Hjorth MF, Chaput J-P, Michaelsen K, et al. Seasonal variation in objectively measured

physical activity, sedentary time, cardio-respiratory fitness and sleep duration among 8–11

year-old Danish children: a repeated-measures study. BMC Public Health. 2013;13:8098.

26. Basiotis PP, Welsh SO, Cronin FJ, et al. Number of days of food intake records required to

estimate individual and group nutrient intakes with defined confidence. J Nutr. 1987;117

(9):1638–41.

27. Matthews CE, Hebert J, Freedson PS. Sources of variance in daily physical activity levels in

the seasonal variation of blood cholesterol study. Am J Epidemiol. 2001;153:987–95.

28. Togo F, Watanabe E, Park H, et al. How many days of pedometer use predict the annual

activity of the elderly reliably? Med Sci Sports Exerc. 2008;40(6):1058–64.

29. Levin S, Jacobs DR, Ainsworth BE, et al. Intraindividual variation and estimates of usual

physical activity. Ann Epidemiol. 1989;9(8):481–8.

30. Hatano Y. Use of the pedometer for promoting daily walking exercise. ICHPER.

1993;29:4–8.

31. Welk GJ, Differding J, Thompson RW, et al. The utility of the Digi-walker step counter to

assess daily physical activity patterns. Med Sci Sports Exerc. 2000;32(9):S481–8.

32. Wilde BE, Sidman CL, Corbin CB. A 10,000 step count as a physical activity target for

sedentary women. Res Q Exerc Sport. 2001;72(4):411–4.

33. Moreau KL, Degarmo R, Langley J, et al. Increasing walking lowers blood pressure in

postmenopausal women. Med Sci Sports Exerc. 2001;33(11):1825–31.

34. Swartz AM, Thompson DL. Increasing daily walking improves glucose tolerance in over-

weight women. Res Q Exerc Sport. 2002;73(Suppl):A16.

35. Iwane M, Arita M, Tomimoto S, et al. Walking 10,000 steps/day or more reduces blood

pressure and sympathetic nerve activity in mild essential hypertension. Hypertens Res.

2000;23:573–80.

36. Tudor-Locke C, Bassett DR. How many steps/day are enough? Preliminary pedometer

indices for public health. Sports Med. 2004;34(1):1–8.

34 Roy J. Shephard



37. Rowlands AV, Eston RG, Ingledew DK. Relationship between activity levels, aerobic fitness,

and body fat in 8- to 10-yr-old children. J Appl Physiol. 1989;86(4):1428–35.

38. Public Health Agency of Canada. Physical activity tips for adults (18–64 years). 2014. http://

www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/07paap-engphp.

39. American Heart Association. American Heart Association recommendations for physical

activity in adults. 2014. http://www.heart.org/HEARTORG/GettingHealthy/PhysicalActivity/

FitnessBasics/American-Heart-Association-Recommendations-for-Physical-Activity-in-

Adults_UCM_307976_Articlejsp.

40. Tudor-Locke C, Jones GR, Myers AM, et al. Contribution of structured exercise class

participation and informal walking to daily physical activity in community-dwelling older

adults. Res Q Exerc Sport. 2002;73(3):350–6.

41. Aoyagi Y, Shephard RJ. Steps per day: the road to senior health? Sports Med.

2009;39:423–38.

42. Public Health Agency of Canada. Physical activity tips for children (5–11 years). 2014. http://

www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/05paap-engphp.

43. American Heart Association. AHAs recommendations for physical activity in children. 2014.

http://www.heart.org/HEARTORG/GettingHealthy/HealthierKids/ActivitiesforKids/The-AHAs-

Recommendations-for-Physical-Activity-in-Children_UCM_304053_Articlejsp.

44. Bassett Jr DR, Cureton AL, Ainsworth BE. Measurement of daily walking distance: ques-

tionnaire versus pedometer. Med Sci Sports Exerc. 2000;32(5):1018–23.

45. Mizuno C, Yoshida T, Udo M. Estimation of energy expenditure during walking and jogging

by using an electro-pedometer. Ann Physiol Anthropol. 1990;9:283–9.

46. Shephard RJ, Aoyagi Y. Objective monitoring of physical activity in older adults: clinical and

practical implications. Phys Ther Rev. 2010;15:170–82.

47. Tudor-Locke C, Myers AM. Methodological considerations for researchers and practitioners

using pedometers to measure physical (ambulatory) activity. Res Q Exerc Sport.

2001;72:1–12.

48. Freedson P, Melanson E, Sirard J. Calibration of the computer science and applications

accelerometer. Med Sci Sports Exerc. 1998;30(5):777–81.

49. Matthews CE, Chen KY, Freedson PS, et al. Amount of time spent in sedentary behaviors in

the United States, 2003–2004. Am J Epidemiol. 2008;167(7):875–81.

50. Kozey-Keadle S, Libertine A, Lyden K, et al. Validation of wearable monitors for assessing

sedentary behavior. Med Sci Sports Exerc. 2011;43:1561–7.

51. Brage S, Wedderkopp N, Franks PW, et al. Reexamination of validity and reliability of the

CSA monitor in walking and running. Med Sci Sports Exerc. 2003;35:1447–54.

52. Leenders NY, Nelson TE, Sherman WM. Ability of different physical activity monitors to

detect movement during treadmill walking. Int J Sports Med. 2003;24:43–50.

53. Metzger JS, Catellier DJ, Evenson KR, et al. Patterns of objectively measured physical

activity in the United States. Med Sci Sports Exerc. 2008;40:630–8.

54. Yngve A, Nilsson A, SjostromM, et al. Effect of monitor placement and of activity setting on

the MTI accelerometer. Med Sci Sports Exerc. 2003;35(2):320–6.

55. Abel MG, Hannon JC, Sell K, et al. Validation of the Kenz Lifecorder EX and Actigraph

GT1M accelerometers for walking and running in adults. Appl Physiol Nutr Metab.

2008;33:1155–64.

56. Schneider PL, Crouter SE, Lukajic O, et al. Accuracy and reliability of 10 pedometers for

measuring steps over a 400-m walk. Med Sci Sports Exerc. 2003;35:1779–84.

57. Bassett DR, Ainsworth BE, Leggett SR, et al. Accuracy of five electronic pedometers for

measuring distance walked. Med Sci Sports Exerc. 1996;28:1071–7.

58. Albright C, Hultquist CN, Thompson DL. Validation of the Lifecorder EX activity monitor.

Med Sci Sports Exerc. 2006;35 Suppl 5:S500.

59. Bassey EJ, Dalloso HM, Fentem PH, et al. Validation of a simple mechanical accelerometer

(pedometer) for the estimation of walking activity. Eur J Appl Physiol. 1987;56:323–30.

1 Physical Activity and Optimal Health: The Challenge to Epidemiology 35

http://www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/07paap-engphp
http://www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/07paap-engphp
http://www.heart.org/HEARTORG/GettingHealthy/PhysicalActivity/FitnessBasics/American-Heart-Association-Recommendations-for-Physical-Activity-in-Adults_UCM_307976_Articlejsp
http://www.heart.org/HEARTORG/GettingHealthy/PhysicalActivity/FitnessBasics/American-Heart-Association-Recommendations-for-Physical-Activity-in-Adults_UCM_307976_Articlejsp
http://www.heart.org/HEARTORG/GettingHealthy/PhysicalActivity/FitnessBasics/American-Heart-Association-Recommendations-for-Physical-Activity-in-Adults_UCM_307976_Articlejsp
http://www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/05paap-engphp
http://www.phac-aspcgcca/hp-ps/hl-mvs/pa-ap/05paap-engphp
http://www.heart.org/HEARTORG/GettingHealthy/HealthierKids/ActivitiesforKids/The-AHAs-Recommendations-for-Physical-Activity-in-Children_UCM_304053_Articlejsp
http://www.heart.org/HEARTORG/GettingHealthy/HealthierKids/ActivitiesforKids/The-AHAs-Recommendations-for-Physical-Activity-in-Children_UCM_304053_Articlejsp


60. Yokoyama Y, Kawamura T, Tamakoshi A, et al. Comparison of accelerometry and oxymetry

for measuring daily physical activity. Circulation. 2002;66:751–4.

61. Kumahara H, Yoshioka M, Yoshitake Y, et al. Validity assessment of daily expenditure in a

respiration chamber by accelerometry located on the waist vs the wrist or in combination.

Med Sci Sports Exerc. 2002;34 Suppl 5:S140.

62. Cyarto EV, Myers AM, Tudor-Locke C. Pedometer accuracy in nursing home and commu-

nity dwelling older adults. Med Sci Sports Exerc. 2004;36:205–9.

63. Sirard JR, Pate RR. Physical activity assessment in children and adolescents. Sports Med.

2001;31:439–54.

64. Le Masurier GC, Tudor-Locke C. Comparison of pedometer and accelerometer accuracy

under controlled conditions. Med Sci Sports Exerc. 2003;35:867–71.

65. McClain JJ, Craig CL, Sisson BB, et al. Comparison of Lifecorder EX and Actigraph

accelerometers under free-living conditions. Appl Physiol Nutr Metab. 2007;32(4):753–61.

66. Dondzila CJ, Swartz AM, Miller NL, et al. Accuracy of uploadable pedometers in laboratory,

overground, and free-living conditions in young and older adults. Int J Behav Nutr Phys Act.

2012;9:143.

67. Eston RG, Rowlands AV, Ingledew DK. Validity of heart rate, pedometry, and accelerometry

for predicting the energy cost of children’s activities. J Appl Physiol. 1998;84(1):362–71.
68. Choquette S, Chuin A, LaLancette R-A, et al. Predicting energy expenditure in elders with

the metabolic cost of activities. Med Sci Sports Exerc. 2009;41:1915–20.

69. Colbert L, Matthews CE, Havighurst TC, et al. Comparative validity of physical activity

measures in older adults. Med Sci Sports Exerc. 2011;43:867–76.

70. Fogelholm M, Hiilloskorpi H, Laukkanen R, et al. Assessment of energy expenditure in

overweight women. Med Sci Sports Exerc. 1998;30:1191–7.

71. Gardner AW, Poehlman ET. Assessment of free-living daily activity in older claudicants:

validation against the double labeled water technique. J Gerontol A Biol Sci Med Sci.

1998;53A:M275–80.

72. Rafamantanantsoa HH, Ebine N, Yoshioka M, et al. Validation of three alternative methods

to measure total energy expenditure against the doubly labeled water method for older

Japanese men. J Nutr Sci Vitaminol. 2002;48:517–23.

73. Starling RD, Matthews DE, Ades PA, et al. Assessment of physical activity in older

individuals: a doubly labeled water study. J Appl Physiol. 1999;86:2090–6.

74. Leenders NYJM, ShermanWM, Nagaraja HN, et al. Evaluation of methods to assess physical

activity in free-living conditions. Med Sci Sports Exerc. 2001;33:1233–40.

75. Kesaniemi YK, Danforth E, Jensen PJ, et al. Dose-response issues concerning physical

activity and health: an evidence-based symposium. Med Sci Sports Exerc. 2001;33:S351–8.

76. Lamonte MJ, Ainsworth BE. Quantifying energy expenditure and physical activity in the

context of dose response. Med Sci Sports Exerc. 2001;33(6 Suppl):S370–8.

77. Haskell WL, Yee MC, Evans A, et al. Simultaneous measurement of heart rate and body

motion to quantitate physical activity. Med Sci Sports Exerc. 1993;25:109–15.

78. Ainsworth BE, Bsssett DR, Strath SJ, et al. Comparison of three methods for measuring the

time spent in physical activity. Med Sci Sports Exerc. 2000;32:S457–64.

79. Welk GJ, Blair SN, Wood K, et al. A comparative evaluation of three accelerometry-based

physical activity monitors. Med Sci Sports Exerc. 2000;32:S489–97.

80. Blair SN, Cheng Y, Holder JS. Is physical activity or physical fitness more important in

defining health benefits? Med Sci Sports Exerc. 2001;33 Suppl 2:S379–99.

81. Shephard RJ, Aoyagi Y. Associations of activity monitor output and an estimate of aerobic

fitness with pulse wave velocities: the Nakanojo study. J Phys Activ Health. 2014 (in press).

82. Morris JN, Clayton DG, Everitt MG. Exercise in leisure time: coronary attack and death rates.

Br Heart J. 1990;63:325–34.

83. Aoyagi Y, Park H, Kakiyama T, et al. Yearlong physical activity and regional stiffness of

arterial segments in older adults: the Nakanojo study. Eur J Appl Physiol. 2010;109

(3):455–64.

36 Roy J. Shephard



84. Sugawara J, Otsuki T, Tanabe T, et al. Physical activity duration, intensity and arterial

stiffening in post-menopausal women. Am J Hypertens. 2006;19:1032–6.

85. Gando Y, Yamamoto K, Murakami H, et al. Longer time spent in light physical activity is

associated with reduced arterial stiffness in older adults. Hypertension. 2010;56:540–6.

86. Hawkins M, Gabriel KP, Cooper J, et al. The impact of change in physical activity on change

in arterial stiffness in overweight or obese sedentary young adults. Vasc Med. 2014;19

(4):257–63.

87. Alhassan S, Robinson TM. Objectively measured physical activity and cardiovascular dis-

ease risk factors in African American girls. Ethn Dis. 2008;18(4):421–8.

88. Pelclová J, Gába A, Kapuš S. Bone mineral density and accelerometer-determined habitual

physical activity in postmenopausal women. Acta Univ Palacki Olomuc Gymn. 2011;41

(3):47–53.
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Chapter 2

A History of Physical Activity Measurement

in Epidemiology

Roy J. Shephard

Abstract Although Hippocrates is often considered the father of epidemiology,

John Snow also played an important role with his studies of cholera epidemics in

Victorian London. A detailed study of relationships between physical activity and

the prevention of chronic disease did not begin until the mid-twentieth century, with

Jeremy Morris in London, and Henry Taylor and Ralph Paffenbarger in the

U.S. leading investigations of the epidemic of ischaemic heart disease. Occupation

or athletic status was initially used to classify the habitual physical activity of study

participants, but as daily energy expenditures diminished at most work sites,

interest shifted to questionnaire and diary assessments of leisure activity. Other

options to classify the habitual activity of subjects included occasional quasi-

experimental assignments to exercise programmes, determinations of aerobic fit-

ness, and a study of “natural experiments” where community activity patterns were

known to have diminished. Such initiatives generally distinguished active from

inactive individuals, but attempts to determine the intensity and volume of exercise

that was undertaken often yielded unrealistically large values. The introduction of

modern pedometer/accelerometers at first seemed to promise accurate, objective

assessments of habitual activity. Although quite successful in assessing standard-

ized activities such as steady walking, the newer monitors have shown much less

consistency in measuring the wide range of activities encountered in normal daily

living. Future research may focus upon some combination of activity monitoring

with global position-sensing and posture detecting devices.
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2.1 Introduction

The term epidemiology means literally “what is upon the people.” From the

classical period of ancient Greece, physicians such as Hippocrates (460–370

BCE) have sought to find a logic underlying human illness and disease. Rather

than blaming the random act of an angry God, the more discerning physicians have

sought to explain and treat illness in terms of adverse external influences. For

Hippocrates, the answer lay in restoring the internal balance of the four humours

he saw as underlying the structure of our universe (air, fire, water, and earth)

[1, 2]. Exposure to an unusual climate, an excess of moisture or noxious vapours

were seen as external factors that could upset this delicate balance. Thus, Hippoc-

rates noted that malaria and yellow fever were prevalent in swampy areas, although

it was not until 1900 that Walter Reed linked these diseases to the breeding grounds

of the mosquito rather than to unhealthy miasmata that were emerging from the

swamps [1].

Even in Classical times, a small proportion of physicians, philosophers and other

opinion-makers had formed a vague idea that moderate exercise was good for the

health of the average citizen [2], but until about 70 years ago, there was no attempt

to explore the epidemiology of physical inactivity; no one had defined the health

benefits of a physically active lifestyle, and no one had attempted to specify the

minimal amount of daily exercise that was needed for good health. In the

mid-twentieth century, epidemiologists such as Jeremy Morris in England, and

Ralph Paffenbarger and Henry Taylor in the United States began to address this

challenge.

The present chapter first considers the apparent epidemic of cardiovascular

disease that stimulated this new interest in the epidemiology of physical activity.

It relates early ground-breaking initiatives, and traces through to the present day

how changing methods of classifying an individual’s habitual physical activity have
helped to elucidate both the likely range of health benefits associated with regular

exercise and the optimal weekly dose of physical activity.

2.2 The Cardiac Epidemic

Much early epidemiology was concerned with the causes of acute disease, as

exemplified by the observations of Hippocrates on malaria and yellow fever, and

more recently by John Snow’s (1813–1858 CE) study of a cholera epidemic in the

area served by the Broad Street pump in Central London [3]. However, there had

been occasional ventures into the epidemiology of chronic disease. Paracelsus

(1493–1541 CE) had demonstrated a geographic relationship between the mineral

content of drinking water and the development of goiter, and Snow had himself

proposed a chronic epidemiology project. The latter author had written an article in

the Lancet suggesting that the adulteration of commercial bread was a probable
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cause of rickets [4], and he proposed testing this by a comparison of bone health

between families baking their own bread and those purchasing it from bakers.

One new feature of epidemiology in the mid-twentieth century was its explora-

tion of the idea that personal lifestyle could be among the adverse external influ-

ences predisposing to chronic disease. This concept was first applied to ischaemic

heart disease, and subsequently to lung cancer, obesity, diabetes mellitus and other

chronic conditions. The issue that persuaded “Jerry” Morris to begin his study of the

epidemiology of physical activity was his perception that during the 1940s, an

epidemic of cardiovascular disease affecting middle-aged adults was sweeping

across England and Wales.

Morris cited the impression of many clinicians [5–8] that coronary heart disease

was becoming ever more common and was being seen in younger patients. He thus

examined the statistics of the Registrar General for England and Wales for the

period 1931–1948 [9]. The statistics for older men (aged 50–54 and 60–64 years)

showed a progressive increase in the number of deaths attributed to acute ischaemic

heart disease (including coronary atheroma or atherosclerosis, and coronary,

ischaemic or atherosclerotic heart disease). In contrast, deaths attributed to chronic

myocardial disease showed little change over this same period (Fig. 2.1). Among

women of comparable age, deaths attributed to coronary vascular disease were

much less frequent, but nevertheless they also showed an increase in acute cardio-

vascular mortality. Morris [9] concluded cautiously “If the increase is real, in whole
or in part....causes may be discoverable in changing ways of living, in people who
are changing in a changing environment.” He also cautioned “It is extremely
difficult to determine how much of the apparent increase of coronary heart disease

Fig. 2.1 Annual death rates

for age and sex specific

groups of the English and

Welsh populations, as

recorded by the Registrar

General for the year

1931–1948 CE. (a): Acute

ischaemic heart disease

(coronary arterial disease

plus angina, including

coronary atheroma or

atheroslerosis and

coronaryt, ischaemic or

arteriosclerotic hear

disease); (b): chronic

myocardial disease

(including late deaths from

myocardial infarction); (c):

sum of (a) + (b). Based on

the analysis of Morris [9]
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represents greater prevalence and how much is due to better diagnosis or changing
fashions in diagnosis.” Nevertheless, the Registrar General’s statistics were

supported by a doubling in the number of sudden deaths due to ventricular rupture

from 1932 to 1949, and data for recent coronary thrombosis and acute myocardial

infarction from the necropsy room of the London Hospital from 1907–1914 to

1944–1949 showed a six to sevenfold overall increase, with the steepest increase

occurring around the time of the first World War.

Terence Anderson and Harding LeRiche, working in the Department of Epide-

miology and Biometrics at the University of Toronto, decided to explore the

generality of the epidemic, using Canadian mortality data [10]. Vital statistics for

the Province of Ontario showed a similar trend to that observed by Morris, with an

increase in deaths from cardiovascular disease from 1931 to 1961 (Fig. 2.2).

However, Anderson and LeRiche recognized the problem that in the early 1900s,

some practitioners may have ascribed ischaemic heart disease deaths to such vague

causes as “acute indigestion,” “apoplexy,” or “chronic myocardial degeneration.”
They reasoned that there could be much less room for error in the reporting of

sudden death, and since most cases of sudden death were due to ischaemic heart

disease, the substantial increase of sudden deaths from 1931 to 1961 suggested that

the cardiac epidemic was a real phenomenon. They next re-examined the original

death certificates, finding that no deaths were in fact recorded as “acute indiges-

tion,” and very few had been classed as “apoplexy.” Sex ratios provided a final

argument against explaining the apparent epidemic in terms of misdiagnoses. If

there had been simply a change in diagnostic labels, sex ratios should have

remained close to unity throughout. However, statistics for Canada, England and

Wales and the U.S. all showed a sharp surge in cardiovascular disease in men,

beginning around 1920 (Fig. 2.3) [11].

Fig. 2.2 Deaths from ischaemic heart disease in the province of Ontario, as analyzed by Anderson

and LeRiche [10].The figure illustrates the official mortality data for ischaemic heart disease

(comprising angina pectoris, coronary thrombosis, myocardial infarction and arteriosclerotic heart

disease) in men aged 45–64 years, the probable incidence of ischaemic heart disease (based upon a

reinterpretation of the original death certificates), and the incidence of sudden death (adjusted for

certificates providing no information on the duration of illness). Note that death rates are expressed

on a logarithmic scale
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The reality of the cardiac epidemic thus seems established. However, its etiology

is less certain. Shephard [12] made a detailed analysis of changes in ways of living

over the twentieth century, looking specifically at such factors as hypertension,

occupational stress, cigarette smoking, habitual physical activity, cholesterol levels,

consumption of refined carbohydrates, diabetes, and obesity. Associations were

sought between changes in each of these factors and the course of the epidemic. A

growing prevalence of cigarette smoking during this era was one undesirable aspect

of personal lifestyle; heavy smoking doubled the risk of a fatal heart attack [13], but

it did not seem a strong enough influence to account for the epidemic in its entirety.

A decline of habitual physical activity during the 1940s did not seem a major

contributing factor, at least in England and Wales. Relatively few Britishers owned

cars prior to World War II, and during the war most people had no access to petrol

for the operation of private vehicles. Moreover, in the Britain of Morris’s era, there
had been little attempt to modernize industry or to reduce the energy expenditures

of employees. Leisure habits also had shown little change; although public televi-

sion broadcasting had officially begun in 1936, the majority of the population was

unable to purchase a television receiver until the mid 1950s.

Given that the secular trend to a decline in habitual physical activity had yet to

occur in Britain, it is a little surprising that Morris and his fellow epidemiologists

developed an interest in potential relationships between habitual physical activity

and cardiovascular disease. Nevertheless, over the next decade their efforts were

rewarded by a clear demonstration that physical inactivity was a substantial risk

factor for cardiovascular disease.

Fig. 2.3 The sex ratio

(male/female) for all forms

of heart disease in adults

aged 45–64 years. Data for

Canada, England and Wales

and the United States.

Based on an analysis of

Anderson [11]

2 A History of Physical Activity Measurement in Epidemiology 43



2.3 The Occupational Epidemiology of Physical Activity

and Health

Although a proportion of physicians had long commended moderate physical

activity as good for health, a serious examination of relationships between habitual

physical activity and the prevention of chronic disease was not initiated until the

late 1940s, with the classical epidemiological studies of Jerry Morris [14], Ralph

Paffenbarger [15, 16] and Henry Taylor [17] on the role of regular physical activity

in the prevention of cardiovascular disease.

Their early investigations were based upon comparisons of health experience

between groups of workers with presumed differences of occupational energy

expenditure. Statistics that were examined included total death rates, sudden

death rates, deaths from ischaemic heart disease, the annual incidence of myocar-

dial infarction, the annual incidence of angina, and combinations of these statistics.

2.3.1 Jeremiah Noah Morris

“Jerry” Morris (1910–2009 CE) was the son of Jewish refugees from Poland

(Fig. 2.4). He had grown up in poverty in the slums of Glasgow, and this experience

shaped his lifelong interest in the social determinants of health. After graduating in

Medicine from University College London, he joined the Medical Research Coun-

cil’s Social Medicine Research Unit, which he brought to the London School of

Hygiene and Tropical Medicine. He became a keen proponent of incorporating

what he termed “vigorous getting about” into daily living.

He initiated studies on the epidemiology of physical activity by comparing

cardiovascular data for London bus-drivers (who sat in their driver’s seats for at
least 90% of their shifts) with similar figures for the bus conductors, who in that era

had to collect fares from passengers on both decks of their vehicle every few

minutes; the conductors climbed 500–750 steps every working day [18]. In a

Fig. 2.4 “Jerry” Morris

(1910–2009 CE), was an

epidemiologist at the

London School of Hygiene

and Tropical Health and an

early explorer of the

relationships between

physical inactivity and

chronic ill-health. Source:
LSHTH Blog
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massive sample of 31,000 male workers aged 35–65 years, Morris found that the

respective annual incidences of coronary arterial disease were 2.7/1000 for the

drivers and 1.9/1000 for the conductors. Moreover, in the conductors who did

eventually develop chronic cardiovascular disease, it occurred at a later age than

in the drivers, often presenting as angina rather than a heart attack, and it was less

likely to be fatal (30 vs. 50%).

Morris next examined an even larger sample of 110,000 employees of the British

post-office. He again observed a gradation of cardiovascular disease incidence with

the presumed physical demands of employment. The lowest rates were seen in

postal carriers who cycled or walked to deliver the mail; rates were higher in

workers who engaged in less demanding physical activity (counter-hands, postal

supervisors, and higher grade postal staff) and the highest rates were seen in totally

sedentary workers (telephone operators, clerks and executives). Respective annual

rates for the incidence of coronary arterial disease were 1.8/1000, 2.0/1000, and 2.4/

1000, and annual case fatality rates were 0.6/1000, 0.9/1000 and 1.2/1000 in the

three groups of workers. But as with the London Transport employees, the annual

incidence of angina pectoris was highest in the most active group (0.7/1000), with

rates of 0.4/1000 and 0.5/1000 for the other two categories of employees [18].

2.3.2 Ralph Paffenbarger

Ralph Paffenbarger (1922–2007 CE) (Fig. 2.5) was the son of a physician. He

completed medical training at Northwestern University, and then took a Ph.D.

degree in Epidemiology at Johns Hopkins University in Baltimore. After spending

time teaching at Harvard and the University of California at Berkeley, he joined

Stanford University, where he taught health research and policy. He was himself a

committed exerciser, and engaged in many marathon and ultramarathon events.

Fig. 2.5 Ralph

Paffenbarger (1922–2007

CE) was a

U.S. epidemiologist who

carried out landmark studies

on the relationships

between activity and

cardiovascular health on

San Francisco long-shore

workers and Harvard

Alumni. Photograph

reproduced by kind

permission of Stanford

School of Medicine’s Office
of Communication & Public

Affairs
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His first study on the epidemiology of physical activity involved a group of 3263

San Francisco longshore workers who had undergone multiple health screenings

over a 16-year period of employment. He classified these workers in terms of their

presumed energy expenditure per shift, distinguishing a group of workers who each

day expended 4 MJ more than their peers. The “heavy” workers, thus identified, had

lower coronary artery disease death rates than other dock workers (59 vs. 80 inci-

dents per 10,000 person-years of work) [15]; moreover, these differences persisted

after statistical adjustment of the data for other coronary risk factors (smoking

habits, weight for height and blood pressure).

A further analysis of data for the same population distinguished heavy workers

(energy expenditures averaging 7.8MJ/day), moderately heavyworkers (expenditures

of 6.1MJ/day) and light workers (expenditures of 3.6MJ/day). Again, the data showed

a gradation of cardiac risk between the three categories of worker, with age-adjusted

coronary arterial disease death rates of 26.9 vs. 46.3 vs. 49.0 deaths per 10,000 person-

years of work; protection of the heavy workers was particularly marked in terms of

sudden deaths (5.6 vs. 19.9 vs. 15.7 deaths per 10,000 person-years) [16].

A final report on the longshore workers looked at the 22-year health experience

of this population. It distinguished men who engaged in bursts of high intensity

activity (29 kJ/minute) with those with the lowest energy expenditures on the

waterfront (4 kJ/minute). Advances in computer technology now allowed adjust-

ment of the data for multiple co-variates (age, race, systolic blood pressure,

smoking, glucose intolerance and ECG status). After making such adjustments,

the sedentary group had twice the risk of sustaining a fatal myocardial infarction

when compared with the highly active group [19].

2.3.3 Henry Longstreet Taylor

Henry Taylor (1912–1983 CE) (Fig. 2.6) was one of a group of distinguished

physiologist-epidemiologists who spent much of his career in Ancel Key’s

Fig. 2.6 Henry Longstreet Taylor (1912–1983 CE) was one of a group of distinguished

physiologist-epidemiologists who spent much of his career in Ancel Key’s Laboratory of Phys-
iological Hygiene at the University of Minnesota. He studied the relationship between occupa-

tional physical activity and cardiovascular health in a large sample of railroad workers. Source:
The Physiologist, 27(1), p. 22, 1984, used with courtesy from the American Physiological Society
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Laboratory of Physiological Hygiene at the University of Minnesota. He gave

serious consideration to the possibility of conducting a randomized controlled

trial of exercise in the primary prevention of heart disease, but he reluctantly

concluded that such an experiment was not practicable because of its complexity,

magnitude and the number of confounding factors.

Like Morris and Paffenbarger, Taylor thus approached the epidemiology of

physical activity in terms of workers with differing occupational energy expendi-

tures. He chose as his subjects railroad employees, classifying them as clerks

(85,112 person-years), switchmen (61,630 person-years) and section workers

(44,867 person-years) [17]. Although the clerks were clearly sedentary, and greater

energy expenditures were required by the other two groups of workers, no precise

estimates of occupational energy demands were made. All subjects were white

males aged 40–64 years who had worked for the railroad company for at least

10 years. Age-adjusted death rates for the three categories of employee were,

respectively, 11.8/1000, 10.3/100 and 7.6/1000 for all-cause mortality, and 5.7/

1000, 3.9/1000, an 2.8/1000 for deaths ascribed to arteriosclerotic heart disease.

Sub-maximal treadmill tests were subsequently carried out on many of the study

participants, using as a laboratory a converted Pullman car that travelled around the

U.S. [20]; unfortunately, these findings were not related to the occupational cate-

gories identified by Henry Taylor.

2.3.4 Conclusions from Occupational Comparisons

Morris was convinced the evidence from his occupational comparisons pointed

towards a beneficial effect of physical activity, advancing the hypothesis the “men
doing physically active work have a lower mortality from coronary heart disease in
middle age than men in less active work” [18]. However, the job-classification

approach initially encountered strong skepticism from the medical establishment.

One obvious issue was the self-selection of active vs. sedentary employment. A

follow-up analysis at London Transport demonstrated that bus drivers began their

employment with a larger trouser and jacket size than the conductors, implying that

they had a greater initial body fat content [21]. Nevertheless, at a 10-year follow-up,

rates of sudden death in the drivers were twice as high as those in the conductors,

irrespective of their initial physique [22]. A subsequent multivariate analysis

examined the contribution of other risk factors to the development of cardiac

disease. It found that systolic blood pressure and serum cholesterol levels accounted

for 75% of new cases. Blood pressure and lipid levels were lower in the conductors

than in the drivers, but for any given systemic blood pressure, the risk of cardio-

vascular disease was almost twice as great in the drivers as in the conductors [23].

Paffenbarger’s occupational comparisons were complicated somewhat by job

reclassifications secondary to cardiac symptoms; those with angina frequently

transferred out of heavy work, and he noted that the risk of a heart attack was

greatest in those whose occupational energy expenditure had decreased over a
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4-year observation period [19]. However, Taylor suggested that there was little

problem of reclassification amongst his railroad workers, because sedentary

employees belonged to a different union that did not welcome track workers.

Despite the potential challenges of self-selection of active employment,

reclassification of active workers as cardiac disease develops, and differences of

social class and leisure activities between sedentary and active workers, the occu-

pational studies point strongly towards benefit from engaging in physically

demanding employment. However, they do not define the intensity and volume of

effort needed for better health.

The interest of epidemiologists shifted from occupational classifications to

assessments of leisure-time activity during the latter part of the twentieth century,

in part because mechanization was eroding the physical demands of much tradi-

tional heavy industry, in part because there seemed the greatest scope for public

health intervention in terms of augmenting the voluntary leisure activity of seden-

tary individuals, and in part because analyses of leisure behaviour could be made on

groups having a similar socio-economic status. Options for assigning an individual

to an active leisure category became reports of athletic status, assignment to the

experimental group in quasi-experimental studies, questionnaire self-reports of

vigorous leisure activity, and demonstrations of a high level of aerobic fitness. In

some instances, it was also possible to examine associations between changes in

reported physical activity or fitness and health status.

2.4 Athletic Status and Health

2.4.1 Comparisons Between Athletes and the General
Population

Many Victorian physicians had fears that participation in athletic competition

would create what they regarded as the dangerous condition of “athlete’s heart”

[2]. Epidemiological studies intended to disprove this view (Table 2.1) commonly

compared the overall and/or cardiovascular death rates of former athletes with the

experience of the general population [48–50], or the death rates that Actuaries

established for people purchasing life insurance. Almost all of such comparisons

have favoured the athletes. A recent meta-analysis based upon a total of 2807

competitors (707 of whom were women) showed an all-cause standardized mortal-

ity ratio of 0.67 for the athletes, with no evidence of publication bias; six studies

reported data for cardiovascular disease, with a mortality ratio of 0.73 favouring the

athletes [48].

During much of the era under consideration, athletes (as university graduates or

high-earning professional competitors) had access to better health-care and a

considerable socio-economic advantage over the general population. Furthermore,

they were usually selected initially in terms of physique, often showing differences
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Table 2.1 Comparison of overall and/or cardiovascular (CV) death rates between athletes and the

general population

Author Populations Athletes Comment

Anderson

[24]

808 Yale University athletes

1855–1905 vs. Actuarial tables

Athletes

favoured

Death rate 52% of actuarial

table, 46% of American table

Baron

et al. [25]

3439 National football league

players playing from 1959 to

1988 vs. general population

Athletes

favoured

All-cause mortality 0.53, CV

mortality 0.68

Belli

et al. [26]

24,000 professional Italian soc-

cer players, 1960–1996

vs. general population

Athletes

favoured

CV mortality 0.83 (all-cause

mortality 1.00)

Cooper

et al. [27]

100 Australian oarsmen

vs. Actuarial tables

Athletes

favoured

Mortality ratio 75.4%

Dublin [28] 4976 Athletes from 10 U.S.

Colleges, 1890–1905

vs. actuarial table

Athletes

favoured

Mortality 93.2%, 91.5% rela-

tive to two Actuarial tables;

BUT greater advantage in

non-athletic honours graduates

Gaines and

Hunter [29]

808 Yale athletes vs. actuarial

tables

Athletes

favoured

Death rate 49% of expected by

actuarial table, 44% relative to

American table

Gajewski and

Poznanska

[30]

2113 Polish Olympic competi-

tors (414 F) during twentieth

century vs. gender adjusted

Polish urban population

Athletes

favoured

All-cause mortality 0.51

Hartley and

Llewellyn

[31]

767 Oxford and Cambridge

oarsmen 1829–1928

vs. Actuarial tables

Athletes

favoured

Mortality ratio 76.7–93.5% in

four comparisons

Hill [32] 3424 British County or Univer-

sity cricketers, 1800–1888

vs. English Life Tables

Athletes

favoured

Significant advantage in terms

of number dying before given

age in all comparisons

Kalist and

Peng [33]

2641 S. Major league baseball

players born 1945–1964

Athletes

favoured

All-cause mortality 0.31

Karvonen

et al. [34]

396 Champion skiers vs. general

Finnish population

Athletes

favoured

3–4 year advantage of longevity

Kujala

et al. [35]

2009 Finnish international

competitors 1920–1965

vs. general population

Athletes

favoured

All-cause mortality 0.74, CV

mortality 0.72

Marijon et al.

[36]

786 Tour de France competitors,

1947–2012 vs. general French

male population

Athletes

favoured

All-cause mortality 0.59, CV

mortality 0.67

Menotti

et al. [37]

700 M, 283 F Italian track and

field athletes vs. Italian life

tables

Athletes

favoured

All-cause mortality 0.73 (M),

0. 48 (F)

Metropolitan

Life [38]

6753 Baseball players

1876–1973 vs. insured

population

Athletes

favoured

Mortality ratio 1876–1900,

72%

Meylan [39] 152 university rowers

1852–1892 vs. standard mortal-

ity tables

Athletes

favoured

2.9 year advantage of life

expectancy

(continued)
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of body build relative to the average person, and at least in the case of endurance

athletes they were generally non-smokers.

2.4.2 University Athletes and Their Academic Peers

Some studies of athletic status and health have drawn comparisons between those

winning “letters,” as representatives of their university, and other individuals who

were attending the same institution in the same era, but did not distinguish them-

selves as athletes (Table 2.2). This approach largely overcame the issue of a

differing socio-economic status in the comparison group, and perhaps in conse-

quence the advantage of the athletes was less clearly demonstrated.

Rook [58] compared the mortality experience of members of Cambridge Uni-

versity athletic teams with a random sample of students and with “intellectuals”

marked by academic distinction in their final examinations. He found no significant

inter-group difference in average age at death, although the percentage of cardio-

vascular deaths was marginally lower in the athletes than in the other students.

Rook commented that those involved in muscular sports (“heavy” sportsmen) had a

Table 2.1 (continued)

Author Populations Athletes Comment

Morgan [40] 251 Oxford and Cambridge

rowers 1829–1859 vs. Farr’s
English life tables

Athletes

favoured

Death rate 64% of expected,

2.0 year advantage of life

expectancy

Reed and

Love [41]

4991 West Point military acad-

emy officers 1901–1916

vs. Actuarial tables

Officers

favoured

0.25–1.25 year advantage of

longevity

Schmid [42] 400 Czechoslovak athletes,

1861–1900 vs. general popula-

tion of non-athletes

Athletes

favoured

Longevity advantage of

8.66–1.44 years

Schnohr [43] 297 Danish athletes vs. general

population

Athletes

favoured

To age 50 year mortality 0.69 of

expected; CV deaths 34.7%,

expected 36.7%

Schnohr

et al. [44]

4658 Joggers vs. other Copen-

hagen residents

Athletes

favoured

Relative risk of death in persis-

tent joggers 0.37

Taioli [45] 5389 Italian professional soccer

players 1975–2003

vs. population statistics

Athletes

favoured

All-cause mortality 0.68, CV

disease 0.41

Wakefield

[46]

State high school basketball

champions vs. general male

population of Indiana

Athletes

favoured;

16.3% of deaths due to cardiac

or renal disease, BUT mortality

69% of general population;

13.3% of age-matched deaths

due to cardiac or renal disease

Waterbor

et al. [47]

985 baseball players 1911–1915

vs. general population

Athletes

favoured

All-cause mortality 0.94

(0.88–1.00)
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slight disadvantage relative to endurance competitors (“light” sportsmen), the latter

living some 1.7 years longer. He further noted that the literature provided little

support for the idea that University athletes gained a large amount of weight when

their competitive career was over.

Other studies from Scandinavia found a several year advantage of longevity in

endurance athletes relative to the general population [34]. However, it remained

unclear whether this was because they continued to undertake a large volume of

habitual physical activity, or whether their advantage was attributable to other

characteristics of the endurance competitor such as an ectomorphic body build

and abstinence from cigarettes. The potential influence of initial selection was seen

in a comparison between Baseball Hall of Famers and other baseball players [51],

Table 2.2 Comparison of deaths from cardiovascular disease between athletes and other similar

populations

Author Population Athletes Non-athletes

Abel and

Kruger [51]

Baseball players

debuting between

1900 and 1939

vs. other baseball

players

Top athletes favoured 4.8 year advantage of life

expectancy

Dublin [28] 4976 Athletes from

10 U.S. Colleges,

1890–1905

vs. non-lettermen

Intellectuals favoured 2 year greater life

expectancy than athletes

or other graduates

Greenway

and Hiscock

[52]

686 students earning

athletic letters

vs. other graduates

Controls favoured Mortality 93% of

expected in athletes,

83% of expected in other

graduates

Montoye

et al. [53, 54]

628 Pre-1938 Univer-

sity of Michigan let-

termen vs. other

graduates

Non-athletes tended to be

favoured

2 year difference in age

at death (non-significant)

Paffenbarger

et al. [55]

63 Univ. of Pennsyl-

vania and Harvard

lettermen 1921–1950

vs. other graduates

Athletes favoured Coronary death ratio 0.6

Polednak and

Damon [56]

Harvard major ath-

letes (letter winners)

vs. minor athletes, vs.

non-participating

students

Minor athletes and

non-athletes tended to be

favoured relative to major

athletes

40.0% of deaths due to

cardiovascular disease,

no significant inter-

group difference in age

at death

Prout [57] 172 Harvard and Yale

crews 1882–1902

vs. other graduates

Athletes favoured 6.3 year advantage in age

at death

Rook [58] Cambridge University

athletes

vs. “intellectuals” and

random Cambridge

students

36.4% of deaths due to

cardiovascular disease,

NO significant difference

in average age at death

39.9% of “intellectuals,”

41.4% of random stu-

dents died of cardiovas-

cular disease
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with the top baseball players having a substantial health advantage over other less

successful league players.

An extensive study conducted by Henry J. Montoye (Fig. 2.7) and his colleagues

at the University of Michigan showed that athletic “Letter Holders” tended to have
a shorter lifespan than their peers who had attended the same university, but had not

participated in inter-collegiate athletics [53, 54]. This could suggest a negative

effect of sport participation upon cardiovascular health. However, further investi-

gation of this data suggested two alternative explanations. Many of the Letter-
Holders at the University of Michigan had been football players, a sport where a

mesomorphic body build not only gave them a physical edge over lighter oppo-

nents, but also predisposed them to cardiovascular disease in middle age. Moreover,

by the time that they had reached middle age, many of the former Letter-Holders
were engaging in no more physical activity than their peers and had gained some

10 kg of body mass since leaving the university.

2.4.3 Conclusions from Studies Based on Athletes

Unfortunately, a variety of factors conspire to limit the conclusions about physical

activity and health that can be drawn from comparisons between former athletes

and their supposedly sedentary peers. The initial selection of the athlete is based

upon a specific body build and outstanding sport-specific fitness. Most studies have

obtained little information on the exercise habits of the athletes after they ceased

competition, and by middle age some former competitors have allowed themselves

to become more sedentary and obese than their non-athletic peers. Finally, top

athletes differ in temperament from the general population, and thus have an above

average death rate from such causes as motor vehicle collisions, homicides and

suicides.

Fig. 2.7 Henry J. Montoye

of the University of

Michigan, Ann Arbor, MI,

conducted a major

longitudinal study of

cardiovascular disease in

athletes, and made major

contributions to

questionnaire analyses of

habitual physical activity
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2.5 Exercise Group Assignment in Quasi-experimental

Studies of Fitness and Health

No one has disputed the assertion of Henry Taylor that it is impractical to carry out

a true randomized controlled study looking at the long-term effects of physical

activity upon various facets of fitness and health. However, several quasi-

experimental studies have attempted to explore this question.

2.5.1 The Trois Rivières Regional Study

In terms of experimental design, perhaps the most convincing of the quasi-

experimental studies was initiated by the late Hugues Lavallée (Fig. 2.8). Between

1970 and 1977, 546 children attending two state primary schools (one urban, and

one rural) in the Trois Rivières region of Quebec were assigned to either an

experimental programme (an additional 1 hour per day of vigorous physical

education, taught by an enthusiastic physical education professional), or the stan-

dard control programme (where students received only minimal physical education,

taught by their home-room teacher) [59]. Student assignment was based simply on

the year of school enrolment; alternate years followed the experimental or the

control programme at the same school, with the same teaching staff; the only

inter-group difference in treatment was that 14% of the academic teaching time

was replaced by physical activity instruction for students who were assigned to the

experimental group. Students continued in their assigned group throughout their

6 years in primary school, the only exceptions being a few pupils who skipped one

grade, or who failed a year. By the age of 10–12 years, children in the experimental

group showed the expected gains of aerobic fitness, muscular strength and physical

performance relative to control students, but there was little inter-group difference

of health experience while students were attending the primary school.

Fig. 2.8 In 1969–1970 CE,

the late Hugues Lavallée

initiated a quasi-

experimental study that

examined the impact of five

additional hours of physical

education per week upon

the fitness and health of

546 primary school students

in Trois Rivières, Québec
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An attempt was made to re-evaluate participants 25–35 years later. At this stage,

there were still a few inter-group differences of lifestyle (the experimental group

still tended to greater habitual physical activity and had a smaller proportion of

smokers); however, bone density was similar for the two groups [60]. Possibly,

differences in the incidence of cardiovascular disease or cancer might have been

seen if the study could have continued further, until the subjects were aged 50 or

60 years. However, even in a city such as Trois Rivières, where the population has a

relatively limited mobility, it would be difficult to maintain contact with an

adequate proportion of the original subjects in order to establish significant lifetime

differences in health experience. In most North American cities, mobility is much

greater, and few of the original sample would be available for testing after an

interval of 40–50 years. Moreover, although the experimental programme was

effective in enhancing the immediate fitness of the students in Trois Rivières, it

would be necessary to extend modification of the academic programme throughout

the critical adolescent years in order to ensure that there was still a substantial inter-

group difference of lifestyle when the subjects were adults.

2.5.2 Quasi-experimental Assignment to a Work-Site Fitness
Programme

A second potential option for a quasi-experimental study is to introduce an effective

work-site fitness programme to one major company, and to select as a control a

closely comparable company at a nearby location, where similar evaluations can be

made, with the promise of an equivalent fitness programme at a later date. The

control group are unlikely to accept a delay of more than a year in development of

their fitness programme, and anticipation of this event could compromise their

control status. Further, most companies are unlikely to agree to a programme that

focuses uniquely upon exercise; typically, advice is given on other health issues

such as obesity, stress, and substance abuse. Further, programme attendance is

voluntary, and despite attractive incentives, less than a third of employees may be

following the programme at the end of the first year of its operation. In one quasi-

experimental work-site fitness study in Toronto, we were able to demonstrate that

there was a small reduction in health care costs over the first year of programme

operation [61], but a fitness programme was provided to the control company at the

end of the year, so it would not have been possible to evaluate long-term effects

upon health.
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2.5.3 Conclusions

Although quasi-experimental studies allow an examination of short and medium

term influences of increased physical activity upon fitness and health, population

mobility and poor long-term compliance with the assigned regimen have to date

precluded use of this approach in examining the impact of increased physical

activity upon the incidence of chronic ill-health.

2.6 Questionnaire and Diary Assessments of Leisure

Activity

The physical activity questionnaire has long been the main tool of the chronic

disease epidemiologist. Its main attraction is that it can easily be applied to large

population samples. However, the limitations of such methodology have also long

been appreciated [62, 63].

2.6.1 Types of Instrument

The questionnaires available to epidemiologists have ranged from very simple

forms, requiring only two or three responses from users [64–66], to complex

instruments 20 or more pages in length encompassing every conceivable type of

physical activity [67–69]. The latter have sometimes been completed using cue

sheets to remind subjects of less common sources of energy expenditure, and often

a trained assistant has been needed to make nuanced interpretations of responses.

The latter requirement immediately negates the primary virtues of the questionnaire

approach: simplicity and low cost, and the act of interpretation could bias the data.

One alternative or complement to the questionnaire is an activity diary. Morris [70]

had his sample of civil servants complete sheets noting their activities every

5 minutes during a Friday and a Saturday. The need to complete such a record

can in itself modify activity patterns, particularly by restricting the number of

changes in activity over the course of a day [70].

Most investigators have recognized the limitations of human memory, particu-

larly in older individuals. Thus questionnaires have generally asked about activity

performed during the previous week or the previous month. This is problematic in

countries with a continental climate, since outdoor activities are decreased by

rainfall and extremes of warm or cold weather [71–73]. Ideally, responses should

be obtained over the various seasons of the year, but few observers have taken this

precaution.

In terms of some chronic conditions such as cancers, the relevant time-frame of

preventive physical activity is much longer than a month or even a year. A few

2 A History of Physical Activity Measurement in Epidemiology 55



questionnaires have covered the entire life span [68, 74–76]. Friedenrich et al. [75]

used trained interviewers and an anchored calendar as a memory aid; with this

approach, they found that the 6–8 week reliability when estimating lifetime hours

per week of physical activity was relatively good (intra-class correlation coeffi-

cients for occupational activity, 0.87; for domestic activity, 0.77; for exercise or

sports participation, 0.72; and for all forms of activity, 0.74). A 1-year re-evaluation

of female U.S. College graduates [77] achieved similar intra-class correlation

coefficients (vigorous activities, 0.86; moderate activities, 0.80; recreational activ-

ities, 0.87; domestic activities, 0.78; total activities, 0.82). Both of these studies

were conducted on well-educated subjects, and it is less clear that a comparable

reproducibility could be achieved with the poorly educated, or with recent immi-

grants who have a poor understanding of the English language and differing cultural

norms of physical activity. Indeed, even with Harvard Alumni, the reliability

coefficient for the questionnaire used by Paffenbarger and his associates was 0.72

over a 1-month interval, dropping to 0.3–0.4 when the recall period was 8–12

months [78].

2.6.2 Types of Information Collected

There is little argument that leisure questionnaires can draw a relatively accurate

binary distinction between active and inactive individuals [70, 79–83]. However,

many investigators have attempted to collect a much greater range of information

from their questionnaires, including the intensity and the total volume of physical

activity performed in a typical week.

2.6.2.1 Intensity of Physical Activity

Many questionnaires have ignored brief or low intensity bursts of physical activity,

although in the context of modern sedentary society, the cumulative impact of short

periods of activity could conceivably be important to health. Thus, Blair et al. [84]

took no account of activities if they were less intense than brisk walking, or lasted

for less than 10 minutes. Likewise, a questionnaire developed by Gaston Godin

(Fig. 2.9) [64] asked “how many times on the average do you do the following types

of exercise for more than 15 minutes. . .”
Physical activity compendia [85, 86] have been used to convert reported activ-

ities such as walking, jogging or cycling to approximate energy expenditures,

although unfortunately secular changes in technology such as the introduction of

ultra-lightweight bicycles have progressively reduced the actual energy costs of

activities relative to the values indicated in compendia [87]. Accurate information

on pace is also critical to any estimate of the intensity of energy expenditures, and

many of the activities listed in the compendia were assessed on fit young adults

rather than on sedentary older people who may be heavier, but tend to move much
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more slowly. In terms of health, the relative intensity of effort is also more

important than absolute energy expenditures [88]. Subjective descriptions of the

intensity of effort (light, moderate or hard) depend on age, physical fitness, culture

and the duration of activity [89], the stoicism of the subject [90], and sometimes on

the social desirability of the response [91]. It may thus be best to tie descriptors of

intensity to physiological anchors such as breathlessness [92] or the onset of

sweating [64].

2.6.2.2 Duration of Physical Activity

It remains unclear whether a single exercise session must have a minimum duration

in order to induce health benefits. Objective monitoring has allowed the analysis of

the effects of the total volume of physical activity and the effects of its segmenta-

tion. Very few people of the general population engage in the recommended

30 minutes of daily aerobic exercise [93, 94], but it has been suggested that they

might obtain similar benefit by taking three 10 minute sessions of physical activity

per day [95]; possibly, every step counts! Sixteen studies of fractionated activity

[94] have as yet failed to resolve this issue, although it remains important to the

design and interpretation of physical activity questionnaires.

2.6.2.3 Aspects of Exercise Other than Aerobic Activity

With a few exceptions [96, 97], physical activity questionnaires have focussed

uniquely upon participation in aerobic exercise. However, current public health

recommendations also call for resistance and flexibility exercises, plus activities to

enhance bone structure and improve balance [93, 94]. Most questionnaires have

also neglected the environmental context in which activity is performed, although it

Fig. 2.9 Gaston Godin is a

exercise psychologist and

physiologist at Laval

University, Quebéc. He

developed a simple physical

activity questionnaire with

scores having a good

correlation with the

individual’s level of

attained aerobic fitness

2 A History of Physical Activity Measurement in Epidemiology 57



is now recognized that high temperatures can increase the energy cost of activities

[89, 98, 99], and that extremes of temperature reduce programme compliance.

Further, favourable psychological reactions such as a reduction of stress are more

likely if activity is taken in a pleasant natural environment [100].

2.6.3 Reliability and Validity of Information Obtained from
Questionnaires

2.6.3.1 Reliability

The reliability of questionnaires has commonly been expressed as intra-class test-

retest correlation coefficients. Results have been most reliable in groups marked by

intelligence and/or a high socio-economic status (for example, senior civil servants

[101]; Harvard alumnae [102]; members of an exclusive fitness club [103]; and

nursing graduates [104]). The consistency of reported activity was also greatest if a

single stereotyped activity such as walking was the predominant form of physical

activity. Test-retest correlations were higher for reports of strenuous physical

activity (>0.7) than for reports of moderate or low intensity activity [105]. Data

from the Canada Fitness Survey of 1982 also suggested that intensity was reported

less reliably than the frequency or duration of physical activity [106].

2.6.3.2 Validity

Although many questionnaires can sort a population into active and inactive

categories, doubt has been cast upon the validity of more detailed and quantitative

interpretations. The lack of validity is highlighted by discrepancies between the

substantial proportions of Canadian National and Provincial populations reporting

activity patterns that meet current physical activity guidelines, and the very low

proportion of active individuals that are seen by casual observers in most North

American cities [69, 71, 107–111]. Serious systematic errors seem inherent in many

questionnaire studies [112, 113]. Thus, three surveys conducted by the

U.S. National Center for Health Statistics provided widely divergent estimates of

the prevalence of limited physical activity among women of child-bearing age

(from 3.9 to 39% [114]). Likewise, estimates of the prevalence of moderate

physical activity have varied widely from one survey to another, depending on

such issues as the use of cue cards and the exact form of the questions asked

[115, 116]. The problem reflects in part the ever-diminishing average level of

physical activity in most populations. Questionnaires that were appropriate to

discern the occupational and leisure activities of earlier generations lack the

sensitivity to quantitate the very limited energy expenditures required by modern

society [62].

Response options in even the most elaborate questionnaires have frequently

omitted important component activities of a typical day, such as care for an ailing
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parent or grandchildren. Memory has also been a problem (particularly for older

people). On the other hand, subjects have commonly exaggerated their activity

patterns, partly to satisfy observer expectations (particularly if a physical activity

programme has been prescribed for them [71, 117–119]). Because of over-estimation

of times spent in various activities, some respondents have indicated total day lengths

much greater than 24 hours, and it has then been necessary to introduce an arbitrary

downward scaling in the duration of reported activities [71, 120].

Direct comparisons between questionnaire estimates and external criteria have

shown discouragingly large errors, even when assessing something as simple as the

daily walking distance [78, 91, 121]. Thus, the College Alumnus Questionnaire data

suggested a daily walking distance of 1.4 km vs. the 4.2 km that was scored on a

pedometer [121]. Even more alarming, for each km of walking distance that was

reported, a 48-hour activity diary suggested that subjects had actually walked

5.3 km [78]. A recent study of elderly Japanese (where walking was the predom-

inant form of physical activity) found moderate and statistically significant corre-

lations of questionnaire responses with pedometer/accelerometer measures of daily

step count, minutes of activity<3 METs and minutes>3 METS (r¼ 0.41, 0.28 and

0.53, respectively), but in this community the reported total energy expenditures

relative to the objective pedometer/accelerometer measurements were over-

estimated by a factor of three [122]. One reason for over-estimating the duration

of activities is that subjects often include such items as travel to a gymnasium,

periods of passive instruction, changing, showering, and socializing in their esti-

mates of the time that they have devoted to physical activity [123].

Formal assessments of the validity of questionnaires have been made relative to

doubly-labelled water (DLW) estimates of overall energy expenditures, pedometer/

accelerometer data, and physiological indices such as aerobic fitness and obesity.

All of these objective measures have their limitations. DLW measurements are

costly, and thus can be applied only to small samples; moreover, they only provide

an average of energy expenditures over a 2-week period, which is necessarily

heavily weighted by low intensity activities. Correlation coefficients with DLW

were 0.68 for the Baecke index, 0.64 for the Tecumseh questionnaire, and 0.68

(women) and 0.79 (men) for the physical activity scale for the elderly

[124, 125]. Coefficients of correlation between pedometer/accelerometer scores

or physiological status and reports of strenuous activity are typically in the range

0.4–0.5 [105, 126]. Among 10 questionnaires [105], the closest correlations with

the directly measured maximal oxygen intake (0.56) were for the Minnesota [82]

and Godin/Shephard [64] questionnaires.

Relatively simple questionnaires [64, 127–130] seem at least as valid as complex

forms, although there is often a poor correlation between the data obtained from

simple and complex questionnaires (0.14–0.41) [131, 132]. The questionnaire of

Godin and Shephard [64] required three-option responses to two simple questions;

in well-educated individuals, the most satisfactory univariate item was the report of

performing strenuous physical activity over the previous 7 days (2-week reliability

coefficient of 0.94, a correlation of 0.98 with an age and sex-adjusted step test

prediction of maximal oxygen intake, and an 0.74 correlation with an age and

sex-adjusted skinfold prediction of body fat content).
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2.6.3.3 Conclusions on the Reliability and Validity of Questionnaires

The general direction of relationships between physical activity and health was

probably indicated correctly in most questionnaire-based surveys. However, the

demonstration of substantial systematic errors in most questionnaire responses has

inevitably cast a pall of doubt upon the quantitative epidemiological research

carried out over the past 50 years. Moreover, the lack of precision in questionnaire

data may well have attenuated the apparent strength of relationships with health,

making correlations statistically insignificant [133, 134].

2.6.4 Population Studies of Leisure Activity Using
Questionnaires and Activity Diaries

As examples of analyses of leisure activity using questionnaires and diaries, we

may instance in Britain a study of executive-class civil servants [70] and a regional

analysis drawn from 25 representative medical practices across Britain [135]. From

the U.S., we will consider the experience of Seventh-Day Adventists Harvard

alumni [81], and U.S. railroad workers. Many of these studies not only identified

active individuals, but also attempted to assess the intensity, duration and volume of

habitual physical activity. In particular, attempts were made to predict the mini-

mum intensity [70, 101, 136], the relative intensity [137] and the total weekly

volume of effort needed [138] to prevent heart attacks in various age groups.

2.6.4.1 Executive-Class Civil Servants

Between 1968 and 1970, Morris and his associates [70] undertook a study of 16,682

male executive-class civil servants aged 40–64 years. Participants recorded on a

Monday their recollection of leisure activities undertaken at 5-minute intervals on

the preceding Friday and Saturday. Without knowledge of clinical histories, three

observers then noted for each participant periods >5 minutes per day that had been

ascribed to active recreation, keeping fit, or vigorous getting about (activities

demanding near maximal effort), bouts of heavy work reported as lasting

>15 minutes (gardening, building or moving heavy objects) and stair climbing.

All of these activities were thought to demand at least peak energy outputs >31 kJ/

minute, and thus could be considered as heavy work. Reported vigorous physical

activity in each of the first 214 of the sample who sustained a clinical attack of

ischaemic heart disease was compared with that of two matched peers who had not

sustained a heart attack (Table 2.3). Those sustaining the heart attack were less

likely to have been active than their peers. Protection was also seen for fatal heart

attacks in all of the categories of physical activity that were analyzed. However, no

such differences were seen with respect to reports of moderate activity, or for total
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activity (which included much light activity). When participants were grouped by

age, the benefit of habitual physical activity seemed similar for those aged 40–49

years and for those aged 60–64 years. Further, the data provided no evidence that

early symptoms had previously impeded physical activity in those sustaining a first

heart attack. Those engaging in much vigorous exercise seemed to gain more

benefit (risk ratio 0.18) than those doing some vigorous exercise (risk ratio

0.42–0.55). The identification of those engaging in any vigorous physical activity

also proved relatively consistent fromMarch or September 1969 (38 individuals) to

November 1971 (31 individuals). The one issue that could not be excluded was that

participation in vigorous physical activity was serving as a marker of some other

unidentified personal characteristic.

This study thus confirmed the association of regular vigorous physical activity

with a low risk of cardiac disease, as seen in the occupational studies, and it made

the first tentative steps towards identifying the required intensity and volume of

activity. By 1980, participants in the study had sustained 1138 first clinical episodes

of coronary heart disease, but the general conclusion that vigorous habitual activity

protected against heart attacks, particularly fatal incidents, remained

unchanged [139].

A second and somewhat similar study was launched in 1976 [101]; this followed

9376 healthy male executive civil servants initially aged 45–64 years for an average

of 9 years. During this period, there were 474 heart attacks. Some 9% of employees

reported that over the preceding 4 weeks that they had often participated in vigorous

sports, undertaken considerable amounts of cycling, and/or rated their walking pace

as>6.4 km/hour, they experienced less than a half as many non-fatal and fatal heart

attacks as their peers. However, no protection against cardiac disease was observed

unless the sport or exercise was reported as vigorous (Table 2.4), and no protection

was obtained from sports participation at a younger age.

Table 2.3 Frequency of vigorous physical activity reported by 214 executive-class civil servants

sustaining a first clinical attack of myocardial infarction relative to the frequency of attacks

observed in matched controls [70]

Type of physical

activity

Matched

controls

(n¼ 428)

Men sustaining heart

attack (n¼ 214)

Expected number in those

sustaining attack

Active recreation 15 5 7.5

Keeping fit 15 3 7.5

Vigorous getting

about

18 1 9

Heavy work 73 17 36.5

Climbing >500

stairs/day

8 0 4

Total reporting vig-

orous activity

111 23 55.5
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2.6.4.2 Coronary Disease and Physical Activity in Regional Medical

Practice

Shaper and Wannamethee [135] followed 7735 men initially aged 40–59 years for

an average of 8 years. Their sample was drawn from 24 medical practices that were

considered as representative of socio-economic conditions across Britain. Nurses

administered to all participants a questionnaire that included questions on physical

activity (walking, recreational activity, cycling and sport activity).

A six-level gradation of physical activity was calculated arbitrarily from the

reported frequency and intensity of each of these forms of activity. The relative risk

of coronary heart disease over the 8 years was adjusted for age, body mass index,

social class and smoking status. Setting the risk of inactive subjects at 1.00, values

for patients placed in the other five categories were: occasional physical activity,

0.8; light activity, 0.8; moderate activity, 0.4; moderately vigorous activity, 0.4, and

vigorous activity 0.8. Although there was considerable statistical overlap between

groups, in contrast to the views of Morris, there was a suggestion that vigorous

activity might give a poorer prognosis than moderate or moderately vigorous

activity. However, when a similar analysis was made for the relative risk of stroke

among men initially aged 45–59 years, the best prognosis was seen in those men

who reported undertaking vigorous physical activity [140].

2.6.4.3 Seventh-Day Adventist Men

Linsted and his colleagues [141] followed a group of 9484 male Seventh-Day

Adventist men for an average of 26 years. There were 4000 deaths over this period.

A self-administered lifestyle questionnaire completed at entry to the study allowed

the categorization of participants as inactive, moderately active, or highly active.

The all-cause mortality rate for the three groups was calculated for each of five

decades (Table 2.5). In late middle-age, the moderate and highly active groups had

a substantial advantage, but as age advanced, there was a crossover, with the highly

active men having a poorer prognosis after the age of 78 years, and the moderately

Table 2.4 Relationship of participation of male executive class civil servants in sport to

age-adjusted risk of coronary heart disease, based on data of Morris and associates [101]

Episodes of sports play in past

4 weeks

Vigorous sports (>31 kJ/

minute)

Non-vigorous sports

(<31 kJ/minute)

Cases/1000

man-year

Relative

risk

Cases/1000

man-year

Relative

risk

None 5.8 1.00 5.4 1.00

1–3 4.5 0.78 5.9 1.09

4–7 4.1 0.71 5.9 1.09

8–11 2.1 0.36 3.5 0.65

>12 6.8 1.26
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active faring worse than the inactive after 95 years of age. As in the study of Shaper

and Wannamethee, there was little suggestion that the very active had a better

prognosis than those who were moderately active in any of the age decades that

were analyzed.

2.6.4.4 U.S. Railroad Workers

The U.S. railroad study [142] followed the population recruited by Henry Taylor, a

sample of 3032 white male employees. Subjects completed the very detailed

Minnesota Leisure-time activity questionnaire in order to determine each individ-

ual’s participation in more than 50 activities; the reported frequency, duration and

hours per week of involvement in each of these activities were noted, and an

estimate of the person’s weekly leisure activity energy expenditures was calculated
from responses (Table 2.6). Over a 17–20 year follow-up, the data showed a small

trend towards an increased risk of death both from coronary heart disease and from

all-causes among those who were taking less leisure-time exercise than the most

active group, after statistical adjustment of the data for age, cigarette smoking,

blood pressure and serum cholesterol level (but surprisingly, not for differences of

occupational activity); the adverse effect of physical inactivity was statistically

significant for all-cause but not for coronary deaths.

Table 2.6 Relationships between questionnaire estimates of weekly leisure energy expenditures

in U.S. male railroad workers, coronary heart disease mortality and all-cause mortality, as seen

over 17–20 year follow-up (based on the data of Slattery et al. [142])

Reported leisure energy expenditure

(MJ/week)

Relative risk of CHD

mortality

Relative risk of all-cause

death

15.1 1.00 1.00

5.7 1.05 1.04

2.3 1.11 1.08

0.2 1.28 1.21

Table 2.5 All-cause mortality (deaths/1000 man-years) of Seventh-Day Adventist males, classi-

fied by age group and reported activity category (based on the data of Linsted et al. [141])

Age category (years) Inactive Moderately active Very active

50–59 4.0 2.4 2.5

60–69 11.2 8.4 9.1

70–79 36.6 27.4 33.5

80–89 85.1 81.9 94.1

90–99 169.6 152.5 156.5
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2.6.4.5 Harvard Alumni

Paffenbarger and his associates [138] questioned 11,864 initially healthy male

Harvard alumni on their exercise habits, noting the number of city blocks walked,

the number of stairs climbed, and the intensity and duration of any sport involve-

ment during a typical week. Arbitrary rates of energy expenditure were ascribed to

each of these activities to provide an estimate of the individual’s gross leisure

energy expenditure. Over an 11- to 15-year follow up, there were 1413 deaths, 45%

of these being due to cardiovascular disease and 32% to cancer. Setting the risk of

cardiovascular disease in the least active group as 1.00, an age-adjusted benefit was

seen from walking (<5 vs. >15 km/week, 0.67), stair-climbing (<20 vs. >55

flights/week, 0.75), sports (none vs. moderate sports play >4.5 METs, 0.63), and

a large total energy expenditure (<2 to 8 vs. 8 to >14 MJ/week, 0.70). The data

were interpreted as showing a need to spend more than 8 MJ/week to enhance

cardiovascular prognosis, although in fact risk ratios did not differ greatly between

participants with expenditures of 2–4 MJ/week (0.63) and 12–14 MJ/week (0.68).

A further 8-year follow-up of the same population was undertaken in 1985,

examining health outcomes in relation to changes in moderate sport involvement

and weekly energy expenditures>8 MJ. The baseline risk was set as failing to meet

the 8 MJ/week standard in either 1962–1966 or in 1977. The risk tended to an

insignificant increase if activity had diminished over the 8 years, but in those whose

activity had risen, the cardiac risk had dropped to approximately the same level as

seen in those who had remained active throughout the 8 years (for moderate sports,

0.71 vs. 0.69, and for weekly energy expenditures >8 MJ, 0.74 vs. 0.79).

2.6.4.6 Relative Risk Assessment

I-M Lee and associates [137] noted that whereas earlier analyses of Harvard alumni

data had called for a weekly leisure energy expenditure of >8 MJ, the usual public

health recommendation of 30 minutes of moderate physical activity (>3 METS) on

most days generated a weekly energy expenditure of no more than 4 MJ. They

highlighted the further problem that specifying an absolute energy expenditure took

little account of the relative stress that such a requirement imposed upon a fit young

adult relative to an unfit elderly individual. They thus investigated the usefulness of

assessing the relative intensity of effort, even in people who were currently failing

to meet minimum public health recommendations for weekly physical activity.

A sample of 7337 men with an initial age averaging 66 years used the Borg scale

to report their perceived intensity of effort when exercising. Over a 7-year follow-

up, the risks of coronary heart disease relative to men who perceived their efforts as

weak were 0.86, 0.69 and 0.72 for those rating their effort as moderate, somewhat

strong and strong respectively. Moreover, this statistically significant trend was

shown even among individuals with total energy expenditures of less than 4 MJ/

week, and among those never engaging in activities >3 METS.
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2.6.4.7 Conclusions

The questionnaire study of leisure activities provides strong support for the concept

that regular exercise protects against both coronary vascular disease and all-cause

deaths. However, disagreement remains concerning the optimal intensity and

volume of effort. While some authors argue that activity must be vigorous to

improve cardiac health, other studies suggest that particularly in older people

moderate activity may be preferable to vigorous effort. Likewise, although some

studies have argued the need for a weekly leisure energy expenditure as large as

8 MJ, others have found benefit from much smaller amounts of vigorous activity,

particularly in the elderly.

2.7 Aerobic Fitness Assessments

Given the substantial uncertainties and errors inherent in questionnaire assessments

of habitual physical activity, Steve Blair (Fig. 2.10) and his associates at the

Aerobics Fitness Center in Dallas [143] suggested that it might be better to classify

the activity behaviour of subjects in terms of an objectively measurable outcome,

such as a high level of maximal oxygen intake. Certainly, physiological data have

greater precision than questionnaire reports, although a part of a high maximal

oxygen intake may reflect body build and genetic endowment rather than partici-

pation in vigorous physical activity. Moreover, the type of fitness assessment made

in many laboratories (including the Cooper Aerobics Center) has been the endur-

ance time during a progressive treadmill test, and this value is strongly influenced

not only by habitual physical activity, but also by obesity.

Fig. 2.10 Steve Blair for

many years directed

epidemiological research

for the Cooper Aerobics

Center in Dallas Texas. He

conducted many

noteworthy studies of

relationships between the

fitness of clients and their

subsequent health
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2.7.1 Review Evidence

A review of 67 articles published between 1990 and 2000 showed consistent

evidence of greater longevity and a reduced risk of coronary heart disease, cardio-

vascular disease, stroke and colon cancer in the more active members of a subject-

sample, whether judged from questionnaire reports or measurements of aerobic

fitness [143]. Commonly, much of the benefit appeared to occur at low levels of

physical activity. It was not entirely clear from this review whether questionnaire

assessments of physical activity or fitness assessments provided the better indica-

tion of prognosis. Nevertheless, gradients of health benefit were generally steeper

for fitness than for questionnaire data, and if habitual activity was included in a

multivariate analysis of the treadmill data, there appeared to be a residual effect of

aerobic fitness.

2.7.2 Cooper Aerobics Center Data

Blair and his colleagues made treadmill assessments of aerobic fitness levels in

10,244 men and 3120 women, subsequently following them for an average of

8 years. The age-adjusted relative risk of death over this period was expressed

relative to the experience of the group in the lowest quintile of fitness. For men, the

values for the four higher quintiles were 0.40, 0.42, 0.34 and 0.29, respectively, and

for the women, the corresponding figures were 0.52, 0.31, 0.15 and 0.22 [103].

A further analysis of 9777 men from this sample looked at the impact of a change

in fitness level over an average interval of 4.9 years in terms of health experience in

the following 5.1 years [144]. The highest age-adjusted death rate was seen in those

who were unfit at both examinations (12.2/1000 man-years), and the lowest rate

was found in men who were fit at both examinations (4.0/1000 man-years). The

men whose fitness improved between the two evaluations showed a 44% decrease

in their death rate, to 6.8/1000 man-years; the risk decreased by some 7.9% for each

minute increase in their treadmill endurance time.

2.7.3 Canada Fitness Survey Data

In addition to asking subjects to complete a detailed physical activity questionnaire

which yielded rather questionable results, participants in the original Canada

Fitness Survey undertook a simple step test in their own homes, under the super-

vision of a health professional. A 7-year follow-up of 2174 male and female

participants distinguished individuals who reached recommended, minimum

acceptable and unacceptable age and sex-linked standards of performance on the

step test [145]. In terms of all-cause deaths, the crude risk-ratios for the two groups

with less than recommended fitness levels were 1.3 and 3.0, and after adjusting data
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for age, sex, body mass index and smoking status, the corresponding ratios were 1.6

and 2.7.

Subjects were also classed into four categories in terms of their habitual physical

activity (very active, active, moderately active and inactive), as reported in the

questionnaires, but both crude and adjusted risk ratios for the three lower categories

of physical activity were too variable to discern any trends.

2.7.4 Conclusions

Classification of subjects by fitness level rather than reported physical activity gives

a steeper gradient of subsequent health experience, suggesting that fitness data have

greater accuracy than questionnaire responses. This is particularly evident in the

findings of the Canadian Fitness Survey, where a simple step test showed a clear

gradient of subsequent mortality, but this gradient was not seen in analysis of

responses to a lengthy questionnaire.

2.8 Natural Experiments

In a few instances, there is good evidence that secular change has altered the energy

expenditures of a community (generally in a downward direction), thus allowing

comparisons of health experience when activity was high with the current experi-

ence, when activity is much less frequent and less intensive. Striking instances of a

secular reduction of habitual physical activity have occurred over the past several

decades among indigenous populations such as the Inuit [146] and North American

Indians [147], in association with epidemic increases in the prevalence of obesity

and type 2 diabetes mellitus. However, the etiology of these epidemics is complex,

as there has also been a shift from country foods such as fish and caribou to store

products with a high carbohydrate content, and the diagnosis of illness has also been

more complete with greater access to medical care.

2.9 The Objective Monitoring of Human Activity

in Epidemiology

During the past decade, the development of inexpensive and relatively accurate

objective monitors has challenged the accuracy of what seemed sophisticated

questionnaire-based estimates of habitual physical activity. Questionnaires appear

to have been under- or over-estimating energy expenditures by factors of two or

even three [121, 122, 148, 149]. After brief comments on studies based upon pulse

monitors and the Kofranyi-Michaelis respirometer, we will look at the potential
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information yield from the objective monitoring of body movement patterns, using

odometers, pedometers and accelerometers.

2.9.1 Pulse Monitoring

Potential methods for the field monitoring of heart rate have included ECG telem-

etry or tape-recording, ear-lobe photo cells, and electrochemical integration of

pulse signals.

The latest type of telemetric pulse-rate recorders [150, 151] can transmit an ECG

signal from a chest band to a wrist-watch type recorder or a nearby laboratory;

although useful in athletic training, the need to maintain effective chest electrode

contact has limited use of this approach in epidemiology.

Ear-lobe photo cells [152] have also been used mainly in short-term industrial

studies rather than in epidemiology; slippage of the earpiece was a strong argument

against epidemiological use.

In contrast, Wolff’s electrochemical integrator [153] was developed specifically

for epidemiological studies, including the International Biological Programme and

Morris’s studies of bus drivers and conductors. The ECG was used to drive a

chemical reaction, and the average heart rate for the day could be estimated in

the laboratory by passing a current in the reverse direction. Evolution of this

instrument introduced multiple electrochemical cells, so that heart rates could be

counted in selected target ranges [154], but problems remained from poor electrode

contacts and erroneous counts [155]; in the study of more than 5000 London

Transport workers (above), successful heart rate recordings were reported on only

10 subjects. Other wrist-band devices that accumulated ECG signals [156, 157]

suffered from similar problems.

Even if these technical difficulties could be overcome, the theoretical basis for

use of heart rate monitoring to monitor the intensity of physical activity is dubious.

Data interpretation rests upon the existence of a relatively linear relationship

between heart rate and oxygen consumption from 50 to 100% of an individual’s
maximal aerobic effort [158]. There are many limitations to exploitation of this

relationship: the slope of the line varies with the age, sex, physical fitness and

posture of the subject, and it differs radically between arm and leg work. Moreover,

the slope is increased by static effort, anxiety, and exposure to a hot environment or

high altitudes [159]. Finally, in the context of population studies of physical

activity, most of modern daily activity demands less than 50% of maximal aerobic

effort, an intensity of exercise where the relationship is non-linear.

2.9.2 Kofranyi-Michaelis Respirometer

The Kofranyi-Michaelis respirometer measures a subject’s respiratory minute vol-

ume by a mechanical gas meter, and small aliquots of expired gas are collected in a
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balloon for subsequent chemical analysis [160]. The device has proven useful in

determining the average energy cost of specified types of physical activity, in

publishing compendia that show the energy demands of various common activities

[161], and in demonstrating that Inuit engaged in various types of traditional

hunting developed high energy expenditures on the days when they were hunting

[146]. However, only a limited number of observations are possible with such a

respirometer, and the information must be combined with direct observation of the

subjects, diary records or questionnaire responses to form a picture of total energy

expenditures over a typical week.

2.9.3 Odometers

The odometer may have been invented by Archimedes of Syracuse (287–212 BCE),

although its use to measure walking distances was first described by Vitruvius in

Book X of de Architectura, around 27 BCE. The device allowed the accurate

placement of milestones on Roman roads, ensuring that armies covered an appro-

priate distance on their daily marches.

More recently, car odometers have been used to measure walking distances on

city streets, thus allowing cardiologists to prescribe physical activity for their

patients [162]. For example, a patient might be advised to walk a measured distance

of two level miles in 40 minutes at least five times a week. This would equate to a

pace of 4.8 km/hour, equivalent to an oxygen consumption of about 1.25 L/minute,

or to a net weekly increase in energy expenditure of about 4 MJ. If a person’s main

source of leisure activity was deliberate walking or active commuting, a similar

measurement of times and distances could be exploited to determine his or her

active energy expenditures.

2.9.4 Pedometers

2.9.4.1 Early History

Invention of the pedometer has been ascribed to Leonardo da Vinci (1452–1519).

One beautiful early instrument in Southern Germany has been dated to 1590 CE

(Fig. 2.11). da Vinci’s underlying purpose in designing the pedometer was mili-

tary—he suggested that it should be used to make accurate maps of contested

territory [163].

Reintroduction of the pedometer has been traced to the Swiss watchmaker

Abraham-Louis Perrelet (1729–1826). He invented a watch that rewound itself

from the impulses generated by 15 minutes of brisk walking, and a logical extension

of this device was an instrument that measured the number of steps taken, allowing

the distance walked to be estimated from the average stride length. Thomas
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Jefferson (US President, 1801–1809) [164] brought the pedometer to North Amer-

ica, using it to monitor the length of his 2-hour daily walks.

Some mechanical instruments that were produced in the 1950s followed the

concept of Perrelet, using the step impulse to activate a watch escapement, advanc-

ing the dial reading by a single unit. Designers have nevertheless experienced

difficulty in choosing an appropriate loading of the escapement, so that only one

“escape” is allowed per step. Han Kemper (Fig. 2.12) and Verschuur demonstrated

that the greater force associated with jogging sometimes advanced the dial by two

units rather than one, and steps might not be counted at all during very slow walking

[165]. An accurate response to slow gaits and minor movements is plainly impor-

tant in our sedentary and aging society.

Fig. 2.11 An early

pedometer from Southern

Germany (1590 CE).

Source: http://en.wikipedia.
org/wiki/

Pedometer#History

Fig. 2.12 Han Kemper

evaluated the traditional

type of pedometer, based on

a pocket watch mechanism.

He found that sometimes it

counted two steps rather

than one during jogging,

and that it failed to record at

all during slow walking
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Miscounts tended to be exacerbated if a belt-worn pedometer was tilted from the

vertical, as when assessing an obese person [166]. There have thus been claims that

a recently developed “Step-watch Activity Monitor” detects movements more

accurately if it is worn on the ankle rather than a waist belt [167], and some

investigators regard this as the current criterion instrument for assessing the activity

of free-living individuals.

2.9.4.2 Pedometer/Accelerometers

There is a growing consensus that the errors inherent in the original watch-type

pedometer are too large for accurate epidemiological work [168, 169]. The Seiko

and Epson companies began developing a digital timepiece prior to the Tokyo

Olympic Games (1964), and a liquid crystal display (LCD) was adapted to display

accumulated step-impulses as the Yamasa Tokei (Keiki) company marketed the

manpo-kei, or “10,000 steps meter” in 1965 CE. In modern electronic pedometers, a

lever arm moves with each stride, making an electrical contact or compressing a

piezo-electric crystal, and the electrical impulse thus generated is recorded as a

step. The user can input an estimated stride length, so that the instrument displays a

figure for the distance travelled; however, a person’s stride length is quite variable,
and it is probably better to report simply the number of steps taken.

The difficulty of setting an appropriate sensitivity to record one impulse per step

has also not been entirely overcome. However, devices such as the Kenz Lifecorder

incorporate a filter that limits the range of recorded accelerations, thus reducing

false counts from incidental movements. Sophisticated types of equipment also

allow electronic storage of information for up to 200 days, and some instruments

can estimate the minute-by-minute energy expenditures from the force of impulses

[170, 171].

2.9.4.3 Reliability and Validity

Most reports suggest that modern electronic pedometer/accelerometers are more

reliable than the older mechanical watch-type pedometers. Reliability has been

assessed by fitting two instruments to the left and right-hand sides of a person’s
waist belt [172, 173]; good reliability has been seen with devices such as Yamax,

Kenz, Omron, New Lifestyle and Digiwalker recorders [173, 174].

When one instrument was shaken on a test rig, the correlation with the actual

number of oscillations was 0.996; the threshold acceleration for this particular

device was 2 m/s2, with a coefficient of variation of 1.5% [172]. Pedometer/

accelerometers also respond accurately to a consistent movement pattern such as

level walking. The 24-hour step count determined with one pedometer/accelerom-

eter had an intramodal reliability of 0.998 and the error relative to 500 actual paces

taken on a level 400 m track was only �0.2� 1.5 steps [175]. Of five instruments

tested, the Yamax device gave the best estimates for both moderate and slow
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walking speeds; the average systematic error over a distance of 4.8 km being about

2% [173]. At a walking speed of 4.8 km/hour, most of 10 commercially available

pedometer/accelerometers were able to estimate treadmill walking distances to

within �10% and gross energy expenditures to within �30% of the actual value

[175, 176]. As with the older mechanical pedometers, activity tended to be under-

estimated at speeds below 4.8 km/hour [177]; at 3.2 km/hour, readings from the

Kenz Lifecorder and the Actigraph were, respectively, 92� 6% and 64� 15% of

the true values [178]. Other validation assessments have compared step counts with

impulses recorded by a heel-mounted resistance pad (an error of 460� 1080 steps/

day [172]), with the directly measured oxygen consumption during treadmill

walking at speeds of 3–9 km/hour (a Pearson correlation coefficient of 0.97 and a

mean difference in estimated energy expenditures ranging from �3.2 to +0.1 kJ/

minute [179]), and with 24-hour metabolic chamber data that included some

treadmill walking and running (more substantial errors of 9% for total energy

expenditure and 8% for physical activity energy expenditure [180]).

Although many of these trials suggest that modern pedometer/accelerometers

have a reasonable validity, inaccuracies are introduced by slow walking speeds, a

short stride length and abnormalities of gait [181]. Moreover, errors are increased

on moving from the laboratory to free-living conditions [182], as subjects choose

their own activity patterns rather than walking over a fixed course at a fixed pace.

Both pedometers and accelerometers respond poorly to cycling, skating, load-

carrying, household chores, and other non-standard activities [183]. Further, they

take no account of energy expended when climbing hills or making movements

against external resistance, and artifacts may arise when traveling over bumpy

ground in a car [184].

In general, the current generation of pedometer/accelerometers functions rea-

sonably well when assessing old people, whose main source of physical activity is

moderate walking. However, attempts to garner information on younger adults

remains much more questionable, and sometimes the conversion of step counts to

energy expenditures using dubious and secret equations has under-estimated dou-

bly-labelled water measurements by as much as 30–60% [185].

2.9.4.4 Uni-axial Accelerometers

Uni-axial accelerometers measure the acceleration forces exerted upon small

weights rather than summing a series of electrical contacts. But given the similarity

of principle to the modern pedometer/accelerometer, it is not surprising that the

performance of accelerometers is generally comparable [175]. Moreover, the inter-

pretation of accelerometer data remains controversial. Different accelerometers

integrate movements over intervals ranging from 1 to 15 seconds. Also, complex

(and sometimes secret) equations are often used to interpret the data. Thus, the

Actical instrument includes a three-part algorithm: (1) below an inactivity thresh-

old, the individual is credited with an energy expenditure of 1 MET; (2) a walk/run

regression equation is used when the inactivity threshold is exceeded but the
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coefficient of variation (CV) of impulses over four consecutive 15-second epochs is

<13%; and (3) a third, lifestyle regression equation is used when the inactivity

threshold is exceeded and the CV of impulses is >13% [186].

2.9.4.5 Tri-axial Accelerometers

Tri-axial accelerometers measure forces in three planes, and thus can theoretically

capture a wider range of body movements than uni-axial devices (Chap. 3). Park

et al. [187] found differences of score between the two types of device even during

walking, with uni-axial devices underestimating step counts and/or metabolic

equivalents, particularly during slow walking (55 m/minute). Further, the accuracy

of both types of accelerometer was affected by step frequency at any given walking

speed.

One type of tri-axial accelerometer (the DynaPort Move Monitor) includes an

algorithm to evaluate gaits and postures [188]. A quadratic discriminant analysis

and a Hidden-Markov model are used to infer activity patterns in another tri-axial

accelerometer (the MTI Actigraph) [189]. However, these algorithms were

established on small samples, and their generality remains to be established.

Moreover, the interpretation of tri-axial data under free-living conditions is as yet

too complex for most epidemiological surveys.

2.9.4.6 Conclusions

To date, most pedometer and accelerometer studies have used relatively small

samples, and have not been continued long enough to provide statistically signif-

icant information on clinical outcomes such as the onset of cardiovascular disease

or sudden death, although this situation is now changing. As yet, it has been

necessary to examine relationships between the recorded activity patterns and

precursors of disease such as attained fitness levels [190], metabolic risk factors

[191–193] or a deterioration of arterial elasticity [194]. Interestingly, the outcome

of one study of arterial elasticity shows a greater correlation with measured habitual

activity than with attained fitness. This is in contrast with the conclusion from

questionnaire data, probably because the pedometer/accelerometer provides a mea-

sure of habitual physical activity which is at least as valid and accurate as the

estimate of aerobic fitness [195].

2.10 New Directions in Objective Monitoring

Given problems in using objective monitors under free-living conditions, some

investigators have looked at the benefits of altering the placement of accelerome-

ters. Information has also been paired with data collected from global positioning
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systems (GPS), and multi-phasic devices have recorded audio signals, light inten-

sity, barometric pressure, humidity and environmental temperatures. As yet, most

of these devices are too costly and complicated for epidemiological use.

2.10.1 Accelerometer Placement

Accelerometers have sometimes been mounted on places other than the subject’s
waist belt. One commercial accelerometer known as the “footpod” has been

attached to the foot, recording the impact associated with each stride. Another

innovation has been the attachment of a small inertia-sensing device to the ear lobe.

This monitor records information on both posture and linear acceleration that is

introduced into an algorithm predicting energy expenditures. An initial report has

claimed a good correlation with the directly measured oxygen consumption when

performing 11 daily activities; the investigators also claimed success in identifying

the nature of the activities that were being undertaken [196].

2.10.2 GPS Devices

Some recent studies have combined GPS and accelerometer data [197]. The GPS is

helpful in detecting artifacts arising from travel in vehicles. However, the sampling

rate is insufficient to detect very rapid movements. Moreover, the quality of the

device is critical when recording data in urban areas with tall buildings [198], and

the signal is lost when travelling on underground trains.

2.10.3 Multiphasic Devices

Multiphasic devices seek to enhance the interpretation of objective monitors when

examining non-standard movements [199]. Corder et al. [200] claimed some

improvement in the estimation of children’s energy expenditures when they

supplemented accelerometry with ECG data. Haskell et al. [159] combined 3-lead

ECG data with information captured by uni-axial accelerometers mounted on the

wrist and the thigh. When using this arrangement, the correlation with directly

measured oxygen consumption across a range of activities (0.73) was not particu-

larly impressive, and the absolute error in measurements of oxygen consumption

remained a substantial 5.2 mL/(kg minute).

One recent multi-phasic device (the Multi-sensor Board) combines a tri-axial

accelerometer with GPS, audio, light, barometric pressure, temperature and humid-

ity recording [134]. Supposedly, this device can determine the proportion of

activity taken out of doors, local versus distant travel, the vibrations resulting
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from car journeys, and the possible influence of weather conditions upon movement

patterns.

The Sensewear arm band is another multi-phasic device. It incorporates infor-

mation from two accelerometers with heat flux, skin temperature, and galvanic skin

response data [201–204]. The manufacturers claim that this instrument can distin-

guish activities performed by the upper and lower limbs, and that it takes account of

hill climbing, load carriage and non-ambulatory activity. However, one trial found

a 24–56% under-estimation of directly measured energy expenditures during

skating, and another trial found significant under-estimation of energy expenditures

during high-speed running (40%) and cycling (25–50%) [205]. Other studies of the

Sensewear arm band have found 16–43% over-estimates of energy expenditure in

children [206] and large individual errors relative to indirect calorimetry in adults

[207]. Much seems to depend on the algorithm that is used [208], and it remains a

challenge to find formulae appropriate for the interpretation of multi-phasic data on

all subjects and all circumstances.

2.11 Conclusions

Estimation of the intensity and total volume of weekly energy expenditures has

become practicable for epidemiologists with the replacement of questionnaires by

relatively low cost objective monitoring devices. Step counting has become pro-

gressively more sophisticated, with an ability to classify the intensity of impulses

and accumulate activity data over long periods. Pedometer/accelerometers yield

quite precise data for standard laboratory exercise, and in groups where steady,

moderately paced walking is the main form of energy expenditure they can provide

very useful epidemiological data. Nevertheless, such instruments remain vulnerable

to external vibration and they fail to reflect adequately the energy expenditures

incurred in hill climbing and isometric activity, as well as many of the everyday

activities of children and younger adults. Multi-phasic devices hold promise as a

means of assessing atypical activities, but appropriate and universally applicable

algorithms have as yet to be developed. Moreover, the equipment is at present too

costly and complex for epidemiological use.
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Chapter 3

Outputs Available from Objective Monitors

Catrine Tudor-Locke

Abstract Physical activity epidemiologists are focused upon the prevalence and

patterns of physical activity and sedentary behavior in a population, as well as the

causes and effects of these behaviours. Of utmost importance to such research is the

careful and precise measurement of physical activity, historically reliant on self-

reported behaviours. However, with the introduction, development, and enhance-

ment of various body-worn accelerometer devices, the objective monitoring of

physical activity has progressed from the simple recording of step counts obtained

via pedometry to the objective assessment of a much broader range of time-stamped

free-living behaviors. Most public health physical activity guidelines have been

framed in terms of the recommended minimum weekly time to be spent in

moderate-to-vigorous physical activity (MVPA), and researchers thus focused

initially on translating manufacturers’ activity count outputs into a comparable

measure. Initial calibration research sought to establish instrument-specific activity

count cut-points that were associated with absolutely defined intensity levels

(indicated by metabolic equivalents or METs). However, it became increasingly

apparent that any established cut-points were sample- and instrument-specific,

hampering the generalization of findings and limiting epidemiological studies to

an assessment of relative rankings of physical activity within a data set. Potential

solutions to this issue advanced to date have considered data obtained from

additional physiological sensors (there is little evidence as yet that these yield

improved measurements), and the use of increasingly more complex statistical

models, focused on additional features of the raw accelerometry signals. Success

realized in the laboratory has been somewhat illusive under free-living conditions,

and the scale of technical data storage was initially daunting. The steady emergence

of a wide variety of consumer wearable monitors has opened up new opportunities

for wireless data collection, but it has also complicated the landscape of measure-

ment choices for epidemiologists and other investigators. We may thus need to

enter a phase of reflection, followed by a right-sizing of epidemiological
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expectations and public health needs, in order to standardize more simple, translat-

able, and generalizable physical activity data.

3.1 Introduction

This chapter covers some basic measurement principles specifically in relation to

the objective monitoring of physical activity. It presents a sampling of the very

diverse range of outputs and definitions for some currently available objective

monitors, discusses data treatment options including the derivation of additional

variables post-data collection, and provides an overview of challenges and future

directions in this area of investigation.

3.2 Validity

Epidemiologists and other researchers rely on the validity of their measurement

tools to provide a credible foundation as they seek to make evidence-based con-

clusions. Validity is simply the extent to which a measurement tool, in this case an

objective physical activity monitor, measures what it purports to measure accu-

rately. Validity can take different forms (e.g., criterion, construct, or convergent

validity), and it can also be studied in different contexts (e.g., laboratory, institu-

tional, and free-living conditions).

The scientific literature is rife with validity studies of the various available

objective physical activity monitors; to conduct an epidemiological study without

prior evidence for the validity of the preferred objective monitor is thus ill con-

ceived. Although researchers often include evidence of validity for a specific

objective monitor in their description of study methods, and they may state that a

particular device “has been validated” (as if this is dichotomous yes vs. no out-

come), such a statement in itself provides no assurance of the absolute veracity of

any measured variable. It is important to remain mindful that validity (and reliabil-

ity, a related concept) are quite complex concepts and that their determinations are

at best estimates, with some estimates better than others.

3.2.1 Criterion Validity

The criterion validity of an objective monitor is assessed relative to a criterion, or

“gold standard,” if such is available. For example, an obvious criterion for evaluating

an objective monitor’s step counting capabilities is direct observation (or video

recording) of the number of steps taken. This is typically done in a laboratory,

while the participants walk a short-distance course or, even more commonly, walk

and run at various speeds on a treadmill. In 1996 Bassett et al. [1] published the first

study of the validity of different electronic pedometers, establishing the Yamax brand

pedometer as an early favorite for researchers. Bassett and his colleagues also pointed

86 C. Tudor-Locke



out that pedometer accuracy was reduced with slower walking speeds (i.e., when they

were subjected to lower force accelerations).

Measurement of the time spent at various intensities of physical activity can also

be validated using indirect calorimetry as the criterion as research participants

engage in treadmill walking and running. In 1995, Melanson and Freedson [2]

used this approach to demonstrate that CSA (an early version of the ActiGraph)

accelerometers attached to the ankle, waist, and wrist produced activity counts

that correlated closely with energy expenditure (r¼ 0.66–0.81), relative _VO2

(r¼ 0.77–0.89), heart rate (0.80–0.73), and treadmill speed (0.83–0.97). As an

individual moved faster, the accelerometer signal became greater, and this related

to intensity (and energy expenditure). In the laboratory age, sex, and body mass are

constant within a given individual so that the relationship between detected move-

ment and energy expenditure is very clear.

Between individuals and under free-living conditions, estimates of energy

expenditure derived from some objective monitors can be compared to a criterion

standard of doubly labeled water-determined energy expenditure, an approach used

extensively by Klaus Westerterp (Fig. 3.1), and reviewed by Plasqui andWesterterp

in 2007 [3]. Since many more brands of objective monitors have subsequently

entered the commercial market-place, Plasqui, Bonomi, and Westerterp undertook

a further review in 2013 [4]. In the first review, this team of investigators pointed

out that the positive correlation observed between accelerometer and doubly

labeled water estimates of energy expenditure was largely driven by body mass

(not movement). To be clear, energy expenditure estimates derived from acceler-

ometers are based on calculations that include subject information that (typically)

includes age, sex, and body mass in addition to the detected movement signal; the

exact contribution of the detected movement signal to the final estimate is not quite

clear. However, it has become increasingly apparent that body mass and/or fat free

mass [5] comprise a large component of this estimate. In their more recent review,

this investigative team pointed out that at least so far, “there is little evidence that

adding other physiological measures such as heart rate significantly improves the

estimation of energy expenditure.”

Fig. 3.1 Klaus Westerterp

has been a leader in the

measurement of energy

expenditure using doubly

labeled water
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3.2.2 Construct Validity

Construct validity is evaluated when the output of an objective monitor is consid-

ered in relation to a theoretically-related construct. Since physical activity is

theoretically related to body mass index, for example, one would expect the output

of an objective monitor to be related in a predictable way to body mass. Put another

way, we generally believe that people with a high body mass move less and that

people with a lower body mass move more. In 2004 Tudor-Locke et al. [6]

published construct validity evidence (the median r-values for reported correla-

tions) for pedometry, based on 29 relevant studies published after 1980; this data is

summarized on the left side of Table 3.1. The directions and magnitudes for these

correlations are considered appropriate given the expected relationships. Given the

relationship between accelerometer-determined energy expenditure and that

derived from doubly labeled water, the negative association between pedometer

steps/day and body mass index may at first seem perplexing. It is important to

emphasize, however, that body mass is the greatest inter-individual factor driving

estimates of energy expenditure, and not movement [5], as measured for example as

steps/day. Energy expenditures assessed by doubly labeled water in the free-living

condition are generally higher in people with a higher body mass index or fat free

mass [7], but their objectively monitored movement is known to be less [8]. This

important but frequently overlooked nuance is the reason that energy expenditure

and physical activity should not be considered synonyms [9], and that measures of

energy expenditure should not serve as an absolute gold standard for the evaluation

of physical activity measures [5].

Table 3.1 Summary of construct and convergent validity for pedometry, based on correlations

with pedometer output

Construct validity Convergent validity

Median r value

with pedometer

output

Median r value

with pedometer

output

Age –0.21 Accelerometer output 0.86

Body mass index –0.27 Time in observed activity 0.82

Percentage overweight 0.22 Time in observed in activity �0.44

6-minute walk test 0.69 Different estimates of energy

expenditure

0.68

Timed treadmill test 0.41 Self-reported physical activity 0.33

Estimated _VO2max 0.22 Self-reported time spent sitting �0.38
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3.2.3 Convergent Validity

Convergent validity represents the degree to which different measuring tools that

claim to measure the same (or similar) attributes actually do so. Although this may

seem similar to criterion validity, it is important to remember that the convergence

of different outputs indicates agreement, but does not directly convey accuracy

explicitly in relation to an accepted criterion. Examining the degree of agreement

between the output of different accelerometers is an example of convergent valid-

ity. James McClain (Fig. 3.2) and his associates [10] examined the convergent

validity of three different low cost objective monitors (Omron HJ-151, New

Lifestyles NL-1000, and Walk4Life W4L Pro; ranging in price from US$15 to

49) relative to the ActiGraph GT1M accelerometer under both laboratory and free-

living conditions. Although all of the low cost objective monitors compared

favorably with the ActiGraph accelerometer, the HJ-151 and the NL-1000 produced

similar free-living estimates of MVPA to it.

Tudor-Locke et al. [11] summarized median r values for the convergent validity

of pedometry, based on 25 relevant studies published between 1980 and 2002 (the

data are presented in on the right side of Table 3.1). Again, the directions and

magnitudes of these relationships are considered appropriate and in line with

rational thinking. The collective evidence for construct and convergent validity

presented in Table 3.1 lends credibility to the utility of even simple objective

monitors focused on detecting the movement component of physical activity as

accumulated steps.

Fig. 3.2 James McClain

demonstrated that low cost

objective monitors

compared favourably to a

more expensive

accelerometer
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3.3 Reliability

Reliability speaks to the repeatability of outputs measured under similar conditions.

Technical variability focuses on the performance of objective monitors relative to

mechanically delivered accelerations. Intra-brand reliability focuses on the perfor-

mance of two or more objective monitors of the same brand, worn concurrently

under laboratory or free-living conditions. Test/retest reliability assesses the

repeated performance of the same objective monitors over time and is affected in

part by the wearer’s behavior patterns (i.e., behavioural stability). With the pro-

duction of new generations of objective monitors by the same company, it is also

possible to explore a new type of reliability, focused on the performance stability of

a company’s technology.

3.3.1 Technical Variability

The technical variability of objective physical activity monitors has typically been

assessed using a variety of mechanical apparatus (including vibrating tables [12],

shakers [13] and turntables [14]) and statistical approaches that have included

intraclass correlation coefficients, coefficients of variation, and percentage agree-

ment. Esliger et al. [15] compared the technical variability of the activity counts/

min provided by three different accelerometers (ActiGraph, Actical, and RT3) on a

hydraulic shaker. Although the RT3 performed poorly and the Actical performed

best overall, the authors remarked that the observed discrepancies in variability

(related to acceleration and/or frequencies) of the ActiGraph and the Actical

precluded any conclusions regarding which one should be considered a superior

instrument. In a follow-up study, Esliger et al. [16] re-examined the technical

reliability of the Actical on a hydraulic shaker, but this time focused on its steps/

min output. The authors reported that the results were “perfect” (r¼ 1.0).

3.3.2 Intra-brand Reliability

Intra-brand reliability might be described in terms of the reliability of measure-

ments taken from differing body attachment locations. It has been assessed in

controlled settings (e.g., laboratories, short distance track walks) and under free-

living conditions. In the laboratory, Takacs et al. [17] reported excellent agreement

(and accuracy relative to direct observation) in the step counts (intraclass correla-

tion >0.95) obtained from three FitBit One objective monitors worn concurrently

(two on either hip, and one in a shirt pocket) while research participants walked at

five different treadmill speeds. They also reported that, although inaccurate, the
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estimates of distance obtained from the three objective monitors were comparable

(intraclass correlation >0.95).

Outside of the laboratory, Holbrook et al. [18] examined the intra- and inter-

model reliability of two Omron brand pedometer models (HJ-151 and HJ-720ITC).

Research participants completed a self-paced 1-mile walk wearing three HJ-151

pedometers (positioned at the right hip, the left hip, and the midback) and three

JH-720ITC pedometers (positioned in the right pocket, left pocket, and backpack).

The authors reported that all coefficient of variation values were <2.1%, a clear

indication of the reliability of these pedometers worn at various body attachment

sites.

McClain et al. [19] reported free-living reliability for two Actigraph 7164

accelerometers worn concurrently on the right and left hips for the waking hours

of a 24-hour monitored period. Intraclass correlation coefficients were high

(0.97–0.99) for step counts, activity counts, and the time spent in sedentary, light,

moderate, vigorous and MVPA intensity physical activity. Only MPVA displayed a

statistically significant (2 minutes) difference between the right and left hips.

3.3.3 Test Re-test Reliability

Russ Jago et al. [20] compared step counts obtained from the New Lifestyles

Digiwalker SW-200 pedometer, worn by 78 Boy Scouts while they performed

two successive bouts of externally paced moderate intensity track walking

(10 minutes), fast walking (10 minutes), and running (5 minutes). Correlations

between similarly paced bouts of activity were all statistically significant; however,

the correlations for running were weaker (0.51–0.77) than those obtained during

moderate intensity (0.75–0.89) and fast walking (0.61–0.92), likely due to differ-

ences of behaviour between bouts rather than to some mechanical flaw. Regardless

of the explanation, the values were considered reproducible.

Gwen Felton et al. [21] reported the reliability of pedometer-determined steps/

day in college women over two different weeks (separated by an interval of

12 weeks, representing the beginning and end of the semester). The intraclass

correlation between weeks was moderate (0.72), indicating that the women’s
physical activity was stable across the semester; individual participants also held

their rank order, at least to a moderate extent, over time.

As part of the Jackson Heart Study, Robert Newton Jr. (Fig. 3.3) and his

associates [22] examined the repeatability of data from a 3-day pedometer moni-

toring period, assessed on two or three distinct occasions, each separated by

approximately 1 month. Intraclass correlations ranged from 0.57 for measurements

on two occasions to 0.76 for measurements on three occasions. Additionally, 85%

of those assessed on two occasions and 76% of those assessed on three occasions

either remained in the same steps/day quartile or at most changed their ranking by

only one quartile over time.
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3.3.4 Inter-generation Reliability

Objective physical activity monitors are all commercial products, and either by plan

or happenstance, their features change over time, as new versions and other

hardware/firmware/software updates are introduced. However, epidemiologists

and other investigators require measurement tools whose performance is stable

over time. New studies have thus addressed the reliability of objective monitors

over successive commercial generations.

Reid-Larsen et al. [23] documented significant differences of output between an

earlier version of the ActiGraph (7164) and more recent generations (GT1M,

GT3X, and GT3X+) during both a mechanical evaluation and under free-living

conditions. Enabling the low extension frequency filter (to increase sensitivity) in

the GT3X appeared to attenuate differences in mean physical activity estimates

relative to the earlier version of the apparatus, but it also biased the estimate of

moderate intensity physical activity. Cain et al. [24] demonstrated that using the

low extension filter improved agreement between the newer generation ActiGraph

accelerometers and the 7164 with regards to the time spent at various intensities of

physical activity, but neither the default nor the normal filter on the newer devices

produced comparable step counts to the older generation instruments.

3.4 Sensitivity and Specificity

Objective physical activity monitors are measuring devices, and they are thus

subject to the well-known tension between the sensitivity and the specificity of

measurements. This issue exists whether we are discussing how to measure indi-

vidual steps, activity counts, time spent in sedentary behavior, cut-points appropri-

ate to identifying the time spent in MVPA, or an index of the number of steps/day

that is associated with health benefits. To measure any parameter we must have a

Fig. 3.3 Robert Newton,

Jr. demonstrate the

repeatability of pedometer-

determined physical activity

in the Jackson Heart Study
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clear understanding of what should be included in the measurement (true positives,

values that are classified correctly as positive) and what should be excluded (true

negatives, values that are classified correctly as negative). For example, true

positives would be those steps taken while walking that are correctly identified by

an objective monitor. False positives would be any steps erroneously detected by an

objective monitor while the wearer was travelling in a car and not actually accu-

mulating any ambulatory movement [25]. We convey sensitivity when true posi-

tives are expressed as a proportion relative to the sum of both true positive and false

negatives. We convey specificity when true negatives are expressed relative to the

sum of both true negatives and false positives.

As an objective monitor is modified to increase its sensitivity, there is an

inevitable decrease in its specificity, and vice versa. There is no consensus on the

perfect trade-off between sensitivity and specificity. Some researchers may prefer

an instrument that is rigorous in its determination of a step (or any other objectively

monitored parameter) to spur intervention participants to meet a specific goal such

as brisk walking, for example. Other investigators working with frail populations

may prefer to detect even the lowest force movements, and they are thus more

tolerant about accepting non-step movements as steps. To be clear, the two objec-

tive monitors described in these examples would likely yield very different real

estimates of the ambulatory activity performed.

Researchers can also manipulate sensitivity and specificity for some derived

variables (e.g., time in MVPA) during post-processing, at least for some types of

objective monitor. For example, applying a lower ActiGraph cut-point when

determining the time spent in MVPA would increase measurement sensitivity and

decrease its specificity. As a result, more subjects would be counted as meeting

public health recommendations for the duration of MVPA-based physical activity.

Since earlier generations of the ActiGraph accelerometer were shown to be more

sensitive to lower force accelerations than common research grade pedometers

[25], it became challenging to interpret the NHANES ActiGraph 7164

accelerometer-based step data in terms relevant to the pedometers which are

more likely to be used in clinical and practical applications. Tudor-Locke

et al. [26] devised a post-processing data treatment plan to not count (i.e., to censor)

any steps detected at a rate of less than 500 activity counts/min. The manufacturers

of the ActiGraph accelerometers now also provide two different sensitivity filters to

use during post-processing of their GTX generation accelerometers [27]. As noted

above, neither filter provides step count estimates that are comparable to those

obtained from the earlier 7164 version [24].

3.5 Currently Available Objective Monitors

The range of commercially available objective monitors has grown considerably in

recent years. In addition, a number of the earlier devices are no longer produced

(e.g., the Caltrac). The Yamax Digiwalker pedometer gained early credibility as a
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“research grade pedometer” and it has been subsequently used in numerous

research studies. Similarly, the ActiGraph accelerometer (previously known as

the CSA, the MTI, and many subsequent ActiGraph versions) has been extensively

researched and is widely considered the most popular accelerometer choice.

Although not exhaustive, Table 3.2 presents a sample of the range of validated

pedometers and accelerometer-based devices currently available.

3.5.1 Mechanisms of Measurement

The internal mechanisms shaping the measurement of objectively monitored out-

comes are unique to each instrument. The traditional pedometer mechanism is a

horizontal, spring-suspended lever arm that moves up and down with vertical

accelerations at the hip during walking. For example, the Yamax pedometer records

a step when it detects a vertical acceleration above the 0.35 g sensitivity threshold

[37]. Different pedometer brands have hair springs, coiled springs or other type of

mechanical feature that provide the counter-force tension that ultimately governs

measurement sensitivity/specificity and determines whether or not a force is suffi-

cient to close an electronic circuit and be counted as a step. Attachment of such

Table 3.2 A sample of currently available objective monitors, their body attachment site,

manufacturer/distributor, and cost per unit

Objective monitor

Body

attachment

site

Manufacturer/

distributer

Cost per

unit (US$)

Validation

reference

New Lifestyles Digi-Walker

SW-200 pedometer

Waist New Lifestyles 19.95 [1]

NL-1000 pedometer Waist New Lifestyles 54.95 [28]

Fitbit® OneTM Waist Fitbit, Inc. 99.95 [16]

Nike+ FuelBand SE Wrist Nike, Inc. 149.00 [29]

UP24 Wrist Jawbone 149.99 [30]

StepWatch Activity Monitor

(SAM)

Ankle Orthocare

Innovations

525.00 [31]

SenseWear Armband Upper arm BodyMedia 500.00 [32]

GT3X Waist/wrist ActiGraph 225.00 [33]

GENEActiv Waist/wrist Activeinsights 225.00 [34]

Actical Wrist Respironics 670.00 [16]

ActivPal Thigh Pal

Technologies

350.00 [35]

Kenz Lifecorder EX Waist New Lifestyles 245–300 [36]
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devices with a “tilt” off the vertical plane is known to impair function (for example,

in the case of abdominally obese individuals [38]) so attention may be required to

adjust their attachment to optimize measurement characteristics [39].

Some pedometers, for example the New LifeStyles NL-2000, have a piezo-

electric accelerometer mechanism. This is a horizontal cantilevered bean, weighted

at one end to compress a piezo-electric crystal with acceleration, ultimately pro-

ducing a proportional voltage that is then translated into accumulated steps, using

an internal proprietary algorithm. This type of device is less sensitive to false

negative errors associated with tilt off the vertical plane [40].

The electro-mechanical aspects of the accelerometer mechanism were similar

for earlier versions of the popular ActiGraph accelerometer, whereas newer ver-

sions have a capacitive microelectromechanical system (i.e., capable of detecting

variations in electric charge storage potential) that is sensitive to both static (e.g.,

gravitational forces while stationary) and dynamic accelerations [41]. The analog

electronic charge is filtered, digitized, and full-wave-rectified before being

converted to more readily accessible activity count data. Not all accelerometer

brands share the same mechanism of measurement either. The Actigraph sensor

7164 used in 2003–2006 NHANES [42] was based on a seismic mass cantilever

beam mechanism, whereas the Actical sensor (another common research-grade

accelerometer used in Canadian surveillance systems [43]) is surfaced-mounted

on a printed circuit board and does not have a seismic mass at one end of its piezo-

electric element [43]. It goes without saying that the internal proprietary algorithms

shaping the sensitivity/specificity of data outputs are also likely different, although

such trade secrets are held closely and unfortunately are not readily available for

scrutiny.

3.5.2 Memory and Data Access

Simple pedometers display readily accessed digital data and retain a record of

accumulated steps only until they are manually reset. Accelerometer-based pedom-

eters (like the NL-1000) keep a rolling record of daily steps and “active minutes”

for 7 days and these can be accessed manually by scrolling through the device’s
on-board internal memory and digital display. Research-grade accelerometers like

the ActiGraph have, over time, extended the on-board memory to 120 days, limited

only by battery life (25 days). Data must be downloaded using the manufacturer’s
software; there is no on-board data display.
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3.5.3 Technical Limitations

Objective motion sensing monitors, regardless of whether they are worn at the waist

or wrist, do not accurately capture non-ambulatory physical activity, for example,

bicycling, strength training and other forms of body conditioning, or carrying loads.

They also underestimate the intensity of effort associated with climbing hills or

stairs. Unless they are waterproof they cannot be worn during swimming (or other

water-based activities), and there is as yet no known way to process such data.

Miller et al. [44] demonstrated that non-ambulatory activity accounted for only a

small proportion of the physical activity performed by one sample of Australians

who were wearing pedometers. They thus argued that the effect on population

estimates (i.e., epidemiological applications) was minimal and did not require

correction to account for such non-ambulatory physical activity. This issue may

be more significant in populations where participation in non-ambulatory physical

activity is more prevalent, for example, commuting by bicycle in some European

countries. Miller et al. did point out that the effect on individual estimates (i.e.,

clinical applications) was apparent if the individual self-reported regularly engag-

ing in such activities.

3.5.4 The New Wave of Wearable Devices

Accelerometer-based movement-detecting technology is now much more readily

available directly to consumers, embedded in smart-phones and a range of personal

devices known commercially as personal trackers, wearable technology, or

“wearables.”

In particular, a number of mainstream commercial companies are producing

personal activity monitors that are based on accelerometer technology but output

their data simply, via a readily available digital display. This new wave of tech-

nology allows users to upload their recorded data to personalized accounts via the

internet or mobile phone application (often wirelessly). This facilitates personal

reflection on progress and offers an ability to connect and share data through social

media. Such applications typically have at least some degree of built-in automated

behavioural support mechanism. The primary target of such devices is the individ-

ual consumer who is interested in behavioural change; such monitors have less

appeal for epidemiological study, which requires a more generalized sample and no

motivational exposure potentially leading to reactivity. It may be possible in the

future to work with the companies who hold the very large resource of data

collected by users and held in their online accounts, but it is difficult to think that

this information would be based on a representative population sample. Regardless
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of this issue, it is possible that interesting behavioural patterns may indeed emerge,

although access to the data would require careful negotiation with corporations and

equally careful consideration of potential ethical and privacy considerations.

3.6 Outputs and Their Definitions

3.6.1 Direct Versus Derived Outputs

Direct outputs from accelerometers are typically presented as a summarized digital

display, either on-board the instrument or automatically uploaded to a computer

interface. No additional data queries are required to obtain such outputs. In contrast,

derived outputs are not direct or otherwise readily available, but instead must be

generated by post-processing, using manufacturer’s software, public-use computer

programmes, or researcher-developed specialty programmes. This post-processing

may be quite simple (built in software data query) or quite involved, requiring

multiple steps and/or programming expertise. Direct outputs can be generally

classified as volume (e.g., steps/day, total activity counts/day) or rate (e.g., cadence

or steps/min, activity counts/min) indicators. Derived outputs can be generally

categorized as time indicators (e.g., time in MVPA, sedentary time, time >100

steps/minute, etc.), peak effort indicators (e.g., peak 30-minute cadence), and event

counts (e.g., the number of breaks/transitions in sedentary time). Categorization as

direct or derived outputs is not rigid, however. Some objective monitors provide a

direct output of time spent in MVPA without any additional post-processing, for

example. In addition, some objective monitors readily display estimates of energy

expenditure; others produce data that must be processed subsequently to distill such

information. The universe of derived outputs is likely to expand, and is only limited

by imagination, as researchers move towards using the raw data signals from

accelerometers (described more below). A summary of commonly used ActiGraph

objective monitoring outputs and their definitions is presented in Table 3.3.

3.6.2 Volume Indicators

3.6.2.1 Steps/Day

The simplest output available from most objective monitors is an accumulated step

count. This can be presented as steps/day, if accumulated over an entire day, or as a

count relative to some other preferred unit of time, for example, the number of steps
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Table 3.3 A summary of ActiGraph objective monitoring outputs and their definitions

Variable Definitions

Volume indicators

Steps/day Sum of steps/min accumulated in a day

Total activity counts/day Sum of total activity counts/min accumulated in a day

Rate indicators

Cadence or steps/minute Count of steps accumulated in a minute [45]

Activity counts/minute Counts of activity counts accumulated in a minute

Peak effort indicators

Peak 1-minute cadence Steps/minute recorded for the highest single minute in a day

[46]

Peak 30-minute cadence Average steps/minute recorded for the 30 highest, but not

necessarily consecutive, minutes in a day [46]

Peak 60-minute cadence Average steps/minute recorded for the 60 highest, but not

necessarily consecutive, minutes in a day [47]

Time indicators (cadence determined)

Non-movement Total minutes at 0 steps/minute during valid wear time [48]

Incidental movement Total daily minutes at 1–19 steps/minute [48]

Sporadic movement [48]

Purposeful steps Total daily minutes at 40–59 steps/minute [48]

Slow walking Total daily minutes at 60–79 steps/minute [48]

Medium walking Total daily minutes at 80–99 steps/minute [48]

Brisk walking Total daily minutes at 100–119 steps/minute [48]

Faster locomotion Total daily minutes �120 steps/minute [48]

Any movement Total daily minutes >0 steps/minute [49]

Non-incidental movement Total daily minutes >19 steps/minute [49]

Time indicators (activity count determined)

Sedentary time Total daily minutes <100 activity counts/minute [50]

Low intensity Total daily minutes at 100–499 activity counts/minute [8]

Light intensity Total daily minutes at 500–2019 activity counts/minute [26]

Lifestyle intensity Total daily minutes at 760–2019 activity counts/minute [51]

Moderate intensity Total daily minutes at 2020–5998 activity counts/minute

[42]

Vigorous intensity Total daily minutes �5999 activity counts/minute [42]

Moderate-to-vigorous intensity Total daily minutes �2020 activity counts/minute [42]

Moderate-to-vigorous intensity

in 10 min bouts

Total daily minutes �2020 activity counts/minute accumu-

lated in modified 10 minute bouts (modified 10 minutes bout

defined as 10 or more consecutive minutes �2020 activity

counts/minute, with allowance for 1–2 minutes <2020 activity

counts/minute) [42]

Event counts

Breaks in sedentary time (tran-

sitions/day)

Count of daily occurrences where activity counts rose from

<100 activity counts in 1 minute to�100 activity counts in the

subsequent minute [52]

Table adapted from: Schuna JM, Jr., Johnson WD, Tudor-Locke C. Adult self-reported and

objectively monitored physical activity and sedentary behavior: NHANES 2005–2006. Int J

Behav Nutr Phys Act 2013; 10(1):126
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accumulated over children’s recess period at school [53]. The measurement of

accumulated steps has been described as “a simple, raw or pure measure of

ambulatory activity” [54]. Although early accelerometers (e.g., Caltrac) did not

yield step counts, and early versions of the ActiGraph did not provide step counts as

a default option (to conserve battery life), most consumer and research grade

objective monitors now do provide at least some estimate of accumulated steps.

Hatano [55] reported that in Japan, industrial standards set by the Ministry of

Industry and Trading regulate a maximum 3% miscounting rate during normal

walking for manufactured pedometers. Outside of Japan there is no such regulatory

body. The accuracy of Japanese pedometers has been noted by others [30].

3.6.2.2 Total Activity Counts/Day

Most accelerometer-based objective monitors present physical activity data in

counts per unit of time (or epoch), for example, activity counts/min, based on

detected, filtered, amplified, and digitized electronic signals. Single axis acceler-

ometers typically output activity counts from the vertical axis, and therefore are

theoretically more sensitivity to ambulatory movements. Tri-axial accelerometers

detect outputs in three planes (vertical, antero-posterior and medio-lateral) and their

summed activity count data are often presented as “vector magnitudes.” As Chen

(Fig. 3.4) and Bassett have acknowledged, however, “it is often unclear what an

activity count truly means, physically or physiologically” [56]. Further, presenting

activity counts relative to different epochs can affect data interpretation; shorter

durations permit higher resolution, but reduce physiological value [56]. What is

more, activity counts are not translatable across accelerometer devices because the

technology underlying their creation is proprietary to each device’s manufacturer.

Regardless of this problem, the summed total of daily activity counts is considered a

Fig. 3.4 Kong Chen has

provided leadership in

understanding the

technology underlying

today’s accelerometer-

based objective monitors
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condensed single indicator of physical activity frequency, intensity, and

duration [57].

3.6.3 Rate Indicators

3.6.3.1 Cadence or Steps/Min

Steps/day is widely accepted as a simple indicator of the daily volume of ambula-

tory physical activity. A common criticism of this simple metric, however, is its

inability to convey the intensity of movement. Since cadence and intensity

(assessed with indirect calorimetry and expressed as metabolic equivalents or

METs) are strongly correlated (r¼ 0.94) in laboratory-based studies [58], Tudor-

Locke and Rowe [45] urged researchers to consider the usefulness of capturing and

describing free-living ambulatory behavior in terms of cadence, or step accumula-

tion patterns, expressed as steps/min. Accelerometer-based devices possess the

time-stamping capability necessary to track cadence under free-living conditions.

Replicating Freedson’s [59] well-known accelerometer calibration study, Tudor-

Locke et al. [60] established the first step-based cut-point of 100 steps/minute

demarking time spent in MVPA. Since that time, four additional studies [61–64]

have directly measured cadence and verified absolutely-defined moderate intensity

activity in adults. All agree that despite inter-individual variation, 100 steps/minute

represents a reasonable heuristic value associated with at least moderate intensity

walking. This level of consistency and consensus is in stark contrast to the on-going

debate surrounding cut-points set using activity counts/min, as described in more

detail below.

3.6.3.2 Activity Counts/Min

Early accelerometers provided “black box” outputs such as energy expenditure

(e.g., Caltrac), but without an explicit presentation of the underlying algorithm used

in making this estimate, it was difficult to extract and focus on the relative

contribution of movement. Other instruments (e.g., the CSA, an early generation

version of the ActiGraph accelerometer) provided activity count outputs, but as

mentioned above these were not truly meaningful without some sort of reference

frame to aid in their interpretation. Since public health guidelines have been

expressed historically in terms of time spent in MVPA [65, 66], physical activity

epidemiologists and other researchers have been very interested in studying the

segments of daily time spent in various intensities of physical activity (including

MVPA) and, more recently, sedentary behaviour.

Capitalizing on the time-stamped nature of the CSA’s data capture, Patty

Freedson’s team [59] was the first to establish activity counts/min cut-points to

categorize time spent in MVPA. This was a laboratory-based study linking their

data to METs determined by indirect calorimetry during a range of incremental

100 C. Tudor-Locke



treadmill speeds from walking to running. Although their particular choice of

cut-point has been criticized and other cut-points have since been established for

categorizing MVPA and the full range of physical activity and sedentary behaviors,

the number “1952” activity counts/min is a well-known cut-point in the epidemi-

ology of objectively monitored physical activity. Cut-points for moderate and

vigorous intensity physical activity have also been produced to aid the interpreta-

tion of data obtained using the Actical accelerometer [67].

3.6.4 Peak Effort Indicators

The StepWatch Activity Monitor provides a direct output that the manufacturer

calls a “peak activity index” [68]. Essentially, this is an average of the steps

accumulated in the most active minutes of the monitored day. Andrew Gardner

(Fig. 3.5) and his collegaues [69] used the StepWatch and reported patterns of

ambulatory activity, including peak activity index, in individuals with and without

intermittent claudication. Inspired by this objective monitor’s direct output, Tudor-
Locke et al. [46] applied the same concept to minute-by-minute ActiGraph data,

producing derived outputs generally called “peak cadence indicators.” A peak

1-minute cadence represents the steps/minute value for the most active minute of

the monitored day [46]. A peak 30-minute cadence is the mean steps/minute for the

most active (but not necessarily consecutive) 30 minutes of the monitored day [46]

and the peak 60-minute cadence is similarly based on the most active 60 minutes of

the monitored day [47]. Peak cadence indicators are shaped not only by maximum

effort, but also by the relative persistence of this free-living behavior pattern in a

day and thus have been described as indices of “best natural effort.”

Fig. 3.5 Andrew Gardner

has spearheaded using the

StepWatch Activity

Monitor patient populations

with limited mobility
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3.6.5 Time Indicators

3.6.5.1 Time-Stamped Step Accumulation Patterns

Step accumulation patterns have been grouped into incremental cadence bands,

including 0 (non-movement during wearing time), 1–19 (incidental movement),

20–39 (sporadic movement), 40–59 (purposeful steps), 60–79 (slow walking),

80–99 (medium walking), 100–119 (brisk walking), and 120+ steps/min (all faster

locomotion) [49]. Based on free-living cadences detected by the ActiGraph 7164

accelerometer in 3744 adults �20 years of age in the 2005–2006 National Health

and Nutrition Examination Survey (NHANES) [70], it appears that U.S. adults

spend ffi4.8 hours/day in non-movement during device wearing time, ffi8.7 hours at

1–59 steps/minute, ffi16 minutes/day at cadences of 60–79 steps/minute,

ffi8 minutes at 80–99 steps/minute, ffi5 minutes at 100–119 steps/minute, and ffi2

minutes at 120+ steps/minute. John Schuna (Fig. 3.6) and his associates [71]

reported changes in step accumulation patterns as a result of sedentary workers

participating in a workplace shared treadmill-desk intervention. Using ActiGraph

accelerometers, he convincingly demonstrated that the primary apparent change as

a result of this intervention was an increase in the time spent at 40–99 steps/minute

(i.e., light physical activity).

3.6.5.2 Time-Stamped Activity Count Accumulation Patterns

Efforts to replicate the original ActiGraph accelerometer calibration study

conducted by Freedson et al. [59] quickly revealed problems with measurement

standardization and a number of alternative cut-points for interpreting the time

spent in moderate (and higher) intensity activity appeared in the literature. The

2020 activity count/min cut point used in the descriptive presentation of the

2003–2004 NHANES adult ActiGraph accelerometer data was based on a weighted

average of the cut-points established previously from four studies [64]. More

recently, Loprinzi et al. [72] catalogued at least 12 unique adult-specific cut-points

for moderate intensity. Further, the prevalence of adults meeting public guidelines

Fig. 3.6 John Schuna

interpreted time-stamped

step accumulation patterns

to evaluate the effects of a

workplace shared treadmill

desk intervention
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ranged from 4.7 to 97.5%, depending on which cut-point was applied! Disagree-

ment between cut-points is also apparent for the Actical accelerometer

[67, 73]. Unfortunately, the use of differing cut-points affects conclusions about

the time spent in moderate (and higher) intensities of physical activity and it

undermines the ability to establish clear dose/response relationships with health

indicators (see also Chap. 10). From a descriptive epidemiological point of view,

prevalence estimates for participation in MVPA vary widely when differing

cut-points are applied to the same data [74].

Cut-points have also been established for interpreting the time spent in sedentary

behaviour and the full range of physical activity intensities when using the

ActiGraph accelerometer (a sampling is presented in Table 3.3). Unfortunately

the same problems are apparent, and the field is divisive in terms of the preferred

cut-points for most derived outputs. The inability to establish valid and consistent

cut-points for the ActiGraph accelerometer has frustrated researchers, and it has

spurred interest in getting away from activity counts and moving towards more

promising methods of presenting the data. Regardless of this thorny issue,

cut-points continue to be used in epidemiological research, but the onus is on the

researcher to select and justify their choices carefully.

3.6.6 Event Counts

Healy et al. [52] first presented the possibility of counting sedentary breaks, or the

number of daily transitions between sedentary behavior and physical activity of any

intensity. Building on the original sedentary behaviour cut-point suggested by

Matthews et al. [50], Healy (Fig. 3.7) counted the number of daily occurrences

where the ActiGraph activity counts rose from <100 activity counts in 1 minute to

�100 activity counts in the subsequent minute [52].

Fig. 3.7 Genevieve Healy

introduced the concept of

counting daily breaks in

sedentary time

3 Outputs Available from Objective Monitors 103

http://dx.doi.org/10.1007/978-3-319-29577-0_10


3.6.7 Energy Expenditure

Perhaps the “Holy Grail” of objective monitoring is the pursuit of an illusively

accurate estimate of energy expenditure due to physical activity. Underlying this

pursuit is likely the desire to present physical activity in similar units of energy

output to those used in the assessment of dietary intake or energy input.

The energy derived (expressed in kiloJoules) from ingesting a donut will be the

same for every individual regardless of their sex, age, or body mass. In contrast,

energy expenditure is shaped by sex, age, body mass, and the thermic effect of food

in addition to physical activity. Within an individual (intra-individual), energy

expenditure increases with physical activity intensity, for example, when a person

is walking and running at increasing faster speeds and cadences on a treadmill

[58]. Also, within an individual, day-to-day fluctuations in energy expenditure must

logically be due to differences in physical activity, because sex, age, and body mass

do not waiver. However, between individuals (or inter-individually, as is most

relevant to epidemiology), body mass is the greatest predictor of energy expendi-

ture [67]. To be clear, the amount of physical activity required to burn the kilo-

Joules that come from a given donut will vary widely between individuals, and will

be related primarily to their body mass.

3.6.7.1 Laboratory-Based Estimates of Energy Expenditure

The predictive ability of accelerometer-based outputs has been assessed primarily

under controlled conditions, using indirect calorimetry (the criterion standard of

measurement) during treadmill walking/jogging and/or the performance of simu-

lated activities of free-living (e.g., stair climbing, folding clothes, watching TV,

etc.). Early attempts considered both body mass and activity counts/min when

predicting metabolic cost (i.e., energy expenditure), using a single regression line

[44]. Scott Crouter (Fig. 3.8) improved estimates by considering two regression

Fig. 3.8 Scott Crouter

developed a two-regression

line approach to estimating

energy expenditure from

accelerometer output
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lines applied discriminately, based on discerned differences in the coefficient of

variation of activity counts/min indicative of different types of activity

[75, 76]. John Staudenmayer et al. [77] proposed using artificial neural networks

(i.e., statistically-based learning systems) to improve the prediction of laboratory-

based measures of energy expenditure. These methods of estimating energy expen-

diture have been challenging to translate successfully to estimates of energy

expenditure made outside of the laboratory. However, Kate Lyden and colleagues

[78] recently were able to demonstrate improved free-living energy expenditure

estimates with two novel machine-learning methods relative to a neural network

previously calibrated in the laboratory and direct observation.

3.6.7.2 Free-Living Energy Expenditure

The Caltrac, an early accelerometer-based device (whose direct output was framed

in terms of kilocalories) required preprogramming by entering an individual’s sex,
age, body mass and height into its memory. Unfortunately, attempts to “back out”

the proprietary algorithm to get at a more fundamental indicator of movement

behaviour were unsuccessful [79] and moreover the device is no longer produced.

Many of the current consumer-focused wearable technologies provide the user with

a direct display of energy expenditure. However, the process by which these

estimates are produced is typically not disclosed and few have been subjected to

rigorous validity assessments under free-living conditions.

Johannsen et al. [32] pre-programmed the SenseWear Pro3 armband with each

research participant’s sex, age, height and body mass for a criterion validity study,

and they reported good agreement (68–71% of variability explained) between the

armband and doubly labeled water estimates of energy expenditure. Manufacturers

of the armband claim that their device considers detected movement as well as

various heat-related sensors to estimate energy expenditures. However, the exact

algorithm underlying this claim remains proprietary, and is therefore difficult to

evaluate. Tudor-Locke et al. [79] explored the potential for developing a transpar-

ent algorithm for predicting free-living energy expenditure from ActiGraph accel-

erometer ambulatory outputs. Relative to the criterion standard of doubly labeled

water, the strongest model included body mass, steps/day and the time spent in

incremental cadence bands; it explained 79% (in men) and 65% (in women) of the

predicted energy expenditure. The published algorithm has yet to be cross-

validated.

3.6.8 Distance

Some objective monitors provide estimates of distance traveled (typically in miles).

Unless based on a standard one-size-fits-all assumption, the manufacturer typically

requires the user to input various pieces of information into the objective monitor’s
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on-board memory, including stride length during normal walking (if an estimate of

distance is required) and/or sex and age. An on-board calculator then executes a

proprietary algorithm to produce the required output based on the directly counted

steps or some other combination of movement-related data. As argued previously

[54], this process of manipulating step counts to obtain the desired output is based

on a number of assumptions and thus introduces additional layers of possible error.

For example, shorter individuals with shorter stride lengths will appear less phys-

ically active than taller individuals with longer stride lengths who accumulate the

same number of steps/day if an estimate of distance is misinterpreted. Further,

multiplying a step count by stride length measured during normal walking assumes

that the user walks like a robot much of the day with little variation in stride length

whether walking for exercise, shopping, chores, engaging in personal care, or

otherwise “milling about”! Although most researchers are well aware of the fallacy

of estimating distance from detected movement, distance remains a popular data

output offered by manufacturers of commercial devices.

3.6.9 Sedentary Behaviour

With the growing interest in the potential deleterious effects of prolonged and

excessive time spent in sedentary behaviour, there became a need to process

accelerometer data beyond providing only time-based estimates in MVPA. Chuck

Matthews (Fig. 3.9) [50] was the first investigator to present the descriptive

epidemiology of sedentary behaviour in the U.S., using the 2003–2004 NHANES

ActiGraph accelerometer data. He reported that participants in NHANES spent

54.9% of their monitored time, or 7.7 hours/day, in sedentary behaviours. Having

no previously established cut-point for sedentary behaviour, Matthews defined

sedentary behaviour as the time when <100 activity counts/min were detected.

Although there continues to be debate about the appropriateness of different

cut-points for various intensities of physical activity and most notably for the

time spent in MVPA [80], Matthews’ cut-point for defining sedentary behaviour

continues to be broadly used. Further, although activity counts are notably different

Fig. 3.9 Chuck Matthews

led the field in objective

monitoring of time spent in

sedentary behaviour
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between different accelerometers, this cut-point has also been validated for use with

data collected using the Actical monitor [81].

3.6.10 Sleep-Related Outputs

Although sleep actigraphy is also based on accelerometer-detected movement and

non-movement patterns, it is only recently that we have witnessed the blurring of

edges between objective sleep and physical activity monitoring, with expanded

24-hour data collection protocols [82]. Tiago Barreira (Fig. 3.10) and co-workers

[83] have published a validated and transparent (accessible and editable) algorithm

to interpret 24-hour ActiGraph data and to distinguish children’s nocturnal sleep
from day-time physical activity and sedentary patterns. Its appropriateness in other

populations has yet to be determined.

3.6.11 Raw Data Signals

A workshop was convened in 2012 to set best practices and future directions for

objective monitoring. Freedson et al. [80] recommended to this meeting that

researchers move away from cut-point based analyses, given the evidential chaos

compromising researchers’ ability to achieve a consensus. Interest was growing in

developing more complex statistical models that could consider additional features

of the raw data accelerometer signal, such as signal distributions and frequency

spectra, and to identify activity mode or type in addition to duration and intensity.

Although no definitive process has been established, statistical approaches that

Fig. 3.10 Tiago Barreira

refined a publicly available

algorithm for distinguishing

children’s nocturnal sleep
from day-time physical

activity and sedentary

patterns
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continue to be explored include artificial neural networks and multivariate adaptive

regression splines and trees [84]. Logistically, the storage of such potentially vast

population data bases for epidemiological purposes was initially challenging [85],

but recent technological advances are reducing this concern.

3.7 Conclusions

A wide range of outputs are available from objective physical activity monitors.

Simple pedometers may provide on-board digital displays of accumulated steps,

distance, and/or energy expenditure. Some accelerometer-based devices also pro-

vide on-board digital displays and/or may provide outputs electronically following

direct or wireless data downloads. Some of these accelerometer-based data are raw

and require additional dedicated processing and treatment prior to interpretation;

others are more readily available, using manufacturers’ proprietary software. The

science is complicated by the fact that, between different objective monitors,

similarly named outputs (e.g., step, time in MVPA, sedentary behavior, etc.) are

measured differently. The underlying mechanical and/or electronic configuration of

the various objective monitors shape their validity, reliability, sensitivity and

specificity and thus the precision of these various outputs. There is no clear

universal consensus on how to define most outputs. Simply put, a step counted by

one objective monitor is not necessarily the same as a step counted by another one.

And the same goes for all other outputs; this is perhaps especially true for the time

spent in MVPA. The consideration of additional physiological data in energy

estimates complicates, but does not necessarily clarify outputs. Technical storage

of immense sets of raw data signals may help future research, but currently they

challenge the logistical and financial resources supporting large scale epidemiolog-

ical studies.

In the pursuit of increasingly complex measurement and technical analysis, there

is a potential to overlook reasonable outputs and analyses that may be more readily

intuitive, public health-oriented, and therefore directly and immediately applicable

to many epidemiological and public health applications. In particular, there is merit

in being able to “translate” technological and analytical advances into more acces-

sible terms, especially if public health goals are to be realized. A common metric

that could be collected and interpreted across objective instruments, including those

used in the laboratory and in the real world, would be invaluable. The ability to

confidently interpret common cut-points across instruments would be ideal.

Although the trend has been for increasing complex approaches to treating and

interpreting data obtained from objective monitors, it may be time to re-think in

terms of creating consensus for the measurement and analysis of simple step and

cadence counting as more direct and comparable estimates of ambulatory behavior.

Setting industry standards for measurement specification (i.e., like Japan) maybe a

way to cut through the current chaos of technical and statistical variability.
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Chapter 4

Protocols for Data Collection, Management

and Treatment

Catrine Tudor-Locke

Abstract Epidemiologists and other researchers must plan study protocols that

incorporate objective monitoring of physical activity and/or sedentary behaviours

by systematically considering all of the complex logistics associated with data

collection, management and treatment. With regard to data collection, instrument

choice is a foremost consideration, largely shaped by the researcher’s questions and
available resources. Instrument-specific features may provide greater analytical

capacity, but can also greatly complicate planning and must be accommodated.

Data collection decisions also include the duration of monitoring required to

establish stable estimates of behaviour, without overburdening participants. Data

management concerns include systematic processes for quality control, data

cleaning, data organization and storage. Data treatment includes decision rules

that further shape the accumulated information, including computation of derived

variables (as catalogued in Chap. 3) in anticipation of subsequent data analyses.

4.1 Introduction

Objective monitoring of physical activity and sedentary behaviour is a multi-stage

process that includes planning and implementing protocols for data collection,

management and treatment. Protocols represent the system of rules that epidemi-

ologists and other researchers follow to ensure data quality and ultimately confi-

dence in the study findings. Typically, a manual of operations is developed

recording in detail each stage of the protocol during planning of the study. By

way of example, an operations manual for the International Study of Childhood

Obesity Lifestyle and Environment (ISCOLE) has been published as a supplemen-

tary electronic file [1]. Although there are some recognized standard approaches at
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each stage of data collection, management, and treatment, unique research ques-

tions ultimately shape the protocols that are used. A fine balance between stan-

dardization and creativity must be tolerated if scientific discovery is to be

encouraged [2]. This chapter provides a starting point to understand the many

complex decisions that must be made during protocol planning and

implementation.

4.2 Data Collection Protocols

4.2.1 Choice of Instrument

There are many commercially available objective monitors from which to choose.

Of course, the research question driving the study should be the most important

consideration underlying the choice of objective monitor. A relative ranking of

ambulatory behaviours may only require use of a simple pedometer. In contrast, a

need to identify patterns of time accumulated in sporadic bouts of moderate-to-

vigorous physical activity (MVPA) throughout the day will require a more powerful

accelerometer. And precisely discriminating the time spent sitting may require a

combination of accelerometer and inclinometer that is sensitive to changes in an

individual’s posture.
Additional instrument features and increased capabilities such as an extended

memory capacity and flexibility in manipulating data aggregation intervals (i.e.,

epoch lengths) are associated with higher costs, and they also increase the time and

technical expertise necessary to process data. Therefore, the choice of instrument

must also be shaped by available personnel, time, and financial resources [3]. Study

personnel will require time to train and practice all stages of data collection,

management, and treatment with the proposed equipment before any research

participants are recruited. Budgets must consider these personnel salaries, as well

as planning appropriately for the number of instruments (including replacements)

that are needed to complete the study in a timely manner, together with ancillary

equipment such as any requisite interfaces, batteries or charging hubs, connector

cables, and software, and separately ordered attachment straps or belts. Provision

must also be made for appropriate technical support, and service agreements

covering any anticipated maintenance or repair fees [4].

Other considerations shaping the choice of objective monitor include comfort,

safety, the availability of evidence concerning reliability and validity (collected

specifically in the planned study’s target population), the overall burden on partic-

ipants and researchers, and the relative need to compare findings with other

previously published studies. Laura Rogers (Fig. 4.1) published a simple decision

tree to guide researchers in the selection of an objective monitor appropriate to their

unique study design [3]. Ultimately, the choice about which objective monitor to

use is critical to the success of a research study and it should be informed by careful

and systematic deliberation. It is advisable to compare candidate objective monitors
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using a study-customized matrix representing all the desired factors, and to aug-

ment this with expert consultation when possible [1].

4.2.1.1 Attachment Site

Objective monitors have been tested on almost every possible body attachment site.

Traditionally, researchers have attached accelerometers on the trunk at the waist/

hip, near the body’s centre of mass. The science providing equations to interpret

accelerometer output collected at other body attachment sites such as the wrist, is

new and currently unverified [5]. Multi-sensor accelerometers collect movement

data from a number of different body parts simultaneously. For example, the Mini-

Sun IDEEA captures information via a waist-worn microprocessor wired to 5 dif-

ferent body sensors; these are attached to the bottom of the feet, the thighs, and the

chest, identifying and recording 32 different postures and gaits [6]. Gait parameters

that are typically assessed in the laboratory under contrived conditions could be

captured reliably under “real-world” conditions, using this technology [7]. Despite

the powerful information capture system, the device could be considered cumber-

some for most free-living studies and unfortunately is no longer commercially

available.

The ActivPal device is adhered directly to the anterior surface of the thigh, using

specially prepared adhesive strips. Its placement is intended to be sensitive to

ambulation, while also discriminating between sitting/lying and upright postures.

When the internal inclinometer detects the adoption of a horizontal plane, then a

period of sitting/lying is identified. Unfortunately, the ActivPal cannot discriminate

between sitting and lying [6]. When the internal inclinometer detects adoption of a

vertical plane, then an upright posture is identified. The internal accelerometer

detects movement and the combined accelerometer and inclinometer signals are

used to separate standing from ambulation when a person is upright. Although the

Fig. 4.1 Laura Rogers has

focused on the benefits of

objectively measured

exercise in cancer survivors
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ActivPal has been used successfully in studies of free-living behaviour [8],

researchers have noted that the thigh attachment may irritate the skin and is poorly

tolerated by some wearers [9]. Some researchers have reported supplementing the

manufacturer’s adhesive attachment system with externally applied bandages [10].

The two most popular accelerometer attachment sites are currently the waist and

the wrist. Waist attachments are achieved by using either a manufacturer’s clip or

an accessory belt/pouch system. Built-in clips are popular, because most clothing

has a waist band, and small clipped devices can be easily covered with clothing if so

preferred by the wearer. The requirement for an elasticized accessory belt/pouch

system has made the ActiGraph accelerometer less acceptable for some study

participants, as it occasionally interferes with fashion preferences [11].

Wrist actigraphy is popular with sleep researchers [12]. A number of commer-

cially available wrist-worn personal fitness tracking devices have also emerged

recently, and some of these offer sleep-related outputs. The most recent roll-out of

accelerometer monitoring in the U.S. National Health and Nutrition Examination

Survey (NHANES) has shifted to a wrist-worn ActiGraph [13], based primarily on

a desire to reduce a threat to validity resulting from concerns over optimizing wear-

time compliance [14]. Original data collection protocols required that study partic-

ipants only wear accelerometers during waking hours, removing them upon retiring

for bed. Large between-subject differences in collected data suggested

non-compliance with wearing regimens, largely attributed to premature removal

at the end of the day [15]. It was believed that the wrist attachment might be more

convenient and/comfortable for research participants [16]. The assumption was

made that this would translate to increased wear time compliance. However, with

the shift to a waist attachment site, NHANES also simultaneously increased their

wear time regimen from waking hours to 24 hours [17]. Since both methods have

changed simultaneously, it is difficult to attribute any evidence of increased com-

pliance to just the change in attachment site. Differences in wear time compliance

could be just as easily attributed to a simple change in wearing time instructions,

increasing from waking hours only to 24-hour continuous wear. Aoyagi et al. [18]

have collected 24-hour waist-worn pedometer/accelerometer data in a sample of

older adults for >12 years!

As a challenge to this assumption, Tudor-Locke et al. [1] compared waking

hours wear-time derived from 24-hour waist-worn ActiGraph accelerometer data

collected in 10 year old children participating in the U.S. site of the ISCOLE study

to waist-worn accelerometer data collected using a waking hours regimen in

similarly aged children participating in the 2003–2006 U.S. NHANES. Since both

protocols were based on waist-worn accelerometry, the fundamental difference

between these two protocols was the difference in wearing time instructions.

Wear-time averaged 1357.0� 4.2 minutes per 24-hour day in ISCOLE. Since the

NHANES protocol requested nighttime removal of the accelerometer, comparable

data were not available. When expressed just as wear time during waking hours,

ISCOLE children accumulated 884.4� 2.2 minutes/day and U.S. NHANES chil-

dren accumulated 822.6� 4.3 minutes/day, a significant difference of 61.8 minutes/

day in favor of the 24-hour regimen.
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There is evidence indicating that waist-worn devices produce similar sleep

outputs to wrist-worn devices [19], and are superior in terms of recording the

time spent in MVPA [13], energy expenditure [13, 20], sedentary time [13] and

steps/day [21]. For example, Tudor-Locke et al. [21] recently demonstrated that

when evaluated against the criterion standard of observed steps taken on a tread-

mill, a waist-worn ActiGraph accelerometer performed better than the same brand

of accelerometer attached to the wrist. Further, they demonstrated that the wrist-

worn accelerometer under-counted steps on the treadmill and over-counted steps in
“real life” when compared to the output of the waist-worn accelerometer. The take-

home message from this study was that accelerometers worn at the wrist do not

indicate the same number of steps/day as those worn at the waist, so using one to

track or translate messages based on data obtained from the other is fallible.

Therefore, researchers need to keep body attachment sites in mind when planning

their data collection protocols.

4.2.1.2 Metric Choice

In the early stages of protocol planning, investigators must clearly identify and

define which specific metrics of physical activity and/or sedentary behaviour they

wish to collect with their chosen objective monitor. Once again, the choice is

shaped primarily by the research question, but a priori decisions based on sound

justifications will streamline data management and treatment decisions later on in

the process. The range of potential outputs obtained from objective monitors is

catalogued and discussed thoroughly in Chap. 3.

4.2.1.3 Epoch Choice

An epoch is the term typically used to describe an accelerometer’s time-stamped

data sampling interval. A 60-second epoch indicates that accelerometer data are

recorded every minute. A 15-second epoch samples every 15 seconds. In some

devices, sampling intervals are fixed and pre-set by the manufacturer, but others

allow manipulation by the researcher upon initialization.

Data processed over longer epochs may obscure details of interest to the

researcher [22]. Shorter epochs are better able to capture the uniquely intermittent

and sporadic physical activity patterns of children, for example [23]. The choice of

accelerometer cut-point may also drive epoch choice, since different cut-points

have been set using different epochs [24].

Once selected, it is impossible to re-process the data to reflect shorter epochs.

However, it is possible to pre-select a brief epoch (e.g., 1 second), and subsequently

to re-integrate the data over longer time segments as may be needed during data

treatment. As noted above, some accelerometers do not offer the capacity to edit the

epoch length. And some now offer the researcher ultimate flexibility by providing

access to the raw accelerometer signal, thus rendering epoch selection moot.
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However, it is still not clear what is to be done with such raw accelerometer data. As

I-Min Lee [25] has noted: “the technological capability for data capture using
accelerometers has outpaced the current knowledge on how to reduce and process
these data.” Of course, data storage requirements are greatly affected by this

decision so it is not easily deferred. Lee et al. [25] estimated that storage require-

ments for the ActiGraph raw data (with no clear analysis plan) for the Women’s
Health Study will be ~80 terabytes.

4.2.2 Monitoring Frame (How Many and What Type
of Days?)

The monitoring frame is the length of time (typically in days) that objectively

monitored data are collected to provide a confident estimate of habitual behaviour.

Monitoring frames in the scientific literature have ranged from 1 day [26] to several

weeks [27] and up to a year [28], and there is still no consensus on the most

appropriate monitoring frame for any specific objectively monitored output

(Fig. 4.2). The concept of “how many days are enough?” is complicated by the

research question, the population under study, the choice of objectively monitored

output, the day-to-day variability of the behaviour, the timing of monitoring (e.g.,

effects of day of the week and season), the choice of statistic for determining and

expressing reliability, what, exactly should be considered the criterion standard for

an estimate of “habitual” behaviour, and research participants’ tolerances of

extended monitoring.

A single day of monitoring may be sufficient to address population surveillance

needs for a nationally representative estimate of average steps/day. Here the

question may be “how many people are enough?” rather than “how many days

are enough?” This would provide an index of national (or group level) behaviour,

useful for surveillance purposes for example. This is a different purpose than trying

Fig. 4.2 Stewart Trost was

one of the first to tackle the

“how many days” question

in the objective monitoring

of childrens’ physical
activity
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to estimate an individual’s habitual behaviour related to a health outcome or for

intervention purposes. Trends in pedometer-determined steps/day from 1995–2007

have been reported for 6502–9833 Japanese adults sampled each year, based on a

single-day protocol implemented by the Japanese Ministry of Health, Labour and

Welfare [26]. These data have been used to demonstrate a decreasing trend in steps/

day from a peak around 1998–2000. At the other extreme, a much longer-term

monitoring frame may be necessary if the research question is focused on the

effects of meterological factors (precipitation, temperature, etc.) on activity

patterns [29].

Day-to-day variability in behaviour will impact the number of days required to

establish a stable estimate. A number of different statistics have been used to

quantify and explain this variability. For example, a coefficient of variation

(CV) can be calculated as [(SD/mean)� 100] and used to describe the day-to-day

variability of objectively monitored outputs. A study of free-living nursing students

indicated that the CV calculated over the course of a monitored week averaged

35–36% for pedometer-determined steps/day [30]. The CV for 4 consecutive days

of pedometer monitoring in 6–12 year old children was 23–24% [31]. Intraclass

correlations (ICC) are estimates of the consistency of repeated measurements, for

example, days of monitoring. In general, an ICC of 0.70 is considered minimally

acceptable and anything over 0.80 provides little additional meaningful value

[32]. Fewer days may be required to establish stable estimates of habitual behaviour

in notoriously sedentary populations. For example, Rowe et al. [33] reported that

between-day variability was high (ICC¼ 0.90 for Yamax pedometer-determined

steps and 0.87 for ActiGraph-determined steps) and 2 days of monitoring were

sufficient to obtain a stable estimate of older adults’ steps/day. Stewart Trost

(Fig. 4.2) and his colleagues [34] used the ICC to determine the minimal number

of days of monitoring required to achieve an ICC of 0.80 in children and adoles-

cents relative to the criterion of 1 week. Specifically, Trost et al. demonstrated that

children had less day-to-day variability in time spent in MVPA than adolescents.

The difference in variability in this specific output indicated that relatively fewer

days (i.e., 4–5 days) of accelerometer monitoring were required to estimate chil-

dren’s time in MVPA compared to adolescents who required up to 8–9 days of

monitoring.

We may also question not only how many days of monitoring are required, but

what types of days. Objectively monitored physical activity outputs are known to

vary according to day of the week. Brooke et al. [35] conducted a meta-analyses of

accelerometer studies, comparing school-children’s mean activity counts/minute

and time in MVPA and concluded that, overall, children were more active on

weekdays than on weekend days. Any apparent patterns by which weekend days

and weekdays differ seem to vary between populations [36] and are likely shaped

by other little understood factors like personal schedules, local customs, involve-

ment in sports, sex, age, etc. Seasonal effects are also recognized in objective

monitoring [37]. Silva et al. [38] demonstrated that Portuguese boys accumulated

less accelerometer-determined time in MVPA (and more time in sedentary behav-

iours) during the winter months than in the summer. Comparatively, girls were
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much more stable in their behaviour across the year. Precipitation reduces step-

determined physical activity [29]. Pacific children’s accumulated time in MVPA is

associated with parent reports of rain-free days [39]. Extreme temperatures (both

very cold and very hot) also negatively impact markers of objectively monitored

physical activity [29]. Cathy Chan (Fig. 4.3) and her associates [40] calculated that

pedometer-determined steps/day decreased by almost 4% for every 20 cm of

accumulated snow on the ground in Prince Edward Island, Canada. Although

these effects can be attributed in part to meteorological events, they may also be

shaped by cultural customs and schedules. For example, Tudor-Locke et al. [41]

demonstrated relatively low steps/day on both winter holidays and summer vaca-

tion days (as indicated by days not at work).

The number of monitoring days required have also been shaped by the applied

criterion of “habitual behaviour.” As indicated above, Trost et al. [34] determined

that 4–5 days were predictive of the mean values obtained in a week of monitoring.

Togo et al. [42] defined habitual physical activity based on a year of monitoring

and determined that at least 25 and 8 consecutive days (for men and women

respectively) were required to reach an ICC of 0.80.

As described above, protocol planning requires considerable attention to the

optimal monitoring frame for any given study. The best plans will also consider

research participants’ tolerances for extended monitoring. We know that the longer

the monitoring regimen, the greater the extent of non-compliance [43]. The dura-

tion of monitoring is thus a delicate balance. The best strategy is to choose,

rationalize, and implement the best possible monitoring frame up front, after

considering all possible factors, while retaining a separate (but related) plan for

what will be minimally acceptable once data are finally prepared for analysis

(described in more detail below).

The answer to the deceptively simple query of “how many days are enough” is

complicated. In the end, investigators are best advised to consider carefully their

specific research question, their study population, and the study setting (e.g., school,

workplace, free-living, etc.) in the context of the most relevant scientific literature.

Where no prior information is available, a 7-day monitoring frame is sensible for

most populations given the widespread understanding and acceptance of a week as

a human-scaled unit of time with demonstrated periodicity [44]. For more particular

Fig. 4.3 Cathy Chan

studied the effects of

weather on steps/day in

Prince Edward Island
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questions, prudence dictates that collection of pilot data is warranted to firmly

establish an appropriate monitoring frame.

4.2.2.1 Reactivity

As previously introduced, reactivity is an apparent change in behaviour that can be

attributed to a research participant’s awareness of being monitored. It is difficult to

hide the fact that a participant is wearing an objective monitor, and therefore it is

impossible to completely rule out the potential threat of reactivity. In theory, its

effect would be to inflate estimates of true behaviour, so a test of this threat is to

examine data for such evidence. There is evidence both supporting [45] and

refuting [46] reactivity with objective monitoring. It may be that reactivity is

more of a concern in smaller samples (where more susceptible individual’s behav-
iour may have a greater statistical impact) and that the threat is minimized in large

population type surveys. The Canadian Physical Activity Levels Among Youth

(CANPLAY) study, initiated by Cora Craig (Fig. 4.4), is a large on-going pedom-

eter-based surveillance program focused on children and adolescent’s step-defined
physical activity [47]. Early on in data collection, CANPLAY researchers reported

no evidence of reactivity, defined as a significant mean different in steps/day

between the first day of data collection and subsequent days monitored during the

same week-long time frame.

If reactivity is considered a real concern, minimizing its potential threat to

validity starts with a well-devised protocol. It is possible to choose an objective

monitor that does not display any data to the wearer. It is also possible to seal the

objective monitor to prevent access to any digital data display [48]. Some

researchers have extended their monitoring frame to include a planned familiari-

zation period of one or more days to de-sensitize research participants [49]. The

Fig. 4.4 Cora Craig

initiated CANPLAY, the

largest children’s
pedometer surveillance

program in the world
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intent is that these data would not be considered in any subsequent analyses.

Alternatively these data can be used to test for reactivity in the data set [47].

4.2.3 Enhancing Compliance

Objective monitoring requires that research participants comply optimally with

measurement protocols that require hours, days, and sometimes weeks or even

years [50] of continuous monitoring. Missing data can result from reduced wear-

time, due to equipment loss or damage, forgetfulness, fatigue, apathy or attrition.

Since reduced wear-time and shortened monitoring periods leading to data loss

threaten validity, it is important that investigators carefully consider ways to

enhance compliance to their measurement protocols and proactively prevent

missing data.

Compliance enhancing strategies include plans for participant incentives, regu-

lar contact (face-to-face, telephone, electronic media, and/or mail, etc.), continuous

data checking in as real time as possible for accuracy and completeness, immediate

follow-up contact in the case of questionable or missing data, and/or plans for a

second round of monitoring if the first round is inadequate. For example, ISCOLE

data collection sites had the option to ask children to wear the accelerometer a

second week if during the first week they did not accumulate sufficient wear-time to

provide valid data (as determined by on-site data checks), or if the accelerometer

had malfunctioned in some way [1].

Other tactics include planning for larger sample sizes and/or longer monitoring

frames to maximize the number of research participants who yield minimally

acceptable amounts of data. As noted above, this is a balancing act, since we

know that more days of monitoring are also associated with increased amounts of

data loss [43]. Success is ultimately dependent on a well thought-out and executed

protocol. Vigilance at all stages of data collection is needed to ensure data quality

proactively.

4.2.4 Collection and Retrieval Logistics

Data collection logistics begin with determining the number of objective monitors

needed to complete the planned study, considering losses/damage, staffing, time,

and expense.

Time allowances must include the periods required when preparing equipment

for data collection. For example, quality control procedures may dictate that some

threshold of validity is required before any specific instrument is used in the field.

Pedometers have frequently been checked before deployment, using for example

simple short distance walking tests [47]. Although accelerometer manufacturers

frequently claim that the calibration of their devices is not necessary, a best practice

122 C. Tudor-Locke



for accelerometry may be to assess each unit’s coefficient of variation (CV) while

strapped to some type of mechanical shaking device. Good quality instruments

demonstrate <3% error [51].

Batteries will need to be checked and/or replaced for all electronic equipment

and some accelerometers require time for charging and possibly initialization.

Initialization is a process whereby some objective monitors require input data

(e.g., the participant’s sex, age, body mass, etc.) to function correctly; there may

also be a need to set data collection start and stop dates and times, to select optional

measurement features, and to de-select default features that may not be desired and

may take up valuable memory storage and/or battery life.

Decisions must also be made about how to distribute objective monitors to

research participants, provide instructions to participants on correctly attaching

and wearing the devices, and retrieve the instruments when the study is completed.

The 2003–2006 NHANES distributed accelerometers and instructed research par-

ticipants in one-on-one clinical visits and then retrieved them through the postal

system [43]. In ISCOLE [1], where Mark Tremblay was the Canadian site’s
principal investigator (Fig. 4.5), accelerometers were distributed (and retrieved)

in school classrooms. Schoolchildren participants were instructed how to wear

accelerometers in class and a printed instruction sheet was sent home. At some

sites, research staff made regular appearances at the schools to check visually for

correct accelerometer attachment [1]. In CANPLAY [47], parents initially

contacted by random digit dialing were mailed data collection kits that included

instructions on how children were to wear pedometers and record their data on

provided logs before mailing them back to the study centre. This was a

phenomenonally successful surveillance and on-going system; CANPLAY

reported pedometer data collected from 21,271 children and 12,956 adolescents

between 2005 and 2011 [52].

Fig. 4.5 Mark Tremblay

was Principal Investigator

at the Canadian ISCOLE

data collection site
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4.2.4.1 Data Upload and Transfer

Immediately upon retrieval of an instrument, it is important to check data for

completeness and any irregularities. This may be as simple as a quick scan of a

paper record, scrolling through an objective monitor’s on-board memory, and/or

downloading and electronically checking data for completeness evaluated against

selected wear-time thresholds. For example, in ISCOLE, study staff retrieved

ActiGraph accelerometers from children in the school and then immediately

uploaded the data onto laptops prepared with the manufacturer’s software to

determine whether adequate data were obtained during the designated monitoring

time-frame [1]. Adequate data were defined as at least 4 days of data, including

1 weekend day with greater than 10 hours/day of wear time. Based on these

immediately processed results, researchers then had the option to ask participants

to wear an accelerometer for a second week.

The data uploading process produces a data file that is unique to each brand of

objective monitor. For example, depending on settings chosen during initialization,

the uploaded ActiGraph file will include data representing three axes of orientation,

step counts, lux (an indicator of ambient light), and an inclinometer reading; all of

this information is processed according to the researcher-selected epoch and data

filter. Paper records of self-recorded data (e.g., step counts collected using a device

without electronic transfer capabilities, removal of the device for any purpose,

contextual information if desired, etc.) must be double-entered into an electronic

data base to reduce data transfer errors. Commercial software products (e.g.,

Fitabase) are becoming available that facilitate the combining of data obtained

from multiple FitBit personal tracking devices, thereby facilitating remote data

transfer. Whatever process is implemented, data then need to be backed up and

systematically transferred to a secure storage site in preparation for data

management.

4.2.4.2 Checklists

Administrative checklists are useful for tracking participants’ progress through

each stage of data collection, serving to prompt data collectors with protocol

reminders, and capturing important logistical details that can be later mined for

various purposes. Checklists should be developed for each study, considering each

unique aspect of the protocol. At a minimum, checklists should include identifica-

tion numbers associated with individual research participants, identification num-

bers assigned to individual objective monitors, distribution and retrieval dates,

records of any compliance checks, data quality control checks, and any type of

progress notes that may later prove useful to help explain any anomalies that are

noted. If used in this manner, administrative checklists can provide valuable para-

data, supporting the integrity of data collection.
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4.3 Data Management

Data management includes systematic processes for combining individual data files

into larger sample/population-level data sets prior to analyses. It also includes

running simple descriptive data queries to identify missing and unusual values

quickly and to verify minimal wear time characteristics (if available). The magni-

tude of data management is related to the complexity of the objective monitor’s
measurement characteristics and the sheer volume of data that is collected.

4.3.1 Automated Quality Control Checks

Automated quality control checks include running data queries to verify that the

protocol was implemented as intended. If the protocol required 7-days of monitor-

ing, the data are checked to determine the number of participants who met this

criterion, the number who did not, and the number who met some other, a priori
determined, minimal number of monitored days (e.g., 4 days). Initialization errors

are often uncovered during these initial quality control checks. The administrative

checklist described above can be useful in resolving any noted discrepancies and

other clerical errors during this process. For example, if the checklist indicates that

the accelerometer was distributed on a specific date and the accelerometer data

suggest that data collection unexpectedly started before or after that date, steps can

be taken to maximize best quality data from this particular accelerometer at this

stage.

4.3.2 Data Organization and Storage

Data organization is a necessary step in preparing the data for further cleaning and

analyses. It is at this time that data files are typically created using the preferred

statistical software package (e.g., SAS, STATA, SPSS, etc.) by linkage to some

common variable (for example, a participant identification number); variables are

renamed for consistency and ease of interpretation, and otherwise systematically

organized, backed-up, and stored. Several distinct data sets may be created if

accelerometer data need to be processed using different epochs and/or filters. One

data organizational step that might be undertaken at this time is to separate or

otherwise distinguish accelerometer data collected during any familiarization

period from the actual intended monitoring time-frame. Similarly, all data collected

beyond the intended monitoring period, inconsistent with the documented retrieval

date, should be removed.

4 Protocols for Data Collection, Management and Treatment 125



4.3.3 Data Cleaning

4.3.3.1 Missing Data

Missing data are common to objective monitoring protocols with long monitoring

time-frames, even when preventive compliance strategies have been implemented

Missing data are usually due to non-wear, inadequate amounts of wear, and/or

equipment malfunction. Deleting participants from a data set is not usually a desir-

able strategy; however, an a priori decision to consider only adequate data (e.g., those
with a minimum amount of wear-time over a minimum number of monitored days)

may facilitate this decision during data cleaning. The choice may include a decision

to tolerate short amounts (e.g., 1–2 h) of non-wear during the monitored day

[53]. Alternatively, there are strategies for replacing missing data by individual

imputation, both for pedometry [54] and for accelerometry [55]; these improve the

statistical characteristics of the data, although it is not yet clear whether the effort of

such data manipulations actually alters conclusions about behaviour [56].

4.3.3.2 Identifying and Addressing Outliers

At this stage, descriptive data queries should be run to generate time-based graphic

plots displaying estimates of central tendency and distribution (particularly range

values) for each data output, in order to identify and remove any unusual values or

potential outliers. A common tactic is to eliminate the most extreme data points

(i.e., <1st percentile and >99th percentile) at either end of the data continuum.

Comparable published data should also be consulted, in order to assess what is

plausible for the target population. David Rowe (Fig. 4.6) and colleagues [56]

Fig. 4.6 David Rowe is

credited for developing

“Rowe’s rules” to identifyi

outliers in children’s daily
pedometer data
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suggested that for children’s pedometer data, recordings of<1000 steps or>30,000

steps on any single day could be used to identify potential outliers. Evidence of

outliers should trigger immediate verification, for example, by consulting the

associated participant checklist. The analyst can then decide whether to delete the

record or, less drastically (and as executed in the CANPLAY [45]) just truncate the

data to the appropriate minimum or maximum value. Questionable records in the

2003–2006 NHANES accelerometer data sets were flagged if they contained >10

minutes with (1) 32,767 activity counts/minute (maximum saturation value for the

ActiGraph model used at the time), (2) 0 steps and >250 activity counts/minute,

and (3) >200 steps/minute [57].

4.4 Decision Rules for Data Treatment

Decision rules guide analysis of objectively monitored data. Louise Masse

(Fig. 4.7) and co-workers [14] elegantly presented the effects that different types

and combinations of decision rules have on nearly every outcome variable of

interest. Data analysts must consider and implement each decision carefully in

order to rationalize their choices and defend their findings.

4.4.1 Wear Time

Wear time is an indicator of monitoring compliance that should be addressed early

on in data collection by clearly instructing research participants and implementing

protocol features to enhance compliance to either a waking hours and minimal wear

time monitoring protocol (e.g., at least 10 hours/day) or an extended wear time

(e.g., 24 hours) monitoring protocol. Even with these data collection plans in place,

however, it will be necessary to implement data rules regarding acceptable amounts

of wear time during the data treatment phase of complex accelerometer-based data.

Fig. 4.7 Louise Masse

advanced understanding

about how data treatment

decision rules affect

accelerometer data
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The U.S. National Cancer Institute published SAS syntax for investigators

treating the NHANES accelerometer data (http://riskfactor.cancer.gov/tools/

nhanes_pam), including separating wear time from non-wear time, as identified

using their waking hours protocol. Researchers have applied the editable syntax

broadly. However, a widespread convention seems to require at least 10 hours of

wear-time in a 24 hour period in order to define a valid day of data capture [2]. This

is despite the fact that an increase of wear-time beyond 10 hours provides an even

better estimate of daily physical activity [58]. Although reduced wear-time can

affect all estimates of time spent in the various intensities of physical activity

negatively, the most profound effect is on estimates of sedentary time [14], perhaps

because of premature removal of accelerometers in the evening before retiring to

bed, but still engaging in primarily sedentary behaviours [15]. All this being said,

Schmidt et al. [59] demonstrated that manipulating pedometer data to adjust for

differences in wear-time did not alter conclusions about how step-defined physical

activity related to cardiovascular risk factors.

The implementation of 24-hour protocols reduce the impact of non-wear time on

physical activity and sedentary behaviour estimates, while also opening up the

opportunity to study the nocturnal sleeping time [60]. However, treating 24-hour

data to identify wear-time is complicated by the fact that the analyst must first

identify nocturnal sleep patterns before categorizing the remaining data in terms of

wear-time vs. non-wear time. Fortunately, Barreira et al. [61] have made their

refined algorithm publically available for other researchers to apply to their own

24-hour waist-worn accelerometer data. This algorithm identifies sleep onset and

offset from distinct movement and non-movement patterns, and it then organizes

the period between these two clock times into sleep and wake episodes, before

applying more common definitions of non-wear time to the remaining data col-

lected over the full 24-hour period.

4.4.2 Data Transformation

Following the identification of the non-wear time, accelerometer data signals can be

scored and used to derive a number of variables, as catalogued in Chap. 3. Many

objective monitors actually begin the data transformation process through on-board

processing [53], summarizing the raw data signal into some index value, for example

an activity count, a step, or a minute of MVPA. Some monitors may also provide

initial data processing when the monitored data are uploaded to the manufacturer’s
proprietary software. There are both advantages (e.g., time and simplicity through

automation) and disadvantages (e.g., “black box” measurements using unknown

formulae) to these manufacturer-determined data transformation processes.

Although there is little opportunity for researchers to reverse on-board processing,

they can further transform outputs using available calibration algorithms to get them

to a preferred state. For example, algorithms that have been used to transform

activity count-based data into estimates of energy expenditure have been based on
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linear regression [62] and 2-regression models [63]. Step data have been processed

in a similar manner, to derive cadence outputs expressed as steps/minute [64]. With

the movement to make raw accelerometer data more widely available, more com-

plex approaches to data transformation have included artificial neural networks [63],

Hidden Markov models [65], etc. Data transformation choices are driven to a large

extent by the research questions, the chosen objective monitor, the nature of the data

signal acquired, and the analytical skills and experience of the research team [66].

John Staudenmayer (Fig. 4.8) is currently one leader in developing statistical

considerations for the analysis of accelerometry-based data.

4.5 Conclusions

Investigators must plan and implement data collection, management and treatment

of objective monitored data carefully if their study is to be successful and to move

science forward. Data handling is a complex process, with many decisions

impacting on other decisions. Decisions in data collection, management and treat-

ment are further complicated by the fact that the technology supporting objective

monitoring does not stand still. The best strategy is to keep up with the burgeoning

relevant scientific literature in order to be able to justify decisions made at each

stage of the process.
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Chapter 5

Resources for Data Interpretation

and Reporting

Catrine Tudor-Locke

Abstract Investigators need to be aware of the growing resources to aid the inter-

pretation and reporting of objectivelymonitored physical activity and sedentary time.

Effective interpretation requires that the researcher considers deeply his or her own

data in order to derive its meaning relative to the study design, and also in the context

of similar data (in terms of population, instrumentation, metrics, etc.) collected by

others, as well as suggesting indices for data classification. This chapter covers

expected values and/or normative data currently available for various objectively

monitored metrics, including suggested indices, and expected incremental changes

with longitudinal tracking or intervention. Available standards, checklists, and flow-

charts to support clear, complete, and transparent reporting are also described.

5.1 Introduction

In order to report objectively monitored data effectively, and to interpret (i.e.,

derive meaning from it), investigators need access to resources that include

expected values and/or normative data (including variance estimates) and indices

for classification purposes.

5.2 Expected Values

Expected values are comparative estimates of central tendency and variability for

targeted outcome variables. Expected values can be distilled from single relevant

studies that most closely reflect the target population of interest, but as the literature
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base grows, they are more commonly derived from systematic reviews. Such com-

pilations are useful not only for guiding data interpretation and reporting, but also for

research and programme planning purposes. A comparison of similarly collected data

to expected values can increase confidence in data when it demonstrates consistency,

and if inconsistencies must be reconciled, it also helps to illuminate unusual or

unexpected findings, thus pushing the envelope of understanding.

The body of research compiling steps/day values is more developed than for any

other objectively monitored metric at this time, perhaps because the need for

alternatives was neither readily apparent nor urgent even 20 years ago.

5.2.1 Systematic Reviews

The first compilation of expected values for steps/day brought together the then

novel and fractured science, reporting free-living pedometer-determined data.

Tudor-Locke and Anita Myers (Fig. 5.1) [1] identified 32 unique scientific studies,

published between 1980 and 2000, and they noted that we can expect 8–10 years

old children to take 12,000–16,000 steps/day (a lower total for girls than for boys);

relatively healthy adults aged 20–50 years old take 7000–13,000 steps/day (lower

scores for women than for men); healthy older adults take 6000–8500 steps/day;

and individuals living with disabilities and chronic illness take no more than

3500–5500 steps/day. Estimates of variance for each of the compiled studies

were tabulated (and can therefore be sourced as needed from the cited original

publications), but were not summarized in any manner. The authors acknowledged

that these preliminary expected values would need to be modified and refined, as the

growing interest in the use of objective monitors, and specifically pedometers was

just gaining momentum. Many more studies are now published; these shape

expected values for steps/day, and a number of reviews have subsequently com-

piled expected values for specific population groups.

Fig. 5.1 Anita Myers is a

Canadian leader in

programme evaluation; she

helped develop a

methodological framework

for pedometry, including

the first compilation of

expected values
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5.2.1.1 Adults

Richard Bohannon [2] (Fig. 5.2) compiled results from 42 studies of adults aged

<65 years, published between 1983 and 2004. He used a meta-analytic approach to

report that expected values for adults ranged widely, from 5400 to 18,000 steps/day

(the maximum value being observed in a sample of Amish men with an average age

of 34 years) [3]. Excluding the Amish sample, the overall mean value was 9448

steps/day, with a 95% confidence interval of 8889–9996 steps/day. A later review

that considered additional studies expanded the range for expected values for adults

to 4000–18,000 steps/day [4].

5.2.1.2 Children and Adolescents

The first compilation [1] of expected values for pedometer-determined steps/day in

children identified only a single study published after 1980; it focused on a free-

living population. In that study Rowlands et al. [5] reported that 8–10 year old

children took an average of between 12,000 (girls) and 16,000 (boys) steps/day.

Tudor-Locke et al. [6] subsequently summarized 31 additional research studies,

published between 1999 and 2007. Considering both weekdays and weekend days,

boys averaged 12,000–16,000 steps/day and girls 10,000–16,000 steps/day. In the

same review, expected values for physical education classes, recess, lunch breaks,

and after school activities were published. In summary, boys accumulated 42–49%

and girls accumulated 41–47% of their total daily steps during school hours.

Physical education accounted for 9–24% of daily steps in boys and 11–17% in

girls. Recess accounted for 8–11% and lunch-time for 15–16%; after school

activities represented 47–56% of daily steps for boys and 47–59% for girls. Sex

and age associated patterns of physical activity were represented graphically. The

most notable patterns were that, with few exceptions, boys took more steps/day than

girls between ages 6–19 years; that for both sexes the youngest age groups tended to

Fig. 5.2 Richard
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take fewer steps/day than those immediately older; and, that both boys and girls

experienced a decline in steps/day throughout adolescence, but that the slope of the

decline was much steeper for boys (on account of their comparatively higher peak

values). In 2010 Michael Beets (Fig. 5.3) and associates [7] published a 13 country

review, covering 43 reports on children’s pedometer-determined steps/day,

published up to 2009. They were able to confirm further the clear patterning of

data by age, sex, and day of the week, and noted additional patterns characteristic of

geographic regions.

5.2.1.3 Older Adults

Based on four studies identified in the original compilation of expected values [1], it

was estimated that ostensibly healthy adults aged >50 years accumulated between

6000–8500 steps/day. These expectations were updated in a review of 28 studies

published between 2001 and 2008 [8]; a broader range, from 2000 to 9000 steps/

day, was proposed, and likely reflects the true variability of physical activity

behaviors among older adults. Men generally took more steps/day than similarly

aged women; steps/day decreased with advancing age, and BMI-defined normal

weight individuals took more steps/day than overweight/obese older adults.

5.2.1.4 Special Populations

The first compilation [1] of expected values of pedometer-determined steps/day for

special populations located 12 studies; together, these represented individuals with

heart and vascular diseases, chronic obstructive pulmonary disease, diabetes

mellitus, joint replacement, and other disabilities that included blindness, physical

handicaps, and mental retardation. Overall, these studies indicated that adults living

with chronic illnesses and disabilities accumulate 3500–5500 steps/day. An

Fig. 5.3 Michael Beets

published a 13 country

review of children’s
pedometer-determined

daily step counts

136 C. Tudor-Locke



updated review covered studies published between 2000–2008; 60 new unique

studies were located, providing sufficient data to calculate median steps/day for

heart and vascular diseases, chronic obstructive lung disease, diabetes mellitus,

renal dialysis, breast cancer survivors, neuromuscular diseases, arthritis, joint

replacement, fibromyalgia, disability (including mental retardation/intellectual dif-

ficulties), and other special populations. Additionally, expected values were

presented separately for waist-worn monitors and the StepWatch; the latter is

attached to the ankle and is known to be more sensitive to low force accelerations

(and therefore to provide higher estimates of daily step counts) [9]. For waist-worn

monitors, the lowest reported median values were for disabled older adults (1214

steps/day), followed by people living with COPD (2237 steps/day). The highest

values were reported for individuals with Type 1 diabetes mellitus (8008 steps/day),

mental retardation/intellectual disability (7787 steps/day), and HIV (7545 steps/

day).

As the literature base has continued to grow, there are now more focused

systematic reviews compiling expected values for specific medical conditions.

English et al. [10] located 22 studies (15 of which used the StepWatch monitor)

measuring free-living physical activity in individuals surviving stroke. Expected

values ranged from 1400 to 7500 steps/day in studies using the StepWatch. Naal

and Impellizzeri [11] compiled steps/day values from 25 studies of objectively

monitored patients undergoing total joint arthroplasty that were published prior to

2008. They also were able to separate pedometer-based data from that obtained

using accelerometers (primarily the StepWatch). They provided weighted mean

expected values for the total literature base (6721 steps/day, 95% confidence

interval 5744–7698), for pedometers (5023 steps/day, 95% confidence interval

4305–5741) and for accelerometers (11,250 steps/day, 95% confidence interval

10,290–12,210).

5.3 Representative National Normative Data

Normative data are a special type of expected values, based upon specific surveil-

lance efforts. Whereas expected values are frequently means estimated by amal-

gamating the results of a varied and fractured body of unique research studies, each

with their distinctive protocols and instrumentation, normative data are produced

from a single large and representative population-based study that has implemented

a standardized objective monitoring protocol and has used a single type, brand and

model of monitoring device. Presentations of normative data for objectively mon-

itored physical activity and sedentary time metrics increase our sense of their

meaning by defining estimates of central tendency and detailed distribution char-

acteristics. Although there are examples of city, community, state and other geo-

graphically based representative studies, the focus here will be primarily on

representative national normative data.
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5.3.1 Steps/Day

Normative data collected on U.S. adults indicated that they average between 5100

and 6800 steps/day. This conclusion is based on three published surveillance-type

studies. The 2005–2006 NHANES accelerometer data were processed to facilitate

data interpretation on a pedometer-based scale [12]. The conclusion was that

U.S. adults �20 years of age took approximately 6500 steps/day (5800 for

women and 7400 for women), not too different from another state-based pedome-

ter-determined surveillance effort conducted in Colorado, which reported a mean of

approximately 6800 steps/day (6600 for women and 7000 for men) [13]. Another

pedometer-based U.S. surveillance study estimated that U.S. adults took 5100

steps/day (4900 for women and 5300 for men) [14].

Other representative population studies around the world indicate that Japanese

people (�15 years of age) average approximately 6200 (women) and 7300 (men)

steps/day [15], Norwegians aged 20–85 years take approximately 8100 (women)

and 8000 (men) steps/day [16], Danish adults aged 18–75 years take approximately

8000 (women) and 8500 (men) steps/day [17] Canadians aged 20–79 years of age

take approximately 8400 (women) and 9500 (men) steps/day [18], Belgians aged

25–75 years [19] take approximately 9200 (women) and 9900 (men) steps/day,

Western Australians aged 18+ years take approximately 9200 (women) and 10,000

(men) steps/day [20], and Swiss adults aged 25–74 years take approximately 8900

(women) and 10,400 (men) steps/day [21].

There are fewer representative population studies documenting children’s and
adolescents’ steps/day. Tudor-Locke et al. [22] reported accelerometer-determined

normative data (adjusted to a pedometer-based scale) for U.S. children (6–11 years)

and adolescents (12–19 years). Female children averaged 8600–10,300 steps/day

and boys averaged 9600–11,700 steps/day. Adolescents, girls averaged 5700–7300

steps/day and boys averaged 7800–10,200 steps/day. Rachel Colley and colleagues

(Fig. 5.4) [23] reported accelerometer-determined normative data for 6–19 year

olds collected from the 2007–2009 Canadian Health Measures Survey (CHMS).

Overall, girls averaged 10,300 steps/day and boys averaged 12,100 steps/day. Craig

et al. [24] reported Canadian pedometer-determined normative data collected

during the 2005–2011 CANPLAY surveillance study of 21,271 children and

12,956 adolescents. Girls averaged 9200–11,600 steps/day and boys averaged

10,100–13,000 steps/day.
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Pushing beyond the simple presentation of mean values, Craig et al. [24]

published the most comprehensive set of normative data for children and adoles-

cents currently available, based on the 2005–2011 CANPLAY data. They published

sex-specific percentile values, organizing the full data distribution into 5 percentile

increments for each single year between 5 and 19 of age. Publication of such

detailed normative data is similar to what has been done to track and communicate

children’s BMI-related growth charts [25]. Craig et al. [24] also provided more

practically organized categories of quintile-defined normative data for combined

age groups, labelling these in ascending order as: lowest, lower than average,

average, higher than average, and highest levels of physical activity. Taking this

Canadian team’s lead, Barreira et al. [26] have since published similarly compre-

hensive 5 percentile increments for accelerometer-determined steps/day (including

values adjusted to a pedometer-based scaling) for U.S. children and adolescents,

and Tudor-Locke et al. [27] have published the older adult data, both based on the

2005–2006 NHANES surveillance public use data set. Such detailed normative data

provide important resources to aid future research interpretation and to support

planning and policy evaluations.

5.3.2 Total Activity Counts/Day

Detailed age- and sex-specific normative data for total activity counts/day has only

been recently published. Dana Wolff-Hughes (Fig. 5.5) and her associates [28]

re-purposed the 2003–2006 NHANES accelerometer data to develop age- and

sex-specific percentiles, based on 6093 U.S. adults aged �20 years. Men in the

50th percentile accumulated 288,240 total activity counts/day; the corresponding

value for women was 235,741 total activity counts/day. In a separate publication,

Wolff-Hughes et al. [29] also presented detailed normative data culled from the

2003–2006 NHANES accelerometer data collected on U.S. youth aged 6–19 years

of age. Boys in the 50th percentile accumulated 234,322 total activity counts/day;

the corresponding value for girls and young women was 234,322 total activity

Fig. 5.5 Dana Wolff-
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counts/day. No other normative data for this accelerometer-based metric have yet

been published.

5.3.3 MVPA Time

Troiano et al. [30] was the first to publish accelerometer-determined the duration of

moderate-to-vigorous physical activity (MVPA) as observed in a representative

national survey. Based on data collected from the 2003–2004 NHANES, he and his

colleagues reported that the mean MVPA in U.S. males ranged from 8.7 minutes/

day (in those aged �70 years) to 95.4 minutes/day in 6–11 year olds. The

corresponding mean figures for U.S. females were 5.4 and 75.2 minutes/day.

Maria Hagstromer (Fig. 5.6) et al. [31] provided normative accelerometer data

for Swedish adults aged 18–75 years and compared them directly with age matched

and similarly processed 2003–2004 NHANES data. Overall, 18–39 year old Swed-

ish men averaged 41 minutes/day of MVPA and similarly aged U.S. men averaged

42 minutes/day. MVPA for 40–59 year old men averaged 35 (in Sweden) and

31 (in the U.S.) min/day and for those aged 60–75 years the corresponding values

were 29 and 15 minutes/day. MVPA for 18–39 year old Swedish women averaged

36 minutes/day compared to 23 minutes/day in similarly aged U.S. women. The

country-specific values for 40–59 years old women were 32 vs. 18 minutes, and

23 vs. 10 minutes for 60–75 year olds.

Hansen et al. [16] also reported normative data for daily MVPA in Norwegian

adults. Men aged 20–64 years of age averaged 36.5 minutes/day in MVPA and

similarly aged women averaged 34.3 minutes/day. Men and women aged 65–85

years of age averaged 30.2 and 25.6 minutes/day in MVPA, respectively.

The studies of Troiano et al. [30], Hagstromer et al. [31], and Hansen et al. [16]

all used the ActiGraph accelerometer (the 7164 model in the first two studies, and

the GT1M model in the last study) to collect representative national data; they form

Fig. 5.6 Maria Hagstromer
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the bulk of normative accelerometer-based data currently available. Uniquely,

Colley et al. [18] reported normative data collected using the ActiCal accelerometer

in the Canadian Health Measures Survey (CHMS). MVPA averaged 33 (men) and

24 (women) min/day in 20–39 year old Canadians, 26 and 21 in 40–59 year olds,

and 17 and 12 in 60–79 year olds. In a separate publication, Colley et al. [23] also

reported normative data for Canadian youth aged 6–19 years. MVPA averaged

69 (boys) and 58 (girls) minutes/day in 6–10 year old students, 59 and 47 in 11–14

year olds, and 53 and 39 in 15–19 year olds. The only sources of representative

national normative values for accelerometer-variables beyond steps/day for youth

are the 2003–2006 U.S. NHANES data [30] and the 2007–2009 Canadian CHMS

data [23].

5.3.4 Mean Daily Activity Counts/Minute

Troiano et al. [30] used the 2003–2004 NHANES accelerometer data to calculate

sex- and age-group specific normative data for mean daily activity counts/minute;

these investigators divided total activity counts for a valid day by the number of

minutes of wear in that day across all valid days. For males, mean daily activity

counts/minute ranged from 188.9 in those aged �70 years to 646.5 in 6–11 year

olds. For females, corresponding mean values ranged from 169.8 to 567.6 activity

counts/min. This study provides the only normative data for this specific metric that

includes young people as well as adults.

Hagstromer et al. [31] also published normative values for mean daily activity

counts/minute for Swedish adults aged 18–75 years old. The means for men were

409 (18–39 years of age), 368 (40–59 years of age), and 321 (60–75 years of age).

Corresponding values for Swedish women were 389, 366, and 304. They also

organized the U.S. 2003–2004 NHANES data into similar age groupings. Mean

daily activity counts/minute for U.S. men in the designated age groups were

436, 365, and 242 and for women they were 329, 294, and 321.

Hansen et al. [16] reported normative sex-specific mean daily activity counts/

minute for Norwegian adults aged 20–64 and 65–85 years of age. Mean values for

men in these two age groupings were 349 and 305 activity counts/min.

Corresponding values for women were 345 and 287 activity counts/min.

5.3.5 Sedentary Time

Matthews et al. [32] used the 2003–2004 U.S. NHANES accelerometer data to

report the first representative national objectively monitored normative data for

sedentary time. Adults aged 20–85 years of age averaged 7.3–9.3 hours/day of

sedentary time, defined as <100 activity counts/minute; this amounted to 50–58%

of themonitored day. Adults aged 70–85 years of agewere themost sedentary group.
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Hagstromer et al. [31] provided normative data for Swedish adults aged 18–75

years of age; this was collected in 2001–2002, and was expressed in minutes/day

(rather than hours/day). It was compared directly with similarly aged U.S. adults

drawn from the 2003–2004 NHANES accelerometer data set. Daily time accumu-

lated in sedentary behaviors averaged 497 (Sweden) vs. 444 (U.S.) minutes/day for

18–39 year old men, 505 vs. 484 minutes/day for 40–59 years old men, and 505 vs.

539 minutes/day for 60–75 year old men. Corresponding values for women were

486 vs. 462, 485 vs. 483, and 485 vs. 501 minutes/day.

Bjorge Herman Hansen (Fig. 5.7) et al. [16] published normative data for

sedentary time in Norwegian adults. Overall, 62% of monitored time was spent

being sedentary. Grouped by age, 20–64 year olds averaged 555 (men) and

530 (women) min/day and 65–85 year olds averaged 567 and 545 minutes/day.

As noted above, the U.S., Swedish, and Norwegian studies all used the

ActiGraph accelerometer. The Canadian normative data. collected on 20–79 year

olds in 2007–2009, were based on the ActiCal accelerometer. Overall, approxi-

mately 68–69% of monitored time in the Canadian adults was classified as seden-

tary (575 minutes for men and 585 minutes for women).

Objectively monitored and representative national normative data for sedentary

time for young people are currently only available from the U.S. (using the

ActiGraph) [32] and Canada (using the ActiCal) [23]. Total daily sedentary time

for U.S. youth averaged 6.1–8.1 hours/day (6.0–7.9 hours/day for boys and 6.1–8.1

hours/day for girls) [32]. Canadian youth accumulated an average of 8.6 hours

(507 minutes/day for boys and 524 minutes/day for girls) of sedentary time [23].

5.3.6 Mean Daily Steps/Minute

Schuna et al. [33] reported representative national normative data for mean daily

steps/minute (adjusted to a pedometer scaling), originally defined as the total

accelerometer-determined steps accumulated over 1440 minutes, divided by
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accelerometer wear time [34]. They found that U.S. adults �20 years of age

accumulated 7.7 mean daily steps/minute (results not reported by sex). Matthiessen

et al. [17] reported a similar metric collected using a pedometer among Danish

adults aged 18–75 years. Danes accumulated 9.4 mean daily steps/minute (9.5 for

men and 9.3 for women).

5.3.7 Peak Cadence Indicators

Cadence-related representative national normative data are currently only available

from the 2005–2006 U.S. NHANES data set. Tudor-Locke et al. [34] reported that

U.S. adults accumulate ffi4.8 hours/day of zero cadence during wearing time, ffi8.7

hours between 1 and 59 steps/minute, ffi16 minutes/day at cadences of 60–79 steps/

minute, ffi8 minutes at 80–99 steps/minute, ffi5 minutes at 100–119 steps/minute,

and ffi2 minutes at 120+ steps/minute. They also observed that U.S. adults accu-

mulated ffi30 minutes/day at cadences of 60+ steps/minute. Barreira et al. [35]

published similarly categorized cadence-related normative data for children and

adolescents. On average, U.S. children and adolescents spent ffi4 hours/day at zero

cadence during wearing time, ffi8.9 hours/day between 1 and 59 steps/minute, ffi22

minutes/day at cadences of 60–79 steps/minute, ffi13 minutes/day at 80–99 steps/

minute, ffi9 minutes/day at 100–119 steps/minute, and ffi3 minutes/day at cadences

�120 steps/minute.

Normative data for peak cadence indicators are also available based on these

NHANES data [36]. U.S. adults aged �20 years old average a peak 30-minute

cadence of 71.1 (men: 73.7, women: 69.6) steps/minute and a peak 1-minute

cadence of 100.7 (men: 100.9, women: 100.5) steps/minute [36]. Barreira

et al. [37] provided peak 1-minute, 30-minute, and 60-minute cadence values for

age groupings of 8–11, 12–15, and 16–18 years of age pulled from the

U.S. NHANES data set. They reported that peak cadence deceased across ascend-

ing age groups from 123 to 111 for peak 1-minute cadence, from 87 to 82 steps/

minute for peak 30-minute cadence, and from 74 to 68 steps/minute for peak

60-minute cadence. Barreira et al. [35] have published sex- and age-group specific

quintile-defined categories and also more detailed percentiles values for peak

60-minute cadence for children and adolescents.

5.4 Indices

An index is an indicator, signal or measure of something and is frequently used in

epidemiology to classify individuals within a population or to screen individuals for

clinical applications. Indices based on objectively monitored metrics may be set

relative to selected health outcomes, and other behaviors, and/or selected points

(either relatively high or relatively low) along the distribution of data.
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5.4.1 Graduated Step Index

Tudor-Locke and Bassett [38] introduced the concept of a graduated step index as a

means of organizing and classifying echelons of free-living steps/day. They

anchored the index at 5000 (a sedentary lifestyle index) and 10,000 (an index of

high physical activity) steps/day. They used 2500 step increments to define each

echelon and then applied appropriate qualitative descriptors. Specifically, <5000

was indicative of a sedentary lifestyle, 5000–7499 was “low active”, 7500–9999

was “somewhat active,” 10,000–12,499 was active, and �12,500 was “highly

active.” This graduated step index was confirmed in 2008 [39] and was expanded

in 2009 [12] to provide additional separation in the lowest echelon as <2500 steps/

day (“basal activity”) and 2500–4999 steps/day (“limited activity”). Based on

accumulating evidence that 7000–8000 steps/day was an appropriate translation

of minimal public health guidelines [4], Tudor-Locke et al. [40] proposed that the

�7500 steps/day echelon be re-classified as “physically active.”

The U.S. 2005–2006 accelerometer data have been adjusted to a pedometer-

based scale and analyzed to provide prevalence estimates for the activity of adults,

based on the original graduated step index. Specifically, Tudor-Locke et al. [41]

reported that 14.1% of men took <2500 steps/day, 20.6% took 2500–4999 steps/

day, 24.2% took 5000–7999 steps/day, 19.3% took 7500–9999 steps/day, 19.3%

took 10,000–12,499 steps/day, and 10.8% took �12,500 steps/day. The

corresponding values for women were 14.1, 20.6, 24.2, 19.3, 13.2, and 10.8%.

A number of studies have been compiled that report the percentages of their

samples achieving various combinations of these steps/day thresholds [4]. Notably,

representative national accelerometer-based studies (other than the U.S. study,

indicated above) report that 22.7% of Norwegian adults [16] and �35% of

Canadian adults [18] accumulated�10,000 steps/day. Based on pedometer surveil-

lance, 23.3% of Japanese men and 16% of women accumulated�10,000 steps/day

[15]. In Denmark, 31.7% of men and 30.5% of women accumulated �10,000

steps/day [17].

A youth-specific graduated step index has been proposed. Building on previous

work linking children’s BMI and steps/day [42], Tudor-Locke et al. [39], suggested

sex-specific indices. For boys they were: (1) <10,000; (2) 10,000–12,499;

(3) 12,500–14,999; (4) 15,000–17,499; and (5) �17,500 steps/day. The

corresponding values for girls were: (1) <7000; (2) 7000–9499; (3) 9500–11,999;

(4) 12,000–14,499; and (5) �14,500 steps/day. For both sexes, these levels are

congruent with the “sedentary,” “low active,” “somewhat active,” “active,” and

“highly active” labels originally used to define the adult graduated step index.

Prevalence estimates have been presented graphically [40] and serve as another

resource that can be accessed as needed to guide data interpretation.
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5.4.2 Steps/Day Translation of Public Health Guidelines

Public health guidelines have been written and promoted by many different gov-

ernmental and non-governmental agencies around the world. Typically, these have

been written in terms of frequency, intensity and time dimensions, and they are

based on a scientific foundation that has been shaped largely by self-reported

behaviours. They are used for programme/policy planning and evaluation, as well

as for clinical and personal applications. The push to endorse a steps/day translation

of public health guidelines was in part a reaction to the growing needs of

researchers and the public, who were increasingly using objective monitors both

for research and for clinical applications including personal health tracking.

Responding to this need, in 2010 the Public Health Agency of Canada (PHAC)

commissioned a set of literature reviews designed to identify optimal steps/day

target translations of public health guidelines in adults [4], children/adolescents

[43], and older adults/special populations [44]. Researchers from around the world

participated in the process to review the science, identify gaps and opportunities,

and ultimately to achieve a consensus. Based on studies using objective monitors

to quantify both steps/day and time in MVPA, 7000–8000 was the public health

translation for approximately 30 minutes/day of MVPA in ostensibly healthy adults

(aged 20–50 years) [4]. The range was a little broader for healthy older adults (i.e.,

7000–10,000 steps/day) and somewhat reduced in special populations living with

disability or chronic illness (i.e., 6500–8500 steps/day) [44]. In children (aged 6–11

years), public health guidelines of 60 minutes/day of MVPA translated to

11,000–12,000 steps/day in girls and 13,000–15,000 steps/day for boys [43].

For adolescents (both boys and girls aged 12–19 years), this translated to

10,700–11,700 steps/day [43].

At this time, no governmental agency has adopted any steps/day translation of

public health guidelines. However, in 2011, the American College of Sports

Medicine wrote “Increasing pedometer step counts by �2000 steps/day to reach a

daily step count �7000 steps/day is beneficial” in an updated Position Stand on the

quantity and quality of exercise needed for fitness and health, prepared by Carol

Ewing Garber and her colleagues (Fig. 5.8).

5.4.3 Steps/Day Associated with Obesity Indicators

Steps/day indices have been evaluated in relation to obesity indicators including

BMI and body fat-based definitions of obesity and these have been previously

reviewed [43]. In 2004, Tudor-Locke et al. [42] combined three international

(Australia, Sweden, and the U.S.) data sets focused on 6–12 year old children and

used a contrasting groups method to identify 12,000 steps/day for girls and 15,000

steps/day for boys as cut-points associated with the separation between normal and

overweight/obesity as defined by BMI. Since that time, a number of other children’s
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studies have been conducted on different populations, using different obesity

indicators (e.g., body fat percent), and using different analytical approaches

[43]. Overall, the studies of children that have used a contrasting groups technique

have produced higher cut-points (e.g., 15,000–16,000 steps/day) than those pro-

duced using receiver operating curve (ROC) analyses (e.g., 10,000–13,500 steps/

day). However, as has been previously suggested [43], differences may result from

the different samples of children studied and the fact that factors other than physical

activity shape obesity.

Steps/day indices related to BMI-defined overweight/obesity have also been

computed from an amalgamated adult data set (n¼ 3127, age 18–94 years) formed

with the data of collaborating researchers from Australia, Canada, France, Sweden,

and the U.S. Best estimated cut-points for normal vs. overweight/obese have ranged

from 11,000 to 12,000 steps/day for men and 8000–12,000 steps/day for women

(consistently higher for younger age groups in both sexes.) No similar analyses

have been conducted in adults at this time, but it may be that the same factors

underlying the inability to identify a consistent cut-point in children’s research will
also emerge with additional analyses of adult data.

5.4.4 Steps/Day and Other Health Outcomes

Ewald et al. [45] have reported detailed dose/response values relating steps/day to a

number of health markers derived from a representative community sample of 2458

Australian older adults (aged 55–85 years). They noted linear consistent relation-

ships between steps/day and markers of inflammation in both men and women.
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Similar linear relationships were apparent for BMI and high-density lipoprotein in

women. For other health markers (e.g., waist-to-hip ratio, fasting blood glucose,

depression, and quality of life), the benefit was mostly apparent in the lower half of

the steps/day distribution. They tabulated steps/day values matching 60 and 80% of

the range of each health marker as potentially useful indices related to each of the

health markers that were studied. Overall, they supported �8000 steps/day as an

optimal level of activity associated with many health benefits.

Most remarkably, however, is the extensive tracking of Japanese older adults

since 2000 as part of the Nakanojo Study that examines year-long objectively

monitored metrics in relation to various aspects of health [46]. This study has

used a specially adapted uniaxial pedometer/accelerometer (modified Kenz

Lifecorder) to collect on a continuous basis steps/day and daily time accumulated

�3 METs (equivalent to MVPA) for 24 hours/day and over 12 years [46] The

multiple studies emerging from this effort were recently updated in tabular form

[46]. Dose-response estimates have been continually clarified and refined

[47]. Overall, objectively monitored physical activity thresholds associated with

better mental and psychosocial health in older adults are 4000–5000 steps/day

and/or 5–7.5 minutes/day accumulated �3 METs; 7000–8000 steps/day and/or

15–20 minutes/day accumulated �3 METs for markers of aortic arteriosclerosis,

osteoporosis, sarcopenia, and poor physical fitness,; and 8000–10,000 steps/day

and/or 20–30 minutes/day accumulated �3 METs for components of the metabolic

syndrome, especially hypertension and hyperglycemia.

5.4.5 Sedentary Lifestyle Index

The concept of a step-defined sedentary lifestyle index was first proposed to

quantify and objectively classify those likely at most risk for hypokinetic diseases

[48]. Tudor-Locke et al. [48] cut a sample’s steps/day distribution into quartiles and
reported that those in the lowest quartile (taking<5000 steps/day) were more likely

to be overweight/obese than individuals in the highest quartile. Tudor-Locke and

Bassett [4] went on to use this threshold to anchor the lower end of their graduated

step index. A recent review [40] expounded upon its use as a sedentary lifestyle

index, and included a suggestion to use <7000 steps/day as a sedentary lifestyle

index for youth.

5.4.6 Adherence to Public Health Recommendations
for MVPA

Troiano et al. [30] were the first to report normative data for accelerometer-

determined adherence to physical activity recommendations, defined as the
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proportion of the 2003–2004 NHANES accelerometer sample that accumulated

30 minutes of MVPA (for adults) or 60 minutes (for youth) on most days of the

week. The data treatment for adults considered only MVPA that was accumulated

in “modified 10-minute bouts” (10 consecutive minutes above the relevant activity

counts/minute cut-points, allowing for 1–2 minutes below the cut-point) on 5 or

more of the monitored days of the week. Applying this very literal and stringent

interpretation, the researchers concluded that<5% of U.S. adults adhered to public

health recommendations. Unrestricted in MVPA accumulation pattern and

employing child-specific accelerometer cut-points, the analysis indicated that

48.9% of boys and 34.7% of girls adhered to youth-specific public health

recommendations.

Hansen et al. [16] used a similar data treatment plan to provide normative data

for accelerometer-determined adherence to public health recommendations in Nor-

wegian adults. Overall, 20.4% of the study sample met the accelerometer-based

definition.

As mentioned above, Colley et al. [18] analyzed Canadian normative data from

the CHMS; they used the ActiCal accelerometer, in contrast to the ActiGraph used

in the U.S. and Norwegian studies. They also applied a number of different

approaches to classifying adherence to public health recommendations, including

determining the proportion accumulating 150 minutes/week of MVPA in modified

10-minute bouts (defined similarly to the NHANES analyses) and patterns of

accumulation. On average, approximately 15% of Canadian adults achieved

150 minutes/week of MVPA and approximately 5% managed this by accumulating

�30 minutes/day on �6 days/week. In a separate publication, Colley et al. [23],

reported that approximately 9% of boys and 4% of girls achieved public health

recommendations to accumulate 60 minutes/day of MVPA on �6 days/week.

It is important to note here than there are known and dramatic differences in

population prevalence of meeting public health physical activity guidelines based

on accelerometry vs. self-reported behaviour [49]. Physical activity guidelines have

been formed from decades of epidemiological studies based primarily on measured

health outcomes linked to self-reported behaviours. Troiano et al. [50] have

recently suggested that evaluating adherence to physical activity guidelines as

derived from accelerometry is actually inappropriate, because the two measurement

approaches (accelerometry vs. self-reported behaviour) differ greatly both in metric

and conceptualization. As more objectively monitored data is collected relative to

health outcomes, it may eventually come to pass that consistent and rigorous

objectively monitored metrics will inform health-related guidelines and be used

to track adherence. A good example of this potential is apparent from the collective

research produced from the Nakanojo Study as described above [46].
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5.5 Expected Change

Investigators need resources to interpret meaning from observed changes in objec-

tively monitored data, for example, with age/time and intervention. Sources for this

information include point cross-sectional studies of age, panel cross-sectional

surveillance of trends, longitudinal studies, and systematic reviews of intervention

studies.

5.5.1 Cross-Sectional Studies of Age

As noted above, two reviews [6, 7] have compiled steps/day values of children and

adolescents by age. Both have confirmed a generalized pattern, whereby the

youngest (5–6 year olds) accumulate relatively fewer steps/day than those imme-

diately older, up to a peak around 9–10 years of age; then there is a steady decline

into and through adolescence. As a large and representative national study, the

CANPLAY data have displayed this type of pattern among Canadian youth [51]. In

contrast to these established and robust age-associated patterns, the U.S. NHANES

representative national data [22] displayed an earlier peak, at 6 years of age (that is,

the peak of activity was shifted to a younger age in the U.S. data), followed by a

steady decline throughout the rest of childhood and into adolescence.

5.5.2 Surveillance of Trends

There are now two shining examples of the surveillance of time trends available for

objectively monitored physical activity, captured as steps/day for Japanese adults

[15] and for Danish adults [17]. The Japanese data [15] were originally collected as

part of the Japan Health and Nutrition Survey, administered annually by the

Ministry of Health, Labour, and Welfare of Japan between 1995 and 2005.

Reported time trends indicate a reduction of 529 steps/day in men and 857 steps/

day in women from peak values observed in 1998–2000 to 2007. Over the same

period, the percentage of individuals accumulating�10,000 steps/day decreased by

approximately 5% (both in men and in women) and the percentage accumulating

�4000 steps/day increased by 4.8% in men and by 8.2% in women. The Danish

data [17] are from 2007 to 2008 and from 2011 to 2012. They reported a borderline

significant decline (p¼ 0.077) from 9788 to 8341 steps/day over this time period.

The overall decrease in step-defined physical activity was driven mostly by an

apparent decrease of activity in women. Specifically, the odds of a woman (con-

trolling for age, level of education, and seasonality of assessment) accumulating

�10,000 steps/day was 45.4% lower in 2011–2012 than in 2007–2008. There was

no difference in the proportion of Danes taking <5000 steps/day over time.
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Gortmaker et al. [52] reported changes in objectively monitored mean activity

counts/minute and minutes/day in MVPA for children and adolescents 6–19 years

of age participating in the 2003–2004 and the 2005–2006 NHANES accelerometer

survey. For 6–11 year olds there was a statistically significant increase of 31.6 mean

activity counts/minute between the two survey cycles. No change was apparent for

the 12–19 year olds. No changes were apparent in MVPA time between the two

cycles for any age group.

5.5.3 Longitudinal Studies

Longitudinal studies track the same participants over time. Although once very

scarce, a growing number of longitudinal studies of objectively monitored physical

activity metrics are now emerging. Unfortunately, they have not yet been pulled

together in a systematic review. Investigators should take the time to evaluate the

literature for relevant longitudinal studies to guide the interpretation and reporting

of their own data. What follows is only a brief sampling of the studies published

to date.

Anders Raustorp (Fig. 5.9) et al. [53] reported the first longitudinal study of

objectively monitored physical activity. They reported steps/day for 93 adolescents

(46 girls) who were first assessed in 2000 at 12–14 years of age and subsequently in

2003 when they were 15–18 years of age. They averaged 14,612 steps/day in 2000

(boys: 15,736 vs. girls: 13,512) and 12,065 steps/day in 2003 (boys: 11,205

vs. girls: 12,944).

Telford et al. [54] reported longitudinal patterns of objectively monitored phys-

ical activity in children monitored annually for 5 years from the time when they

were approximately 8 years of age. Each year pedometers were used and in the final

2 years of monitoring they also included an accelerometer. There was no clear

5-year trend in steps/day from 8 to 12 years of age, but there was a single-year trend

toward lowered MVPA and light intensity physical activity, with a corresponding

increase in sedentary time between 11–12 years of age.

The first known longitudinal pedometer-based study in adults was a tracking

study that monitored Western Australian participants before and after they

Fig. 5.9 Anders Raustorp

conducted the first known

longitudinal study of

pedometer-determined

physical activity in

adolescents
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re-located their place of residence [55]. Overall there was a small and

non-significant decrease of 81 steps/day over the year. The researchers demon-

strated that, despite re-location, this Australian sample held their relative rank

position as defined by steps/day to a moderate to moderate-high extent over the

course of the study.

Yamamoto et al. [56] reported the 8-year tracking of pedometer-determined

physical activity among older Japanese adults. Steps/day were measured (for

1 week in January, April, July, and October during each year of assessment)

initially when the participants were 72 years of age and then again after

2 (n¼ 177 and 76 women), 5 (n¼ 183 and 73 women), and 8 years (n¼ 145 and

54 women). Participants remained relatively stable in their rank order over the

8-year tracking period (correlation coefficient >0.60 at every follow-up point

relative to baseline).

In 2004 Tudor-Locke et al. [55] reported the results of continuous year long

pedometer tracking in 23 adults (mean age 38� 9.9 years). Participants recorded

8197 person-days of step data (of a possible 8395 person-days, or 98%). Mean

values for each month were displayed graphically and showed consistent patterns

by season, day of the week, workday vs. non-workday, and sport/exercise day vs. no

sport/exercise. A single exception to the seasonal pattern was an apparent dip in

mean steps/day by approximately 600–700 in July relative to June and August; this

could be attributed to a greater number of logged non-work days during July.

Similarly, year-long month-to-month patterns in steps/day and time accumulated

at �3 METs have been presented graphically on a subsample of older adult

participants aged 56–83 years engaged in longitudinal tracking in the Nakanojo

Study [57].

5.5.4 Intervention Studies

A number of systematic reviews of change in steps/day [58–60] have been

conducted and are useful resources to guide interpretation and reporting. Together,

they indicate that an increase of 2000–2500 steps/day can be expected in adults with

a pedometer-based intervention. Kang et al. [60] computed the effect-size for such

an intervention to be 0.68 (moderately positive). Lubans et al. [61] conducted a

systematic review of studies using pedometers to promote physical activity among

youth. Although they were unable to present a simple summarized incremental

value of expected change, expressed as steps/day appropriate for all ages, their

effort still represents an important resource to consider when interpreting change in

step-determined physical activity as a result of an intervention in young people.

Tudor-Locke et al. [44] compiled the results of interventions focused on older adult

samples ranging in age from 55 to 95 years. They reported that the expected

increase with an intervention was approximately 800 steps/day with an effect size

of 0.26 (generally considered a small effect).
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5.6 Reporting

Investigators have a scientific and ethical obligation to make their study findings

publicly available. This includes a duty to report their findings clearly, completely,

and transparently, so as to allow their peers an opportunity to evaluate the science

and/or replicate the findings.

5.6.1 Reporting Study Protocols

There was a time when print journal page/word restrictions conflicted with an

author’s obligations to report detailed study methods, let alone other extensive

issues associated with the objective monitoring of physical activity and sedentary

time. This has changed with the advent of electronic and open access journals,

which allow more detailed presentations. There are also journals that now special-

ize in publishing study protocols without any report of findings. For example, BMC
Public Health is an open access journal that published a study protocol for

accelerometry assessment that was implemented in five countries (Belgium,

Greece, Hungary, Switzerland and the Netherlands) for the European ENERGY-

project (focused on developing obesity interventions in schoolchildren). In this

publication, Yildirim et al. [62] describe the decisions for each stage of data

collection and the processing of accelerometer-determined physical activity and

sedentary time collection.

Some journals now also provide linkages to supplementary electronic files that

are not restricted in size, allowing the publication of additional study details as

desired. For example, the entire accelerometer Manual of Operations for the

International Study of Childhood Obesity, Lifestyle, and Environment (ISCOLE)

was published as a supplementary file linked to an original research article focused

on wear-time findings resulting from implementation of a 24-hour protocol with

>7000 9–11 year old children from 12 different study sites around the world

[60]. Author teams are also choosing to supplement their reporting by adding

hyperlinks to analysis syntax that is held on web-pages maintained by their own

institutions. For example, the SAS syntax used to analyze the 2003–2006 NHANES

accelerometer data, as reported in Troiano et al. [30], are available at http://

riskfactor.cancer.gov/tools/nhanes_pam. This publically available resource has

been used, adapted, and extended by countless others [63]. In fact it forms

the basis for the syntax used to extract sleep from 24-hour accelerometry in

ISCOLE and is also publically available at http://www.pbrc.edu/pdf/

PBRCSleepEpisodeTimeMacroCode.pdf, as reported in Barreira et al. [64]. We

are now also witnessing the publication of catalogues of decision rules and treat-

ment decisions applied to the analysis and reporting of objectively monitored data

as practiced by users of the same data set [63]. Despite these advances, we are not

yet at a point where we can standardize reporting of objectively monitored data by
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requiring publication of a minimal data set in terms of variable names and defini-

tions. It may be folly to pursue overly rigid standardization, however, as research

is an innately creative process. As Tudor-Locke et al. [63] have acknowledged,

“unique research questions may require equally unique analytical approaches; some

inconsistency in approaches must be tolerated if scientific discovery is to be

encouraged.”

5.6.2 Checklists and Flowcharts

Incomplete or inadequate reporting of research methods and results impairs inter-

pretation and evaluation of the strengths and weakness of a scientific study.

All scientific journals publish author guidelines to assist investigators in describ-

ing their study design and findings. In addition, the International Committee of

Medical Journal Editors (ICMJE) has published general standards for crafting

scientific articles: the “Uniform Requirements for Manuscripts Submitted to Bio-

medical Journals: Writing and Editing for Biomedical Publication,” also known at

the “Uniform Requirements.” The Uniform Requirements are maintained electron-

ically at http://www.icmje.org/recommendations/ and are freely downloadable. By

design, these are general guidelines, and they lack sufficient detail to ensure that all

relevant information is reported in a standardized manner.

To further standardize and simplify the process, epidemiologists and other

researchers have been collaborating with journal editors to provide checklists to

guide reporting. STROBE (Strengthening the Reporting of OBservational studies in

Epidemiology) is one such collaborative. It maintains an internet presence at http://

www.strobe-statement.org, offering links to a number of downloadable checklists

that cover several study designs and topic areas directly relevant to epidemiological

observational studies. Additional checklists and guidance are provided by other

international collaboratives, include the CONSORT (Consolidated Standards of

Reporting Trials) guidelines for randomized trials [65], QUORUM (Quality of

Reporting of Meta-analyses) [66], and MOOSE (Meta-analysis Of Observational

Studies in Epidemiology) [67].

Specific to objective monitoring of physical activity and sedentary time, in 2005

Ward et al. [68] called for the creation of accelerometer reporting standards on

wearing time, monitoring frames and decision rules as part of best practice recom-

mendations. Freedson et al. [69] further pointed out that since many objective

monitoring devices are continuously being updated and modified, it is essential to

report monitor models and versions of firmware and any digital filtering processes

that are used. They [69] and others [70] have called for researchers to report

practical lessons learned from using objective monitors in their studies, including

sharing financial and human time costs related to implementation. In 2012, Mat-

thews et al. [71] offered a checklist and flowchart as tools to aid investigators

reporting objectively monitored physical activity and sedentary time data. Check-

list items included reporting: (1) a rationale for instrument selection along with
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information on its basic validity and reliability, (2) detailed data collection pro-

tocols, including site of attachment, (3) an a priori determined monitoring frame

and its rationale, (4) wearing time estimations and/or any adjustments, (5) quality

control checks and compliance criteria used in determining valid data capture, and

(6) decision rules guiding data treatment and analyses. The suggested flowchart

tabulated recruitment efforts and subsequent participant flow resulting in valid data

capture, while also providing an accounting of any excluded or otherwise lost data

(and the reasons for these losses).

Recently, Tudor-Locke et al. [72] presented a model based on the ISCOLE study

for reporting accelerometer paradata (process-related data produced from survey

administration). Accelerometer paradata includes tallies of consenting and eligible

participants, the number of accelerometers distributed, a listing of inadequate data

(e.g., due to loss or malfunction, insufficient wear-time), and averages for waking

wear-time, valid days of data, participants with valid data (�4 valid days of data,

including 1 weekend day), and minutes with implausibly high values (�20,000

activity counts/min). They also presented an evolved version of the original flow

chart of Matthews et al. [71], organizing the study data flow into distinct enroll-

ment, data collection, and data processing phases cross-tabulated with trackable

data derived from accelerometers, participants/data files, and reasons for data loss

at each stage. Such detailed reporting of accelerometer paradata would be useful in

standardizing communication and in facilitating comparisons between studies.

5.7 Conclusions

Deriving meaning from objectively monitored physical activity and sedentary data

is a cognitive process that can be strengthened by carefully considering features of

the study design, the instrument used, the population studied, and other contextual

factors. There are growing resources to aid investigators with the reporting and

interpretation of their own objectively monitored physical activity and sedentary

time data. The current movement towards more detailed disclosure and a sharing of

resources is a welcome advance, facilitated in part by the evolution of electronic

publishing options. Researchers must continue to extend the knowledge base

supporting objective monitoring as they publish, compile, and update expected

values, normative data, and useful indices for data classification. The development

of more detailed reporting guidelines would also be welcome, allowing a more

standardized sharing of study details. On the other hand, this should not be

considered prescriptive, nor used to evaluate and restrain the innately creative

nature of science too rigidly.
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Chapter 6

New Information on Population Activity

Patterns Revealed by Objective Monitoring

Richard Larouche, Jean-Philippe Chaput, and Mark S. Tremblay

Abstract Objective monitors allow a variety of new and established physical

activity variables to be evaluated. Time-stamped devices that can measure move-

ment intensity with high resolution permit the determination and assessment of a

myriad of movement measurements. Whereas traditional self-report metrics are

limited by the burdens of recall and response, new objective measures allow for

multiple indices of intensity, duration, frequency, amount, pattern and sequence of

movement activities to be calculated and used in epidemiological analyses. These

new metrics enable an examination of all movement behaviours (physical activity,

sedentary behaviours and sleep), together with their interactions and their combined

relationships with health indicators. Although monitors can still be enhanced, and

more research is required, the new generation of metrics already provides oppor-

tunity to advance the understanding of movement behavior epidemiology signifi-

cantly and to validate previous work carried out with less robust or complete

measures.
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6.1 Introduction

Contemporary objective monitoring devices provide new opportunities to measure

and monitor physical activity. Time-stamped devices that can determine the inten-

sity of movement with high resolution allow for a myriad of measurements to be

made and assessed. Whereas traditional self-report metrics have been limited by

difficulties in recall and the burden of detailed responses, new objective evaluations

allow investigators to calculate multiple indices of the intensity, duration, fre-

quency, amount, pattern and sequence of physical activity that can be used in

epidemiological analyses. This chapter explores the new opportunities afforded

by the range of movement (and non-movement) metrics that can now be generated

by objective monitors of movement behaviour. Specifically, this chapter

approaches physical activity epidemiology from the perspective of an entire day,

and it underlines the importance and indeed the necessity of integrating all move-

ment behaviours (i.e., physical activity, sedentary behaviour and sleep times,

sequences and patterns) when performing epidemiological analyses and when

making physical activity recommendations. The inherent limitations of current

objective monitoring devices are also noted, and the likely directions of future

research are also indicated.

6.2 Physical Activity

6.2.1 Surveillance of Physical Activity: Self-Reports Versus
Objective Measurements

Given the lack of availability of practical and inexpensive measures of physical

activity (PA), until recently the majority of population-based studies have relied on

self-reports including questionnaires, logs, recalls and diaries [1]. Such measure-

ments have generally shown a satisfactory reliability for the measurement of

leisure-time PA, and their low cost and high feasibility for use on large samples

has contributed to their extensive use over the last 50 years [1, 2]. However, self-

reports and proxy-reports of PA also have important limitations, which have been

extensively documented [2–5].

Of particular relevance to the surveillance of PA, such measures tend to

overestimate individuals’ PA levels [3, 6]. For instance, Basterfield and colleagues

compared measures of moderate- to vigorous-intensity PA (MVPA) from the

Health Survey for England parental questionnaire and Actigraph accelerometer

data in a sample of 6–7 year olds. The respective estimates of MVPA were

146 and 24 minutes/day, a difference of 608%.

Similarly, in the context of population-based estimates of PA prevalence, the use

of self-reports may lead to substantial overestimates. A comparison of nationally-

representative data from the Canadian Community Health Survey (using self-
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reported PA) and the Canadian Health Measures Survey (which used Actical

accelerometers) illustrates this point. Specifically, based on self-reports, 55.2% of

adults who participated in the 2013 Canadian Community Health Survey were

classified as “moderately active” (i.e., equivalent to walking at least 30 minutes a

day or taking an hour-long exercise class at least three times a week) [7]. In

contrast, accelerometry data from the 2012–2013 Canadian Health Measures Sur-

vey revealed that only about one in five adults met the current PA guidelines

[8]. The discrepancy between the two surveys was even greater for 12–19 year

olds. For instance, only 3% of girls were sufficiently active when PA was measured

by accelerometry [9], whereas 65% were classified as “moderately active” when

assessed by self-report [7]!

In addition, self-reports may be affected by a changing awareness of what is

perceived as MVPA over time. For example, the recognition of activities such as

walking and gardening as sources of MVPA may explain in part the apparent

increase in leisure-time PA reported in Canada [10] and the United States [11] in

recent decades. Given this limitation, caution is needed when interpreting self-

reports of a changing prevalence of PA, especially knowing that other domains of

PA (e.g., occupational, transportation and domestic activity) are not as well

documented in most surveillance studies [10]. In contrast, objective measures

should not be affected by changing awareness or perceptions of the definition

of MVPA.

Finally, while individuals may recall their vigorous PA rather precisely, self-

reported measures are notoriously limited when assessing light intensity PA

[2]. The contribution of accelerometers in addressing this issue is discussed in

Sect. 6.2.3. As discussed in Sects. 6.2.4 and 6.2.5, accelerometers are also useful

when examining the fractionalization of PA (i.e., the accumulation of PA in short

bouts throughout the day), and in recording unstructured forms of PA (e.g., playing,

climbing stairs, etc.) which can be very difficult for an individual to recall

accurately.

6.2.2 Objective Monitoring of Physical Activity
in the Population

Technological advances have made research grade pedometers and accelerometers

more affordable over the last 10–20 years. As a result, these tools have been used in

a growing number of population-based studies. Noteworthy examples include the

National Health and Nutrition Examination Survey (NHANES) in the United States

[12], the Canadian Physical Activity Level Among Youth (CANPLAY) study [13],

the Canadian Health Measures Survey [14, 15], and the Health Survey for England

[16] (see Table 6.1 for details and additional examples). These various studies

provide consistent evidence that physical inactivity is a major public health prob-

lem in children and adults alike.
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Table 6.1 Overview of selected large scale population-based studies using objective measures of

physical activity and sedentary behaviour

Study, year and

references

Population

represented and

sample size

Measure of physical

activity Key findings

National Health and

Nutrition Examination

Survey (NHANES)—

Annual survey,

includes

accelerometry data in

2003–2006 and

2011–2014 surveys

[12, 17–19] (Fig. 6.1)

Americans aged 3–79

(but only 6–79 in

2003–2006) ~5000

participants per year

(valid accelerometry

data available from

68% of participants

in 2003–2004 survey)

Hip-worn ActiGraph

7164 in 2003–2006;

Wrist-worn

ActiGraph GT3X+

accelerometer in

2011–2014.

In the 2003–2004 sur-

vey, 42% of 6–11

year olds met the PA

guideline, compared

to 6–8% of adoles-

cents and <5% of

adults. Participants

spent on average

7.7 hours/day seden-

tary. SED increased

from childhood to

adolescence,

decreased in young

adulthood and

increased afterwards.

Prevalence estimates

from NHANES

2003–2006 vary

widely depending on

which MVPA

cut-points are used in

analyses.

Canadian Health

Measures Survey

(CHMS)—Biennial

survey launched in

2007 [14, 15, 20]

Canadians aged 3–79

(but only 6–79 in the

1st cycle). ~5500 par-

ticipants per cycle

(valid accelerometry

data available from

~70–75% of

participants)

Hip-worn Actical

accelerometer

Cycle 1 (2007–2009)

of the CHMS indi-

cated that children

and youth spent

8.6 hours/day seden-

tary and only 9% of

boys and 4% of girls

(6–19 year olds) met

the Canadian PA

guidelines. Similarly,

adults (20–79 year

olds) spent 9.5 hours/

day sedentary and

only 15% were suffi-

ciently active. Subse-

quent cycles showed

similar low preva-

lence. Among 3–4

year olds, 84% met

the PA guidelines

(e.g., 180 minutes of

PA of any intensity).

(continued)
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Table 6.1 (continued)

Study, year and

references

Population

represented and

sample size

Measure of physical

activity Key findings

Health Survey for

England [16]

Britons aged 4+. 6214

participants were

asked to wear an

accelerometer. Only

43–49% of partici-

pants provided valid

accelerometry data

Hip-worn ActiGraph

GT1M

accelerometer

Among 4–15 year

olds, 33% of boys and

21% of girls met the

physical activity

guidelines. PA was

higher in younger

children while SED

increased from child-

hood to adolescence.

Only 6% of men and

4% of women �16

year old were suffi-

ciently active. PA was

lower among older

participants and those

with higher

BMI/waist

circumference.

Canadian Physical

Activity Level Among

Youth (CANPLAY)

study [13, 21]

Canadians aged 5–19.

N¼ 34,227 for

2005–2011. >95% of

participants wore the

pedometer for� 5

days

Hip-worn Yamax

SW-200 pedometer

Boys and girls took

12,259 and 10,906

steps/day, respec-

tively. Daily steps

were higher among

boys than girls and

declined with age.

Weekday steps/day

were generally higher

than weekend day

steps/day and varied

by season. Normative

reference data were

developed.

European Youth Heart

Study [22–24]

Regional samples of

9 and 15 year olds

from Denmark, Esto-

nia, Norway and Por-

tugal. N¼ 2185. 75%

of participants pro-

vided valid acceler-

ometer data

Hip-worn ActiGraph

7164

Boys were more

active than girls at age

9 (784 vs. 649 counts/

minute) and

15 (615 vs.

491 counts/minute).

With respect to time

engaged in MVPA,

gender differences

were apparent at age

9 (192 vs.

160 minutes/day) and

15 (99 vs. 73 minutes/

day). At age 9, 97.4%

of boys and 97.6% of

girls achieved PA

recommendations. At

(continued)
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Table 6.1 (continued)

Study, year and

references

Population

represented and

sample size

Measure of physical

activity Key findings

age 15, 81.9% of boys

and 62.0% girls met

the guidelines. There

was a strong dose-

response relationship

between PA and

reduced

cardiometabolic risk.

Healthy Lifestyle in

Europe by Nutrition in

Adolescence (HEL-

ENA) study [25]

Regional samples of

12–17 year olds in

10 European cities

within 9 different

countries (Austria,

Belgium, France,

Germany, Greece,

Hungary, Italy, Portu-

gal, Spain, Sweden).

N¼ 2200. 88% of

participants had valid

accelerometer data

ActiGraph GT1M

accelerometer worn

on the lower back

56.8% of boys and

27.5% of girls met the

PA guidelines. Boys

and girls accumulated

respectively 9.0 and

9.1 hours/day of SED.

Fitter youth had lower

SED and higher

counts/minute and

MVPA. Youth from

Central/Northern

Europe were more

active and less seden-

tary than their South-

ern Europe

counterparts.

Avon Longitudinal

Study of Parents and

Children (ALSPAC)

[26, 27]

Birth cohort study in

the county of Avon

(England). 5595 par-

ticipants had valid

accelerometry data at

age 12. 84.5% of

participants had valid

accelerometer data

Hip-worn ActiGraph

7164

Boys had higher

values than girls for

both minutes MVPA

(25.4 vs. 15.8) and

counts/minute

(663 vs. 552). Odds

ratio for obesity

between top and bot-

tom quintiles of

MVPA was 0.03

(95%

CI¼ 0.01–0.13) in

boys and 0.36 (95%

CI¼ 0.17–0.74) in

girls. Prospective

relationships between

PA and lower adipos-

ity were also reported.

Identification and Pre-

vention of Dietary and

Lifestyle Induced

Health Effects in

Children and Infants

(IDEFICS) [28]

Regional samples of

2.0–10.9 year olds in

8 European countries

(Belgium, Cyprus,

Estonia, Germany,

Hungary, Italy, Spain

and Sweden). The

Hip-worn ActiGraph

accelerometers

(ActiTrainer or

GT1M model)

The percentage of

girls accumulating

�60 minutes of

MVPA per day ranged

from 2.0% in Cyprus

to 14.7% in Sweden.

For boys it ranged

(continued)
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The following sections highlight new information that can be obtained through

the objective monitoring of PA in the population.

6.2.3 Moving Beyond Leisure-Time Physical Activity

One of the most important advantages of using accelerometers rather than relying

upon self-reports is the ability of objective monitors to measure light PA accurately.

Recent studies have shown that displacing sedentary time by light PA is associated

with substantial health benefits [29, 30]. Of particular interest, in a randomized

controlled trial of overweight or obese middle-age adults, Dunstan et al. [29]

observed that interrupting sedentary time with short bouts of light PA or MVPA

every 20 minutes was associated with reduced postprandial glucose and insulin

levels, suggesting that this may be a useful tactic in the prevention and management

of type II diabetes mellitus. Moreover, using data from NHANES, Carson et al. [17]

noted that light PA was associated with a lower diastolic blood pressure and higher

high density lipoprotein cholesterol among youth. Objective data from multiple

population-based studies indicate that children and adults accumulate several

hours/day of light PA, although there is a large inter-individual variation [14, 15,

Table 6.1 (continued)

Study, year and

references

Population

represented and

sample size

Measure of physical

activity Key findings

study included 18,745

children of whom

12,014 provided some

data and 7684 had

valid accelerometer

data (41.0% of the

total sample).

from 9.5% in Italy to

34.1% in Belgium.

This study provides

sex and age-specific

reference data on

children’s PA in

Europe.

MVPA moderate-to-vigorous physical activity, PA physical activity, SED sedentary time

Fig. 6.1 Charles Matthews

has undertaken extensive

research on physical

activity and cancer in adults

and older adults, using a

variety of objective

movement metrics (see

Table 6.1)
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17, 18]. Although the rate of energy expenditure during light PA is low (1.50–2.99

metabolic equivalents), it nevertheless represents a substantial proportion of the

total daily activity energy expenditure for most individuals [31]. At the population

level, declining levels of incidental PA (including light PA), may be partly respon-

sible for the increased levels of obesity, hypertension and type II diabetes seen over

the last few decades [10, 31]. In support of the importance of a decline in light PA,

Church and colleagues [32] observed that the proportion of American adults having

active occupations has decreased markedly over the last 50 years.

Nevertheless, objective measures of physical activity have only been used

relatively recently in the surveillance of PA. Thus, detailed “baseline” measures

of PA before the transition to more sedentary occupations and the reduction of

incidental PA are not readily available [31]. To overcome this limitation,

researchers can compare PA levels between populations who do not have access

(or refuse access) to “modern” technologies, including motorized modes of trans-

portation. Two strands of studies have used this tactic. In the first strand, researchers

compared objectively-measured PA between “modern” North American samples

and samples of Amish and Old Order Mennonite communities [33, 34], both of

whom reject modern equipment as a part of their beliefs. The second strand of

studies is based on the PA transition in developing countries, as they experience a

large shift in habitual PA from high-energy expenditure activities such as hunting

and gathering, mining, forestry and farming to low-energy expenditure activities

such as desk work and car travel [35]. Researchers have compared objectively-

measured PA between children residing in urban Kenya and those living in rural

Kenya. The latter were at a less advanced stage in the transition and had signifi-

cantly more physical activity [36, 37]. Such cross-cultural comparisons can provide

important insights into the sources of PA that have been “engineered” out of many

Westerners’ daily lives. However, this type of study has yet to be conducted at the

population level.

Given the difficulty of recalling light PA accurately, earlier population-based

studies of the relationships between light PA and health-related indicators should be

repeated, using time-stamped devices such as accelerometers. In turn, such evi-

dence could be used to develop new and more appropriate guidelines for the amount

of time that children and adults should allocate to light PA.

6.2.4 Fractionalization of Physical Activity

Another major contribution of objective activity monitors is their ability to measure

the intermittent bouts of incidental physical activity that occur in daily life

[31, 38]. Although current public health guidelines recommend that adults accu-

mulate MVPA in bouts of at least 10 minutes duration [39], this recommendation is

predominantly based on previous studies that used subjective measures of PA. In

their review of the effectiveness of interventions using single bouts vs. accumulated

bouts of PA, Murphy et al. [40] concluded that bouts�10 minutes appeared to be as
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effective as longer bouts to improve health-related fitness indicators. However, they

also noted that very few studies had examined the effectiveness of shorter bouts. An

emerging body of evidence suggests that shorter bouts of PAmay be as beneficial as

longer bouts among children [41], youth [42], and adults [18, 43]. Of particular

interest, the studies by Holman et al. [31] and Camhi et al. [18] used population data

from NHANES. In a randomized controlled trial, Miyashita et al. [44] also observed

that accumulating 30 minutes of brisk walking in a single bout or in 10 bouts of

3 minutes had similar effects on measures of postprandial lipemia and blood

pressure.

The current body of evidence indicates that short bouts of PA carry important

health benefits in both children and adults. However, unstructured PA accumulated

in short bouts is very likely to be assessed inaccurately by self-report or proxy-

report methods, thereby underscoring the usefulness of objective physical activity

monitors. The opportunity to assess PA in short bouts is particularly important for

studies of children, because they are most likely to accumulate their daily PA in

short bouts, rather than in the longer bouts that would be more characteristic of

deliberate exercise training [41, 45].

Time-stamped activity monitors also enable researchers to investigate whether

the pattern in which PA is accumulated throughout the week influences health-

related outcomes. The importance of examining the weekly cycle of PA was

emphasized by Esliger and Tremblay [38]. Some individuals may engage in a

daily 30 minute brisk walk, but others may accumulate several hours of MVPA

on a single day and undertake little physical activity for the remainder of the week

(i.e., “weekend warriors”). Examining whether there are differences in health-

related outcomes between weekend warriors and individuals who have a more

regular pattern of PA may help inform PA promotion initiatives. In a follow-up

of the Harvard Alumni Study, Lee and colleagues [46] found that the risk of

mortality among weekend warriors who had at least one known chronic disease

risk factor (e.g., smoking, overweight, hypertension and hypercholesterolemia) did

not differ from that of inactive participants. One potential explanation for these

findings is that the acute benefits of a PA session on indicators such as blood

pressure, cholesterol and glycemia wane after 48–72 hours [47]. This underscores

the importance of regular PA, particularly for “at-risk” individuals.

In addition, knowing when PA occurs on weekdays and weekend days may help

identify promising periods for the promotion of PA at the population level. For

instance, the 2011 Active Healthy Kids Canada Report Card on Physical Activity

for Children and Youth [48] put a strong emphasis on the importance of the “after-

school” period. This is supported by consistent evidence showing that children who

spend more time outside during the after-school period engage in substantially

more overall physical activity, as measured by accelerometry [49–51]. Of particular

interest to this stream of research, the combined use of accelerometers and GPS can

broaden our understanding of both when and where individuals are active or

sedentary [51, 52].
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Although it is possible to collect detailed data on PA patterns using time-use

surveys, this imposes a substantial burden upon participants, and it may lead to

selection bias and to inaccurate reporting of activities.

6.2.5 Non-exercise Activity Thermogenesis

As emphasized above, unstructured or incidental PA is an important source of

energy expenditure [31]. The concept of non-exercise activity thermogenesis

(NEAT) was popularized by James Levine (Fig. 6.2) in a paper published in Science
in 1999. Levine and colleagues [53] reported that NEAT was the key factor that

explained individual variations in the increase of body mass following an over-

feeding experiment. Specifically, 16 volunteers were overfed by 4.16 MJ

(1000 kcal) per day for 8 consecutive weeks, and they were told to maintain their

usual PA level. The investigators noted that the gain in body mass varied substan-

tially from 1.4 to 7.2 kg, and the main explanation advanced for this variation was

inter-individual differences in NEAT. These observations highlight the importance

of NEAT as a source of energy expenditure when seeking to avoid weight gain. A

subsequent study used a combination of accelerometers and inclinometers (the

latter can distinguish between sitting and standing still); Levine and colleagues

[54] observed that, on average, obese individuals sat 2 hours more per day than

leaner individuals.

An attractive aspect of the NEAT concept is that it requires no specific location,

no equipment and no teammates in order to increase personal energy expenditure

[31]. Furthermore, it does not necessarily require allocation of time; for example,

one can stand rather than sit during a business meeting. Given these advantages, it

may be easier for many individuals to increase NEAT than to increase MVPA

[55]. In contrast, individuals participating in prescribed PA interventions may

compensate by reducing their NEAT, thereby limiting the effectiveness of the

intervention [31, 56].

Fig. 6.2 James Levine

popularized the term NEAT

(Non-Exercise Activity

Thermogenesis) while

examining measures

associated with total energy

expenditure
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Due to its very nature, NEAT cannot be measured accurately by self-report;

therefore, objective measures are necessary. To date, NEAT studies have generally

been conducted on small groups of volunteers (e.g., [53, 54, 56, 57]). Hence, there

remains a need for investigating the contribution of NEAT to total energy expen-

diture at the population level.

6.3 Sedentary Time

Sedentary behavior is defined as any waking behaviour characterized by an energy

expenditure�1.5 METs while a person is in a sitting or reclining posture [58]. Sed-

entary behavior is now being regarded as a distinctive form of behaviour, not

merely the opposite of being physical activity [59]. Thus, it is suggested that the

term “inactive” be used to describe those who are performing insufficient amounts

of MVPA (i.e., not meeting specified physical activity guidelines), whereas the

term sedentary behaviour be reserved for actual measurements of when a person is

sitting or lying [58]. Although sedentary time can be adequately captured by

accelerometers, sedentary behaviours (e.g., watching television, reading, eating,

travelling in a car) are typically not well captured, so the context of sedentary time

is often lacking, though some assumptions can be made (e.g., sedentary time when

children are at school may generally be assumed to be sitting at a desk doing school

work). Chapter 7 is devoted to the measurement of sedentary behaviours and

sedentary time, so these issues are not discussed in detail here. Nevertheless, it is

essential to include sedentary time as a key component of 24-hour movement

behaviour. Not only is sedentary behaviour significantly related to health

[59, 60], but it is a dominant behaviour in terms of its overall weighting over the

24-hour period; a typical behaviour pattern includes <5% of MVPA and >40% of

sedentary behavior [61]. As shown by Esliger and Tremblay [38], there are numer-

ous indices of sedentary time that accelerometers can capture (Chap. 7).

6.4 Sleep

Typically, sleep is not considered in texts about physical activity, but in the context

of whole-day movement behaviours it is highly relevant. Objective monitoring

devices allow sleep to be examined as a part of the epidemiology of integrated

behaviours. Over the past decade, the assessment of sleep by epidemiologists has

grown in popularity, because inadequate sleep patterns have been linked not only to

unhealthy eating and physical activity behaviours, but also to chronic diseases

including obesity and type 2 diabetes mellitus [62]. Epidemiologic studies gener-

ally rely on self-reported sleep patterns, but recent advances in technology have

allowed scientists to monitor sleep characteristics by actigraphy (i.e., accelerometry

for exercise science). An important advantage of using 24-hour accelerometry is
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that all intensities of physical activity, sedentary time and sleep can be assessed

simultaneously with a single monitor, thereby reducing the burden on participants

in gathering information for the whole day as opposed to waking hours only. The

24-hour assessment of movement and non-movement behaviours is increasingly

important, given the interactions that occur between sleep, sedentary time and

physical activity [63]. For example, the duration of sleep can be an important

confounding factor when examining associations between physical activity and/or

sedentary behaviours and health outcomes. Not assessing sleep in exercise science

is probably as problematic as not assessing diet if the outcome measure is obesity or

type 2 diabetes, given the documented contribution of sleep (or lack thereof) to the

development of chronic diseases [64].

Although polysomnography is the gold standard for research sleep assessment, it

is used mainly for experimental studies and detecting sleep problems. This section

focuses on the advantages and possibilities of using actigraphy in epidemiology

under free-living conditions. Such measures cannot be obtained through self-report.

Actigraphs operate on the basis that motion infers wakefulness, and that inac-

tivity infers sleep. As such, the conventional actigraph unit comprises an

accelerometer-based motion sensor, a microprocessor and memory for data storage.

During operation, such devices apply simple algorithms (typically, those of Sadeh

et al. [65] (Fig. 6.3) or Cole et al. [66]) to summarize the overall intensity of

measured accelerometry data across defined epochs (typically 15, 30, or 60 seconds)

as “activity counts;” these are stored on the device [67]. The activity count data are

then processed, and periods of wakefulness (high activity count) and sleep (low

activity count) are inferred.

There are a number of key sleep and wake actigraph variables, including (but not

limited to) sleep duration (24-hour, nocturnal, and diurnal), daytime naps, night-

time wakings (number, duration, and distribution), the longest sleep period over-

night (signalling sleep continuity), sleep efficiency, sleep latency, and sleep onset

and offset times [67, 68]. Some of the most commonly reported actigraphy vari-

ables are presented in Table 6.2. With the rapid growth in the use of actigraphy over

the past years, there is an urgent need to standardize the scoring and reporting of

actigraphy variables. There is a lack of consistency across studies in reporting on

the methodological aspects of actigraphy use (e.g., devices, software, placement,

Fig. 6.3 Avi Sadeh has

carried out extensive

research on sleep disorders

in infants and children
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algorithms, epoch length, scoring rules) and in the reporting of measured variables

makes comparisons of results between studies difficult.

When compared with polysomnography, actigraphy shows reasonable validity

and reliability in assessing sleep-wake patterns in normal individuals with a rela-

tively good quality of sleep [69]. However, the validity of actigraphy in special

populations (e.g., elderly people, or individuals with poor sleep quality) is more

questionable [69]. The most problematic validity issue is the low specificity of

actigraphy in detecting wakefulness within sleep periods. Despite this limitation,

actigraphy is a cost-effective method to assess sleep and sleep disorders objectively.

Extended monitoring (5 days or longer) reduces the measurement errors inherent in

actigraphy and increases reliability [69].

Despite the advantages of actigraphy in assessing sleep patterns, self-reports still

remain the most practical and cost-effective approach in epidemiologic sleep

studies that involve large populations. However, recent evidence shows that sleep

questions typically used in epidemiologic studies correspond poorly with objective

measures of sleep as assessed using actigraphy; kappas range from �0.19 to 0.14

[70]. These findings have implications for the interpretation of studies that have

used self-reports of sleep. Future studies looking at sleep as a risk factor for long-

term health outcomes should be cognizant of the biases associated with self-reports,

and they may benefit from the addition of a better tool (e.g., actigraphy).

Table 6.2 Actigraphy variables commonly used in sleep research

Sleep onset Clock time for first of a predetermined number of consecutive minutes

of sleep following reported bedtime

Sleep offset Clock time for last of a predetermined number of consecutive minutes

of sleep prior to reported wake time

Midpoint Clock time halfway between sleep onset and sleep offset

Sleep period Duration between sleep onset and sleep offset

Total sleep time (TST) Duration of sleep in sleep period

Sleep onset latency Time between bedtime and sleep onset

Wake after sleep onset

(WASO)

Number of minutes scored as wake during sleep period

Sleep efficiency (TST � time in bed)� 100 (expressed in percent)

Night waking Predetermined number of minutes of wake preceded and followed by

predetermined number of minutes of sleep

Night waking

frequency

Number of night wakings

Night waking duration Sum of average of minutes scored as night waking

24 hour sleep duration Amount of sleep in a 24 hour period

Adapted from Meltzer et al. [68]
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6.5 Integrated Movement

Across a 24-hour day, a person distributes his or her time between sleep, sedentary

and active behaviours. Increasing time in one behavior inevitably requires a

decreased time in another, giving the fixed-time nature in which these behaviours

occur. Thus, the health impacts of sleep, sedentary behaviour and physical activity

depend on not only the behaviours themselves, but also on the behaviours that they

displace [63]. Objective, time-stamped activity monitoring devices provide data

that allow for analyses of all three behaviours. Recent isotemporal substitution

analyses have explored associations of alternating allocations of time in one

behaviour with another while holding the total time constant [71]. For example,

Buman et al. [63] explored the effects of reallocating time to sleep, sedentary or

active behaviours with cardiovascular disease risk biomarkers from the cross-

sectional 2005–2006 US NHANES. Isotemporal substitution modeling indicated

that, independent of potential confounders and time spent in other activities,

beneficial associations with cardiovascular disease risk biomarkers were associated

with the reallocation of 30 minutes/day of sedentary time with equal time to either

sleep, light-intensity physical activity, or MVPA. Collectively, these findings

provide additional evidence (using all movement and non-movement behaviours

in the same analysis) that MVPA may be the most potent health-enhancing behav-

iour, with additional benefit conferred by the reallocation of sedentary time to light-

intensity activities and extended sleep duration.

Cluster analysis is another technique now being used to examine multi-

dimensional patterns of time use. Past research has focused mainly on examining

the independent associations between movement behaviours (such as MVPA) and

health indicators. However, recent health research suggests that combinations or

patterns of behaviour may affect health in ways that cannot be explained by the

effect of the individual behaviours acting alone. Cluster analysis is a pattern

recognition technique that partitions objects or individuals to a single cluster,

with the complete set of clusters containing all the objects or individuals. Cluster

analysis has been widely used in other fields of research such as nutrition. For

example, dietary patterning has successfully identified a Mediterranean pattern.

This diet, although relatively high in fat, which when analyzed separately may be

positively associated with cardiovascular disease, appears to be protective against

cardiovascular disease when viewed in the cluster context [72]. In the field of

exercise science, sedentary and physical activities were traditionally assumed to

have an inverse relationship, where increased time in one detracted from time spent

in the other [73]. However, recent research using adolescent time-use clusters

shows that sedentary behaviour and physical activities can coexist, and that the

risk of being overweight is not increased despite the high sedentary component of

behaviour [74].

Compositional data analysis is another emerging statistical approach that will

help scientists who are working with 24-hour accelerometer data (i.e., data that are

part of a finite whole). Data quantifying total time spent in all mutually exclusive
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behaviours by nature violate the basic assumptions of linear regression; time spent

in each behaviour (sleep, sedentary and active behaviour) is intrinsically collinear,

correlated and finite. Thus, using linear regression with movement and

non-movement behaviors coming from a single accelerometer worn over

24 hours can produce misleading results; scientists must stop looking at these

behaviours in isolation from each other. Doing compositional analysis requires a

change of perspective. We must abandon thinking of each behaviour as an inde-

pendent variable. Instead, we need to view the behaviours relative to each other

(i.e., ratios or log ratios) and we need to interpret the trade-offs in the balance

among all behaviours over a finite time.

Historically, the impact of physical activity (especially MVPA) upon overall

health has dominated discussions, but emerging evidence indicates that a broader,

more inclusive and more integrated approach is needed to understand and address

current public health crises. Existing global physical activity guidelines only focus

on MVPA, and recently sedentary behavior, despite accumulating evidence that

light-intensity physical activity such as walking can provide important health

benefits [17, 63, 75]. Moreover, there is mounting support for the importance of

adequate sleep and that these several behaviours moderate the health impact of each

other [76–78]. Ignoring the other components of the movement continuum (i.e.,

sleep, sedentary time, light-intensity physical activity) while focusing interest

exclusively upon MVPA (which usually accounts for <5% of a 24 hour period)

limits the potential to optimize the health benefits of movement behaviours, and to

utilize the measurement potential of contemporary monitoring devices.

In order to address this limitation, Canadian experts are currently developing the

world’s first Integrated 24 Hour Movement Behaviour Guidelines for Children and
Youth (aged 5–17 years) to help advance an integrated healthy active lifestyle

agenda, an approach that has the potential to improve the overall health and well-

being of children and youth significantly. The new guidelines will include all

intensities of physical activity (light, moderate, vigorous), sedentary behavior,

and sleep. The guideline development process [79] will subsequently be extended

to other age groups, and it involves a large team of researchers, knowledge users,

and international collaborators [61].

6.6 Limitations of Direct Activity Measurements

Despite their usefulness in providing objective measures of PA, direct activity

measurements have some important limitations. Firstly, hip-worn devices such as

pedometers and accelerometers markedly underestimate PA when the wearers are

engaged in activities such as cycling, swimming and weight lifting [4, 80]. This

may result in a substantial underestimation of total PA. Furthermore, because there

is virtually no movement at the hip level, hip-worn accelerometers and pedometers

cannot distinguish sitting from standing posture [30]. This limitation can be

circumvented by using such devices in combination with inclinometers. Both of
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these devices have been integrated in the ActivPal monitor (PAL Technologies

Ltd., Glasgow, UK) [81].

Another limitation of accelerometers and pedometers is that they do not provide

information on the contexts in which PA, sedentary behaviour (SB) and sleep occur,

unless they are combined with other devices (e.g., GPS) or self-reports. In the last

couple of years, there has been a large increase in the number of studies that have

used a combination of accelerometers, GPS and geographic information systems

(GIS) to gain a richer understanding of the context in which different types of

PA/SB occur [52]. Such an approach currently remains expensive and may be

burdensome for both staff and participants. Nevertheless, future technological

advancements may make it more feasible for population-based studies in the future.

Although accelerometers can provide valid and reliable estimates of the time

spent sedentary or in light, moderate and vigorous intensities of physical activity,

there remains no consensus on the cut-points that should be used to distinguish

these categories of intensity [82, 83] (see also Chap. 5). The lack of consensus on

which cut-points should be used can have a tremendous impact on estimates of PA

prevalence. In their review, Cain and colleagues [82] observed that the cut-points

used for MVPA (400–3600 counts per minute) and sedentary time (9–1259 counts

per minute) varied widely. One study estimated that the prevalence of PA among

US adults based on data from NHANES varied from 6.3 to 98.3%, depending on

which accelerometer cut-points were used [84]! Cain et al. [82] also observed

marked inconsistencies across studies with respect to the definition of non-wear

time, and the minimum number of hours/day and valid days of measurement that

justified inclusion in statistical analyses. Such inconsistent methodology make

comparisons between studies very difficult, and in many cases, inappropriate

[82, 83].

Accelerometry can invalidate population PA levels because of missing data. For

instance, Pedisic & Bauman [85] estimated that between 6 and 32%

(median¼ 17.6%) of participants in population-based studies did not provide

valid accelerometry data, and were therefore excluded from analyses. Results

from NHANES [84–86] and the Health Survey for England [87] showed significant

socio-demographic differences between participants who provided accelerometry

data and those who did not. While reweighting the sample can reduce the magni-

tude of this selection bias, non-compliance to the accelerometry protocol raises

questions about the generalizability of the data [83]. One tactic to address this

limitation is to ask participants to wear the accelerometer throughout the day so that

they do not forget to wear it. This approach was successfully used in the Interna-

tional Study of Childhood Obesity, Lifestyle, and the Environment [88, 89]. Fur-

thermore, the use of the ActiGraph GT3X+ accelerometer (ActiGraph LLC,

Pensacola, FL) provided objective measures of children’s sleep patterns.

Finally, participants may change their habitual PA merely as a result of wearing

PA monitors [80, 83]. Such Hawthorne effect (or measurement reactivity) may

spuriously inflate estimates of PA prevalence and introduce measurement error

when examining relationships with health-related outcomes. To date, studies exam-

ining the reactivity to PA monitoring provide conflicting evidence. It has been
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suggested that the use of longer monitoring periods and/or sealed pedometers help

to reduce these effects [80].

6.7 Future Research Directions

In order to enhance comparability between studies and populations, there is a need

for standardization of accelerometry protocols [82, 83]. Agreement on which

accelerometer cut-points to use in which populations and for which movement

intensities is particularly important. Furthermore, future studies should monitor

activity throughout the day (24 h) as a strategy to: (1) increase device wear-time;

(2) reduce the magnitude of non-wear time; (3) expand evidence on objectively-

measured sleep quality and quantity, and (4) allow for the study of whole-day

movement behaviours. Smartphone apps for actigraphy have become widely avail-

able over the last few years; the accelerometer is built into the mobile phone or an

external device, but the validity and reliability of these devices for the monitoring

of movement behaviours needs further evaluation. Finally, the combined use of

accelerometers and GPS/GIS provides new opportunities to examine the context in

which activities of different intensities occur, with the ultimate goal of informing

the development of more effective tactics for the promotion of PA.

6.8 Conclusions

In conclusion, objective measuring devices provide many opportunities for improv-

ing the surveillance of PA, SB and sleep at the population level. Examination of a

variety of intensities, durations, frequencies, volumes and patterns of movement is

possible with data captured from currently available objective activity monitors.

This rich array of new information provides an opportunity to develop integrated

24 hour movement guidelines, presenting optimal behaviour patterns to reduce the

risk of non-communicable diseases (e.g., cancer, cardiovascular diseases and dia-

betes) and to enhance overall health. To improve the epidemiology of physical

activity, it will be important to develop better harmonized cut-points for PA

intensity, so that results can be more compared accurately between studies from

different laboratories.
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Chapter 7

Can the Epidemiologist Learn more from

Sedentary Behaviour than from

the Measurement of Physical Activity?

Valerie Carson, Travis Saunders, and Mark S. Tremblay

Abstract Recent research suggests that there are biological mechanisms provoked

by sedentary behaviours that result in health consequences even after accounting

for the influence of an individual’s habitual physical activity. Objective monitors,

like accelerometers and inclinometers, allow for the direct measurement of the time

spent sedentary in addition to monitoring the extent of physical activity. This allows

for epidemiological analyses considering either behaviour or both behaviours in

combination. The relatively new field of sedentary physiology and epidemiology

allows for creative exploration of correlates, determinants, and consequences of

varying levels of sedentary behaviour that can inform novel interventions to

promote healthy living.

7.1 Introduction

In the past, many research studies have defined people as sedentary when they are

not sufficiently active to meet recognized physical activity guidelines. More

recently, the Sedentary Behaviour Research Network (www.sedentarybehaviour.

org) recognized that being sedentary is a distinct and separate behaviour, not merely
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the absence of adequate physical activity, and it defined sedentary behaviour as any

waking periods characterized by an energy expenditure �1.5 METs while the

individual is in a sitting or reclining posture [1]. In contrast, the Network has

suggested that authors use the term “inactive” to describe those who are not

performing sufficient amounts of moderate- to vigorous-intensity physical activity

(MVPA, i.e., not meeting specified physical activity guidelines) [1]. The distinction

between inactive and sedentary is important in the context of objective monitoring

because devices like accelerometers are able to measure and quantify both seden-

tary time and the time spent at various intensities of physical activity, allowing

epidemiologists to study each behaviour both separately, and together (as discussed

in Chap. 6).

To further clarify terminology, specific sedentary behaviours (e.g., watching

television, travelling in a motorized vehicle reading, eating, or using a computer)

are not captured by accelerometers, nor is the context of the behaviour (e.g., at

home, at work, in school, or outdoors), and these are important issues to examine in

order to develop a full understanding of the relationships between various sedentary

behaviours and health (e.g., screen time behaviours vs. non-screen time behaviours;

sedentary recreational behaviours vs. sedentary occupational behaviours). Never-

theless, accelerometers are capable of providing reliable estimates of sedentary

time; this is a very important measure, because the amount of daily time spent

sedentary is far greater than the amount of time spent in MVPA. A typical daily

behaviour pattern includes <5% of MVPA and >40% of sedentary time [2]. In

Canada, children are sedentary approximately 8.6 hours/day, while adults spend

9.5 hours/day in sedentary activities [3, 4]. Similar amounts of sedentary time are

observed in other developed countries [5, 6]. Esliger and Tremblay summarized

many of the indices of sedentary time that accelerometers can capture, and that can

be used for epidemiological purposes [7].

In recent years, an increasing number of epidemiological and laboratory based

studies have suggested that sedentary behaviour is an independent health risk factor

in both children and adults. Multiple systematic reviews and meta-analyses have

concluded that sedentary behaviour is associated with an increased risk of cardio-

vascular disease, diabetes mellitus, certain types of cancer and premature mortality

in adults [8–12], as well as an excessive body mass, a low level of fitness and

metabolic dysfunction in children and youth [13, 14]. Importantly, the most recent

evidence suggests that these relationships are independent of an individual’s level
of physical activity [8, 12]. For example, a meta-analysis by Biswas et al. concluded

that compared to individuals who sit the least, individuals who sit the most are at a

24% increased risk of all-cause mortality and a 91% increased risk of diabetes

mellitus, independently of physical activity levels. Smaller but statistically signif-

icant associations were observed for cancer and cardiovascular disease incidence

and mortality [12]. While the authors of this report noted that the associations were

weakened among those with high levels of physical activity [12], their results

nonetheless support the assertion that sedentary behaviour and physical activity

represent unique constructs with independent impacts on chronic disease morbidity

and mortality.
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7.2 Biology of Sedentary Behaviour

Several biological mechanisms have been suggested which may explain the

observed linkage between sedentary behaviours and an increased risk of morbidity

and mortality, as seen frequently in epidemiological studies [15–18]. Laboratory-

based studies of adults have consistently found that prolonged periods of sedentary

behaviour rapidly result in reduced insulin sensitivity and glucose tolerance [18–

22]. Peddie and colleagues compared the insulin and glucose response to a test meal

following 9 hours of uninterrupted sitting, to the response seen when 9 hours of

sitting was interspersed with light intensity walk breaks taken every 30 minutes

[20]. They reported that interruptions in sedentary time led to a 39% reduction in

the glucose response to a test meal, and a 26% reduction in the plasma insulin

response, when compared to the findings for uninterrupted sitting. Similarly,

Buckley et al. reported that standing for 4 hours reduced the glucose response to

a test meal by 43%, in comparison to sitting [22]. Some studies have also reported

that uninterrupted bouts of sedentary behaviour increase triglyceride levels [18, 19],

although this finding has been less consistent than the impact upon insulin and

glucose levels [20, 21].

In contrast to the consistent associations between prolonged sedentary behaviour

and metabolic dysfunction that are seen in adults, uninterrupted sitting appears to

have little or no acute impact upon healthy children and youth. In comparison to

8 hours of prolonged sitting, Saunders et al. observed no change in the insulin,

glucose, and triglyceride responses to a test meal during 8 hours of sitting

interrupted by light intensity walking breaks or structured physical activity

[23]. Sisson et al. [24] have reported similar results. Although only a small number

of studies have examined the acute impact of prolonged sedentary behaviour in

children and youth, the available evidence suggests that any effect is much smaller

(or nonexistent) when compared to that observed in adults.

The metabolic responses to uninterrupted sedentary behaviour in adults are

likely due to changes occurring at the level of the skeletal muscle. Models of

prolonged skeletal muscle inactivity (casting, denervation, and nerve injury) have

all led to reduced insulin sensitivity [25–29]. This likely reflects a reduced glucose

transport protein (GLUT) content, which is also reduced in these models of

sedentary behaviour [25, 27–29]. In support of this view, Latouche et al. reported

that breaking up prolonged sitting with a light intensity walking break every

20 minutes led to an increased expression of several genes related to carbohydrate

metabolism, including those thought to regulate GLUT activity [30]. Through

animal models of sedentary behaviour, Hamilton (Fig. 7.1) et al. have found that

prolonged muscle inactivity may also reduce the activity of lipoprotein lipase [17],

providing a possible explanation for the relationship that some have observed

between sedentary behaviour and dyslipidemia [19]. However, this last mechanism

has yet to be investigated in humans.

Available evidence suggests that sedentary behaviour is also likely to impact

vascular function and blood pressure [31–34]. In a study of 20 healthy adults,
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Hamburg et al. [34] reported that 3 days of bed rest resulted in a 29% reduction in

reactive hyperemia (a measure of vascular health). Changes in vascular function

have also been observed in response to more typical periods of sedentary behaviour.

Shvartz et al. reported that 5 hours of uninterrupted sitting resulted in increased

peripheral resistance, diastolic blood pressure and mean arterial pressure in a group

of 13 young men [31]. In a separate study of 12 young men, Thosar et al. found that

reactive hyperemia was reduced after just 1 hour of uninterrupted sitting [33]. In

contrast, Larsen et al. observed that simply interrupting 5 hours of prolonged sitting

with light intensity walking breaks resulted in small but significant (3 mmHg,

p< 0.01) reductions in both systolic and diastolic blood pressure relative to

uninterrupted sitting [32]. Taken together, these results suggest that uninterrupted

sedentary behaviour is likely to increase blood pressure and impair vascular

function in adults. Cardiovascular relationships have not been studied in children

and youth to date.

The final mechanism through which sedentary behaviour is likely to impact

health is through an association with other health-related behaviours, in particular

food intake and sleep [35–37]. Research suggests that many common screen-based

sedentary behaviours (e.g., TV viewing, computer use, and video game use)

promote an excessive food intake in both adults and children [30–33]. For example,

in a small intervention study, Harris et al. reported that exposure to food advertise-

ments increased food intake by roughly 30% in adults, and up to 45% in children

[37]. Similarly, screen time is associated with reduced sleep [36, 38], which is in

itself a predictor of weight gain [39, 40]. Thus prolonged screen-based sedentary

behaviour is likely to have both a direct metabolic impact, as well as a negative

influence upon other health-related behaviours.

Fig. 7.1 Marc Hamilton

introduced the paradigm of

inactivity physiology

through his extensive

lab-based work on

prolonged sedentary time
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7.3 Correlates of Sedentary Behaviours

and Sedentary Time

The described mechanistic differences between the impact of physical activity and

sedentary behaviour on health strongly support the idea that sedentary behaviour is

distinct from an inadequate volume of physical activity. From a behavioural

standpoint, understanding whether the correlates or factors that influence sedentary

behaviour differ from the correlates or factors that influence physical activity can

test this idea. Neville Owen (Fig. 7.2) and colleagues developed the Ecologic

Model of Sedentary Behavior as a conceptual approach to understanding the

correlates of sedentary behaviour [41]. Consistent with other ecological models,

this model postulates that sedentary behaviour across all age-groups, is influenced

by correlates at multiple levels such as individual, social, environmental, and health

policy [41, 42]. Individual or intrapersonal correlates can include demographic,

biological, cognitive, and behavioural factors [43, 44]. Social or interpersonal

correlates can include family and peer factors [43, 44]. Environmental correlates

can include factors related to home, community or neighbourhood [43, 44]. Health

policy correlates can include local, provincial/state, and national laws

[41]. According to this model, the correlates that influence sedentary behaviour

are specific to the setting where the sedentary behaviour occurs [41]. For example,

the correlates of sedentary behaviour for children and youth often differ between

home and school/daycare settings. Similarly for adults, correlates are likely to differ

between home and work settings. Understanding the most important setting-

specific multi-level correlates that influence sedentary behaviour, using high-

quality measures, should enable the development of more successful health pro-

motional interventions [41].

The majority of research examining correlates of sedentary behaviour in chil-

dren and youth has focused on one particular type of sedentary behaviour, namely

television viewing [42]. The allocation of time to television viewing has typically

been measured subjectively with self- or proxy-report questionnaires, logs/diaries,

Fig. 7.2 Neville Owen led

the development of the

Ecologic Model of

Sedentary Behavior
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or interviews [45]. A number of reviews have synthesized evidence on the most

consistent correlates of television viewing in children and youth from birth to

18 years old [42–44, 46, 47]. The most recent review [42] identified ethnicity

(being non-Caucasian) as a consistent positive correlate of television viewing at

the individual level, socio-demographic status as a consistent negative correlate,

parental television viewing as a consistent positive correlate at the social level; and

having a TV set in the bedroom as a consistent positive correlate at the environ-

mental level. It is not surprising that the home setting is a particularly important

determinant of television viewing among children and youth.

Although television viewing is a highly prevalent sedentary behaviour among

children and youth, evidence suggests that television viewing should not be used as

a marker for total sedentary time [48]. Compared to television viewing, consider-

ably less research has examined the correlates of accelerometer-derived total

sedentary time in children and youth. Research on this topic is growing, but

currently it is difficult to determine whether specific correlates are consistently

associated with total sedentary time. The only exception to this generalization is for

sex; a number of studies have reported that females engage in more total sedentary

time than males [3, 5, 49–53]. For instance, in a large representative sample of

Canadian youth aged 15–19 year old, females had larger totals of sedentary time

than males of similar age [3]. Similarly, a survey of a large representative sample of

American children and youth found that females aged 6–19 years had higher levels

of total sedentary time then males in the same age range [5].

In comparison to children, there has been less research focusing on the correlates

of adult’s sedentary behaviour [41]. However, similar to children, the majority of

research that has been conducted has focused on the correlates of subjectively

measured television viewing [54].

A recent review of the correlates of sedentary behaviour in adults [54] found that

although sociodemographic and behavioral correlates of sedentary behaviour were

frequently examined at the individual level, evidence on individual cognitive,

social, and environmental correlates were generally lacking. Findings differed

depending on the type of sedentary behaviour that was measured. Increasing age,

unemployment or retirement, body mass index, a sedentary attitude, and depressive

symptoms were consistent positive correlates of television viewing; in contrast,

educational status, leisure time physical activity, and life satisfaction were consis-

tent negative correlates. For computer use, educational status and a sedentary

attitude were consistent positive correlates and age was a consistent negative

correlate. For video game use, sex (being male) was a consistent positive correlate,

and leisure time physical activity was a consistent negative correlate of screen-time.

For self-reported general sitting, having children in the home was a consistently

negative correlate. Only three of the studies included in this review had measured

accelerometer-derived total sedentary time, and consistent associations across the

studies had not been observed [10, 17, 18].

To date, many of the studies examining the correlates of sedentary behaviour

have drawn upon correlates from the physical activity literature [42, 55]. Future

research needs to focus upon correlates that are specific to sedentary behaviour, as
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outlined in the Ecologic Model of Sedentary Behavior [41]. This should include

research on the correlates of objectively measured total sedentary time across

various age groups. Current research suggests that health promotional interventions

may need to consider specific types of sedentary behaviour individually when

developing and implementing tactics to reduce sedentary behaviour.

7.4 Measures and Indices of Sedentary Behaviours

Even though the intensity of sedentary behaviour is reasonably fixed, by definition

[1], there are multiple characteristics of sedentary behaviours that can be explored

to understand there particular impact upon health [7, 16]. Just as physical activity

can be described by the total amount and the pattern of frequency, intensity, time

(duration), and type (mode) (“FITT” variables), sedentary behaviours can be

characterized using their “SITT” characteristics (sitting frequency, interruptions,

time, type) [16]. Epidemiological analyses can examine these characteristics as

continuous (e.g., total daily sedentary time) or categorical (e.g., by tertiles of

sedentary interruption episodes; or TV viewing vs. reading) variables. Much as in

the analysis of physical activity, epidemiologists can explore “bouts” of sedentary

time of differing duration (e.g., the number of daily bouts of greater than 60 con-

secutive minutes; or the longest daily bout) as well as temporal patterns within the

day (e.g., the proportion of sedentary time occurring in the morning, afternoon, or

evening) and between days (e.g., weekdays vs. weekend days; or Mondays

vs. Fridays). The universe of sedentary epidemiology is just being discovered,

and it merits much further exploration. As discussed in Chap. 6, the most robust

and informative epidemiological discoveries will likely emerge from analyses that

consider all movement/non-movement behaviours together (i.e., physical activity,

sedentary behaviours and sleep) [2]. Table 7.1 provides a summary of objective

monitoring devices capable of providing measures of sedentary time and their

respective advantages and disadvantages.

7.5 Sedentary Measures: Do They Tell Us Anything New?

Research in physical activity epidemiology has traditionally focused on MVPA or

exercise [56]. As previously outlined in this book, participation in regular physical

activity, in particular MVPA, brings numerous health benefits across an individ-

ual’s lifespan. New epidemiological evidence suggests that engaging in excessive

sedentary behaviour may be harmful to health, regardless of how active one is

[56]. Not only the duration of sedentary behaviour but also its patterns seem

important for health; for instance, Healy (Fig. 7.3) and colleagues reported that

accumulating sedentary behaviour with more frequent breaks may have less
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adverse health effects than uninterrupted sitting [57, 58]. However, to date findings

have not been consistent across all types of sedentary behaviours and all age groups.

Machado de Rezende et al. [59] synthesized evidence from 27 systematic

reviews that were published between 2004 and 2013; these examined relationships

between sedentary behaviour and health, primarily though observational studies. A

total of 11 of these reviews assessed physical activity as a covariate [59]. On

average, statistical adjustment for physical activity was made in 63% of the studies

included. Findings differed depending on the age group and type of sedentary

behaviour that was examined. For children and youth, a meta-analysis of

moderate-quality randomized controlled trials found that increased television view-

ing was associated with poorer body composition [14]. A review of longitudinal

studies reported that higher television viewing or screen time was associated with

poorer physical fitness, independently of physical activity levels [60]. Higher

television viewing was also consistently associated with lower academic achieve-

ment in school-aged children and youth [14] and in two reviews was linked to

poorer cognitive development in the early years [13], but physical activity data

Table 7.1 Summary of objective measurement devices that can provide an index of

sedentary time

Device Advantages Disadvantages

Heart rate

monitors

• Relatively inexpensive • Need to distinguish “sedentary”

heart rate for individual participants.

• Influenced by non-movement

exposures (e.g., emotions, caffeine)

• Uncomfortable for long periods

Accelerometers • Accurate measure of overall

sedentary time

• Cannot distinguish sitting from

standing

• Moderate burden to participants

• Results are influenced by data

processing

• Expensive

Inclinometers • Criterion standard for

distinguishing sitting from standing in

field-based studies

• Moderate burden to participants

• Expensive

Direct

observation

• Criterion standard for

distinguishing sitting from standing in

laboratory studies

• Requires a large time commit-

ment from researchers

Indirect

calorimetry

• Precise measurement of energy

expenditure

• Cannot distinguish sitting from

standing

• Possible respondent reactivity

• Uncomfortable

• Expensive

Sitting pads • Accurate measurement of sitting

time

• Cannot assess other movement

behaviours (e.g., standing)

• Limited to a single chair
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were not extracted. No consistent evidence was found linking accelerometer-

derived total sedentary time with health outcomes in this age group [59]. On the

other hand, in adults, a number of reviews reported associations between higher

television viewing, screen time, and self-reported total sitting time vs. all-cause

mortality and cardiovascular disease mortality [8, 10, 11, 61, 62], and these

associations were independent of physical activity levels [8, 10, 61, 62]. Similar

findings were reported for cardiovascular disease in two reviews [8, 61] and type

2 diabetes mellitus in three reviews [8, 11, 61]. Additionally, higher television

viewing, screen time, self-reported sitting time, and accelerometer-derived total

sedentary time were associated with the metabolic syndrome in one review, inde-

pendently of physical activity levels [63]. Similar findings have been reported in

another recent meta-analysis of adult data [12].

None of the 27 reviews synthesized by Machado de Rezende et al. focused

specifically on older adults [59]; however, Machado de Rezende published a second

review focusing on individuals >60 years of age [64]. This article excluded studies

if they did not include physical activity as a covariate. High quality evidence

indicated that greater self-reported sitting was associated with an increase of

all-cause mortality [65, 66]. Moderate quality evidence indicated higher television

viewing was associated with the metabolic syndrome, as well as with a higher waist

to hip ratio [67]. Additionally, higher accelerometer-derived total sedentary time

was associated with a greater waist circumference and body mass index (BMI)

[68]. A very low quality study in older adults also found that greater accelerometer-

observed breaks in sedentary time was protective against the metabolic syndrome

[69]. Similar findings have been observed in representative samples of Canadian

and US adults [58, 70]. More specifically, in Canadian adults longer breaks in

sedentary time were associated with a smaller waist circumference, a lower systolic

blood pressure, and more favourable HDL-cholesterol, triglycerides, glucose, and

insulin values [70], and in US adults were associated with an improved waist

Fig. 7.3 Genevieve Healy

provided some of the first

observational evidence that

frequently interrupting

sedentary time is associated

with beneficial health

outcomes
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circumference and C-reactive protein levels [58]. Similar findings have not been

observed in representative samples of Canadian and US children and youth

[71, 72]. However, one study by Carson et al. suggests that if more time is spent

in longer sedentary bouts, this is associated with a greater body mass in children

with lower levels of MVPA, but not in those with higher levels of MVPA [73].

Understanding the relationship between sedentary behaviour and health across

the lifespan cannot be determined simply by measuring physical inactivity. Mea-

sures of both physical activity and sedentary behaviour are needed in order to

understand the impact of the two behaviours on health. For adults in particular,

both the duration and the patterns of sedentary behaviour appear to be important. As

seen with correlates of sedentary behaviour, associations between sedentary behav-

iour and specific health indicators may differ both by the type of sedentary

behaviour and the age group. This suggests a combination of measurement tools

may be needed to gain a full understanding of the health consequences of sedentary

behaviour.

7.6 Limitations of Objective Measurements of Sedentary

Behaviour

As with other health-related behaviours, measurements of self-reported sedentary

behaviour have the potential to introduce large amounts of error and bias

[74]. Thus, although instrumentation is not perfect, some observers have argued

the need for an increased use of objective measures of sedentary behaviour, or a

combination of objective and subjective measurements [15, 74, 75]. At present the

most common device for the objective measurement of sedentary time is a hip-worn

accelerometer. This method has traditionally been favoured in large epidemiolog-

ical surveys, including the US National Health and Nutrition Examination Survey

[5, 71] (currently transitioning to wrist-worn accelerometers), the Canadian Health

Measures Survey [3, 4], and the International Children’s Accelerometry

Database [76].

Accelerometers provide a measure of movement (typically assessed as “counts”

per minute), with periods when movement falls below a critical threshold (typically

100 counts per minute [40, 41] being considered as sedentary time. However, hip-

and wrist-worn accelerometers cannot provide a measure of posture/incline. Thus,

they are unable to distinguish between sitting/lying down and standing still [77];

Dowd et al. have reported that the Actigraph accelerometer (Actigraph Corporation,

Pensacola, USA) displayed 0% accuracy for distinguishing sitting from standing

[78]. However, likely because of the relatively limited amount of time most people

spend standing still on a given day, accelerometers appear to provide a valid

measure of sedentary time. For example, Ridgers et al. [79] reported that over 6.5

hours of wear-time, sedentary time derived using the Actigraph monitor differed by
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an average of less than 6 minutes (equivalent to 2.5% of total sedentary time) when

compared to the criterion standard activPAL (PAL Technologies, Glasgow, UK).

The other major limitation of accelerometry is that the results are known to be

influenced by data processing, which varies substantially from study to study

[15, 77, 80]. Definitions of non-wear time (e.g., the number of minutes with

consecutive values of 0 counts per minute), the number of hours required for a

day to be considered “valid”, the number of valid days required for an individual to

be included in an analysis, and even the threshold used to define sedentary behav-

iour vary across studies [8]. This problem is especially obvious with large public

data-sets, such as the US National Health and Nutrition Examination Survey, which

are analyzed by multiple authors using different data processing methods [81]. Not

surprisingly, differences in data processing techniques not only influence estimates

of sedentary time, but also the associations between sedentary time and health

outcomes [82]. Although this problem has been widely noted, at present there is no

consensus on the “ideal” data-processing steps to be taken when cleaning acceler-

ometer data, suggesting that the problem is likely to persist into the future.

Another objective measure of sedentary behaviour that is beginning to be used

more frequently is inclinometry, which allows an assessment of both movement

and posture. In a study of 25 healthy children, Aminian and Hinckson reported that

the activPAL inclinometer showed perfect agreement with direct observation when

identifying periods of sitting, lying, standing and walking [83]; similar results were

reported by Dowd et al. [78]. However, inclinometers must be worn on the thigh,

which may increase participant burden when compared to hip- or wrist-worn

accelerometers. Despite their benefits with respect to accuracy, inclinometers

have to date been used far less frequently than accelerometers as tools for objec-

tively measuring sedentary time.

Other methods such as direct or video observation and indirect calorimetry are

useful in small laboratory studies where precision is paramount, as they offer an

extremely accurate measurement of sedentary behaviours. However, given their

high cost, high time commitment, and participant burden, such methods of assess-

ment are neither feasible nor appropriate for large, field-based studies. Sitting pads

(e.g., cushions that assess the time spent sitting) also provide extremely accurate

measures of sitting [84, 85], although they have yet to become widely used. Such

devices can only measure the time spent sitting in a given chair, and thus they are

not ideal for assessing the total sedentary time throughout the day.

The final limitation common to all objective measurements of sedentary behav-

iour (aside from direct observation) is their inability to record the type and context

of the sedentary behaviour. For example, accelerometers and inclinometers cannot

distinguish between sitting at the dinner table, sitting in front of a television, or

lying in bed reading a book. This limitation is extremely important, because some

behaviours that occur while sitting likely influence concurrent (e.g., incidental

snacking) and proximal (e.g., likelihood of getting up soon) behaviours, with an

influence upon the health impact of the recorded sedentary behaviour [15]. Screen-

based sedentary behaviours are consistently associated with increased health risk

[13, 14], while the impact of reading a book may be neutral [86], or even positive
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[87]. For these reasons, some have advocated an approach that combines objective

with subjective measures of sedentary behaviour whenever possible [15, 75].

7.7 Future Research Directions

With “sedentary epidemiology” in its infancy there is much research yet to be done.

Research priorities include:

• Standardization of the methodology for determining sedentary time from accel-

erometers (e.g., cut-points, non-wear time, valid days required).

• Development of novel, inexpensive, unobtrusive, high resolution, objective

measuring devices to record sedentary time and sedentary behaviours.

• Determining the sedentary behaviour variables that are most important to health

outcomes and examining the sensitivity and specificity of these indices across

age, sex and socio-cultural groups.

• Determination of whether the health impact of sedentary behaviour is consistent

across differing levels of physical activity.

• Examination of the health impact of different types and contexts of sedentary

behaviour.

• Studies of dose-response characteristics to help inform the establishment of

public health guidelines concerning sedentary time and sedentary behaviours.

• Understanding the modifiable correlates of sedentary behaviour across contexts

and age groups.

• Development and evaluation of interventions to reduce sedentary behaviour

across contexts and age groups.

• Integrating measurements of movement and non-movement across the 24-hour

period for analyses of the impact upon health indicators.

7.8 Conclusions

Evidence from epidemiological and laboratory based studies underlines that sed-

entary behaviour is not simply the absence of MVPA. Though sedentary behaviour

research is growing rapidly, it remains approximately 20 years behind studies of

MVPA and exercise-focused research [88]. The recent development of objective

measuring devices that enable researchers to capture not only the duration of

sedentary behaviour but also various patterns of accumulation has contributed to

an explosion of research in this area. Objective measures of sedentary behaviour are

not without their limitations; further advances in the area of sedentary epidemiol-

ogy will require the development and refinement of valid and reliable objective

measures of sedentary behaviour that can incorporate the type and contextual

factors that are needed. This will allow meaningful contributions to our
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understanding of the most important health effects and the modifiable correlates of

sedentary behaviour, as well as facilitating the development of effective interven-

tions for healthy living across the entire human lifespan.
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Chapter 8

New Perspectives on Activity/Disease

Relationships Yielded by Objective

Monitoring

Roy J. Shephard

Abstract The Hockley Valley Consensus Symposium based most of its conclusions

on dose/response relationships between physical activity and disease on subjective

questionnaire reports. In this chapter, we summarize the findings from the Hockley

Valley meeting, and we examine how far these conclusions have been amplified

and/or modified by the use of objective physical activity monitors. Among a wide

range of topics, we have included data on objective activity monitoring in relation to

all-cause mortality, cardiac death, cardiovascular disease, stroke, peripheral vascular

disease, hypertension, cardiac and metabolic risk factors, diabetes mellitus, obesity,

low back pain. osteoarthritis, osteoporosis, chronic chest disease, cancer, depression,

quality of life and the capacity for independent living. The introduction of objective

monitoring has clarified dose/response relationships in a number of areas, allowing us

to define relationships in terms of objective metrics (the number of steps taken per

day). However, much of the information that is currently available remains cross-

sectional in type. In many areas of rehabilitation, the pedometer/accelerometer seems

a useful motivating device, providing well-documented increments of weekly activity.

However, there remains a need for well-designed longitudinal trials, using objective

monitors to follow changes in habitual activity and thus to demonstrate causality in the

association between physical activity and good health.

8.1 Introduction

Epidemiologists traced the first outlines of many physical activity/disease relation-

ships using questionnaire self-reports of habitual physical activity. In this chapter,

we will summarize briefly the knowledge gained in this fashion, as agreed at the
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Hockley Hills, ON, Consensus Conference of 2001 [1], and we will consider how

far these conclusions have been amplified and/or modified for each of several health

conditions by the introduction of objective monitoring equipment [2]. We will point

to further issues that can yet be resolved by objective monitoring, will note the

potential to use objective monitoring tools in the stimulation of known increases of

exercise behaviour by experimental subjects, and will comment on outstanding

problems that will require further developments of methodology.

8.2 Consensus Findings Based upon Physical Activity

Questionnaire Data

The Hockley Valley Consensus Conference of 2001 was “evidence-based,” in the

sense that is sought to consider all of the evidence of associations between physical

activity and each of a substantial number of health conditions, weighing the quality

of the individual reports, and thus striving to reach a relatively unbiassed conclu-

sion concerning the strength and form of relationships [3, 4].

As Schriger [5] has pointed out, the conclusions reached by the Consensus

Conference were not entirely objective, since in applying this information, the

individual investigator must decide how far the studies that were considered

match the personal characteristics and environment of the patients that he or she

is proposing to advise or treat.

Most questionnaire studies of physical activity have attempted to give a descrip-

tion of the type of activity that has been performed (Chap. 1), but often the gross

rather than the net energy expenditure has been estimated, and the intensity of effort

has commonly been reported in absolute terms rather than relative to the individ-

ual’s age, sex, physical condition and the duration of activity [6, 7]. Further, any

beneficial effects of increased physical activity are likely to be influenced by the

nature of the activity undertaken (resistance vs. aerobic exercise, [6]), and discus-

sion remains concerning the relative important of the observed pattern of physical

activity versus the attained level of aerobic fitness (Chap. 1, [8], Table 8.1).

8.3 All-Cause Mortality and Cardiac Disease

Objective studies looking at associations between physical activity and all-cause

mortality or cardiovascular disease have been relatively few. Surrogate measures of

atherosclerosis have included studies of pulse-wave velocity, assessments of coro-

nary arterial calcification and determination of pericardial fat. Pedometers have

been used quite extensively both to examine spontaneous levels of physical activity

in stroke victims and as a stimulus to both primary and secondary prevention, and

rehabilitation following myocardial infarction.
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8.3.1 All-Cause Mortality

At the Hockley Valley symposium, I-Min Lee (Fig. 8.1) and Skerrett [9] noted that

questionnaire data pointed to a 20–30% reduction in the risk of all-cause death with

an added gross energy expenditure of 4.2 MJ/week. Benefit appeared to increase

with larger weekly energy expenditures, but it remained unclear whether this

reflected a greater total volume of physical activity or higher intensities of effort

Table 8.1 The relationships between habitual physical activity and various forms of ill-health, as

agreed at the Hockley Valley Consensus Symposium of 2001 [1]

Author Condition Findings

Lee and

Skerrett [9]

All-cause mortality 20–30% reduction of risk with gross energy expen-

diture of 4.2 MJ/week. Greater benefit at higher

expenditures, but unclear if due to greater volume or

greater intensity. Unclear if benefit with expendi-

tures <4.2 MJ/week

Kohl [10] Cardiovascular disease Incidence and mortality from cardiovascular dis-

ease, particularly ischaemic heart disease, inversely

related to habitual physical activity; effects on

stroke remain uncertain. More information needed

in women

Fagard [11] Hypertension Generally a reduction of systolic and diastolic blood

pressures, but relationship to pattern of physical

activity unclear

Kelley and

Goodpaster

[12]

Type 2 diabetes

mellitus

Physical activity decreases risk of type 2 diabetes

mellitus, but unclear if dose/response for exercise

volume or intensity

Leon and

Sanchez [13]

Blood lipid profile Data too inconsistent to establish effects of volume

and intensity of physical activity

Rauramaa

et al. [14]

Haemostasis Acute exercise appears to activate haemostasis.

Chronic effects upon coagulation and thrombosis

unclear

Ross and

Janssen [15]

Total and regional

obesity

Short term reductions of body fat seem dose-related;

long-term effects smaller and less consistent. Dose/

response unclear for visceral fat

Thune and

Furberg [16]

Cancer Suggestion of graded dose/response for all-cause

cancer, colonic cancer and breast cancer. Effect on

other cancers less clear

Vuori [17] Low back pain, osteo-

arthritis, osteoporosis

Light activity reduces but heavy activity may

increase low back pain. Physical activity can be

effective in treatment of osteoarthritis. High inten-

sity loading osteogenic, but dose/response effects

poorly known

Dunn

et al. [18]

Depression and anxiety Physical activity lessens depression and anxiety, but

lack of evidence on dose/response effects

Spirduso and

Cronin [18]

Quality of life and

independence

Physical activity enhances quality of life and period

of independent living, but no dose/response effect of

intensity observed
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intensity. Although some earlier work had pointed to a threshold intensity for

benefit, by 2001, it was still unclear if risk was reduced with weekly expenditures

<4.2 MJ.

To answer these questions, it is necessary to follow large samples of subjects for

long periods, and perhaps for this reason, there has as yet been little attempt to relate

objective measures of habitual physical activity in healthy individuals to their risk

of all-cause mortality. However, activity monitors have been used to study relation-

ships in groups with a higher risk of dying, including a large sample of 3027

community-dwelling women with an initial age of 84 years, patients with chronic

obstructive pulmonary disease (below, [19]), and individuals receiving thrice-

weekly dialysis for renal failure [20]. Although investigators have attempted to

include appropriate co-variates in their analyses, some doubt has remained as to

whether a low-level of physical activity predisposed to death, or whether the level

of activity was low in those individuals with a poorer initial condition.

8.3.1.1 Very Old Women

The study of Tranah et al. [21] looked at the daily peaks of habitual physical activity

as measured by a wrist-mounted accelerometer in very elderly women, finding an

association between the height of these peaks and the risk of overall, atheroscle-

rotic, coronary heart disease and other cause of death over the next 4 years, with a

hazard ratio of 2.16 for overall deaths among women in the least physically active

quartile. This data appears to exclude any concept of an activity threshold for

all-cause mortality, all-cause, cancer, atherosclerotic, coronary disease and other

causes of death. In terms of both the amplitude of the daily circadian variation in

activity counts and the daily average (mid-line) count, Tranah et al. [21] saw the

main and statistically significant benefit on comparing the least physically active

quartile with the next most active quartile (Table 8.2). One focus of this particular

study was an age-related deterioration in circadian variations in activity, and a part

of the gradient of risk could reflect either the low overall level of physical activity in

Fig. 8.1 I-Min Lee has

extended many of the

epidemiological studies of

Ralph Paffenbarger on

relationships between

questionnaire assessments

of habitual physical activity

and all-cause and

cardiovascular mortality
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those with low peaks of activity, or an impairment of the circadian oscillator, with

associated adverse effects upon glucose tolerance. In support of the latter hypoth-

esis, the risk of developing cancer and stroke was greater in those individuals

showing a peak of physical activity later than 4.30 p.m.

Objective monitoring can cover not only patterns of physical activity, but also

the rhythms of sleep, which are also linked to an individual’s prognosis. The

average sleep duration, as determined by actigraph, is indicative of survival pros-

pects [22]. The relationship is U-shaped, with an optimum prognosis being linked to

a relatively short average sleeping time. A 10.5 year follow up of 444 women

initially aged 67.6 years found 90% survival in those who slept for 300–-

390 minutes, 61% survival in those who slept for less than 300 minutes, and

78% survival for those who slept for longer than 390 minutes per night.

8.3.1.2 Patients with Chronic Obstructive Pulmonary Disease

Waschki et al. [19] followed 170 cases of chronic obstructive pulmonary disease

(COPD) for an average of 48 months. The overall mortality during this period was

15%, giving a rather low total number of deaths [23]. A Sense-wear arm band was

used to assess the overall physical activity, total daily energy expenditure being

divided by the sleeping energy expenditure to obtain an average physical activity

level (PAL). Four-year risks of death for very inactive, sedentary and physically

active patients were respectively, 31, 9 and 0%; as with the elderly women, the

main gain seemed to be on moving from the very inactive to the sedentary category.

After statistical adjustments for age and sex, an increase in PAL of 0.14 (equivalent

to an added energy expenditure of 0.8–1.0 MJ/day) or the taking of an additional

1845 steps/day) was associated with a lower risk of death (respective hazard ratios

0.46 and 0.49); curve fitting did not indicate any significant curvilinearity of this

relationship.

Table 8.2 Hazard ratios for quartiles of daily overall physical activity (amplitudes and mesor of

circadian rhythm) of elderly women in relation to all-cause, cancer, atherosclerotic, stroke,

coronary disease and other causes of death

All-cause Cancer Atherosclerosis Stroke Coronary heart disease Other

Amplitude (counts/minute)

>4046 1.00 1.00 1.00 1.00 1.00 1.00

>3413 1.02 1.04 0.78 0.54 1.19 1.31

>2743 1.25 1.45 1.20 0.8 1.31 1.19

<2743 2.16 1.39 1.81 1.57 2.23 3.11

Daily mesor (counts/minute)

>2387 1.00 1.00 1.00 1.00 1.00 1.00

>2092 1.14 1.44 0.92 0.74 1.72 1.20

>1796 1.08 1.09 1.01 0.58 2.20 1.14

<1796 1.71 1.16 1.61 1.12 2.77 2.09

Significant changes are shown in bold type. Based on the data of Tranah et al. [21]

8 New Perspectives on Activity/Disease Relationships Yielded by Objective. . . 201



Garcia-Rio and associates examined the prognosis of 173 patients with moderate

to very severe chronic obstructive pulmonary disease over 5–8 years [24]. In a

multivariate model, the cycle ergometer endurance time at 75% of maximal aerobic

power and the accelerometer vector magnitude unit (VMU) score were found to be

independent predictors of mortality. Further, those with a high VMU score (average

234 units) had a lower risk of hospitalization than those with an average VMU of

143 units, and the time to the first hospital admission for COPD was longer for the

physically more active group. The risk of hospitalization decreased by 10% for

each 10 increase in VMUs. Kaplan-Meier survival curves showed large gains of

survival between the first quartile of activity (<130 units), the second quartile

(<200 units) and the third quartile (<270 units), but little additional advantage in

the fourth quartile (>270 units).

Zanoria and Zuwallack [25] followed 60 patients with COPD for an average of

53 months. A low level of habitual activity (a triaxial accelerometer count <170

units) was a predictor of both all-cause and respiratory hospital admissions over the

period of observation.

8.3.1.3 Patients Receiving Renal Dialysis

Matsuzawa et al. [20] followed a group of 202 out-patients who were receiving

thrice-weekly dialysis for an average of 45-months; 34 died during this period. A

multivariate analysis showed that the hazard ratio for death was reduced by 0.78 for

each increase in “activity” of 10 minutes/day [20], “activity” being here defined as a

score of>1 (gentle walking or higher) on a Kenz Lifecorder at entry to the study. A

Kaplan-Meier plot showed a substantial difference of prognosis between those who

were physically active <50 minutes/day, and those active >50 minutes/day

(median pedometer counts of 1833 and 4478 steps/day, respectively).

Matsuzawa et al. [26] made further studies on 116 dialysis patients. They

demonstrated that the levels of one important cardiac risk factor (HDL cholesterol)

were favourably impacted by greater objectively measured physical activity, inde-

pendently of other co-variates (a positive partial correlation with the daily step

count at entry to the study, r¼ 0.18, p< 0.02).

8.3.1.4 Activity on Discharge from Hospital and Prognosis

Ostir et al. [23] studied the physical activity patterns of 224 elderly patients

admitted to an acute geriatric hospital on the day of admission and the day of

discharge, using a “Step Watch” activity monitor. Among those aged 65–84 years,

activity was increased by 28 minutes/day immediately prior to discharge

(an increase from 478 to 846 steps/day), but in those aged >85 years there was

no such increase. Each 100 steps/day increment of activity was associated with a

3% decrease of mortality over the next 2 years. In contrast, if the step rate had
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declined by the time of discharge, there was a four-fold increase in the risk of death

over the next 2 years.

8.3.1.5 Conclusions

Although objective information on physical activity and all-cause mortality is

limited, longitudinal studies on the very old, patients with chronic obstructive

lung disease and those undergoing renal dialysis all show graded associations

between the volume of physical activity and enhanced prognosis, with much of

the benefit seen on reversing total inactivity. Unfortunately, on the basis of the

information collected to date, it is not possible to exclude entirely that a poorer

initial prognosis leads to difficulty in increasing physical activity rather than the

converse.

Future initiatives to overcome these uncertainties might include long-term

evaluation of physical activity and health in a substantial sample of older adults

who are shown to be healthy when first recruited, and/or discarding the first 2 or

3 years of follow-up to eliminate latent illness (as has sometimes been done in

questionnaire-based investigations).

8.3.2 Cardiovascular Disease

Harold W (Bill) Kohl [10] (Fig. 8.2) reported to the Hockley Valley Symposium

that occupational classifications, questionnaire data and aerobic fitness measure-

ments had all shown that the incidence and mortality from cardiovascular disease,

particularly ischaemic heart disease, were inversely related to habitual physical

activity [10], although estimates of benefit varied substantially, 8 of 28 studies did

not support a dose-response relationship, and there was no agreement on the type,

Fig. 8.2 Harold W. Kohl

has directed many

epidemiological studies of

the relationships between

questionnaire assessments

of physical activity, aerobic

fitness and health
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intensity and pattern of physical activity needed for benefit. Further, many of the

available longitudinal studies relied upon a questionnaire assessment of physical

activity at entry to the study. The possible effects of physical activity upon the risk

of stroke remained uncertain. More information was also needed concerning the

cardiovascular benefits of physical activity in women.

The impact of habitual physical activity upon the risk of cardiovascular disease

can be examined objectively by following a large sample of a high-risk population

for a substantial number of years, but to date all except one group of investigators

seem to have been deterred by the logistics. Potential alternatives are to seek some

surrogate of cardiovascular disease: a deterioration of vascular distensibility, cal-

cification of the coronary arteries, or the accumulation of pericardial fat.

8.3.2.1 Prospective Study of High-Risk Patients

Yates and associates [27] conducted a 6-year prospective study of a large interna-

tional sample of 9306 high-risk patients with impaired glucose tolerance and other

cardiac risk factors. There were 531 cardiovascular events during the period of

observation. The initial pedometer count for this population averaged 5892 steps/

day, and there was little change in this average at 12 months (6320 steps/day).

However, some patients showed decreases in their habitual activity of 2000 steps/

day or more, and others recorded increases of 2000 steps/day or more. The volume

of ambulatory activity seen at entry to the study and any increase of activity

observed over the trial were both inversely related to the risk of a cardiac incident,

respective hazard ratios per 2000 steps/day amounting to 0.90 and 0.92. Moreover,

these ratios persisted after an exhaustive adjustment of data for baseline co-variates,

including age, sex, body-mass index, smoking status, existing coronary heart

disease or cerebrovascular disease, significant ECG abnormalities, peripheral arte-

rial disease, congestive heart failure, chronic obstructive pulmonary disease, renal

function and use of antihypertensive medication.

The authors of this report suggested that no other research group has yet

conducted a similar trial. However, the study of Tranah and associates [21] dem-

onstrated associations between modest levels of physical activity and a decreased

risk of both coronary artery disease and atherosclerosis (above).

8.3.2.2 Pulse-Wave Velocity and Vascular Distensibility

Several studies have used changes in arterial pulse-wave velocity and other mea-

sures of vascular distensibility as indices of cardiovascular atherosclerosis

(Table 8.3). In the earlier of these studies, habitual physical activity was determined

by questionnaire and/or measurements of aerobic fitness [38–40], making it difficult

to define the dose of activity needed to optimize vascular characteristics.
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Tanaka et al. [37] used Polar heart rate monitors to provide objective evidence of

physical activity intensity in a study of middle-aged men. After a 3-month aerobic

exercise intervention (mainly walking), there was an increase of central arterial

compliance (as determined by simultaneous B mode ultra-sound and arterial

applanation tonometry).

Sugawara et al. [36] monitored physical activity by having subjects wear a Kenz

Lifecorder for 14 days. They found that the carotid arterial stiffness in a group of

103 post-menopausal women was significantly correlated with the duration of both

moderate and vigorous physical activity. Tanabe et al. [41] used the same equip-

ment to examine the impact of exercise intensity upon arterial compliance in

413 middle-aged and elderly subjects; vascular distensibility was greater in those

taking more than 30 minutes of moderate activity (3–5 METs) per day than in those

taking less than this volume. Mitsuo Matsuda (Fig. 8.3) [32] suggested that the

increase of arterial distensibility plateaued if the daily energy expenditure, thus

Table 8.3 Studies examining arterial distensibility in relation to objective measures of habitual

physical activity

Author Subjects Findings

Aoyagi

et al. [28]

Cross-sectional study of men and

women aged 65–84 years

Central but not peripheral arterial distensi-

bility increased with physical activity,

largest effect at low intensities

Gando

et al. [29]

Cross-sectional study of 538 unfit

but otherwise healthy subjects

Carotid/femoral pulse wave velocity

inversely correlated with time spent in both

light and moderate physical activity

Hawkins

et al. [30]

One-year longitudinal study of

274 sedentary and overweight

young adults

Brachial arterial pulse wave velocity

slowed if activity increased over year

Hayashi

et al. [31]

Longitudinal study of 17 sedentary

middle-aged men

16 weeks training programme with Polar

monitor increased central vascular

distensibility

Matsuda

[32]

Cross-sectional study of 413 -

middle-aged and elderly subjects

Effect plateaus with energy expenditure

>0.8–1.2 MJ/day

O’Donovan
et al. [33]

51 older adults with hypertension Applanation tonometry shows significant

inverse relation between physical activity

and pulse wave velocity

Ried-Larsen

et al. [34]

Cross-sectional study of

336 adolescents

Carotid arterial stiffness shows trend

approaching significance over physical

activity quartiles

Sakuragi

et al. [35]

573 children, average age 10 years Pulse wave velocity negatively correlated

with pedometer step count

Sugawara

et al. [36]

Cross-sectional study of 103 post-

menopausal women

Carotid arterial stiffness inversely related to

duration of light, moderate and vigorous

physical activity

Tanaka

et al. [37]

Longitudinal study of 413 middle-

aged and elderly subjects

Three months walking programme, using

Polar monitor, showed increase of central

arterial distensibility
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measured, exceeded 0.8–1.2 MJ/day; this would equate with about 30 minutes of

moderate physical activity (3–6 METs).

A cross-sectional study of 336 Scandinavian adolescents divided objective

measurements of physical activity into quartiles [34]. A trend to stiffer carotid

arteries in the physically less active youth approached statistical significance even

at the average age of 15.6 years.

Aoyaji et al. [28] found that after appropriate adjustments for age, sex and blood

pressure, central arterial stiffness (as indicated by carotid-femoral and delta

brachio-tibial pulse wave velocities) was significantly lower in physically active

individuals than in those with lower pedometer/accelerometer readings. In contrast,

peripheral vascular stiffness was unrelated to habitual physical activity. Hayashi

et al. [31] also found that the main effect of 16 weeks of moderate intensity training,

monitored by a Polar heart rate monitor, was upon central vascular distensibility. In

contrast, Yamada et al. [40] in their questionnaire-based investigation, concluded

that the main effect of habitual activity was upon the peripheral vessels.

Sakuragi et al. [35] examined the correlates of carotid-femoral pulse wave

velocity in 5873 healthy 10-year old children. Even at this age, there was a small

negative univariate correlation between the pedometer step count and vascular

stiffness (r¼�0.08, p¼ 0.046).

Hawkins et al. [30] strengthened the causal inference behind such associations,

demonstrating in a sample of 274 sedentary and overweight young adults that the

brachial-arterial pulse wave velocity was reduced over a 1-year lifestyle

programme in relation to increases in total accelerometer counts and time spent

in moderate physical activity (1952–5724 counts/minute); however, changes in

sedentary time and light physical activity were unrelated to changes in pulse

wave velocity seen over the course of the study.

Objective monitoring of physical activity with pedometer/accelerometers con-

firms that in the case of central vascular distensibility, benefit begins with a

relatively low dose of physical activity (Chap. 1). In the study of Aoyagi

et al. [28], the largest benefit was seen on moving from the least active subject

Fig. 8.3 Mitsuo Matsuda

has been active in research

linking vascular

distensibility to pedometer/

accelerometer counts
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quartile (averaging 3570 steps/day, and 4.8 minutes/day of moderate physical

activity), to the next most active quartile (averaging 5838 steps/day, and

12.2 minutes/day of moderate physical activity). Likewise, Sugawara et al. [36]

found that carotid arterial stiffness was inversely related to the duration not only of

vigorous physical activity (>5–6 METs, depending on age), but also to the duration

of moderate (>3–4 METs) and light (<3–4 METs) activity. Likewise, Gando

et al. [29] demonstrated that the carotid/femoral pulse wave velocity was correlated

with triaxial accelerometer determinations of the time that the older members of a

group of 538 unfit but otherwise healthy subjects allocated to moderate (>3 METs,

r¼�0.31), light (<3 METs, r¼�0.39) and sedentary (r¼ 0.44) activities, but was

not correlated with the time spent in vigorous physical activity.

Most of the studies cited in Table 8.3 included some individuals with hyperten-

sion, but O’Donovan et al. [33] specifically tested relationships in 53 older adults

with hypertension, some 16 members of the group also having the metabolic

syndrome. A significant inverse cross-sectional association was still seen between

triaxial accelerometer measurements of habitual activity and pulse wave velocity as

determined by applanation tonometry (r¼�0.53).

Further analysis of the Nakanojo data set confirmed the main thrust of dose/

response relationships previously set out by Aoyagi et al. [28], although also

defining small sex-related differences, probably attributable to lower levels of

physical activity and fitness in the female subjects of this sample [42].

8.3.2.3 Vascular Calcification and Pericardial Fat

The amount of coronary artery calcification detected by computed tomography

appears directly and strongly related to future cardiac incidents. Several

questionnaire-based studies found no association between coronary vascular calci-

fication and habitual physical activity. However, an inverse relationship became

apparent with objective monitoring of physical activity.

Gabriel and associates made two electron beam tomographic assessments of

coronary calcification in 148 healthy older women, allowing a 12-year interval

between assessments [43]. Subjects were classified into three groups

(no calcification observed at either test visit, calcification seen at the second visit,

and calcification apparent at both visits). Questionnaire responses failed to reveal

any inter-group differences of habitual physical activity. However, accelerometer

estimates of the times spent in moderate and vigorous physical activity were

significantly greater in the first than in the third subject group (81.6

vs. 62.4 minutes/day).

Kristi Storti (Fig. 8.4) and associates [44] also applied the electron beam

tomography technique to a cross-sectional study of 173 younger and 121 older

women. In the older women (average age 73.9 years), there was a statistically

significant association between the likelihood of finding coronary calcification and

the daily step count recorded by a Yamax pedometer. The incidence ranged from

31% in those taking no significant activity (counts <3610 steps/day) to 21% in
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those taking >5466 steps/day, with no additional benefit in those taking >7576

steps/day; the range 5466–7566 steps/day corresponds to quite a limited volume of

physical activity even in the elderly (Chap. 1). Adjusting for covariates, and setting

the most active group as the norm, the odds ratios for the four quartiles of physical

activity were 1.00, 0.94, 1.08 and 1.31, respectively, only the effect of taking no

deliberate physical activity being statistically significant. The younger subjects

(average age 56.8 years) showed a similar trend, but this was not statistically

significant.

In contrast to these positive conclusions, an accelerometer study of theWhitehall

civil servants by Hamer et al. [45] found no relationship between coronary calci-

fication and habitual physical activity. One possible reason for this divergent

finding was that some 55% of the Whitehall sample of 10,308 executive class

civil servants were already engaging in at least 30 minutes per day of moderate-to-

vigorous physical activity; furthermore, the Whitehall data were not sorted by sex.

A subsequent examination of 446 participants in the Whitehall study [46] used

electron beam computed tomography to determine pericardial fat; the amount of

this fat was inversely correlated with the total physical activity of the individual and

the minutes per day spent in moderate-to-vigorous physical activity, even after

adjusting for numerous co-variates. This is an important finding, since there is a

growing belief that pericardial fat releases pro-inflammatory factors that contribute

to coronary atherosclerosis. The association was strongest for minutes per day of

moderate physical activity (>3 METs).

8.3.3 Stroke

There have been many objective studies underlining limited physical activity and

abnormalities of gait following a stroke, but few investigations have yet evaluated

the preventive value of physical activity.

Fig. 8.4 Kristi Storti has

carried out a number of

studies relating vascular

health to objectively

monitored physical activity
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8.3.3.1 Physical Activity and Stroke Prevention

Physical activity might modify the risks of stroke through an action upon either

systolic blood pressure or vascular atherosclerosis. To date, the results obtained by

objective monitoring are limited; two of three studies have pointed to benefit from

light and/or moderate activity, and the third report has shown a non-significant

trend in the same sense. However, details of dose/response relationships have yet to

be elucidated.

Tranah and associates [21] found no significant association between objectively

measured physical activity and the risk of stroke in a sample of elderly women

(Table 8.2).

Butler and colleagues [47] examined accelerometer data for the physical activity

of 262 individuals in the NHANES study who reported having suffered a stroke.

Compared with 524 who had not experienced a stroke, the data showed less

vigorous and moderate-to-vigorous physical activity (10.9 vs. 13.0 minutes/day),

greater sedentary behaviour (10.0 vs. 9.2 hours/day), and lower rates of counting

(190 vs. 227 counts/minute). A large cross-sectional family study of a relatively

inactive population conducted by Lee et al. [48] also found an association between

a self-report of stroke and a low level of habitual physical activity, respective mean

z scores for daily step count, and minutes of moderate and light physical activity

being �0.63, �0.32 and �0.42 (Table 8.4).

8.3.3.2 Uses of Objective Activity Monitors Following a Stroke

The wearing of a pedometer has been suggested as a potential method of increasing

physical activity following a stroke [49]. Care must be taken in the absolute

interpretation of data in patients with an abnormal gait and a slow walking rate

[50]. Sense-Wear arm band data show a poor correlation with step counts following

Table 8.4 Findings from a large cross-sectional family study in Hong Kong [48], showing mean z

scores for associations between various accelerometer measures of habitual physical activity and

medical conditions

Condition

Daily

step

count

Minutes of moderate-to-

vigorous physical activity per

day (>3 METs)

Minutes of light

physical activity per

day (<3 METs)

Self-reported hypertension �0.22 �0.17 �0.12

Measured hypertension �0.02 0.01 �0.02

Self-reported cancer �0.43 �0.05 �0.28

Self-reported stroke �0.63 �0.32 �0.43

Depressive symptoms on

PHQ-9

�0.15 �0.04 �0.10

Physical component subscale

of medical outcomes

questionnaire

�0.13 �0.05 0.06

8 New Perspectives on Activity/Disease Relationships Yielded by Objective. . . 209



a stroke [51]; the problem seems to be with the arm band data or its interpretation,

since the arm band estimates of metabolic rate correlate poorly with direct mea-

surements of oxygen consumption by metabolic cart [52]. Nevertheless, a change in

data can provide useful motivation, provided that measurement errors remain

relatively consistent.

Levels of habitual physical activity are consistently low following a stroke

[53, 54]. Moore et al. [54] used a Sense-Wear device to show that the habitual

activity of a group of 31 stroke patients with an average age of 73 years remained

below the levels recommended for the health of the general population in the

6 months following an acute cerebrovascular incident. In a sample of 49 patients,

Mudge and Stott [55] attached a Step Watch infrared monitoring device to the

unaffected leg of subjects with hemiplegiua, finding an average count of only 4765

steps/day 6 months following a stroke.

However, prognosis following a stroke is enhanced if patients can be encouraged

to achieve a Kenz Lifecorder count of at least 6000 steps/day; the positive and

negative predictive values for further episodes with habitual physical activity below

this threshold were 38.0 and 91.6% respectively [56]. In an observer-blinded

24-week controlled trial, 35 of 70 stroke patients were enrolled in a programme

that included a heart-rate monitored increase of physical activity and a reduced salt

intake. There was an immediate decrease of blood pressure and an increase of HDL

cholesterol, and after a follow-up of 2.9 years, there had been only 1 vascular event

in the experimental group, compared with 12 events in the control group [57].

Plainly, the risk of a recurrence is relatively high following a stroke, and there is

thus scope to study substantial groups of patients prospectively to examine how far

the risk of a recurrence is related to the individual’s habitual level of physical

activity.

8.3.4 Peripheral Vascular Disease

At the Hockley Valley Consensus Conference, it remained unclear whether regular

physical activity protected against stroke [10]. Rauramaa et al. [14] further con-

cluded that although there was evidence that acute exercise activated haemostasis,

the effects of chronic physical activity upon coagulation and thrombosis remained

unclear.

We will discuss objective evidence that inactivity predisposes to a

prothrombotic state, and will discuss associations between the development of

atheromatous plaques and other manifestations of peripheral vascular disease,

finally considering the impact of physical activity levels upon the prognosis in

peripheral vascular disease.
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8.3.4.1 Inactivity and Prothrombotic State

One possible adverse consequence of physical inactivity is the development of a

prothrombotic state (Table 8.5). A substantial number of papers have documented

very low levels of objectively measured physical activity in peripheral vascular

disease, but it remains uncertain from such observations whether inactivity was the

primary problem, or whether the observed low levels of physical activity were

secondary to the development of claudicant pain. Objective studies of differences in

pulse wave velocity between physically active and inactive individuals (Table 8.3)

suggest that at least a part of the difference in lifestyle likely pre-dated the onset of

claudication. In a cross-sectional analysis of 106 patients with peripheral arterial

disease, Gardner and Killewich [59] demonstrated that plasma levels of plasmino-

gen activator (a serine protease that promotes fibrinolysis) were positively related to

daily levels of habitual physical activity. Dividing the sample into low, moderate

and high levels of habitual activity, respective levels of tissue plasminogen activa-

tor were 1.30, 1.65 and 1.60 IU/mL and the corresponding levels of plasminogen

activator inhibitor were 21.4, 16.4 and 17.5 AU/mL. Another study of 188 patients

with peripheral arterial disease underlined inverse relationships between acceler-

ometer measurements of habitual physical activity and pro-coagulant factors, the

fibrin degradation product D-dimer and inflammatory markers [58, 60] (Table 8.5).

In this analysis, the largest change in most variables was seen on moving from the

fourth to the fifth quintile of physical activity. Dividing a sample of 111 cases of

peripheral arterial disease into activity tertiles, Payvandi et al. also noted a gradient

of flow-mediated vasodilatation favouring the individuals who were most physi-

cally active (first tertile +4.8%, second tertile +4.6%, third tertile +7.2% dilatation

following 4 minutes of vascular occlusion [61]).

8.3.4.2 Inactivity and Femoral Atherosclerotic Plaques

The extent of superficial femoral artery atherosclerotic plaques might seem to

provide another objective index of the extent of peripheral vascular disease. How-

ever, a study of 454 patients found no significant relationships between quintiles of

Table 8.5 Evidence of a prothrombotic state among 188 patients with peripheral vascular disease,

divided into quintiles of arbitrary Caltrac accelerometer-measured physical activity units [58]

Measure

Accelerometer-measured physical activity quintiles

<443

units

<634

units

<813

units

<1053

units

>1058

units

D-dimer (mg/mL) 1.44 0.91 1.26 0.80 0.70

C-reactive protein (mg/dL) 0.610 0.663 0.507 0.555 0.274

Fibrinogen (mg/dL) 373 389 375 386 338

Plasminogen activator inhibitor

(ng/mL)

19.2 17.6 13.2 18.2 14.7

8 New Perspectives on Activity/Disease Relationships Yielded by Objective. . . 211



maximal plaque area, mean plaque area or minimal luminal area and habitual

physical activity as measured by a Caltrac accelerometer [62].

8.3.4.3 Inactivity and Peripheral Vascular Disease

The most convincing evidence that inactivity precedes peripheral vascular disease

comes from studies of youth with type 1 diabetes mellitus. Many such individuals

already present early signs of peripheral vascular disease, particularly an increased

intima-media thickness and impaired flow-mediated vasodilatation (4.9 vs. 7.3%)

[63]. Moreover, regular physical activity appears to have protective value; adoles-

cents with type 1 diabetes mellitus who undertook at least 60 minutes per day of

moderate to vigorous physical activity maintained a flow-mediated vasodilatation

that was at least comparable with that of relatively inactive healthy youngsters.

Many studies of older individuals have shown an association between inactivity

and peripheral vascular disease. A comparison of 85 patients who suffered from

intermittent claudication and 59 individuals without this symptom [64] showed a

substantial inter-group difference in both pedometer counts (4737 vs. 8672 steps/

day) and estimated energy expenditures (1.49 vs. 2.56 MJ/day).

McDermott and associates [65] compared 20 patients with peripheral arterial

disease against 21 individuals who were free of peripheral arterial disease. Accel-

erometer measurements indicated a substantial inter-group difference in weekly

leisure energy expenditures (3.34 MJ vs. 7.28 MJ/week); despite the magnitude of

this effect, two self-report questionnaires failed to detect significant inter-group

differences in activity levels. In this study, indices of the brachial-ankle pulse wave

velocity showed a clear gradient with tertiles of weekly leisure energy expenditure

(0.62, 0.89 and 1.05). Further studies by the same investigators indicated that higher

accelerometer counts were associated with more favourable characteristics in the

leg muscles [66]; again dividing the sample by activity tertiles, the respective calf

muscle cross-sectional areas were 5071, 5612 and 5869 mm2.

8.3.4.4 Inactivity and Prognosis in Peripheral Vascular Disease

The low level of physical activity seen in many patients with peripheral vascular

disease may contribute to the subsequent progression of this condition [67]. A

4-year follow-up of 203 patients with peripheral vascular disease physical found

that high levels of daily physical activity were associated with greater initial physi-

cal fitness, and a slower rate of decline in both the 6-minute walking distance and

the fast-paced 4-metre walking velocity [68].

Garg and associates examined the impact of habitual activity upon prognosis in

peripheral vascular disease. They completed a 57-month accelerometer-based

follow-up of 460 men and women [69] with an initial average age of 71.9 years;

29% of the group died over the course of the study. Comparing the physically most
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active with the least active quartile, the hazard ratio was 3.48 for all-cause deaths.

Similar hazard ratios were observed for cardiac events and cardiac deaths (Fig. 8.5).

8.3.5 Value of Objective Monitoring in Cardiac
Rehabilitation

As in many forms of secondary and tertiary care, pedometers and accelerometers

are finding increasing application as a means of objectively determining levels of

physical activity during cardiac rehabilitation [70] and of motivating individuals to

greater physical activity [71]. Where care has not been taken to supplement formal

training sessions with a home-based programme, the increase of weekly energy

expenditure has sometimes been much less than intended.

8.3.5.1 Need for Objective Monitoring

Guiraud and colleagues [72] compared responses to a physical activity question-

naire with accelerometer data obtained from a “My Wellness Key actimeter” in a

group of 72 patients who had completed a 4-week course of cardiac rehabilitation.

The correlation between the subjective and objective measurements was relatively

low (for total activity, r¼ 0.40; for reports of sports and leisure activity with

objective evidence of moderate and vigorous physical activity, r¼ 0.37),

underlining the need for objective monitoring in order to assess adherence to

exercise prescriptions.

8.3.5.2 Need to Supplement Rehabilitation Centre Programmes

In an uncontrolled study, Stevenson et al. [73] monitored responses at entry to and

on completing a 4–6 week programme of early cardiac rehabilitation. There was

only a small increase of total activity from programme entry (194 counts/

Fig. 8.5 Michael Criqui is

a cardiovascular

epidemiologist who has

studied physical activity

patterns in patients with

peripheral vascular disease
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observation minute) to programme exit (218 counts/minute), and the time spent in

moderate activity also increased only from 13.9 to 18.7 minutes/day. However,

total activity was increased on the days patients attended the rehabilitation

programme (224 vs. 188 counts per observation minute, 19.7 vs. 12.8 minutes of

moderate activity).

Ayabe et al. [74] examined the physical activity patterns of 77 patients who had

been enrolled in cardiac rehabilitation programmes 3 days per week for 3 or more

months. Lifecorder accelerometer monitoring showed leisure activity averaging

6.5 MJ/week, with 125 minutes of moderate activity (3–6METs) and 5.7 minutes of

vigorous activity (>6 METs) per week. Expenditures certainly met minimum

public health recommendations on days when patients attended the rehabilitation

centre, but they fell far short on other days of the week (respective expenditures of

1.25 vs. 0.73 MJ/day, 27.8 vs. 10.9 minutes of moderate and vigorous activity),

emphasizing the need to supplement formal cardiac rehabilitation classes by home

programmes.

Jones et al. [75] reached similar conclusions in their study of a 3-day per week

Phase III cardiac programme. Physical activity was much higher on the days when

patients attended the rehabilitation centre (10,087 vs. 5287 steps/day). Because of

the continued low level of physical activity on intervening days, only 8% of

patients met the minimum recommended level of physical activity for the week

as a whole. Those who were successful in this regard were generally undertaking a

home programme in addition to the formal classes.

8.3.5.3 Potential of Home-Based Rehabilitation

Home-based rehabilitation, with or without telemonitoring, has the attraction that

patients do not spend a large part of their potential exercise time driving to and from

a rehabilitation centre.

Reid and colleagues [76] used pedometers to assess physical activity patterns in

141 patients who were unwilling to attend a formal cardiac rehabilitation

programme. Comparisons were made between a motivational counselling group

and those receiving usual care. Relatively small differences were seen: those

receiving motivational counselling increased their weekly walking distance from

an initial 21.2 to 38.3 km/week at 12 months, whereas the corresponding figures for

those receiving usual care were 20.9 and 34.5 km/week.

Oliveira et al. [77] demonstrated that a useful increase of habitual physical

activity could be induced by a well-designed 12-week home-based cardiac

programme. The physical activity of the experimental group was almost doubled,

from 278 to 526 counts/minute per day, with the duration of moderate physical

activity rising from 16.8 to 63.7 minutes/day; however, there were no changes of

habitual activity in the control group.

Karjailainen et al. [78] used accelerometers to demonstrate that patients with a

combination of type 2 diabetes mellitus and coronary artery disease initially

undertook less moderate-to-vigorous and vigorous activity than those with coronary
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disease alone (4.5 vs. 8.2 minutes/day). However, individually-prescribed home-

based exercise programmes were effective in increasing the high intensity habitual

activity of both groups (from 2.1 to 6.1 minutes/day and from 5.0 to 9.6 minutes/

day).

8.3.5.4 Retention of Interest Following Formal Rehabilitation

Considerations of cost commonly limit the duration of formal cardiac rehabilitation

to 12 weeks. How well do patients continue to meet activity recommendations after

their formal exercise sessions have ceased, and can the continued objective mon-

itoring of activity contribute to the maintenance of enthusiasm?

Some observers have seen only a limited retention of interest in physical

activity. Brändstr€om et al. [79] found pedometer readings averaging only 6719

steps/day 6 months following treatment for myocardial infarction at a rural Swedish

hospital (apparently without formal rehabilitation). Only a quarter of this group

reached a count of 9000 steps/day, and only a fifth of the group attained 10,000

steps/day.

Clark and associates [80] used pedometers to assess the value of peer buddy

motivation following completion of a 12-week cardiac rehabilitation programme.

There was a substantial initial difference of step count between those entering the

buddy programme (7844 steps/day) and those refusing it (5655 steps/day). More-

over, over the following 12 months, the weekly duration of physical activity for the

two categories of patient decreased by 40 vs. 393 minutes/week, respectively.

Izawa et al. [81] demonstrated the positive contribution of objective monitoring

in patients who had completed a 6-month cardiac rehabilitation programme. Six

months later, there was a striking difference of habitual physical activity between a

group that continued to monitor their body mass and physical activity and a control

group that simply received usual treatment; the Kenz Lifecorder showed respective

counts of 10,459 vs. 6923 steps/day.

8.3.6 Conclusions

Objective monitoring facilitates the long-term monitoring of changes in physical

activity pattern, an outstanding need that was recognized by Kohl during the 2001

Consensus Conference [10]. Indeed, Aoyagi and associates have now recorded step

counts and energy expenditures in a substantial sample of subjects continuously for

5 years or more [82], allowing associations to be drawn between health manifesta-

tions and current rather than initial physical activity patterns. Both cross-sectional

and longitudinal objective monitoring have demonstrated that manifestations of

coronary arterial disease, arterial distensibility, coronary vascular calcification and

pericardial fat are all associated with regular participation in physical activity of

moderate intensity and volume. Most of the data to date have been obtained on
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older individuals, and there remains a need to relate beneficial intensities of activity

with the initial fitness levels of subjects. There also remains scope for quasi-

experimental longitudinal studies, where objective monitors are used to stimulate

known increases of physical activity in a sub-sample of an initially sedentary but

healthy population. Finally, objective data have not as yet fully clarified the value of

physical activity in the prevention of stroke.

8.4 Hypertension

In his presentation to the Hockley Valley Consensus Symposium, Richard Fagard

(Fig. 8.6) concluded that regular exercise generally reduced both systolic and

diastolic blood pressures, but relationships to the pattern of physical activity that

was undertaken remained unclear [11]. After commenting on the issue of night-time

blood pressure measurements and cardiovascular risk, we will review objective

cross-sectional data suggesting only weak associations between habitual physical

activity and systemic blood pressures, as well as longitudinal data that demonstrate

both short-term and longer-term influences.

8.4.1 Night-Time Blood Pressure Determinations
and Cardiovascular Risk

Hermida et al. [83] used Actigraph measurements to distinguish blood pressure

readings obtained when patients were lying awake from when they were asleep.

Fig. 8.6 Richard Fagard

has for many years

examined relationships

between habitual physical

activity and hypertension
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They followed 3344 subjects for 5.6 years. In persons without diabetes, the

cardiovascular risk increased with waking pressures>130/75 mm Hg, and sleeping

values >120/70 mm Hg. However, for those with diabetes, the corresponding

thresholds were 120/75 and 105/60 mm Hg. The cardiovascular risk increased

more steeply in women than in men when blood pressures exceeded these values

[84], and it was best countered by taking one or more blood pressure-lowering

medications immediately before retiring [85].

Wuerzner et al. [86] pointed out that loss of the night-time dipping of blood

pressure was an important factor contributing to cardiovascular events. In a sample

of 103 patients, most of whom were hypertensive, they found that the night-time

dipping of blood pressure was positively associated with step counts, even though

the daytime blood pressures were unrelated to step counts. Given the limited

association between physical activity and daytime pressures, this seems an area

that merits furtjer exploration.

8.4.2 Cross-Sectional Association Between Physical Activity
and Hypertension

Given the impact of even modest amounts of habitual physical activity upon arterial

stiffness (above), one might anticipate finding similar associations between phys-

ical inactivity and hypertension. However, in general the observed relationships

have been weak (Table 8.6). This might reflect the fact that physical activity

reduces central but not peripheral arterial stiffness (Aoyagi et al. [28]), or possibly

the association has been weakened by the inclusion of body mass or obesity as a

covariate in many of the analyses. Because any effects are quite small, the statistical

significance of associations depends in part upon the size of the subject pool.

8.4.2.1 Significant Associations

Five investigations found small inverse associations. A study of 5505 children aged

11–12 years recorded total physical activity (average counts/minute) and minutes of

moderate-to-vigorous physical activity per day [92]. Small inverse associations

with systolic blood pressure were seen for both the duration of moderate physical

activity (�0.66 per 15 minutes) and total daily activity (�0.44 per 100 counts/

minute), with the latter variable being dominant in multiple regressions including

both variables.

Huffman et al. [91] reported pedometer data from 7118 individuals with cardio-

vascular disease or impaired glucose tolerance. Small but statistically significant

associations were found between pedometer counts and systolic blood pressure,

triglycerides and fasting blood glucose.
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A cross-sectional survey of 182 sedentary Canadian employees [88] also found a

weak association between daily step count and diastolic blood pressure (r¼�0.21).

Cerebral palsy often leads to low levels of habitual physical activity, and Ryan

et al. [95] demonstrated that in a sample of 90 such children aged 6–17 years, there

was a negative association between their habitual activity and hypertension.

Despite a low prevalence of obesity, hypertension was commonly observed. Logis-

tic regression analyses showed significant correlations with sedentary activity

(0.064), moderate activity (0.389), vigorous activity (�0.501), and mean activity

count (�0.277).

Finally, a large cross-sectional family study found a weak relationship between

habitual physical activity and self-reported hypertension [48], but this association

was not confirmed when pressures were measured in the laboratory.

8.4.2.2 Negative Reports

Other investigators have found no significant association between habitual physical

activity and blood pressures. Camhi et al. [87] examined NHANES data for 1391

adults; blood pressures were unrelated to Actigraph measurements of the time spent

Table 8.6 Relationship between habitual physical activity and systemic blood pressures, as seen

in cross-sectional investigations

Author Subjects Findings

Camhi

et al. [87]

1391 adults in NHANES Blood pressures unrelated to time spent in

light activity

Chan

et al. [88]

182 sedentary adults Weak inverse association between diastolic

pressure and step count (r¼�0.21)

Christensen

et al. [89]

64 Tarahumara Indians, 18 with

hypertension

No significant associations of activity with

blood pressures

Healy

et al. [90]

169 patients with diabetes Activity unrelated to blood pressures

Huffman

et al. [91]

7118 adults with cardiovascular

disease or impaired glucose

tolerance

Weak inverse association of pedometer

counts with systolic pressures

Leary

et al. [92]

5505 children aged 11–12 years Inverse associations with duration of

moderate-to-vigorous activity (β¼�0.66

per 15 minutes) and total activity

(β¼�0.44/100 counts)

Lee

et al. [48]

Large cross-sectional study of

Hong Kong families

Self-reported hypertension shows weak

association with daily step count and minutes

of moderate activity

Luke

et al. [93]

NHANES sample Self-reported hypertension but not measured

blood pressures inversely related to mean

activity and time spent in moderate activity

Natali and

associates

[94]

1384 asymptomatic subjects

aged 30–60 years

No relation of blood pressure to actigraph

data
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and the step count during light physical activity. A further analysis of NHANES

data for 2003–2006 was conducted by Luke et al. [93]. This emphasized the wide

gap between questionnaire responses and objective measurements of habitual

physical activity. HDL-cholesterol, plasma glucose, and self-reported hypertension

and diabetes were significantly correlated with the mean level of physical activity

(counts/minute) and the time spent in bouts of moderate-to-vigorous activity

(>2000 counts/minute) lasting longer than 1 minute; however, these associations

were weakened after co-varying for levels of obesity, and no significant associa-

tions were seen for measured blood pressures or total cholesterol levels.

The Family project also found self-reported hypertension was significantly

related to step count, but the relationship was not confirmed by direct measurements

of blood pressure [48].

Natali and associates [94] divided 1384 asymptomatic subjects aged 30–60 years

into three blood pressure categories (optimal, normal and high normal). Within this

categorisation, neither the men nor the women showed any significant inter-group

differences in uniaxial Actigraph measurements of habitual physical activity.

Christensen and colleagues [89] used a combined accelerometer and heart rate

sensor to determine activity levels in a sample of Tarahumara Indians, a group once

famed for their long-distance running, but now afflicted with a high prevalence of

diabetes; 28% of 64 middle-aged Tarahumaran adults had hypertension, but the

associations of systolic and diastolic blood pressures with habitual physical activity

within this population were weak and statistically non-significant.

Finally, a study of 169 Australian diabetics [90] found no significant associations

between accelerometer data and systolic or diastolic blood pressures.

8.4.3 Longitudinal Studies

Despite the limited evidence of cross-sectional associations, a number of objec-

tively monitored longitudinal studies have demonstrated reductions of blood pres-

sure of a similar order to those reported in questionnaire studies.

A single session of walking reduced the blood pressure of elderly individuals by

12/4 mm Hg [96].

A quasi-experimental longitudinal study was conducted on 47 test and 94 control

employees of the Merrill Lynch organization [97]. At control sites, subjects received

blood pressure and weight measurements plus some health education; at experimen-

tal sites, they were also given pedometers and were specifically encouraged to

increase their daily physical activity. Over 1-year of observation, the test subjects

showed decreases of both blood pressure (�10.6/�7.4 vs. �6.1/�3.1 mm Hg) and

body mass index (�1.0 vs. +0.2 kg/m2) relative to the controls; at the end of the year,

38% of the experimental group reported taking vigorous physical activity three or

more times per week, although only 28% used the pedometer on a regular basis.

Moreau et al. encouraged a small group of post-menopausal women with

borderline or stage 1 hypertension (pressures 130–159/85–99 mm Hg) to increase
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their physical activity by walking an additional 3 km/day, monitored by a pedom-

eter [98]. Relative to a control group who did not increase their daily activity, the

systolic pressure was decreased by 6 mm Hg at 12 weeks, and by 11 mm Hg at

24 weeks, although diastolic pressures remained unchanged. The body mass of the

experimental group also decreased by an average of 1.3 kg, but this change

appeared unrelated to the alteration of blood pressures.

Iwane et al. [99] persuaded 83 of 730 middle-aged industrial workers to adopt a

daily pedometer count >10,000 steps/day; 30 of the 83 individuals were initially

hypertensive (pressures >140/90 mm Hg), and they showed an average decrease of

pressures from 149/99 to 139/90 mm Hg over a 12-week period when their

pedometer counts averaged 13,510 steps/day. However, pressures remained

unchanged, both in those who were initially normotensive and in those who did

not increase their physical activity.

Zoellner et al. [100] enrolled 269 middle-aged adults, mostly African Ameri-

cans, in an uncontrolled pedometer-motivated exercise programme. Over 6-months,

they observed a substantial decrease in average blood pressures (�6.4/�4.6 mm

Hg)

Hultquist and associates [101] compared the merits of a 10,000 steps/day target

with the alternative of walking 30 minutes/day in a group of middle-aged women,

most of whom were initially normotensive. Over 4 weeks of observation, both

approaches reduced blood pressure, with the timed walk being somewhat more

effective (respective decreases of 2/2 vs. 4/3 mm Hg).

Swartz et al. [102] persuaded a group of 18 post-menopausal women with a

family history of diabetes to increase their pedometer count from an initial 4972 to

9213 steps/day. Initial blood pressures averaged 138/88 mm Hg, but reductions of

8/5 mm Hg were seen over an 8-week programme.

There remains scope to extend these longitudinal investigations, with careful

documentation of the patterns of increased physical activity that are adopted.

8.5 Cardiac and Metabolic Risk Factors

In their presentation to the Hockley Valley Consensus Symposium, Art Leon

(Fig. 8.7) and Sanchez [13] concluded that questionnaire data on blood lipids

were too inconsistent to establish the effects of volume and intensity of physical

activity.

There are five main metabolic risk factors [103]: (1) a body mass index >25 kg/

m2; (2) a fasting serum triglyceride level >1.7 mmol/L; (3) a fasting

HDL-cholesterol <1.0 mmol/L in men or <1.3 mmol/L in women; (4) a systolic

blood pressure >130 mm Hg or a diastolic pressure >85 mm Hg; and (5) a fasting

blood glucose >6.1 mmol/L or a haemoglobin A1c >5.5%. Some authors have

commented on individual risk factors, for instance hypertension (above), whereas

others have looked at increases in the number of subjects with risk factors at various

levels of daily physical activity.
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A lack of physical activity is associated with metabolic risk factors not only in

the middle-aged and the elderly, but also in children and university students.

Abnormal sleep patterns also modify risks.

8.5.1 Middle-Aged and Elderly Adults

Cross-sectional research on 182 people from Prince Edward Island found that

sedentary employees with one or more self-reported components of the metabolic

syndrome took fewer steps/day than those individuals with no manifestations of this

syndrome [88]. Other studies of middle-aged and older adults have consistently

replicated this finding.

Scheers et al. [104] used a Sense-Wear arm band to study relationships between

various measures of habitual physical activity and individual metabolic risk factors

in a sample of 370 middle-aged Flemish adults (Table 8.7). The strongest relation-

ships were with waist circumference, where statistically significant effects were

seen from sedentary time and the duration of light activity, but the largest effects

were with moderate physical activity and the average energy expenditure over the

entire day (PAL). Relationships with serum triglycerides and HDL-cholesterol

were also seen, but as would be anticipated from the previous section of this text,

partial correlations with systolic and diastolic blood pressures were relatively weak,

and there were no significant relationships with fasting blood glucose. The authors

concluded from their analysis that activity of at least moderate intensity may be

important to the control of the metabolic syndrome.

Henson et al. [105] studied 878 adults with risk factors for type 2 diabetes

mellitus. They found that plasma glucose, triacylglycerol and HDL cholesterol

levels were all significantly associated with sedentary time. However, only adipos-

ity was associated with total physical activity and the number of breaks in sedentary

time, suggesting that excessive sedentary time is an important variable to modify in

the control of metabolic risk factors.

Fig. 8.7 Art Leon has led

many investigations

examining relationships

between habitual physical

activity and blood lipids
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Camhi et al. [87] analyzed data from a NHANES survey of 1371 adults. They

also found the main impact was upon the lipids. Blood pressures were unrelated to

Actigraph measurements of the time spent and the step count during light physical

activity (an average 113 minutes, 3554 steps/day). However, a greater time spent in

light physical activity and a greater number of steps taken at a light intensity of

effort were associated with a lower odds of high triglycerides, a low

LDL-cholesterol, a large waist circumference and a lower risk of the metabolic

syndrome. No associations were found between habitual physical activity and blood

pressure or blood sugar.

Bankoski et al. [106] also examined NHANES data. People with the metabolic

syndrome spent a longer percentage of the day sitting (67.3 vs. 62.2%), had longer

sedentary bouts (17.7 vs. 16.7 minutes), had a lower intensity of activity while

sitting (14.8 vs. 15.8 counts/minute) and had fewer sedentary breaks (82.3 vs. 86.7)

than those not affected by the metabolic syndrome.

Ekelund et al. [107] examined 258 adults aged 30–50 years with a family history

of diabetes mellitus. They established that after controlling for age, sex and obesity,

the time spent in moderate and vigorous physical activity was associated with

metabolic risk, but in their study no associations were seen for light activity and

sedentary time. Total body movement (counts/day) was independently associated

with triglycerides, insulin, HDL-cholesterol and summed metabolic risk factors.

Table 8.7 Partial correlation coefficients between habitual physical activity as monitored by

SenseWear arm band and metabolic risk factors in 370 middle-aged Flemish adults, after adjust-

ment for co-variates (only statistically significant associations are shown; no associations with

fasting blood glucose were significant)

Variable

Waist

circumference Triglycerides

HDL-

cholesterol

Systolic

blood

pressure

Diastolic

blood

pressure

Average physical activ-

ity (METs)

�0.61 �0.27 0.39 �0.13 �0.23

Sedentary time (hours/

day)

0.34 0.16 �0.24 0.18

Length of sedentary

bout (minutes)

0.31 0.15 �0.21 0.11 0.12

Breaks in sedentary

bouts (n/day)

�0.18

Light activity (<3

METs, hours/day)

0.16

Moderate activity (<6

METs, hours/day)

�0.50 �0.21 0.33 �0.17

Vigorous activity ((>6

METS, hours/day)

�0.34 �0.19 0.29 �0.17

Moderate + vigorous

(hours/day)

�0.52 �0.23 0.35 �0.18

Moderate + vigorous in

bouts >10 minutes

(hours/day)

�0.54 �0.24 0.36 �0.19

Based on data of Scheers et al. [104]
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In contrast, a study of 169 Australian diabetics [90] found significant associa-

tions between accelerometer estimates of time spent sitting, and engagement in

light and moderate physical activity (Table 8.8). Independently of the time spent in

moderate and vigorous physical activity, there were significant associations

between the times spent in sedentary and light intensity activities and waist

circumference and other metabolic risk factors.

Park et al. [103] examined daily pedometer/accelerometer records for 220 Japa-

nese subjects aged 65–84 years. Data were related to each of the five main

metabolic risk factors. Those having a high blood pressure, a high blood glucose

and three or more of the metabolic risk factors all showed significantly lower step

counts and significantly shorter daily periods of exercise at an intensity >3 METs

than their peers who did not have these manifestations. The odds ratio of presenting

three or more metabolic risk factors was increased 4.3-fold in those in the lowest

step count quartile, and 3.3-fold for those in the lowest quartile of activity at an

intensity >3 METs. For those in the second quartile of step counts (average 5581

steps/day), the odds ratio was 2.58, but no significant advantage was seen with a

further increase in the daily step count.

8.5.2 Children and Young Adults

Alhassan and Robinson [108] sought the optimum level of habitual physical

activity discriminating the presence of two or more cardiac risk factors in a sample

of 261 girls with an average age of 9.4 years. The clearest discrimination came with

an Actigraph record showing >16.6 minutes of physical activity per day at an

intensity >2000 counts/minute. Interestingly, this threshold is substantially lower

than the minimum daily recommendation derived from questionnaire studies.

Table 8.8 Standardized regression coefficients linking components of physical activity profile

and metabolic risk factors in 160 Australian diabetics studied by Healy and Associates [90]

Variable

Sedentary

duration

Light intensity

duration

Moderate to vigorous

intensity duration

Mean activity

intensity

Waist

circumference

0.22 �0.20 �0.16 �0.27

Triglycerides 0.19 �0.14 �0.23 �0.24

HDL

cholesterol

�0.12 0.11 0.07 0.05

Systolic blood

pressure

0.06 �0.07 0.00 �0.10

Diastolic blood

pressure

0.03 �0.05 0.06 �0.01

Fasting plasma

glucose

0.13 �0.12 �0.08 �0.18

Metabolic risk

score

0.23 �0.20 �0.17 �0.23

Bold type indicates statistically significant associations
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An association between low levels of daily physical activity and cardiac risk

factors was demonstrated in a group of 462 adolescent Australian girls [109]. The

mean pedometer count was 9617 steps/day, but comparing the physically most

active with the least active quartile, the latter group were more likely to be obese

(odds ratio 4.70) and to have a low level of cardiorespiratory fitness (odds ratio

3.27). All 47 girls who had three or more cardiac risk f actors had a count of less

than 7400 steps/day.

Morrell et al. [110] examined 1610 university undergraduates; their habitual

physical activity ranged from <7500 to >12,500 steps/day, and across this range

there was a progressive decrease in the average number of metabolic syndrome

criteria from 0.94 in the physically least active to 0.73 in the most active students.

8.5.3 Sleep Quality

Accelerometers have also been used to examine sleep quality and fragmentation in

relation to manifestations of cardiac risk factors.

Petrov et al. [111] used a wrist actigraph to examine 503 middle-aged adults with

no previous history of cardiovascular disease. The 10-year change in lipid concen-

trations was associated with sleep patterns. Each additional hour of sleep per night

was associated with higher levels of total cholesterol (5.2 mg/dL) and LDL cho-

lesterol (3.4 mg/dL). However, sleep quality and sleep fragmentation were

unrelated to blood lipids.

Johannson and associates [112] also used an actigraph (Actiwatch-16) to com-

pare sleep quality between 57 patients with stable coronary arterial disease and

47 controls. They found that among those with coronary artery disease, overall

sleep quality was poorer in the men, and in the women sleep duration was shorter,

with a higher fragmentation index, longer periods of wakefulness and more

frequent naps.

Yngman-Uhlin et al. [113] compared sleep quality between patients undergoing

peritoneal dialysis (n¼ 28), those with established coronary artery disease (n¼ 22)

and the general population (n¼ 18). The Actiwatch-L records showed greater sleep

fragmentation and poorer sleep quality in those undergoing dialysis.

8.5.4 Primary, Secondary and Tertiary Prevention

Primary preventive programmes are initiated before clients have shown any man-

ifestations of metabolic risk. Secondary programmes are begun after the appearance

of such risk factors, and tertiary programmes are followed after patients have

developed clinical manifestations of disease such as a myocardial infarction.
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8.5.4.1 Primary and Secondary Prevention

A group of 762 sedentary Australian employees volunteered to participate in a

broadly-based primary preventive workplace health programme that included pro-

vision of a pedometer and entry of the data into a web-site diary [114]. The reported

pedometer counts were boosted by 10,000 steps for each 6.4 km of cycling that had

been undertaken. At entry, the employees were physically somewhat more active

than their peers at the same companies (average count 11,453 steps/day, compared

with 10,676 steps/day). Over a 4-month period, 79% of the volunteers reported

adhering to the prescribed programme, and there was a 6.5% increase in those

reporting that they met daily physical activity guidelines (from 40.9 to 47.5%).

There was also some decrease in reported daily sitting time (0.6 hours/day) among

participants, and the pedometer count increased by 640 steps/day. Small decreases

of systolic and diastolic blood pressure (1.8 mm Hg) and waist circumference

(average 1.6 cm) were seen, but these could have arisen from aspects of the

programme other than the observed increase in daily walking.

A study of alternative methods of primary prevention in the U.S. National Guard

compared the benefit obtained from a pedometer-based intervention with that seen

after enrolment in a traditional high-intensity fitness programme. Participants were

soldiers who had initially failed a 2-mile-run test [115]. The intervention lasted for

12 weeks, and was followed by 12 weeks of maintenance and observation. The

pedometer scores of the first group improved substantially over the intervention

period, but regressed during the 12 weeks of maintenance, whereas there was little

change with the traditional programme (respective scores for the pedometer

programme, 6415, 8027 and 7702 steps/day; for the traditional fitness programme

7300, 6593 and 7478 steps/day). Cardiac risk factors changed only minimally over

the period of observation.

Tully et al. [116] carried out a small controlled 12-week trial that examined

changes in cardiac risk factors in response to 12 weeks of pedometer-monitored

walking (30 minutes per day, 5 days per week). Relative to control subjects, there

were significant reductions in systolic and diastolic blood pressures and stroke risk

as computed by the Framingham risk score.

Simmons et al. [117] further studied 365 people with a family history of

diabetes; energy expenditures were measured by both the flex heart rate method

and by accelerometry. Small increases in both measures of physical activity were

observed over 1 year, and this change was associated with a decrease in a clustered

metabolic risk score based upon all five metabolic risk factors.

8.5.4.2 Tertiary Prevention

Richardson et al. followed a group of 324 sedentary adults who were overweight

and had type 2 diabetes mellitus or coronary artery disease for a period of 16 weeks

[118]. During this time they were able to log on to a web-site that provided

individually-tailored motivational feedback, and this increased their daily
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pedometer count by an average of 1888 steps/day. A half of the group also had

access to a chat room where they could discuss progress with other study partici-

pants; this increased study adherence, but did not further boost step counts relative

to the remaining participants. Others are currently looking at the merits of combin-

ing pedometer data with use of the Smart Phone as a means of augmenting daily

physical activity [119].

Bäck et al. [120] studied cardiac risk factors in 65-year-old patients 6 months

after recovery from a cardiac event in relation to pedometer data. The average count

in a sample of 332 patients was 7027 steps/day. After adjusting for confounders,

significant correlations were found between daily activity and HDL cholesterol

(r¼ 0.19), triglycerides (r¼�0.19), glucose tolerance (r¼�0.23), body mass

index (r¼�0.21), night-time heart rate, 24-hour average heart rate and muscular

endurance.

8.5.5 Conclusions

Objective studies of habitual physical activity have to date confirmed the impres-

sion from questionnaire studies that there is an association between inadequate

physical activity and development of the metabolic syndrome. In general, the

strongest association has been with body fat and body lipids, although the study

of Park et al. is an exception in showing associations with blood pressure and blood

glucose [103]. The majority of objective studies with the exception of Ekelund

et al. [107] point to benefit with relatively low volumes and intensities of effort, but

further longitudinal studies are needed to confirm a causal relationship.

8.6 Diabetes Mellitus

Kelley and Goodpaster [12] advised the Hockley Valley Consensus Symposium

that although physical activity decreased the risk of type 2 diabetes mellitus, it was

unclear from questionnaire studies whether the volume or the intensity of exercise

was the protective factor. One complicating factor, more important for type I than

for type II diabetes, is that physical activity may have been restricted because of the

disease. To date, most objective studies have focussed upon metabolic risk factors

(as discussed in the previous section of this chapter), fasting insulin levels, and the

development of insulin resistance.

8.6.1 Type 1 Diabetes Mellitus

A study of children and youth aged 6–17 years found that (perhaps because of

parental over-protection) habitual daily physical activity was lower in
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32 individuals with type-1 diabetes mellitus than in 42 healthy control subjects

(567 vs. 695 counts/minute) [63]. In consequence, the vasculature of students with

type I diabetes showed a higher intima-media thickness, and less flow-mediated

vasodilation than the controls (4.9 vs. 7.3%).

8.6.2 Type 2 Diabetes Mellitus

Until recently, type 2 diabetes mellitus has been seen mainly in middle-aged and

older adults, but with the increasing inactivity of children and adolescents, the

prevalence of this condition is progressively increasing in younger individuals.

8.6.2.1 Middle-Aged and Older Adults

The one negative report is from Camhi et al. [87]. They examined NHANES data

for 1391 adults, finding that fasting blood sugar levels were unrelated to Actigraph

measurements of the time spent and the step count during light physical activity.

Possibly, their findings were negative because they evaluated only light activity, but

not moderate-to vigorous activity or total physical activity. Others, also, have found

a lack of effect of physical activity upon the fasting blood glucose, but associations

have been detected with insulin levels and insulin sensitivity.

A cross-sectional study of 346 men and 455 women aged 30–60 years measured

insulin sensitivity by means of a hyperinsulinaemic euglycaemic clamp and habit-

ual physical activity by accelerometer [121]. Insulin sensitivity was positively

associated with total activity, the time spent in sedentary and light activities and

the average intensity of activity undertaken. Insulin sensitivity increased with an

increase of the average activity count per minute from 150 to 550 counts/minute,

but apparently plateaued at the highest average counts (>600/minute).

Gando et al. [122] obtained 28 days of accelerometer measurements on

807 healthy Japanese men and women. The time spend in light activity (<3

METs) was inversely associated with insulin resistance, even when the data were

adjusted for participation in moderate and vigorous physical activity.

Ekelund et al. examined 192 adults with a family history of diabetes mellitus

[123]; as in their study of metabolic risk factors (above), they found that whereas

the time spent in moderate and vigorous physical activity predicted fasting insulin

and insulin resistance, glucose regulation was unrelated to the time spent in

sedentary and light activities.

Leheminant and Tucker [124] examined 264 middle-aged women. Sedentary

time, and the time spent in moderate and vigorous physical activity were all

correlated with insulin resistance in this sample, but relationships became

non-significant after adjusting for the percentage of body fat, suggesting that it

may be necessary to consider body composition as an intermediary in the effect of

physical activity upon glucose regulation.
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8.6.2.2 Children and Adolescents

A 2-year longitudinal study by Richard Telford (Fig. 8.8) and associates [125],

examined 241 boys and 257 girls who were initially aged 8.1 years; in the boys,

they found significant relationships between pedometer indications of change in

habitual physical activity and change of insulin resistance over the 2-year interval,

although no association was apparent in the initial cross-sectional data. In the girls,

insulin resistance was unrelated to the pedometer data.

Thomas et al. [126] studied a small group of 32 teenagers aged 12–18 years;

intravenous glucose tolerance was significantly correlated with total physical activ-

ity, moderate physical activity, and the number of 5-minute bouts of moderate

physical activity.

Andrea Kriska (Fig. 8.9) and associates [127] evaluated 699 adolescents aged

10–17 years, with a history of type 2 diabetes lasting for <2 years. These young-

sters spent 56 minutes longer per day sitting than even the obese adolescents of the

NHANES survey, and they showed extremely low levels of moderate and vigorous

physical activity.

Fig. 8.8 Richard Telford

has undertaken longitudinal

studies of physical activity

and insulin resistance in

young children

Fig. 8.9 Andrea Kriska has

been involved in many

epidemiological

investigations of objectively

measured physical activity

and health, including

studies of diabetes mellitus
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8.6.3 Fatty Infiltration of the Liver

Fatty infiltration of the liver is another metabolic phenomenon associated with

inadequate physical activity [128].

In a large sample of 1307 non-diabetic patients, the extent of fatty infiltration of

the liver was correlated with the level of habitual physical activity as measured by

an Actigraph [129]. There was a gradient of physical activity from 35� 104 counts/

day in those with the least fatty infiltration to 28� 104 counts/day in those most

affected. Inactivity was also associated with other coronary and metabolic risk

factors, including low density lipoprotein cholesterol, systolic blood pressure,

intima media thickness and reduced insulin sensitivity.

8.6.4 Pedometers and Exercise Promotion in Type 2 Diabetes
Mellitus

As in other chronic disease conditions, pedometers and accelerometers have played

an important role in documenting and encouraging programmes for the primary,

secondary and tertiary treatment of diabetes.

8.6.4.1 Critique of Pedometer Monitoring

Tudor-Locke et al. [130, 131] have used monitoring by inexpensive pedometers as a

means to encourage patients with type 2 diabetes mellitus to engage in an incre-

mental walking programme. When wearing such devices, walking was increased by

an average of 34 minutes/day, with clients taking an additional 3000 steps/day, and

much of this increase of physical activity was retained 2 months following conclu-

sion of the formal exercise programme.

In Australia [132], a brief intervention using a pedometer and a step-recording

diary was effective in increasing the 2-week walking distance relative to a com-

parison group (223 vs. 164 minutes), and 63.5% of the experimental group

achieved the recommended volume of moderate intensity physical activity, as

compared with 41.8% in the control group. However, another study of 57 -

Australians with an average age of 62 years found that use of a pedometer had no

motivational advantage relative to exercise counselling alone [133].

As in other clinical conditions, activity counts have shown that relative to the

provision of exercise information, a detailed exercise consultation was a more

effective method of increasing the physical activity of diabetic patients. Over a

4-week period, an experimental group showed a 4% increase in weekly activity

counts, whereas there was a 9% decline in the controls [134].

Bjorgaas et al. [135] emphasized that the wearing of a pedometer was helpful in

establishing realistic perceptions of the volume of daily activity that was being
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undertaken. Nevertheless, some patients at high risk of diabetes have criticized

reliance upon pedometer monitoring, in part because such instruments are only

accurate when recording walking activity, and in part because the commonly

demanded target of 10,000 steps/day has seemed too rigorous to some of

them [136].

8.6.4.2 Response of Glucose Regulation to Pedometer-Based

Programmes

Prospective studies have commonly shown an improvement of glucose regulation

in response to pedometer-based exercise programmes.

A group of patients with impaired glucose tolerance was divided between those

receiving a structured pedometer-based educational programme and two alternative

approaches [137]. At 12 months, those using the pedometer showed significant

decreases in fasting and 2-hour post glucose challenge values (�0.32 and

�1.31 mmol/L), whereas no changes were seen with traditional educational

programmes.

Swartz et al. [102] encouraged women with type 2 diabetes mellitus who began

with a pedometer count averaging 4972 steps/day to move towards a walking target

of 10,000 steps/day. The actual count rose to an average of 9213 steps/day; this was

associated with a reduction of blood pressure and a decreased area under the curve

on a glucose tolerance test, even though the programme did not result in a decrease

in body mass.

Andersen et al. [138] studied 150 physically inactive Pakistani men living in

Oslo. A 5-month programme that included use of an accelerometer aimed to

enhance the lifestyle of this population, which is at high risk of diabetes. In

consequence, physical activity was increased 15% relative to a control group. At

the follow-up examination, there were no inter-group differences of fasting or post-

prandial glucose, but the intervention group showed 27% lower insulin levels

following an oral glucose tolerance test.

In Japan, 2205 patients with established type 2 diabetes mellitus were involved

in an intensive lifestyle programme that included the provision of pedometers

[139]. Over a period of 2 years, small but statistically improvements in HbAC1

were seen relative to control subjects. Likewise, Sone et al. evaluated a 3-year

pedometer-monitored lifestyle programme in 2205 patients with established type

2 diabetes mellitus [139]. Small but statistically significant differences in HbAc1

levels were seen after 2 years of participation, whereas control subjects showed no

change.

Yates et al. [140] confirmed that the gains of physical activity and resulting

improvements in glucose regulation realized in their pre-diabetes programme were

sustained at 24 months.
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8.6.4.3 Impact of Habitual Physical Activity upon Long-Term

Prognosis

The institution of pedometer-monitored activity programmes has a favorable

impact, not only upon glucose regulation, but also the likelihood of developing

the various complication of diabetes. However, in some of these studies there

remains a need to confirm whether activity has averted complications, or whether

activity was low because of complications.

Data on 224 men and 103 women with type 2 diabetes mellitus showed that

habitual physical activity, as measured by pedometer, was linked with low levels of

inflammatory markers and less evidence of arterial stiffness [141].

A cross-sectional study of 100 patients with type 2 diabetes mellitus found

negative correlations of habitual physical activity with peripheral neuropathy and

muscular strength; those with neuropathy took 1967 fewer steps/day, and those with

muscular weakness took 1782 fewer steps/day [142].

The intermuscular adipose tissue volume was inversely correlated with the daily

step count in 22 patients with type 2 diabetes mellitus and peripheral neuropathy

(r¼�0.44), and lesser fat deposits were associated with a better muscular

performance [143].

8.7 Obesity

Robert Ross (Fig. 8.10) and Ian Janssen reported to the Hockley Valley Consensus

Symposium that short-term reductions of body fat were related to the dose of

physical activity that was undertaken, but long-term effects were small and incon-

sistent; further, dose/response relationships were unclear for the reduction of

visceral fat [15].

Fig. 8.10 The research of

Robert Ross focusses on the

role of physical activity in

the management of obesity
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Objective data on the relationship between physical activity and obesity are

discussed in Chap. 9. In brief, pedometer/accelerometer monitoring has

documented rather precisely a deficit of physical activity in the obese, amounting

to around 2000 steps/day, or 15–20 minutes/day of moderate and/or vigorous

physical activity relative to peers of normal weight. The difference in daily physical

activity is quite small, underlining that the build-up of fat depots has usually

occurred over the course of several years.

There is also good evidence that the physical activity of an obese adult can be

augmented by 2000–3000 steps/day, and that this initiates a slow but consistent loss

of total body fat (0.05–0.1 kg/week). There is scope to link objective activity

monitoring to the loss of visceral fat, but this has not as yet been attempted.

8.8 Skeletal Conditions

Ilka Vuori [17] (Fig. 8.11) reported to the Hockley Valley Consensus Symposium

on the issues of low back pain, osteoarthritis and osteoporosis. He concluded that

light activity reduced low back pain, but that heavy activity had a detrimental

effect. Moderate physical activity could also be an effective treatment for osteoar-

thritis. High intensity loading had an osteogenic effect, but dose/response effects

were poorly understood in the context of preventing osteoporosis.

8.8.1 Low Back Pain

A prospective study showed that high levels of physical activity during childhood

(as assessed at age 9 years) protected against back pain (neck, mid-back and low

back) in early adolescence (age 12 years) [144]. Relative to the physically most

Fig. 8.11 Ilka Vuori has

for many years examined

relationships between

habitual physical activity

and health
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active children, the least active group had a multivariate odds ratio of 3.3 for low

back pain and 2.7 for mid-back pain.

Wedderkopp et al. [145] underlined that subjective reports were a most inaccu-

rate method of determining the habitual physical activity of children and adoles-

cents. Pain variables showed no relationship to objective measurements of habitual

physical activity as determined with an accelerometer.

A retrospective analysis of findings in 82 adults aged 55–79 years found that

pain severity had an adverse impact upon daily physical activity in terms of step

counts, distance walked and walking velocity, suggesting that back pain could be a

significant barrier to rehabilitation programmes in this age group [146].

van Weering et al. [147] found no difference in the volume of habitual physical

activity recorded by triaxial accelerometer between 29 patients with chronic low

back pain and 20 controls; however, those with back pain tended to take their

activity earlier during the day.

Verbrunt et al. used triaxial accelerometry to demonstrate that habitual physical

activity was no lower in 13 patients with chronic non-specific low back pain than in

age and sex-matched controls [148].

A study was undertaken 6 months following lumbar disc surgery; subjective

reports suggested a negative relationship between pain and physical activity on the

day of questioning, but this relationship was not seen in 8-hour accelerometer

data [149].

8.8.2 Osteoarthritis

In terms of the early prevention of osteo-arthritis, there remains a need to carry out

the critical experiment of documenting details of the volume and intensity of

habitual activity from an early age, with any associated trauma, in relation to the

development of osteoarthritis in middle age. Once the condition is established,

many people become physically very inactive. A light intensity and moderate

volume of physical activity may slow disease progression, but excessive physical

activity (>10,000 steps/day) appears to have a negative impact upon prognosis.

Objective monitoring can be helpful in setting an appropriate regimen.

8.8.2.1 Osteoarthritis and Inactivity

Following the development of osteoarthritis, many people become quite inactive

physically. A study of 1111 adults with osteoarthritis of the knee found only 12.9%

of men and 7.7% of women meeting physical activity recommendations; 40.1% of

the men and 56.5% of the women took no moderate activity during a week of

observation [150]. A related cross-sectional accelerometer study of 1908 adults

8 New Perspectives on Activity/Disease Relationships Yielded by Objective. . . 233



with or at risk of symptomatic osteoarthritis found that only 13% of participants

met current daily physical activity recommendations, and 45% were “inactive,”

with no periods of moderate-to-vigorous physical activity [151].

A further Sense-Wear arm-band study of 51 patients with an average age of

68 years again found that individuals with severe arthritis of the knee or the hip joint

took much less activity than their peers (6632 vs. 8576 steps/day), pointing to the

need to stimulate the daily activity of such patients in order to avoid other adverse

consequences of physical inactivity [152].

8.8.2.2 Physical Activity and Disease Progression

Dunlop and associates [150] examined disability onset in 1680 community-

dwelling adults aged 49 years or older, and studied disability progression (marked

by a growing inability to perform the basic activities of daily living) in a further

1814 individuals with symptomatic osteoarthritis. They observed an inverse asso-

ciation between participation in light physical activity and both the onset and the

progression of disability [150]. Dividing study participants into activity quartiles,

the respective hazard ratios for disability onset were 1.00, 0.62, 0.47 and 0.58, and

for disease progression 1.00, 0.59, 0.50, and 0.53.

Ng and associates [153] evaluated a programme that included progressive

walking and the administration of glucosamine sulphate to patients with symptom-

atic osteoarthritis of the hip or knee. They were able to increase activity by 3000

steps/day in the first 6 weeks of this regimen, and by 6000 steps/day in the second

6 weeks. Symptoms were reduced, particularly over the period 6–12 weeks, with

further small improvements over the following 12 weeks.

Feinglass and colleagues [154] conducted a 6-month exercise programme for

226 individuals with knee arthritis or rheumatic arthritis. Contrary to their initial

hypothesis, the greatest gains of step count and distance walked in response to

exercise counselling by physical activity coaches or physicians were seen among

that quartile of their subjects who initially were most limited by osteo-arthritis.

Nevertheless, in those with established osteoarthritis, the usually recommended

volume of exercise can be excessive. A 2.7 year prospective study of 405 -

community-dwelling adults found that in those with knee joint problems, the

attainment of a daily pedometer count of >10,000 steps/day was associated with

increased cartilage damage (relative risk 1.36) [155]. In those with a large initial

cartilage volume, a high step count was protective, but in those with a low initial

cartilage volume, taking >10,000 steps/day increased the extent of cartilage loss.

Questionnaires fail to give a useful assessment of the intensity of physical

activity in osteoarthritis [156, 157], but an accelerometer is a useful tool in teaching

the patient moderate patterns of physical activity that will minimize discomfort

[158, 159].
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8.8.2.3 Role of Resistance Activity

Current body sensors in general do not detect resistance activity, although such

activity is known to be important in the management of patients with osteo-arthritis.

There is thus a need to combine accelerometer data with self-reports when exam-

ining physical activity patterns in this class of patient.

Farr and colleagues compared the effectiveness of resistance training with self

management in 171 patients with osteoarthritis of the knee [160]. Over a 3-month

period, the patients allocated to both groups increased their moderate-to-vigorous

physical activity from a baseline that averaged 26 minutes/day, by 18 and 22%

respectively. However, at 9 months, the increase was better sustained in those

receiving resistance training (10%) than in those with self-management (2%).

These data show that resistance training, important in the management of osteoar-

thritis, can be undertaken without compromising involvement in aerobic activity.

8.8.3 Osteoporosis

As yet, there has been only limited use of objective monitoring devices in exam-

ining relationships between habitual physical activity and osteoporosis, although

cross-sectional and longitudinal studies from our laboratories have clarified dose/

response relationships somewhat (Table 8.9). The required dose of activity is

moderate, and in young Swedish children who were taking commonly

recommended levels of physical activity, active commuting to and from school

did not further enhance bone health. In addition to resolving issues of osteoporosis,

Table 8.9 Longitudinal study of adults initially aged 65–83 years, showing the risk that

osteosonic bone density would fall below fracture threshold (�1.5 SD of population norm) over

5-year follow-up, in relation to quartiles of habitual physical activity. Significant relative risks are

shown in bold type

Activity

quartile

Average

pedometer count

(steps/day)

Risk relative to

most active

quartile

Average duration of

activity >3 METs

(minutes)

Risk relative to

most active

quartile

Men

Quartile 1 4071 2.63 4.1 3.33

Quartile 2 6233 1.75 9.9 2.51

Quartile 3 7654 1.01 19.4 1.12

Quartile 4 10,588 1 34.0 1

Women

Quartile 1 4427 2.77 4.1 3.94

Quartile 2 5731 1.99 9.6 1.87

Quartile 3 7436 1.00 17.4 0.99

Quartile 4 9986 1 31.6 1

Based on Cox proportional hazard analysis of Shephard et al. [161] for the Nakanojo population
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physical activity monitors have been exploited to check the energy balance of

professional ballet dancers, and to regulate high impact exercise programmes for

older women.

8.8.3.1 Cross-Sectional Studies

Our cross-sectional and longitudinal objective studies of adults initially aged 65–83

years have helped to clarify dose response relationships for the prevention of

osteoporosis. Cross-sectional observations on 172 free-living adults related pedom-

eter/accelerometer data to an ultrasonic index reflecting bone stiffness in the

calcaneus [162]. Linear and exponential models suggested a progressive increase

of bone health to pedometer counts as high as 14,000 steps/day. An increased risk of

osteoporotic fractures was assumed with a sonic index more than 1.5 SD below the

population average for a young adult. Classifying physical activity levels by

quartiles, in men the risk was significantly increased relative to the most active

quartile (odds ratio 2.23) in the least active quartile (those taking an average of only

4.7 minutes of activity per day at an intensity >3 METs). In women, the effect was

larger. Relative to the quartile that was the most active physically, odds ratios for

the two least active quartiles were 8.35 and 4.94 in terms of step count (averages of

3523 and 6165 steps/day), and 3.53 and 2.83 in terms of duration of activity at an

intensity >3 METs (averages of 4.4 and 11.9 minutes/day).

Given that at least moderate physical activity is needed to strengthen bone, it is

not surprising that in a 4.1-year prospective study of 3027 women with an average

initial age of 84 years, bone quality was associated with the height of circadian

peaks of physical activity [21].

Alwis et al. [163] examined the impact of active commuting to school on bone

health in Swedish children (97 girls and 133 boys aged 7–9 years). In this study, the

children who walked or cycled to school had no advantage over those travelling by

car or bus in terms of either bone width or bone mineral accrual, but accelerometer

records showed no overall difference of daily physical activity between the two

groups, and both were getting at least 60 minutes of moderate to vigorous physical

activity per day.

8.8.3.2 Longitudinal Studies

A 6-year prospective study on the Nakanojo population of seniors initially aged

65–83 years [161] related objective annual physical activity data to the likelihood

that the sonic index of bone density for an individual would drop below the critical

fracture threshold. Kaplan-Meier curves and Cox proportional hazard analyses of

the data set the minimum required daily level of activity somewhat higher than

appeared from our cross-sectional analyses, above. For the men, the relative risk of

a fracture was increased significantly in the lower two quartiles of step count

(relative to the most active quartile by ratios of 2.63 and 1.75, respectively) and
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ratios for the lower two durations of physical activity >3 METs were also signif-

icantly increased, at 2.77 and 1.91. For the women, the corresponding ratios were

for step count 3.33 and 2.51, and for the duration of moderate activity >3 METs

3.94 and 1.87. The implication is that for good bone health in this age group,

subjects should maintain their level of physical activity at or above the level seen in

the third population quartile (for the men, an average of 7650 steps/day,

19.4 minutes of moderate activity, and for the women an average of 7440 steps/

day, 17.4 minutes of moderate activity). However, even this requirement is some-

what less than the amount of physical activity recommended in widely circulated

questionnaire-based public health recommendations.

8.8.3.3 Other Applications of Objective Monitoring

Hoch and associates combined information from accelerometers with dietary

records, assessing energy balance in a group of 22 professional ballet dancers

[164]. Seventeen of the group showed an inadequate energy intake relative to

their daily activity, and five had a low bone density (here implying 1 SD rather

than 1.5 SD below the population norm).

Niu and colleagues have also used accelerometers to monitor and regulate high

impact exercise programmes for post-menopausal women [165].

8.9 Chronic Chest Disease

The Consensus Conferences of 1988 and 1992 included sessions on exercise and

chronic chest disease [166, 167], but perhaps because the benefits of physical

activity were small, this topic was not discussed at the Hockley Valley Symposium.

The development of chronic obstructive pulmonary disease (COPD) is com-

monly linked to smoking, exposure to industrial dusts, and innate problems such as

asthma and cystic fibrosis, with habitual physical activity playing little role in its

aetiology. Rehabilitation programmes generally yield small gains of performance.

However, it is difficult to sustain patient compliance, and the basis of benefit is as

yet unclear; possibly mechanisms include a strengthening of skeletal or chest

muscles, and a habituation to sensations of dyspnoea.

Habitual physical activity is typically low in patients with COPD, and is

inversely related to disease severity, hyperinflation, markers of inflammatory

response, quality of life, risk of hospitalization and mortality. Such data certainly

encourage the prescription of walking programmes for patients with COPD,

although more longitudinal studies are needed to exclude the possibility that an

initial lower level of disease permits the attainment of a greater step count with

associated health benefits. The available objective data point to small gains of step

count in response to rehabilitation, although the final level of physical activity

remains very low in most of the affected patients.
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8.9.1 Habitual Physical Activity in Chronic Chest Disease

Because walking is usually the main activity of patients with chronic chest disease,

there is a close correspondence between estimates of whole body and lower limb

movement [168].

Pitta et al. [169] used a Dynaport monitor to compare activity patterns between

50 patients with COPD and 25 healthy individuals of similar age. The patients

showed a shorter walking time (44 vs. 81 minutes/day), a shorter standing time

(99 vs. 295 minutes/day), and a lower movement intensity when walking (1.8

vs. 2.4 m/s2).

Watz and associates [170] applied a Sense-Wear arm band to patients with

COPD; they found a progressive decrease of daily step count with disease severity,

as assessed using the clinical classification of the Global Initiative for Chronic

Obstructive Lung Disease, from around 8000 steps/day and 150 minutes at an

intensity >3 METs for those in category I to around 2000 steps/day and about

50 minutes/day at an intensity >3 METs for those in category 4.

Moy et al. [171] observed a similar gradation of SAM (StepWatch Activity

Monitor) scores with disease severity in a sample of 127 patients with stable COPD;

the average count for their patients was 5680 steps/day.

8.9.2 Physical Activity and Pathological Concomitants
of Chronic Chest Disease

Garcia-Rio et al. [172] noted a strong negative correlation between the daily step

count and the tendency to hyperinflation of the lungs during exercise.

Moy et al. [173] found a dose/response relationship between inflammatory

markers and step count in a cross-sectional study of 171 patients with chronic

obstructive pulmonary disease. Each additional 1000 steps/day as recorded by a

pedometer was associated with an 0.96 mg/L decrease in c-reactive protein and an

0.96 pg/L decrease in IL-6 concentrations, suggesting that an increase of walking

distance was associated with a decrease of inflammatory response.

8.9.3 Physical Activity and Prognosis

Observations in a group of 17 male patients with COPD showed that a higher step

count was associated with a greater 6 minute walking distance and a higher quality

of life [174].

Garcia-Rio et al. [175] measured the habitual physical activity of 173 patients

with moderate to severe COPD, using a triaxial accelerometer. In their study,

movement patterns were expressed as vector magnitude units (VMUs). The risk
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of hospitalization over a 5–8 year follow-up showed a dose/response relationship

with the individual’s VMU, and the mortality risk was also lower for those with a

high VMU.

In an average 4-year follow-up of 170 out-patients with COPD, mortality

averaged 15.4% [19]. A Sense-Wear arm-band assessment of daily physical activ-

ity proved the strongest predictor of all-cause mortality, with a hazard ratio of 0.46

for death linked to an 0.14 increase in PAL, here defined as the ratio of total-day

energy expenditure to whole night sleeping energy expenditure.

A study of 36 pediatric oncology patients found that many had sleeping prob-

lems, including decreased total sleep time, increased awakenings and a lower

efficiency of sleep, but that increased physical activity was positively associated

with total sleep and sleep efficiency [176].

8.9.4 Response to Rehabilitation

Devices such as the Actigraph seem an effective approach to examining the small

increases of physical activity likely to occur during the rehabilitation of patients

with chronic obstructive pulmonary disease (COPD) [177].

The Omron pedometer was used to provide weekly feedback to patients enrolled

in a rehabilitation programme organized by Moy and colleagues [178]. The

end-result of the use of their programme was an increase of habitual physical

activity from an initial step count of 2908 to 4171 steps/day at 3 months. Although

encouraging, this gain must be set against the observations of DePew et al. [179],

who found that a count of <4600 steps/day was associated with severe inactivity

(an overall activity level <1.4 METs).

8.10 Cancer

Inger Thune (Fig. 8.12) and Furburg [16] indicated to the Hockley Valley Consen-

sus Symposium that there were suggestions of graded dose/response relationships

for all-cause cancer, colonic cancer and breast cancer, but that the effect of physical

activity on the risk of developing cancer at other sites was less clear.

A major problem in epidemiological studies of cancer is the long lag period

between carcinogenic change and the appearance of clinical disease. Most patients

have considerable difficulty in recalling the patterns of physical activity that they

have adopted over their life course. In principle, the impact of physical activity

could be determined in a very long-term study, where objective measurements of

were made annually, beginning perhaps as a young adult. However, such a demand-

ing investigation has not yet been initiated.

Cross-sectional comparisons have demonstrated objective associations with

physical activity and a reduced risk of cancer, and an impact has also been shown
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on one surrogate marker (prostate serum antigen levels). Most reports have

suggested a low level of physical activity following a diagnosis of cancer, in part

because of the side-effects of chemotherapy; but in a few instances recommended

levels of physical activity have been maintained. The level of physical activity

following treatment offers insight into the overall health status of the patient. As in

other conditions, objective monitors offer a useful stimulus to greater physical

activity, this being particularly helpful when the patient is living in a remote

location.

8.10.1 Role of Physical Activity in Cancer Prevention

A number of cross-sectional studies suggest the role of a physically active lifestyle

in the prevention of cancer, reflecting the general association between current

physical activity patterns and a lifetime interest in exercise, but longitudinal

objective data that would resolve dose/response issues for the various forms of

cancer have yet to be collected.

One community marked by a high level of habitual physical activity is the Old

Order Amish of Ohio and Southern Ontario. Members of this sect show a substan-

tially lower incidence of cancer than the general population, and also much higher

pedometer counts; the average reading for the Amish male in rural Ohio is 11,447

steps/day, compared with 7605 steps/day in the average person, and in Amish

farmers (who use no mechanized equipment) the count rises to 15,278 steps/day

[180]. There are many other differences of lifestyle between the Amish people and

the general population, and further research is needed to ascertain how far their high

level of physical activity contributes to their low cancer rates.

Lee et al. [48] conducted a large cross-sectional family study of a relatively

inactive population; they noted that a self-reported history of cancer of any type was

significantly and inversely correlated with daily step count, and with the daily

duration of moderate and light physical activity (respective mean z scores, �0.43,

�0.05 and �0.28), the first of these associations being the strongest.

Fig. 8.12 Inger Thune has

made major contributions to

elucidating relationships

between physical activity

and cancer
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Dallal et al. [181] compared accelerometer data for 996 cases of breast cancer

with 1164 controls. The odds ratio for cancer among women in the highest quartile

of moderate-to-vigorous physical activity was 0.38 relative to those in the lowest

activity quartile; likewise, the odds ratio for sedentary behaviour (quartile 1 vs.

quartile 4) was 1.81. Lynch and associates [182] examined NHANES data; they

also found negative associations of breast cancer risk with time spent in light

physical activity and positive associations with sedentary time.

One early indicator of prostatic cancer is a rise in prostatic serum antigen (PSA)

levels. Among participants in the NHANES surveys of 2003–2006, PSA levels

were inversely associated with accelerometer measurements of habitual physical

activity [183]. For every hour increase of sedentary behaviour, there was a 16%

increase in the odds of showing an elevated PSA, and for every hour increase of

light physical activity these odds were diminished by 18%.

8.10.2 Current Physical Activity of Cancer Patients

Most cancer survivors are relatively inactive physically, in part because of the side-

effects of treatment, but possibly also ante-dating the appearance of clinical disease.

On the other hand, if they can be persuaded to become more active, this reduces the

risk of a recurrence of the neoplasm, cancer mortality and associated morbidity, as

well as reducing pain and other side-effects of the cancer [184].

Aznar et al. [185] undertook a pilot study of children aged 4–7 years who were

undergoing treatment for acute lymphoblastic leukaemia None of them met public

health recommendations for daily physical activity; the average time that they spent

in moderate to vigorous physical activity was 328 minutes/week, compared with

506 minutes/week in age-matched healthy children.

Tillmann and colleagues [186] examined 28 survivors of acute lymphoblastic

leukaemia aged 5.7–14.7 years who had been treated by means other than radio-

therapy; they found that 5 years later, accelerometer counts were still only about

two thirds of those in their age-matched peers. Moreover, bone mineral densities

were low, especially in children with low accelerometer counts.

Tan and associates [187] evaluated a sample of 38 children aged 3–12 years old

who were undergoing chemotherapy for acute leukaemia. They again showed much

lower physical activity levels than age-matched controls (26 vs. 192 counts/minute)

and they spent more of their day in sedentary pursuits (1301 vs. 1020 minutes).

Vermaete et al. [188] followed lymphoma patients before, during and following

chemotherapy, using a Dynaport MiniMode accelerometer. Physical activity was

initially only 86% of that in healthy individuals, and during and following treat-

ment of the cancer a vicious cycle of inactivity, deconditioning and fatigue com-

monly developed.

Other studies of adults have also found low levels of habitual physical activity.

Among survivors of prostate cancer, waist circumference was inversely associated

with participation in moderate to vigorous physical activity as determined by
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Actigraph accelerometer; a 13.7 cm difference was found between top and bottom

activity quartiles [189]. However, the body fat of these patients showed no apparent

relationship with the duration of light physical activity or sedentary time.

Granger et al. [190] obtained accelerometry data from 50 patients with

non-small cell lung carcinoma; again, 30 of the 50 were not meeting recommended

levels of daily physical activity, and the group showed poor levels of strength and

health-related quality of life relative to healthy controls.

If physical activity is not encouraged, breast cancer survivors are commonly

extremely sedentary. Data from the U.S. NHANES survey found that the average

breast cancer patient was sedentary for 66% of their day, and light activity

(accelerometer counts <1950/minute) occupied the remaining 33% of their day

[191]. Another analysis of the same data set concluded that only 13% of cancer

survivors met current minimum physical activity requirements, and that lack of

activity was associated with obesity [192]. The time spent in moderate to vigorous

activity was negatively correlated with measures of adiposity, while body fat

content was positively associated with sedentary time.

Broderick and associates [193] measured physical activity 6 weeks, 6 months,

and 1 year following chemotherapy for breast cancer. The initial low levels of

physical activity persisted throughout the year, with an associated gain in

body mass.

However, a low level of habitual physical activity is not an inevitable conse-

quence of cancer treatment. Ruiz-Casado et al. [194] reported that 94% of a group

of 204 Spanish cancer survivors met international recommendations for the daily

duration of moderate physical activity, and in Australia, 16 of 19 children who had

been treated for acute lymphoblastic anaemia 6 months to 5 years previously also

met the recommended levels of physical activity for their age group [195].

8.10.3 Physical Activity as a Measure of Health Status

One of the problems in physical activity epidemiology is that an inactive lifestyle

can predispose to disease, but ill-health can also reduce habitual physical activity.

This is particularly true following cancer, Objective measurements of physical

activity can thus provide a useful measure of the impact of cancer and of chemo-

therapy upon overall physical function and the extent of cachexia [196], also

providing a surrogate measure of the individual’s quality of life [197].

Accelerometer measurements collected for 7 days post-operatively allowed

Inoue et al. [198] to compare the merits of laparoscopic colorectal surgery with

traditional open abdominal surgery. The period of convalescence required to reach

90% of pre-operative levels of physical activity was much shorter for laparoscopy

(an average of 3.4 days) than for open surgery (an average of 6.8 days). Laparos-

copy for gastric resection was also associated with a faster recovery of physical

activity than that seen with open abdominal surgery [199].
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Accelerometer data have also proven helpful in assessing the curtailment of

physical activity following pulmonary resection [200] and periods of intensive

chemotherapy [201]. Tonosaki and Ishikawa [202] demonstrated that in the first

week of adjuvant chemotherapy, the pedometer counts of breast cancer patients

dropped to an average of 3841 steps/day, with a physical activity level of only 1.43

METs; during the second week, there was a small recovery, to 4058 steps/day.

8.10.4 Physical Activity Following Cancer

Social cognitive approaches, using the theory of planned behaviour [203], offer a

helpful framework for the encouragement of physical activity following treatment

of cancer [204, 205]. Objective monitors play an important role in patient motiva-

tion, and in general substantial increases of daily physical activity can be demon-

strated, with beneficial effects on the accumulation of fat and bone density.

Vallance and colleagues [206] compared methods of motivation in a sample of

377 breast cancer survivors (Fig. 8.13). Moderate to vigorous physical activity was

increased by 30 minutes/week in those receiving only the usual treatment, by

70 minutes/week in those receiving detailed print materials, by 89 minutes/week

in those given a pedometer, and by 87 minutes/week in those receiving both a

pedometer and print materials. The last group also showed an enhanced quality of

life and less fatigue, relative to the usual treatment group. A follow-up at 6 months

[207, 208] found continuing increases of 9, 39, 69 and 56 minutes/week of

moderate to vigorous physical activity in the four patient groups.

Irwin et al. [209] allocated 75 post-menopausal breast cancer survivors between

usual treatment and a 6-month exercise programme that comprised 150 minutes/

week of gym-based and home-based exercise. The moderate to vigorous activity of

the experimental group increased by an average of 129 minutes/week, compared

with only 44 minutes/week in the usual care group.

Fig. 8.13 Kerry Courneya

has made extensive study of

exercise programmes for

survivors of breast cancer
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Matthews et al. arranged a 12-week walking programme for breast cancer

survivors; this was completed by 34 of 36 patients [210]. Accelerometer data

showed that their walking activity was increased by 11.9 MET-h/week, compared

with an increase of only 1.7 MET-h/week in usual treatment controls.

Nikander et al. [211] provided breast cancer survivors with a session of step

aerobics or circuit training during alternate weeks, with 2 days of supplementary

home training per week [211]. Adherence to the formal sessions was 78%. Based

on accelerometer readings, they deduced that patients were developing reaction

forces six times body mass, sufficient to enhance bone mass.

The on-line monitoring of pedometer scores is a particularly useful tactic to

encourage physical activity among cancer survivors living in rural areas [212].

The feedback of pedometer data also reduces fatigue scores when adult survivors

of childhood cancer participate in home-based exercise programmes [213].

8.11 Depression and Anxiety

At the Hockley Valley Consensus Symposium, Dunn et al. [18] concluded that

physical activity lessened anxiety and depression, although there was a lack of

evidence on dose/response effects. A recent review of activity monitoring in

depression concluded that during the daytime, depressed patients were physically

less active than their peers, but over the course of treatment, patients showed an

increase of daytime activity and a decrease of night-time activity [214].

As yet, most objective studies of physical activity and depression have been

cross-sectional in type, and it has been difficult to determine whether sedentary

behaviour caused depression, or depression reduced the desire for physical activity.

Two longitudinal studies support the first of these hypotheses. However, there

remains a need for more longitudinal studies of those initially in good psychological

health to establish cause and effect and to define the dose of physical activity that is

most effective in prevention of depression. Various medical conditions cause

depression, but in a number of instances, this problem has been helped by an

increase of physical activity.

8.11.1 Cross-Sectional Studies of Physical Activity
and Depression

In addition to confirming inferences from questionnaire-based studies, cross-

sectional studies of physical activity and depression have provided relatively

consistent information on dose/response relationships, pointing to benefit from

relatively light physical activity.

244 Roy J. Shephard



8.11.1.1 Cross-Sectional Associations Between Activity and Depression

Vallance et al. [215] examined 385 men aged 55 years or older. When daily step

counts were arranged as quartiles, physical, mental and global health-related quality

of life were all significantly higher for the first two quartiles relative to the

physically least active quartile. Depression was also significantly less in the third

quartile relative to those in the least active quartile.

A large cross-sectional family study of Hong Kong residents found a weak but

statistically significant relationship between depressive symptoms as reported on

the PHQ-9 questionnaire and the daily step count [48]. However, z scores were not

significant for the times spent in moderate and light physical activity (Table 8.4).

The multivariate analysis of Drieling et al. [216] also showed a significant

inverse relationship between a 7-day pedometer recording of habitual physical

activity and symptoms of depression among Latino-American immigrants.

Aronen et al. [217] examined relationships in children using a belt-worn

actigraph (Basic Mini Motionlogger). They found that lower levels of physical

activity were a significant concomitant of depression, although in their comparison

of 22 depressed children and 22 controls, differences in 24-hour activity score were

relatively small.

McKercher et al. [218] discussed the psychological profiles of young adults with

depression, comparing those who remained physically active with those who were

inactive. Information from 4-day use of a Yamax digiwalker pedometer was

combined with data from the International Physical Activity Questionnaire. The

physically active men were less likely to report insomnia, fatigue, and thoughts of

suicide, while among the women who were active, reports of hypersomnia, irratio-

nal guilt, vacillating thoughts and suicide were less common.

8.11.1.2 Dose/Response Relationships

Several studies have suggested that quite modest levels of physical activity are

associated with a lesser likelihood of depression relative to those who have a

sedentary lifestyle.

Kazuhiro Yoshiuchi (Fig. 8.14) and colleagues were able to define dose/response

relationships between psychological variables and habitual physical activity a little

more closely, using pedometer/accelerometer data from the Nakanojo study

[219]. In a sample of 184 Nakanojo residents aged 65–85, only 8 showed evidence

of depression on the Hospital Anxiety and Depression Scale (marked by a D score

>11). However, 7 of these 8 were extremely sedentary, taking less than 4000 steps/

day. The one exception took 8067 steps/day, but at a very low intensity (only

6.6 minutes/day being spent at an intensity >3 METs). In contrast, all of the

subjects who were physically active (step count >10,000 steps/day, >30 minutes/

day at an intensity >3 METs) had low D scores, generally below 5. Within the

sample as a whole, there were weak but statistically significant negative
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correlations of D score with both daily step count (r¼�0.206) and duration of

physical activity at an intensity>3 METs (r¼�0.214). These observations suggest

that the likelihood of depression is reduced in seniors taking at least 4000 steps/day,

and exercising at an intensity of >3 METs for 5 or more minutes per day.

Lopinski [220] took NHANES data for 2003–2006, finding that for every

60 minutes/day of light physical activity, survey participants were 20% less likely

to be depressed; in their study, moderate to vigorous physical activity was also

associated with a lower risk of depression. A further study of the same data set by

Song et al. [221] looked at levels of depression in 4058 men and women over the

age of 20 years, using Patient Health Questionnaire 9; 13.9% of participants

showed mild depression, and 5.6% moderate to severe depression, and these

individuals engaged in less light and moderate physical activity than their peers

(Table 8.10). A third analysis of the NHANES data [222] looked at the records of

2862 adults, finding depression in 6.8% of this group. Dividing the duration of

moderate to vigorous physical activity (MVPA) into quartiles, the odds ratios for

depression in the four quartiles were 1.00, 0.55, 0.49 and 0.37, with the main benefit

occurring on moving from quartile 1 (MVPA <8.5 minutes/day) to quartile

2 (MVPA 8.5–19.2 minutes/day).

Fig. 8.14 Kazahiro

Yoshiuchi has studied

relationships between

objective measurements of

physical activity and

psychological health

Table 8.10 Relationship between a questionnaire assessment of depression and duration of daily

physical activity as seen in NHANES data for 2005–2006

Class of activity

Minimal

depression

Mild

depression

Moderate or severe

depression

Sedentary (minutes/day) 451.6 444.5 445.5

Light (<3 METs, minutes/day) 147.1 135.2 124.9

Moderate (>3 METs, minutes/day) 26.0 21.8 19.7

Vigorous (>6 METs, minutes/day) 6.7 6.4 5.5

Based on data of Song et al. [221]
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McKercher et al. [223] studied the relationship of depression as assessed by a

diagnostic interview to objective measurements of physical activity in 1995 young

adults. Women taking >7500 steps/day had a 50% lower prevalence of depression

than those who were sedentary (<5000 steps/day); as little as 1.25 hours/week of

leisure activity reduced the prevalence of depression by 45%. However, high

durations of physical activity at work (>2 hours/week) doubled the prevalence of

depression. In their study, depression among the men appeared unrelated to objec-

tive measurements of physical activity.

Ewald and associates [224] also found that in a older Australians, most of the

benefit in terms of an enhanced mood state on the SF-36 questionnaire occurred in

the lower half of the daily step count distribution (<8000 steps/day).

8.11.2 Prospective Trials of Exercise and Depression

The available prospective trials give some support to the view that physical activity

causes an enhanced mood state. Further support is found in the treatment of

depression associated with various medical conditions.

Patel et al. [225] conducted a prospective trial in 225 older adults with an initial

low level of physical activity. After 9 months of pedometer-based motivation that

increased moderate leisure time activity by 68 minutes/day and total activity by

55 minutes/day, depressive symptomatology as assessed by the Geriatric Depres-

sion Scale and the SF-36 mental functioning scale was significantly decreased, D

scores dropping from an average of 1.8 to 1.4, and SF-36 mental functioning scores

rising from 84.9 to 87.7.

Prohaska et al. [226] followed 572 elderly Latino subjects who were enrolled in

an exercise programme for a period of 24 months. Initial levels of activity were low

(2743 steps/day in the 158 who were depressed, 3257 steps/day in the 413 who were

not). Adherence to the exercise programme was poorer in those who were depressed

but increases of physical activity over the 24 months of observation were similar,

whether subjects initially showed signs of depression or not.

8.11.3 Physical Activity and Disease-Related Depression

Depression is a common accompaniment of various medical conditions, including

pregnancy, heart disease, diabetes, osteoarthritis, cancer, multiple sclerosis, fibro-

myalgia and schizophrenia.

8.11.3.1 Pregnancy and Depression

Loprinzi et al. [227] examined the relationship between depression and physical

activity in a sample of 141 pregnant women from the 2005–2006 NHANES data.
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Some 19% of the group manifested depression, and they were less active than their

peers (8.8 vs. 14.5 minutes of moderate to vigorous physical activity, 4.8 vs. 20.9%

meeting recommended levels of daily physical activity).

8.11.3.2 Cardiac Conditions and Depression

Alosco et al. [228] scored patients with cardiac failure on the Beck Depression

Inventory (BDI). Accelerometer data showed an average of 587 minutes of seden-

tary time, and only 0.3 minutes of vigorous activity per day; moreover, the number

of items reported on the BDI was inversely related to the individual’s level of

physical activity.

Horne et al. [229] found that depression both before and following cardiac

surgery was associated with low levels of objectively measured physical activity.

In a multivariate analysis, the odds ratio of showing depression pre-surgery was

2.03 for those patients who were inactive, and throughout the study, those who were

depressed were taking 50 minutes/week less physical activity.

The depression associated with congestive heart failure sometimes causes

patients to under-estimate the volume of their physical activity; Skotzko

et al. [230] examined 33 elderly patients with congestive heart failure. Although

those who were depressed reported reduced physical activity, this was not con-

firmed by objective monitoring.

8.11.3.3 Diabetes Mellitus and Depression

A 12-month pedometer-motivated rehabilitation programme for 291 patients with

type 2 diabetes mellitus [231] increased their physical activity from an initial

average of 3226 to 4499 steps/day, and at the same time reduced their Beck

Depression Inventory scores from 26.7 to 14.2, with an enhanced quality of life

(particularly an increase of the SF-12 mental composite score from 36.8 to 44.7).

Another pedometer-motivated exercise programme followed 1650 medically

under-served patients with diabetes mellitus [232] for 5 years; it showed a slower

rate of decline of physical activity in this group than in those receiving usual care,

and this was accompanied by less evidence of depression.

8.11.3.4 Osteoarthritis and Depression

White and colleagues [233] studied the walking activity of 1018 patients with

osteoarthritis of the knee, using a Step-Watch monitor. They found that depression

was associated with a lesser volume of walking among those with painful knees,

and a positive affect with associated with a greater volume of walking.
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8.11.3.5 Cancer and Depression

Sabiston and associates [234] used a Yamax digiwalker and a pedometer diary to

demonstrate that in a sample of patients following treatment of breast cancer,

physical activity was a significant partial mediator of the relationships between

pain and depression and between pain and positive affect.

8.11.3.6 Multiple Sclerosis and Depression

Physical activity as determined by a uniaxial Actigraph accelerometer showed an

inverse association (r¼�0.25) with depression in the early stages of multiple

sclerosis [235], and a weak positive association with the quality of life of these

patients (r¼ 0.07) [236].

8.11.3.7 Fibromyalgia and Depression

McLoughlin et al. [237] reported that in 39 patients with fibromyalgia, levels of

physical activity as measured both by Actigraph acclerometer and questionnaire

were low relative to controls (counting rates of 224 vs. 294/minute). In these

patients, the time spent in moderate activity was inversely correlated with depres-

sion scores (r¼�0.37), whereas sitting time was positively correlated with depres-

sion (r¼ 0.49).

8.11.3.8 Schizophrenia and Depression

Wichniak et al. [238] found low levels of Actigraph determined levels of physical

activity in schizophrenic patients who were being treated with olanzapine or

risperidone. Moreover, the low 24-hour levels of physical activity were linked to

depressive symptoms (r¼ 0.23), often with metabolic side effects from the low

levels of activity.

8.12 Quality of Life and Physical Activity

Questionnaire-based studies have generally shown a greater quality of life in

physically more active individuals. Spirduso and Cronin [18] concluded at the

Hockley Valley Consensus Symposium that physical activity increased both the

quality of life and the duration of independent living, but no dose/response effect

was observed.
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We will now examine objective evidence from cross-sectional and longitudinal

studies, and will consider interactions between physical activity and the health-

related quality of life (HRQOL) in a variety of chronic clinical conditions.

8.12.1 Cross-Sectional Studies of Physical Activity
and Quality of Life

Objective measurements of habitual physical activity have confirmed the associa-

tion between the amount of activity and the quality of life and have in general

pointed to a dose/response relationship where the main effect is seen on moving

from a very sedentary lifestyle to quite low levels of physical activity.

8.12.1.1 Dose/Response Relationships Seen in Nakanojo

In the Nakanojo study, Yasunaga et al. [239] tested the relationship between quality

of life as assessed by a Japanese language version of the SF-36 questionnaire and

objective pedometer/accelerometer data on habitual physical activity in a sample of

181 elderly Japanese aged 65–85 years. Associations with physical activity were

fairly uniform across the various dimensions of the SF-36, so an overall HRQOL

was assessed by summing scores across the 8 SF-36 scores. Whether objectively

measured physical activity was assessed in terms of steps/day or minutes of activity

at an intensity >3 METs, the largest improvement of health-related quality of life

was seen on moving from the first to the second physical activity quartile, both in

men and in women. Not even the physically most active subjects attained the

theoretical maximal HRQOL of 100 units (Table 8.11).

Table 8.11 Relationship between habitual physical activity and health-related quality of life (sum

of 8 SF-36 scores) in 181 Japanese men (M) and women (F) aged 65–85 years

Sex

Activity quartile (steps/day)

Quartile

1 (M 3944, F 3411

steps/day)

Quartile

2 (M 6546, F 5202

steps/day)

Quartile

3 (M 8329, F 6907

steps/day)

Quartile

4 (M 11,233, F

10,036 steps/day)

Men 73.2 84.0 86.2 88.9

Women 68.4 82.6 84.2 80.1

Activity quartile (minutes of activity >3 METs)

Quartile 1 (M 5.2,

F 5.2 minutes/

day)

Quartile 2 (M 15.5,

F 11.7 minutes/

day)

Quartile 3 (M 24.5,

F 17.4 minutes/

day)

Quartile 4 (M 41.4,

F 32.0 minutes/

day)

Men 70.1 85.4 88.2 88.5

Women 70.7 78.4 85.1 81.1

Based on data of Yasunaga et al. [239]
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However, the gain from the first to the second quartile of physical activity was of

clinical significance, whereas further gains in the upper two quartiles were clini-

cally unimportant.

A further analysis of the Nakanojo data set looked at potential interactions

between the volume and the intensity of physical activity. After controlling for

step count, the SF-36 score was higher in those who spent more of their time at an

intensity >3 METs; moreover, engagement in physical activity at an intensity >3

METs was associated more closely with the physical than with the mental compo-

nents of the SF-36 score [240].

A third report on the Nakanojo study [241] noted that both the age-adjusted

number of stressful life events and their cumulative severity were negatively

correlated with daily step counts and with the number of minutes spent exercising

at an intensity >3 METs.

8.12.1.2 Other Cross-Sectional Studies in Adults

Other cross-sectional objective physical activity data have confirmed the associa-

tion with HRQOL. While not adding much to the understanding of dose/response

relationships, some reports have emphasized a greater association with physical

than with mental health.

Data obtained on a representative sample of 5537 English adults aged 40–60

years [242] emphasized the importance of using objective measures of physical

activity. The partial regression coefficients with HRQOL as assessed by the

EUROQOL-5D scale were substantially larger for objective (0.072) than for sub-

jective (0.026) measures of physical activity.

Withall et al. [243] examined 228 elderly adults (average age 78 years). Both

step count and the daily duration of moderate-to-vigorous physical activity were

positively associated with physical well-being (r¼ 0.50. 0.55 respectively), but

were less strongly linked to mental well-being (r¼ 0.15, 0.15). Moreover, well-

being was not significantly related to sedentary time.

Jepsen et al. [244] carried out a cross-sectional analysis on 49 adults who were

severely obese. Accelerometer measures of habitual physical activity were posi-

tively associated with life satisfaction (p¼ 0.024) and physical functioning

(p¼ 0.025), but were unrelated to mental health.

Vallance et al. [245] divided 297 post-menopausal women into those achieving a

pedometer count of at least 7500 steps/day, and those who did not; the group who

were physically more active achieved better scores on both the physical and the

mental components of the HRQOL. Vallance et al. [215] used the Rand health

status inventory to examine the quality of life in 385 men aged >55 years.

Pedometer counts were divided into quartiles, with the two highest quartiles

showing higher scores for physical, mental and global health than the two lowest

quartiles.
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A study of 754 adults older than 66 years [246] found that self-rated health was

higher in those who were physically more active; however, the benefits of such

activity did not differ whether the activity was performed out-of-doors or indoors.

8.12.1.3 Cross-Sectional Studies in Children

Studies in children again show an association between habitual physical activity

and quality of life, but as yet there are insufficient data to establish whether dose/

response relationships are similar to those seen in adults.

Herman et al. [247] evaluated the self-rated health of children aged 8–10 years.

In the boys (but not the girls), the odds of reporting less than excellent self-rated

health were increased two-fold among those not meeting public health physical

activity recommendations, and the odds rose six-fold in those assigned to the lowest

tertile of moderate to vigorous physical activity.

A cross-sectional comparison between 132 normal weight and 107 obese chil-

dren aged 10–13 years [248] found respective average actigraph counts of 27,037

and 32376/hour; the obese children also showed lower HRQOL scores (74.4

vs. 87.1). The lower QOL in the obese could possibly relate in part to appearance

and self image, although in a group of 177 overweight and obese children aged

8–12 years, Shoup et al. [249] found that psychosocial and total QOL were

positively related to habitual activity, irrespective of the individual’s body mass.

8.12.2 Longitudinal Studies of Physical Activity and Quality
of Life

There have now been quite a number of longitudinal studies where habitual activity

has been increased, and an enhanced quality of life has been observed (Table 8.12).

Such observations help to establish the causal nature of the relationship, although

often the longitudinal programmes have included advice on diet and weight loss

that could have contributed to the enhanced quality of life. In many of these studies,

the increase in daily step count associated with a gain in the HRQOL has been in the

range 2000–3000 steps/day.

8.12.2.1 Longitudinal Studies in Adults

An Australian worksite health programme used pedometers to encourage the

762 participants to reach and/or maintain a goal of 10,000 steps/day [250]. At

4 months, the WHO-Five well-being index was increased by an average of 3.5

units, and the score remained increased by an average of 3.4 units after cessation of

the formal programme. Those who initially had a poor sense of well-being on
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average tended to a lower step count than those with positive well-being (11,223

vs. 12,066 steps/day). Moreover, a half of workers who initially had a poor sense of

well-being moved into the positive well-being category as their step count

increased. Unfortunately, the statistical significance of conclusions from this

study was limited by a high initial step count in many of those volunteering for

the study. A further analysis of this data set [258] found that (contrary to some of

the cross-sectional studies) there was an increase in the mental component of the

quality of life among those workers who increased their physical activity.

A small 12-week study engaged 37 primary care patients aged >65 years in a

pedometer-motivated exercise programme [251]. It increased daily pedometer

counts to 6743 steps/day, as compared with 5671 steps/day in control subjects.

Scores on all SF-36 scores increased in the experimental group, and as in the cross-

sectional data, the largest changes were seen in the physical health component.

In Spain, 131 elderly adults completed a 6-month once-weekly supervised

exercise programme [252]. This induced an increase in activity of 2661 steps/day,

mainly in the men, and there was also an improvement in EUROQoL scores.

Hawkes et al. [253] instituted a 6-week pedometer-motivated lifestyle

programme for 22 near relatives of patients who had suffered colo-rectal cancer.

Table 8.12 Longitudinal studies of increased physical activity and associated gains in the health-

related quality of life

Author Subjects

Study

duration

Increase of physical

activity Findings

Freak-Poli

et al. [250]

762

Australian

workers

4 months Step counts >10,000

steps/day realized

Increase of WHO-5 well-

being index

Mutrie

et al. [251]

37 primary

care patients

>65 years of

age

12 weeks Step counts increased to

6743/day, compared

with 5671/day in

controls

SF-36 scores all

increased in experimental

group, largest in physical

domain

Fortuno

et al. [252].

131 elderly

adults

6 months Activity increased by

2661 steps/day

Increased EUROQoL

scores

Hawkes

et al. [253]

22 near-

relatives of

colon cancer

victims

6 weeks Moderate to vigorous

activity increased

151 minutes/week

Increase in both physical

and mental components

of SF-36

Long

et al. [254]

89 sedentary

women

16 weeks 2750 steps/day increase Improved QOL on Dart-

mouth questionnaire

Morgan

et al. [255]

107 over-

weight and

obese

subjects

6 months 1600–2000 steps/day

increase

Increased score on phys-

ical component of SF-12

Fitzsimons

et al. [256]

79 inactive

adults

12 weeks 2388 steps/day increase Gains in mood and

EUROQoL scores

Wallmann

et al. [257]

153 middle-

aged adults

15 weeks 3240 steps/day increase Improvements in subjec-

tive QOL
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Moderate to vigorous activity was increased by 150.7 minutes/week, and in addi-

tion to a reduction in body fat content, there were significant improvements in both

the physical and the mental components of the SF-36 HRQOL score.

A 16 week exercise and lifestyle intervention in 89 sedentary women increased

the pedometer count of these subjects from 6800 steps/day to around 9550 steps/

day, with little change of physical activity in control subjects [254]. The quality of

life was assessed by the Dartmouth general health questionnaire; a 4.4 decrease of

score from an initial value of 19.7 indicated an increase in the quality of life for the

experimental group.

A prospective trial in 107 overweight and obese subjects [255] used one of two

pedometer-based motivational programmes to increase physical activity by

1600–2000 steps/day from an initial count of 6900 steps/day over a 6-month period.

In addition to a 2.4% reduction of body fat mass, there was a 1.9–2.5 increase of

score on the physical component of the SF-12 HRQOL.

A small trial of pedometer-motivated exercise in 79 relatively sedentary adults

found that pedometer counts increased from an initial 6941 to 9327 steps/day at

12 weeks and 8804 steps/day at 24 weeks [256]. There were associated gains in

mood and health-related quality of life as measured on the EUROQoL scale.

A German campaign urged 153 middle-aged subjects to increase their activity by

3000 steps/day [257]. Activity was in fact increased from 6646 to 9886 steps/day

over a 15-week period, with a decrease of body mass index and improvements in

the subjective quality of life.

8.12.2.2 Longitudinal Studies in Children

Two small-scale longitudinal studies induced small increases of physical activity in

the experimental group, but in neither case was this sufficient to improve the

HRQOL.

A parent-motivated programme increased the physical activity of 39 children

aged 5 years. Relative to control schools, the children concerned had less sedentary

time, and increased their accelerometer readings by 5.6 counts/minute, with a

4 minutes per day increase in the time allocated to moderate-to-vigorous physical

activity. However, the greater physical activity induced only marginal changes in

the quality of life or the general perceived health of the children relative to control

students [259].

Half of a sample of 107 obese children aged 7–11 years were enrolled in a

6-month exercise and lifestyle programme designed to reduce body fat content

[260]. Weight gain was significantly smaller (2 kg) in the intervention group, and

there were small increases in physical activity, but no significant changes in the

quality of life.
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8.12.3 Quality of Life in Medical Conditions

Exercise programmes have been prescribed for many chronic conditions, including

cardiac disease, stroke, chronic obstructive pulmonary disease, diabetes mellitus,

cancer, osteoarthritis and rheumatoid arthritis, multiple sclerosis and renal dialysis.

In general, the HRQOL has improved as activity has increased, but in most studies

other components of therapy could have contributed to this outcome.

8.12.3.1 Quality of Life in Cardiac Conditions

M€uller and colleagues [261, 262] examined the quality of life in 330 adult patients

with congenital heart disease, using triaxial accelerometers. Most of the group were

relatively active as adults, with 76% of the group meeting the minimum weekly

recommendation for physical activity; on average, the group engaged in at least

59 minutes of moderate activity per day. Perhaps because most of this initial level

of activity and a good initial quality of life as assessed by the SF-36 questionnaire,

the correlation between quality of life and objective measures of habitual physical

activity was quite limited (r¼ 0.030–0.258).

Izawa and associates [263] used the SF-36 questionnaire to assess the quality of

life in patients 6 months following formal cardiac rehabilitation; 90 of the

109 patients had continued exercising, with a pedometer count of 9252 steps/day,

and on all of the SF-36 measures they had a much higher quality of life than the

19 individuals who (despite apparently identical clinical characteristics) had ceased

exercising (a continuing pedometer count of only 4246 steps/day).

A personally tailored exercise programme for 115 patients with coronary heart

disease continued for 6 months [264]. Significant gains of physical activity were

realized relative to usual care controls (7079 vs. 6186 steps/day, 201 vs.

163 minutes/day of moderate to vigorous physical activity at 6 months, 7392

vs. 6750 steps/day, 201 vs. 170 minutes/day 6 months after completing the

programme), and there were associated small but statistically significant improve-

ments on the emotional and the physical scales of the HRQOL relative to the

controls.

A pedometer-based socio-cognitive approach enhanced the physical activity of

coronary patients in the first year following a heart attack [265], and there were

small associated gains in the quality of life relative to usual treatment controls. At

12 months post-infarct, over 80% of the experimental group were still taking

>7500 steps/day whereas in the control group less than 60% met this standard.

A small controlled trial applied an individually-designed exercise programme

(two times per week for 3 months) to 33 patients with congestive heart failure.

There was no increase in daily energy expenditure as assessed by accelerometer,

and the perceived quality of life remained unchanged [266], emphasizing the

potential for HRQOL to change independently of physical activity levels.
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Gottlieb and associates [267] evaluated a 6-month graded exercise programme

in 33 elderly patients with congestive heart failure. Although maximal oxygen

intake increased by an average of 2.4 ml/(kg minute), there was no increase in

daily energy expenditure as assessed by accelerometer, and the perceived quality of

life remained unchanged.

8.12.3.2 Quality of Life and Stroke

Rand and associates [268] initiated a daily physical activity programme following

stroke in 40 adults with a mean age of 66 years. After controlling for the severity of

the initial cerebrovascular impairment, the amount of physical activity undertaken

explained 10–12% of the variance in the physical component of the SF-36 score;

however, the mental component of the SF-36 was unrelated to physical activity

patterns.

8.12.3.3 Quality of Life and Chronic Obstructive Pulmonary Disease

In some studies of patients with chronic obstructive pulmonary disease there has

been a dissociation between changes of habitual physical activity and gains in the

HRQOL.

Jehn and associates [269] studied the quality of life in 107 patients with chronic

obstructive pulmonary disease (COPD), using an SF-36 and a respiratory question-

naire. Age and fast walking were independent predictors of quality of life in these

patients, with the latter showing an 0.30 correlation on multivariate analysis.

HajGhanbari et al. [270] emphasized that in patients with COPD, pain could

have a negative impact upon both quality of life and habitual physical activity as

measured by a triaxial accelerometer.

Mador et al. [271] found improvements in both exercise capacity and quality of

life in 24 patients with COPD following rehabilitation, but this did not translate into

increased levels of habitual physical activity as measured with an RT3 triaxial

accelerometer.

Nguyen and associates [272] also found that a coaching-induced increase of

pedometer-monitored physical activity in a small sample of patients with chronic

obstructive pulmonary disease did not increase their quality of life relative to a self-

monitoring group who showed little change in habitual physical activity.

A comparison between pedometer-based counselling and usual care in

35 patients with COPD [273] showed a small increase of pedometer count in the

first group (from 7087 to 7872 steps/day), whereas in the second group, counts

decreased (from 7539 to 6172 steps/day); the first group also showed increases in

HRQOL, larger on the St. George’s Respiratory Questionnaire than on the SF-36

score.

DeBlok et al. [274] compared the effects of pedometer-motivated activity

counselling with a standard rehabilitation programme in 21 patients with COPD;
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the gains of pedometer count were greater in the first group (1430 vs. 455 steps/

day), but HRQOL did not differ between the two groups.

8.12.3.4 Quality of Life in Type 2 Diabetes Mellitus

In patients with type 2 diabetes mellitus, programmes that increased habitual

activity also boosted the HRQOL.

A group of 292 patients with a combination of type 2 diabetes mellitus and

depression received monthly counselling on depression management and walking

[231]. The pedometer count at 12 months was increased from an initial value of

3226 to 4499 steps/day, and there were also gains in the mental composite score on

the SF-12 test, values rising from 36.8 to 44.7.

The value of an exercise consultation was compared to usual treatment in a small

group of 28 patients with type 2 diabetes mellitus [275]. After a period of 5 weeks,

physical activity counts as measured by a CSA accelerometer were 4% higher in

the experimental group, compared with 9% lower in the control group. The

experimental group also showed advantages over the controls in terms of HRQOL.

8.12.3.5 Quality of Life in Cancer During and Following

Chemotherapy

Both physical activity and quality of life tend to decline during the period of active

chemotherapy, but if activity is subsequently encouraged, the HRQOL may rise.

In lymphoma patients, the DynaPort Minipod pedometer count averaged 6150

steps/day before chemotherapy, 5118 steps/day during treatment, and 5934 steps/

day after treatment [188]. The global quality of life diminished from an initial score

of 71 to 67 and then 63, with a particular deterioration on the fatigue sub-scale.

At diagnosis, triaxial accelerometer data showed that patients with non-small

cell lung cancer were physically less active than healthy individuals, with 60%

failing to meet public health recommendations for daily physical activity. More-

over, physical activity declined further over the next 6 months, as treatment

continued, with an associated decline in HRQOL [190].

After the completion of treatment, measurements with an Actigraph GT3X+

accelerometer showed that the quality of life of colon cancer survivors was posi-

tively related to their involvement in moderate to vigorous physical activity, with

associated advantages of physical function and well-being [276]; however, in this

study HRQOL was unrelated to sedentary time.

Likewise, in those treated successfully for breast cancer [277], physical activity

as indicated by accelerometer data influenced quality of life, probably indirectly

(through increases of self efficacy and health status).

Vallance et al. studied 377 breast cancer survivors [207]; four differing types of

behavioural change interventions including provision of a pedometer sought to

increase habitual physical activity. Gains of self-reported moderate to vigorous
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activity at 6 months ranged from 9 to 69 minutes/week, but there were no significant

inter-group differences in the SF-36 HRQOL. However, a second study of the same

patient-sample [206], using the “Functional assessment in Cancer Therapy Breast

(FACT-B) scale,” did find a significant gain of HRQOL in the groups receiving the

strongest motivation and increasing the duration of their moderate to vigorous

activity by 87–89 minutes/week, whereas there was little change in those receiving

only the standard treatment, with only a 30 minutes/week increase of physical

activity.

In a group of 27 patients who had received chemotherapy for ovarian cancer

[278], exercise counselling increased activity by an average of 73 minutes/day, with

an increase of pedometer count from around 4200 to 5600 steps/day; in these

patients, physical well-being was increased concomitantly with the increase in

moderate and vigorous physical activity (r¼ 0.48).

8.12.3.6 Quality of Life in Osteoarthritis and Rheumatoid Arthritis

Prioreschi et al. noted that accelerometry measures of physical activity were lower

in 50 patients with rheumatoid arthritis than in matched controls, and they also

spent more time sitting [279]. However, within the patient group, the health-related

quality of life was correlated with physical activity levels, the more active patients

scoring higher on every component of the SF-36 questionnaire.

Despite reporting improvements in pain, function, quality of life, and self-

reported levels of physical activity, patients may not actually increase their physical

activity following arthroplasty as measured by Actigraph accelerometer; objective

monitoring and a plan to increase activity are needed if patients are to meet

recommended levels of exercise following surgery [280].

Brandes et al. [281] examined patients using the DynaPort ADL monitor. Thery

found that in the first year after total knee arthroplasty, the gait cycle of 53 patients

increased on average from a pre-operative 4993/day to 5932/day; this was associ-

ated with a large increase in the SF-36 HRQOL (from an average of 43.1–82.5

units).

8.12.3.7 Quality of Life in Multiple Sclerosis

In a 6-month study of 292 adult patients with multiple sclerosis, Moti and associates

[236, 282] found that where accelerometer data showed an increase of physical

activity, there was an associated small increase in the quality of life, probably

through pathways that include changes in pain, fatigue and the sense of self-

efficacy. Another study of 46 cases of multiple sclerosis from the same laboratory

found that average daily step counts were significantly correlated with self-esteem

(r¼ 0.30).
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8.12.3.8 Renal Dialysis

Katayama et al. [283] found that on non-dialysis days the health-related quality of

life of patients receiving thrice weekly dialysis was positively associated with

habitual physical activity >4 METS as assessed by triaxial accelerometers.

8.12.4 Conclusions

Cross-sectional studies suggest that quality of life is augmented by a small increase

in habitual physical activity. This conclusion is generally supported by longitudinal

studies. However, in patients with clinical conditions, an increase of physical

activity has many effects, and it is difficult to discern which of these are responsible

for any increase in the HRQOL.

8.13 Independence and Physical Activity

In old age, one of the most important objectives is to conserve sufficient functional

capacity to allow independent living. In terms of peak aerobic power, the critical

threshold is about 15 ml/(kg minute) [284], and there are parallel thresholds in

terms of muscular strength and joint flexibility [285]. Data from the Nakanojo study

provide some insights into the minimum levels of physical activity that are required

to meet these needs.

The peak walking speed, a correlate of peak aerobic power, and the peak knee

extension torque were both correlated with the daily step count (r¼ 0.28, 0.20), and

the duration of activity at an intensity >3 METs (r¼ 0.27, 0.21). Dividing the data

into quartiles, maximal walking speed (1.81, 2.04, 2.11, 2.25 m/second; 1.80, 2.07,

2.16, 2.18 m/second) showed a significant increase from the first to the third

quartile, whether classified by daily step count (3382, 5690, 7589, 10,400) or

duration of moderate activity (4.6, 12.4, 20.4, 34.6 minutes). Thus, to optimize

aerobic power, the elderly should maintain a step count >7600 steps/day, spending

at least 20 minutes/day in moderate physical activity [286].

A whole body dual x-ray absorptiometry scan assessed muscle mass, with the

threshold for sarcopaenia set at 1 SD below the norms for young adults [287]. The

year averaged step-count and the duration of activity >3 METs were both corre-

lated with the appendicular muscle mass (r¼ 0.28, 0.34, respectively). The odds

ratio of demonstrating sarcopaenia (Table 8.13) showed a significant increase in the

quartile with the lowest step count, and in the two quartiles with the shortest

durations of activity at an intensity >3 METs.
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8.14 Other Applications of Objective Physical Activity

Monitoring

Among many other potential applications of the objective monitoring of physical

activity, we may highlight briefly the estimation of maximal aerobic power, the

validation of questionnaire assessments of physical activity patterns, and the exam-

ination of sleep patterns.

8.14.1 Prediction of Maximal Oxygen Intake

There has been considerable interest in possible methods of predicting maximal

oxygen intake that do not require either expensive laboratory equipment or the

willingness of the patient to engage in all-out maximal exercise. Cao

et al. [288, 289] suggested that the pedometer/accelerometer provides a simple

tool that can be used for this purpose. In 87 Japanese women aged 20–69 years, the

correlation between the daily step count and the maximal oxygen intake as deter-

mined on a cycle erometer was relatively low (r¼ 0.40). However, a predictive

equation based also upon age and body mass index yielded a correlation of 0.81,

with a standard error of prediction of 5.3 mL/(kg min), rather similar to the error of

many submaximal exercise prediction procedures.

A second report [288] evaluated other possible combinations of physical activity

(durations of moderate and vigorous physical activity) and replacement of the BMI

term by waist circumference; the optimal equation reduced the standard error of

predictions to 3.0 ml/(kg min):

Table 8.13 Odds ratio for demonstrating an appendicular muscle mass in the sarcopaenic range in

relation to habitual physical activity. Significant odds ratios are shown in bold type

Quartile

Men Women

Step count Odds ratio Step count Odds ratio

Quartile 1 3427 steps/day 2.00 3048 steps/day 2.66

Quartile 2 6171 1.20 4999 1.57

Quartile 3 7972 0.79 6942 1.02

Quartile 4 10,545 1.00 9974 1.00

Activity >3 METs Odds ratio Activity >3 METs Odds ratio

Quartile 1 6.7 minutes/day 3.39 5.9 minutes/day 4.55

Quartile 2 14.7 2.03 10.1 3.15

Quartile 3 21.6 1.05 18.5 1.23

Quartile 4 33.5 1.00 31.1 1.00

Based on data from the Nakanojo study of seniors aged 65–85 years [287]
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_VO2max ¼ 51:5� 0:363 age, yearð Þ � 0:393 waist circ:, cmð Þ
þ 0:316 10�3steps=day

� � þ 0:290 vigorous activity, min=dayð Þ

However, critics of this approach have noted that as in many other predictions that

avoid all-out exercise, the answer obtained is heavily biassed by body fat content.

Novoa et al. used equations of this type as a simple method to estimate maximal

oxygen intake in patients following lobectomy or pneumonectomy [290].

8.14.2 Development and Validation of Subjective
Questionnaires

Some authors have used pedometers and accelerometers to help in the development

of subjective physical activity questionnaires and as a means of testing their

validity. Often, the correlation is poor. In younger adults, a part of the problem is

that pedometers and accelerometers are also fallible, giving limited information

about some common types of physical activity such as cycling, swimming, resisted

exercise, and the climbing of hills. However, even in the elderly whose main form

of activity is walking there are often large discrepancies between questionnaires

and objective measurements of habitual physical activity.

In the Nakanojo study [291], the correlation between scores on the Physical

Activity Questionnaire for elderly Japanese and pedometer/accelerometer data was

quite low (r¼ 0.41 for step count, r¼ 0.53 for duration of activity >3 METs).

Moreover, the subjective questionnaire exaggerated the absolute levels of physical

activity as much as three-fold relative to the objective measurements.

The situation was no better in patients who were undergoing walking-based

rehabilitation. Orrell et al. [292] noted that the correlation between questionnaire

reports and accelerometer scores in cardiac patients was quite low (r¼ 0.21–0.

38 for various measures); commonly, the subjective responses again greatly over-

estimated the amount of physical activity that had been undertaken.

8.14.3 Documentation of Sleep Patterns and Sleep
Disturbances

Accelerometers have also found application in documenting patterns of disturbed

sleep among individuals with depression [293], providing much more accurate

information than commonly used sleep questionnaires [294]. Disturbed sleep pat-

terns due to obstructive sleep apnoea are frequently associated with low daytime

levels of physical activity and an impaired quality of life [295], as well as impaired

survival prospects (see Sect. 8.3.3.1, above).
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8.15 Conclusions

The Hockley Valley Consensus Symposium based most of its conclusions on dose/

response relationships between physical activity and disease on subjective reports

of habitual physical activity. In this chapter, we summarize the findings from the

Hockley Valley meeting, and we examine how far these conclusions have been

amplified and/or modified by the introduction of objective activity monitors.

Among the wide range of topics that are considered, we have included data on

objective activity monitoring in relation to all-cause mortality, cardiac death,

cardiovascular disease, stroke, peripheral vascular disease, hypertension, cardiac

and metabolic risk factors, diabetes mellitus, obesity, low back pain, osteoarthritis,

osteoporosis, chronic chest disease, cancer, depression, quality of life and the

capacity for independent living. Objective monitoring has clarified a number of

dose/response relationships, but much of the information that is currently available

remains cross-sectional in type. In many areas of rehabilitation, the pedometer/

accelerometer seems a useful motivating device, providing well-documented incre-

ments of weekly activity, and offering the prospect of quasi-experimental long-term

studies of the effects of graded doses of exercise. However, there remains a need for

well-designed longitudinal trials using objective monitors to follow changes in

habitual activity; such research is needed to establish causal relationships between

increased physical activity and greater health.
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Chapter 9

Excessive Appetite vs. Inadequate Physical

Activity in the Pathology of Obesity:

Evidence from Objective Monitoring

Roy J. Shephard

Abstract Objective monitoring of physical activity confirms the impression

formed from questionnaire responses that both adults and children who are over-

weight or obese take less physical activity than their peers who have a healthy body

mass. Pedometer/accelerometer data provides relatively precise information on the

magnitude of the deficit in physical activity, which amounts to around 2000 steps/

day, or 15–20 minutes/day of moderate and/or vigorous physical activity. In some

studies of those who are grossly obese, there is also evidence of an increase in

sedentary time. The overall difference in daily energy expenditure between those of

normal weight and those who are overweight or obese is quite small, underlining

that the build-up of fat usually occurs over several years. Pedometers and acceler-

ometers provide a useful initial stimulus to greater physical activity, although there

remains a need to examine how to maximize the impact of instrumentation and to

sustain its motivational effect. There is now good evidence that for at least a few

months, the physical activity of an obese adult can be augmented by 2000–3000

steps/day, and that this initiates a slow but consistent loss of body fat (0.05–0.1 kg/

week). Relative to dieting, the increase of physical activity also brings other health

advantages, including increases of aerobic power and lean tissue, and a decrease of

metabolic and cardiac risk factors.

9.1 Introduction

During the past two decades, the attention of many epidemiologists has been

directed towards the obesity epidemic [1–4] (Chap. 2). Since matter can neither

be created nor destroyed, it is plain that energy homeostasis has been disturbed in
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the adults and children concerned. However, the cause of this disruption is less

clear. Hypotheses that have been advanced include increased sales of dietary

products with a high content of refined carbohydrates, particularly soft drinks [5],

an ever-greater consumption of “fast food” [6], an increased portion size in many

restaurants [7], and the decrease of habitual physical activity associated with

automation of the workplace and personal transportation [8], prolonged television

watching [9] and the use of personal computing devices [10].

However, there has been difficulty in deciding among these possibilities, in part

because the process of weight gain is slow. Often obesity develops over many

months and even years. One recent review set the likely maximal accumulation of

fat at 6–10% of body mass per year [11], or about 4–7 kg/year. Neither dietary nor

physical activity questionnaires have had the sensitivity to detect a 6% discrepancy

between energy intake and expenditure, although some nutritionists (ignoring the

slow nature of the process) have argued that an increase of physical activity was

unlikely to correct an accumulation of body fat, because even a long bout of

exercise burnt a relatively small quantity of fat. Often, these negative opinions

were apparently supported by small changes in overall body mass after weeks of

exercising; many nutritionists ignored the fact that an increase of daily physical

activity could replace fat with lean tissue, with little net change in overall body

mass. A further issue in some trials was that the additional energy expenditure

developed in an out-patient exercise programme was countered, either by an

increased intake of food or a reduction in the volume of activities performed outside

of the rehabilitation centre. Twenty-four hour objective monitoring of study par-

ticipants is important in ensuring that such compensatory reductions of physical

activity do not occur.

The widespread availability of inexpensive objective monitoring equipment in

recent years has offered the possibility of demonstrating both that the obese

undertake insufficient physical activity for good health, and that their condition

can be improved through an appropriately designed exercise programme. There

have been quite a few papers examining relationships between careful estimates of

habitual physical activity and body fat content. We will look first at a growing

volume of cross-sectional epidemiological evidence showing differences in pat-

terns of habitual physical activity between those with a healthy body mass and those

who are overweight or obese. We will then comment on the potential motivational

value of the pedometer as a means of stimulating an increase of physical activity

among those who are initially obese, and we will note the uniform finding of a slow

but consistent decrease of body mass among those who succeed in increasing their

daily step count. After underlining additional advantages of an increase of physical

activity, including increases of aerobic power, muscle mass and bone strength, and

a reduction of cardiac and metabolic risk factors, we will finally point to some

limitations of pedometers and accelerometers in the management of obesity.
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9.2 Inadequate Habitual Physical Activity and Obesity

Many large-scale epidemiological studies have linked obesity with inadequate

habitual physical activity, as demonstrated by objective monitoring of both adults

and children.

9.2.1 Studies of Adults

Data for adults include the NHANES study in the U.S., and the Canadian Health

Measures Survey in Canada. We link the obesity-related differences of activity with

their likely impact upon the accumulation of body fat.

9.2.1.1 NHANES Study

Actigraph data were collected on a large and representative sample of U.S. adults

aged >20 years during the 2005–2006 NHANES study [12]. The Actigraph read-

ings were censored to eliminate individuals who did not provide at least one day of

realistic data; information was accepted on 3522 individuals.

The Actigraph is recognized to be more sensitive to low accelerations than many

commonly used pedometers; thus, to allow comparisons with other research, data

were further censored to eliminate periods of the day when the counting rate for any

participant dropped below 500 activity counts/minute (this reduced the overall

reported activity by about 3000 steps/day). The censored values (Table 9.1) aver-

aged 7190 steps/day for individuals with a healthy body mass. Those who were

overweight took only slightly fewer steps (6879/day), but in those who were obese

the count was reduced by 1406, to 5784 steps/day. The accelerometer records also

showed that those with a normal body mass were meeting the minimal public health

recommendation for aerobic activity (30 minutes/day), whereas the obese were

falling some 10 minutes short of this target in terms of moderate and vigorous

physical activity.

Table 9.1 Censored data from the 2005–2006 NHANES survey, showing Actigraph estimates of

habitual physical activitya patterns for adults aged >20 years, classified as having a normal body

mass, as overweight and as obese

Weight

category

Total activity

(steps/day)

Moderate activity

(minute/day)

Vigorous activity

(minute/day)

Normal 7190 25.7 7.3

Overweight 6879 25.3 5.3

Obese 5784 17.3 3.2
aEliminating periods when the activity counting rate was <500/minute
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9.2.1.2 Canadian Health Measures Survey

In Canada, the Canadian Health Measures Survey [13] collected similar objective

information on habitual physical activity to that obtained during the NHANES

survey, although the Canadian investigators used the Actical monitor. Each of the

subjects included in the Canadian analysis had also yielded valid accelerometer

records on 4 or more days, rather than a single day.

Differences in body mass index (BMI) among the Canadian participants were

more closely associated with accelerometer step-count readings than with estimates

of the intensity of physical activity (Table 9.2). The time spent on sedentary or light

activities bore little relationship to BMI. However, as in the U.S. survey, there was a

small obesity-related gradient in the time allocated to moderate and vigorous

activity, so that those of normal BMI took 15 minutes more of such activity than

those who were obese. As in the U.S., those of normal weight slightly exceeded the

minimum recommended dose of activity, where the obese fell an average of

11 minutes short of this target. The BMI showed a closer relationship to the

individual’s daily step count, with those of normal body weight taking an average

of 2235 more steps/day more than those who were obese.

9.2.1.3 Likely Impact of Differences in Habitual Physical Activity upon

Body Fat

Taking the Canadian differential of daily step count (2235 steps/day higher in

individuals with a healthy body mass), and making the debatable assumption of

a consistent pace length of 0.7 m, this would equate to an additional walking

distance of 1.56 km, or 18.7 minutes if covered at a speed of 5 km/hour. The net

energy expenditure would be about 16 kJ/minute if a man of average body mass

was walking purposefully at this pace, and with 18.7 minutes of such activity,

energy usage would be increased by a total of 299 kJ/day or 2.09 MJ/week. Given

that the metabolism of 1 g of fat yields approximately 29 kJ of energy, this equates

to a fat consumption of about 72.2 g per week, or 3.75 kg/year. Assuming the

Table 9.2 Associations of body mass index with patterns of physical activity and Actical

accelerometer step count readings

Body mass

index (kg/m2)

Sedentary

(minute/day)

Light activity

(minute/day)

Moderate

activity

(minute/day)

Vigorous

activity

(minute/day)

Step count

(steps/day)

Normal (<25) 575 252 29 5 10,577

Overweight

(>25)

570 251 23 3 9,491

Obese (>30) 586 230 17 2 8,342

Based on data from the Canadian Health Measures Survey (2007–2009) [13]
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sedentary individuals ate no less food than their more active peers, they would

thus accumulate 3.75 kg of fat per year. This calculation demonstrates that

although the difference in habitual physical activity is quite small, it could account

for the accumulation of a substantial quantity of body fat over 20–30 years of

adult life.

The minimum difference of body mass between a healthy individual (with a

BMI of 25 kg/m2 or less) and someone who is obese (BMI >30 kg/m2) is about

15 kg. If 15 kg of fat was accumulated over a 10 year life span, this would amount to

a weight gain of 1.5 kg per year. A grossly obese person (BMI 40 kg/m2) would

carry some 45 kg of additional body fat, corresponding to a gain of 4.5 kg/year for

each of 10 years. These figures are plainly compatible with data from the Canadian

Health Measures Survey.

9.2.2 Studies in Children and Adolescents

Associations between objective measurements of habitual activity and obesity have

been studied much more frequently in preschool and school age children and

adolescents than in adults. Leech and associates were able to review 18 studies

looking at the clustering of low levels of physical activity, sedentary behaviour and

obesity in children [14], and Parikh and Stratton collected 8 reports concerning the

objectively measured intensity of effort and obesity [15]. As in the two studies of

adults that we have discussed, the investigations in children present consistent

evidence that those with an excessive body mass index (BMI) are engaging in

less moderate and vigorous physical activity than those with a healthy BMI. The

studies of children have often also examined the length and patterns of physical

inactivity (Chap. 7), although relatively few reports have found associations

between obesity and sedentary activities.

9.2.2.1 Preschool Children

A study of 357 U.S. preschool children demonstrated an association between

obesity and accelerometer determinations of moderately vigorous physical activity

in boys, but not in girls [16]. A second study by members of the same research

group was based on a total of 418 preschool children. It found an association

between accelerometer measurements of moderate to vigorous physical activity

(MVPA) and BMI, but after allowing for effects of the MVPA, there was no

independent effect attributable to sedentary time [17].
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9.2.2.2 School-Age Children

Wittmeier and colleagues evaluated the odds of being overweight (>20 and >25%

body fat) in a sample of 251 Canadian children aged 8–10 years [18]. Regression

equations suggested that the biggest effect upon both body fat content and BMI was

exerted by vigorous physical activity, as indicated by triaxial accelerometer. Com-

paring children who undertook less than 5 minutes of vigorous activity with those

who took more than 15 minutes, the first group were 4 times as likely to have>20%

body fat, and 5.2 times as likely to be classed as overweight. Comparing those who

took less than 15 minutes of moderately vigorous activity with those who took >45

minutes, the risk of having >20% fat was 4.2 greater for the former. These figures

appear to support the current public health guidelines on the minimal physical

activity needs of schoolchildren (at least 60 minutes of vigorous and moderately

vigorous physical activity per day).

Steele and associates used 1-week Actigraph records to examine the relative

impact of active and sedentary time upon the risk of obesity in a sample of 1862

10-year-old British children [19]. They found that the objectively measured seden-

tary time was associated with measures of obesity such as BMI and waist circum-

ference, but that this association was greatly attenuated after co-varying for the time

allocated to moderate to vigorous physical activity. They thus reasoned that the key

to prevention of obesity was the promotion of moderately vigorous physical

activity, rather than discouraging sedentary pursuits.

Ness, Leary and Riddoch (Fig. 9.1) recruited 5500 British children

[20]. Actigraph measurements of habitual physical activity were examined in

relation to dual photon x-ray estimates of body fat, with obesity arbitrarily defined

as the top 10% of the fat distribution in their sample. The data showed a graded

negative relationship between fat mass and the daily volume of moderately vigor-

ous physical activity that was undertaken, stronger in boys than in girls, and

unaltered by adjustment of the data for the total daily volume of physical activity.

Rowlands and colleagues [21] conducted a second study using dual photon x-rays

Fig. 9.1 Chris Riddoch has

studied obesity and habitual

physical activity in a large

sample of British children
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estimates of body fat on a small sample of 38 girls and 38 boys aged 8–11 years. Fat

levels were significantly correlated with accelerometer measurements of total

physical activity and with vigorous physical activity; moderately vigorous physical

activity was only related to body fat content in the girls.

In Dublin, Hussey and associates [22] evaluated physical activity in 224 children

aged 7–10 years, using a triaxial accelerometer for periods of 4 days. The boys

showed gradients of both body weight and waist circumference with the daily

duration of vigorous physical activity, but no significant relationships were seen

in the girls, perhaps because on average they performed only a half as much

vigorous activity as the boys.

Mark and Janssen (Fig. 9.2) focussed upon inter-individual differences in

patterns of physical activity. They obtained objective Actigraph data on 2498

youth aged 8–17 years from the U.S. NHANES studies of 2003–2004 and

2005–2006 [23]. After controlling for the total volume of moderately vigorous

physical activity, they noted that the risk of being overweight was 0.38 for those

who were in the top quartile in terms of the accumulated number of bouts of such

activity. After controlling also for the times accumulated in short bouts of moder-

ately vigorous physical activity, the risk ratio for those with frequent bouts of

activity was still only 0.55. They thus concluded that multiple bouts of moderately

vigorous activity protected against obesity; possibly, this finding could find a

physiological explanation in terms of the persistent increase of oxygen consump-

tion following a bout of vigorous activity.

A study of 10–12 year old children in Hungary and the Netherlands [24] divided

the students into quartiles, based upon their sedentary time, both self-reported use

of a television and personal computer and total sedentary time as measured by

an accelerometer. In terms of BMI, the difference between subjects in the most

sedentary and the least sedentary quartiles was greater for objective monitoring

(21 vs. 19 kg/m2) than for self-reports of participation in sedentary activities (20 vs.

19 kg/m2); inter-group differences in waist circumferences supported this trend.

Fig. 9.2 Ian Janssen has

carried out extensive

research on the activity

patterns of young children
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An extension of the study to 766 students in 5 European countries divided children

of both sexes into 4 clusters, based on their sedentary times (ST) and duration of

moderately vigorous physical activity (MVPA) [25]. In the girls, there was a

substantial contrast of BMI (19.1 vs. 17.7 kg/m2) and waist circumference (66.1

vs. 62.6 cm) between the sedentary (ST 571 minutes, MVPA 18 minutes) and the

active (ST 453 minutes, MVPA 55 minutes) groups. In the boys, there were similar

contrasts of BMI 20.5 vs. 17.6 kg/m2) and waist circumference (70.5 vs. 63.7 cm)

between the sedentary (ST 546 minutes, MVPA 26 minutes) and the active

(ST 419 minutes, MVPA 70 minutes) groups, although in the boys the minutes of

MVPA seemed more important than the time that they were sedentary.

9.2.2.3 Adolescents

Sanchez et al. [26] studied cross-sectional associations between self-reports, accel-

erometer measurements and BMI in 878 American youth aged 11–15 years. Failure

to meet public health guidelines of 60 minutes of moderate to vigorous physical

activity per week had a strong association with BMI values at or above the 85th

percentile for participants in this investigation. Another report, apparently based on

the same sample of 878 youth, classified subjects as falling above or below the 85th

percentile of BMI [27]. In girls, the obese group undertook 3.5 minutes/day less

moderate physical activity and 2.1 minutes/day less vigorous activity than those

whose BMI fell below the 85th percentile; the heavier girls also devoted an

additional 13.8 minutes/day to television watching, with a resulting decrease of

573 kJ in their daily energy expenditure. In boys, the corresponding differences

were 6.6 minutes/day, 4.4 minutes/day, 33.1 minutes/day, and 1283 kJ/day.

Butte et al. [28] examined 897 Texan children and adolescents of Hispanic

origin, ranging in age from 4 to 19 years. Objectively measured physical activity

as determined by an Actiwatch accelerometer decreased progressively with age,

and was consistently less in the girls than in the boys. Total activity counts were

lower, and sedentary times were higher in obese than in non-obese students.

Lohman and associates [29] examined 1553 sixth grade U.S. female adolescents,

noting an association between triceps skinfold estimates of body fat and Actigraph

measurements of moderate and vigorous physical activity. Fat-free mass was also

determined in this study, and it was positively correlated with habitual physical

activity.

The HELENA study recruited 365 Spanish adolescents aged 12.5–17.5 years.

Body fat was determined by several methods (the sum of six skinfolds, dual photon

spectrophotometry and a pneumatic determination of body volume, the BodPod)

[30]. After controlling for age, sex, and pubertal status, all measures of body fat

were negatively correlated with accelerometer assessments of moderate, and espe-

cially with vigorous physical activity. Body fat was also negatively correlated with

aerobic fitness and with the strength of the lower limbs [31]. The accelerometer data

showed that muscular strength depended on engaging in either vigorous physical

activity, or at least 60 minutes of moderate to vigorous physical activity [32].
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Mitchell and associates made a prospective study of 789 children, following

them from the age of 9–15 years [33]. Increases of BMI over the 6 years were

negatively associated with accelerometer measurements of habitual physical activ-

ity for this period, and there were additional adverse effects from sedentary time,

particularly in the heavier children.

9.2.2.4 Timing of Activity Bouts

Use of objective monitors with time-stamp devices allows the observer to identify

those specific times of the day when physical activity is lower in the obese than in

those who have a healthy weight; such information may be helpful in planning

corrective tactics. An analysis of Canadian children aged 6–19 years demonstrated

that boys (but not girls) who were obese took more sedentary time after 3 p.m. on

weekdays (282 vs. 259 minutes). Each 60 additional minutes of sedentary time was

associated with a gain in BMI of 1.4 kg/m2 [34]. Further, the obese boys engaged in

more prolonged bouts of sedentary activity.

An extension of this research demonstrated that frequent breaks in sedentary

periods were associated with a favourable cardiometabolic risk profile [35], includ-

ing lower values for BMI and waist circumference.

9.2.2.5 Conclusions Regarding Obesity in Children and Adolescents

General conclusions from the studies of children and adolescents are that associa-

tions between habitual physical activity and body fat are stronger for boys than for

girls, that prevention of obesity is associated with the practice of moderate to

vigorous and vigorous physical activity, and that any relationships with sedentary

time are weaker than for those with vigorous physical activity.

9.3 Motivational Value of Pedometer

Given that there is sometimes a substantial reactive response to the wearing of a

pedometer or an accelerometer (Chap. 1), one would anticipate that the use of such

instrumentation would be helpful, at least initially, in motivating a person to an

increase of habitual physical activity. However, given the rapid waning of any

reactive response, it is less clear how long the boosting of motivation might persist,

particularly in sedentary individuals without immediate manifestations of

disease [36].

Much probably depends on how the pedometer is presented to the client, and

details of the motivational plan. In some studies, participants have simply been told

to aim for a daily count of 10,000 steps/minute, whereas in other investigations the

physical activity target has been individually prescribed, and adjusted upwards as
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the physical condition of the client improved. There is some evidence that the

provision of objective monitors is most effective in stimulating the physical activity

of those who are initially overweight or obese [37].

9.4 Characteristics of Effective Pedometer-Based Walking

Programmes

Several studies have suggested that over the first few months, the provision of a

pedometer and a daily walking distance target can increase the step counts of

initially sedentary individuals by 2500–3000 steps/day [38, 39]. Tudor-Jones and

Lutes [40] have reflected upon the circumstances in which pedometers and accel-

erometers are successful in motivating greater physical activity. One striking

weakness is that only about a third of studies introducing pedometers as motiva-

tional tools have to date given even token consideration to theories of behavioural

change [41]. However, such a theoretical framework would probably have a

substantial influence upon the response of the client.

We will comment briefly upon appropriate characteristics for the monitoring

instrument, the setting of activity targets, and the continuing need for long-term

studies of the motivational response.

9.4.1 Appropriate Instrument Characteristics

If the purpose of wearing a pedometer or accelerometer is to stimulate greater

physical activity rather than to collect research data, then the instrument will be

worn for a long period, and it needs to be unobtrusive. It must also be reasonably

accurate but inexpensive, presenting a summary of the daily activity that has been

performed in a manner that is easily understood by the average client. Rather than

accumulating data to be down-loaded at the end of the day, week or month, the

requirement is for an instantaneous feedback of the day’s activity to date, allowing

the wearer to plan further periods of physical activity if the prescribed activity

target for the day has not been met.

9.4.2 Optimal Use of the Pedometer as a Motivational Tool

Motivation to an increase of physical activity is helped by the setting of clear goals.

In some experimental studies, clients have simply been told to aim for a count of

10,000 steps/day. In other trials, the pedometer/accelerometer has been used as a

part of a well-designed and regular, guided feedback process, with a focus upon the
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establishment of moderate and progressive goals of increased walking distance and

the building of a sense of self-efficacy. Important variables influencing the effec-

tiveness of activity monitors are (1) whether the daily activity target was set by the

observer or the study participant, and (2) whether feedback was provided by a

professional, a member of a peer group, or simply by a computer programme based

on the recorded step count.

Engel and Lindner [42] compared the amount of walking undertaken by a group

that received counselling with that observed in those who were also supplied with a

pedometer. Somewhat to their surprise, the wearing of the pedometer did not

increase the amount of walking relative to that of a group who received only

thorough counselling. In contrast, Mark Adams (Fig. 9.3) and colleagues [43]

compared responses between two small groups of women; both were issued with

pedometers. One group was set a static goal of 10,000 steps/day, and the other was

given a frequently adjusted daily step-count target. The latter group achieved a

much larger increase in their daily step-count.

A further practical question is whether the wearing of a pedometer provides a

unique stimulus to attaining the target volume of daily walking. Potentially, a

similar target could be set by measuring a walking distance carefully with a car

or a bicycle odometer, and then covering this distance on a regular daily basis. One

obvious advantage of using a pedometer is that it allows flexibility in the choice of

walking route, which should immediately encourage adherence.

9.4.3 Need for Long-Term Studies

In most motivational investigations, the pedometer or accelerometer has been used

for only a short period, although the need is for a long-term change of lifestyle.

Although the wearing of the monitor may stimulate an initial increase of physical

activity, it is less clear how far such monitoring contributes to long-term

programme adherence. Is there an optimal period of wear for the client to establish

lifelong exercise habits?

Fig. 9.3 Mark Adams has

investigated the impact of

pedometer use upon the

activity motivation of obese

subjects
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9.5 Objective Monitoring in the Treatment of Obesity

Richardson and associates [39] made a meta-analysis of the response to pedometer-

controlled walking programmes where no specific diet was imposed upon individ-

uals who were initially obese. They found 9 trials involving at least 5 subjects; the

investigations had continued for at least 4 weeks, with a total sample size of

307 participants. In general, the pedometer/accelerometer had been used as a

motivational device, typically setting individual goals for an increase in the daily

step count. However, the objective monitoring also served to ensure that study

participants had adhered to the prescribed programme. Bravata et al. [38] listed a

total of 8 controlled trials and 18 observational studies, only 4 of which were

included in the review of Richardson et al. [39]. These various investigations are

summarized in Table 9.3.

In many of the trials discussed by Richardson et al. [39] and Bravata et al. [38],

the immediate increase in pedometer count averaged 3000 steps/day or more. This

implies an increase in the daily walking distance of more than 2 km, perhaps

24 minutes of walking at a pace of 5 km/hour. The net increase of energy expen-

diture in a man of average body mass would be 384 kJ/day, and if we equate the

metabolism of 1 g of fat with 29 kJ of energy, the fat loss would amount to 0.093 kg

per week. The average length of the trial was 16 weeks, and the average decrease of

body mass was 1.27 kg, or a loss of about 0.05 kg per week, of the same general

order as the theoretical figure if there had been no change in the individual’s food
intake or resting metabolism.

One study evaluated possible changes of diet when healthy young adults

increased their daily step count by 2667 steps/day [49]. No changes of energy

intake were detected, although the authors admitted that a larger sample would be

needed to be certain of this finding.

In the analysis of Bravata et al. [38], 18 of 26 reports noted changes of body mass

and/or BMI. The BMI was decreased by an average of 0.38 kg/m2 over a period

averaging 18 weeks; assuming a height of 1.7 m, this would equate to a total fat loss

of 1.1 kg, or 0.061 kg/week. Bravata et al. [38] commented that the response was

larger in older individuals, was enhanced by goal setting, and was accompanied by

an average 3.8 mmHg decrease in systolic blood pressure. However, these inves-

tigators observed no significant changes of blood lipids or glucose tolerance.

Table 9.3 shows that the loss of body mass was very slow, but also remarkably

consistent from one trial to another; only one trial observed a very small gain of

body mass.

9.6 Associated Health Benefits

There are important secondary dividends if an obese individual increases their

physical activity, and for the most part these gains are not realized if fat loss is

attempted simply by a reduced intake of food. A modest exercise programme is
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Table 9.3 Pedometer monitored changes in daily step count and associated weight loss (based in

part on an analysis of Richardson et al. [39] and Bravata et al. [38])

Author Sample

Initial

step

count

Post-

intervention

step count

Duration

of trial

(weeks)

Initial

body

mass

(kg)

Change

of body

mass (kg,

g/week)

Araiza

et al. [44]

15 experimental patients

with diabetes mellitus,

15 controls

7220 10,410 6 80.7* –2.0*,

–333*

Chan

et al. [45]

106 sedentary workers 7029 10,480 12 79.4 –1.5, –125

Engel and

Lindner

[42]

57 overweight men and

women, average age

62 year, overweight and

with type 2 diabetes

mellitus

Not

recorded

7296 26 91.9 –2.1, –81

Hultquist

et al. [46]

Previously inactive

women

5603 10159 4 82.0 –0.5, –125

Jensen

et al. [47]

18 obese women 4027 5883 13 100.4 –4.3, –331

Kilmer

et al. [48]

20 patients with progres-

sive neuromuscular

disease

~4600 ~5750 26 84.9 –1.4, –54

Koulouri

et al. [49]

12 healthy young adults 9588 12,255 1 67.9 –0.3, –300

Miyatake

et al. [50]

31 middle-aged struc-

tured obese Japanese

men

7013 8840 52 82.3 –3.7, –71

Moreau

et al. [51]

15 post-menopausal

women

5400 9700 24 81.1 –1.3, –54

Pal

et al. [52]

13 overweight obese

women (13 controls)

6242 9703 12 77.8 –0.9, –75

Ransdell

et al. [53]

28 grandmother/mother

daughter triads

(9 controls)

8422 11,517 30 60.4 –0.02,

–0.6

Schneider

et al. [54]

56 overweight adults 5123 9117 36 98.8 –2.4, –67

Sugiura

[55]

14 post-menopausal

women (13 controls)

6740 8,00 to

11,000

104 54.1 –0.9, –9

Swartz

et al. [56]

18 obese women with

family history of type

2 diabetes mellitus

4972 9213 12 94.0 +0.3, +25

Tudor-

Locke

et al. [57]

24 middle-aged over-

weight or obese adults

(23 controls)

5753 9123 16 96.8 –0.7, –44

Van

Wormer

et al. [58]

22 patients in cardiac

health programme

6152 8210 17 85.0* –1.1*,

–65*

(continued)
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likely to increase aerobic fitness and muscle mass, strengthen bones strengthened,

and reduce cardiac and metabolic risk factors. Moreover, the levels of activity

required to induce such benefits seem of the order encountered in the fat loss

programmes of Table 9.3.

9.6.1 Aerobic Fitness and Muscular Strength

The HELENA study noted that if the habitual activity of adolescents as measured

by a uniaxial Actigraph was sufficient to control obesity, the students concerned

also showed a higher level of aerobic fitness and greater muscular strength in the

lower limbs [31]. In order to see beneficial effects upon muscular strength, it was

necessary for individuals to engage either in vigorous activity, or to engage in at

least 60 minutes per day of moderate to vigorous physical activity.

Likewise, when Miyatake et al. [50] provided 31 obese Japanese men with a

Seiko pedometer, instructing them to make a modest increase in their daily physical

activity for 1 year, aerobic performance and leg strength were increased, and

visceral adipose tissue was decreased—the last change was most closely correlated

with a decreased insulin resistance.

We found that among seniors living in Nakanojo, Japan [60], the preferred

and maximal walking speeds and the peak knee extension torque were all

correlated with pedometer/accelerometer measurements of habitual physical activ-

ity, whether reported as steps/day or as minutes of moderate to vigorous physical

activity. When subjects were divided into quartiles, significant advantage in these

measures of fitness was seen among men taking an average of >8218 steps/day or

>22.0 minutes/day of moderate to vigorous physical activity, while for the women,

the corresponding thresholds were a count >7030 steps/day, or >19.1 minutes/day

of moderate to vigorous physical activity.

Further observations on the Nakanajo population, carried out by Hyuntae Park

(Fig. 9.4) and associates, used double absorption spectrophotometry to estimate the

lean tissue mass in the limbs [61]. The muscle mass in the legs, and to a lesser extent

Table 9.3 (continued)

Author Sample

Initial

step

count

Post-

intervention

step count

Duration

of trial

(weeks)

Initial

body

mass

(kg)

Change

of body

mass (kg,

g/week)

Wilson

et al. [59]

African-American breast

cancer survivors

4791 8297 14 86.7 –0.9, –64

Body mass values marked with an asterisk have been approximated from the BMI, assuming a

height of 1.7 m
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in the arms, increased progressively with measures of habitual physical activity.

When subjects were divided into quartiles, muscle mass was significantly greater in

men taking an average of >7972 steps/day or >21.6 minutes of moderate to

vigorous physical activity, and in women >6942 steps/day or >18.5 minutes/day

of moderate to vigorous physical activity.

9.6.2 Bone Strength

If an individual undertakes a programme of vigorous physical activity to reduce

body fat content, a further by-product is likely to be an increase of bone health. This

issue does not seem to have been evaluated in young adults, but we have observed

such an effect in both cross-sectional and longitudinal studies of seniors living in

Nakanojo, Japan [62]. The calcaneal osteosonic index was significantly greater

among subjects in the upper two quartiles of the habitual physical activity distri-

bution (for the men, an average count >7697 steps/day, >21.4 minutes/day of

moderate to vigorous activity, and for the women, a count >6356 steps/day,

>19.6 minutes/day of moderate to vigorous physical activity).

9.6.3 Cardiac and Metabolic Risk Factors

In the study of Miyatake et al. [50] a modest increase in the daily physical activity

of 31 obese Japanese men was accompanied by a decreased insulin resistance.

Swartz et al. [56] engaged 18 obese middle-aged women with a family history of

type 2 diabetes mellitus in an 8-week walking programme that was intended to

bring their step counts progressively to a target level of 10,000 steps/day. This

programme induced favourable changes in both blood pressure and glucose

tolerance.

Fig. 9.4 Hyuntae Park has

worked with Yukitoshi

Aoyagi and myself on many

studies of seniors in

Nakanajo
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Schneider and colleagues [54] followed 56 overweight adults for 36 weeks; 38 of

the group maintained a step count >9500 steps/day between weeks 4 and 36, with

associated decreases in body mass and fat mass, and also increases of HDL

cholesterol. In contrast, the 18 subjects who were non-compliant showed little

change in any of these variables.

Iwane and associates [63] recruited an initial sample of 730 male manufacturing

workers with an average age of 47 years; 83 of this 730 were persuaded to walk at

least 10,000 steps/day, as monitored by a pedometer. Thirty of those individuals

who were willing to exercise were initially hypertensive, but after walking an

average of 13,510 steps/ day for 12 weeks, the systolic blood pressure fell from

149 to 139 mmHg, and the diastolic pressure from 103 to 93 mmHg, although

(possibly because the subjects were not initially obese) there were no changes of

BMI or serum lipids over this period. In terms of the blood pressure changes, a

ceiling of benefit was reached at a count of 15,000 steps/day. Blood pressures were

unchanged in those who remained sedentary, whether these individuals were

initially hypertensive or normotensive.

Moreau and associates [51] used a pedometer to monitor the totality of imposed

changes of physical activity in experimental subjects, at the same time confirming

that the activity of control subjects remained unchanged. In their small sample of

postmenopausal women, the experimental group increased their step count from

5000 steps/day to an average of 10,000 steps/day. However, the intensity of activity

was not recorded. The resting systolic blood pressure of the experimental group was

reduced by 6 mmHg at 12 weeks, and by 11 mmHg at 24 weeks, but the diastolic

pressure remained unchanged. The body mass of the experimental subjects had also

decreased by 1.3 kg at 24 weeks, but there were no significant change in the fasting

plasma insulin.

As in the study of Moreau et al. [51], Yamanouchi et al. [64] used a pedometer to

confirm the existence of inter-group differences of physical activity over a 6–8

week programme. Their comparison was between an exercise + diet group (19,200

steps/day, 4–6 MJ/day negative energy balance) and a diet group (4500 steps/day,

4–6 MJ/day negative energy balance). The exercised group showed a larger

decrease of body mass (7.8 vs. 4.2 kg) and an increase of insulin sensitivity that

was not seen in those who only dieted.

We studied the health of 220 seniors living in Nakanojo, Japan [65], relating

objectively measured year-long habitual physical activity to the presence of five

markers of the metabolic syndrome (a BMI>25 kg/m2; a fasting serum triglyceride

>1.7 mmol/L, a fasting HDL cholesterol <1.0 mmol/L in men or 1.3 mmol/L in

women, a systolic blood pressure >130 mmHg or a diastolic pressure >85 mmHg,

and a fasting plasma glucose >6.1 mmol/L or a haemoglobin A1c >5.5%). A

person showing two or less of these markers was recognized as being in good

metabolic health. The odds ratio for showing three or more markers of the meta-

bolic syndrome was strongly related to habitual physical activity (Table 9.4), but

much of the benefit was associated with the most active quartile, where subjects
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were averaging over 10,000 steps/day, and taking an average of 33.5 minutes/day of

moderate physical activity at an intensity of >3 METs. These findings suggest that

in studies where no benefit was associated with physical activity, the intensity

and/or the volume of activity was inadequate.

Interestingly, in our study, the main associations of physical activity were with

blood pressure and with the concentration of HBA1c. The BMI was similar for the

four quartiles. Possibly, the BMI is an inappropriate index for Japanese; there may

have been a confounding of a high BMI due to muscle rather than fat, or possibly

too few of the group was sufficiently obese to be influenced by an increase of

habitual physical activity.

Critique of Objective Monitoring One important advantage of exercise relative

to dieting in the treatment of obesity is that lean tissue tends to be conserved; this in

turns limits the reduction of resting energy expenditure that negates the effect of

dieting alone. Resistance training should thus be an important part of the therapeu-

tic regimen for an obese person, particularly if the excess weight has led to osteo-

arthritis of the knees. Unfortunately, the usual form of objective monitor

(a pedometer/accelerometer) makes little or no response to resisted exercise, so

that if a rehabilitation programme is to be based on resistance exercise, this type of

objective instrumentation is of little help in either motivation or monitoring

adherence.

One potential alternative method of objective monitoring total energy expendi-

ture is the doubly-labelled water technique. It is at present a relatively costly

procedure, but several studies of small subject samples (Ferro-Luzzi and Martino,

Schoeller et al., Klaas Westerterp (Fig. 9.5) and Goran [66–68], using this

approach, have shown a negative relationship between energy expenditures levels

averaged over a 2-week period and body mass. Unfortunately, the doubly-labelled

water technique does not allow us to determine the intensity or the duration of

physical activity that is associated with maintenance of a healthy body mass.

Table 9.4 Relationship between quartiles of habitual physical activity and risk of presence of

three or more markers of the metabolic syndrome

Habitual physical activity Odds ratio Range

Stepping rate (counts/day)

Quartile 1 (average 3427) 4.55 1.81–11.41

Quartile 2 (average 5581) 3.10 1.22–7.88

Quartile 3 (average 7420) 2.63 1.02–6.75

Quartile 4 (average 10,129) 1 1

Minutes of activity >3 METs

Quartile 1 (average 4.4 minutes/day) 3.67 1.50–8.97

Quartile 2 (average 12.1 minutes/day) 2.29 0.92–5.71

Quartile 3 (average 19.4 minutes/day 2.1 0.83–5.27

Quartile 4 (average 33.5 minutes/day) 1 1

Based on data from the Nakanojo study [65]
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9.7 Conclusions

Objective monitoring of physical activity confirms the impression, formed with less

certainty from questionnaire responses, that both adults and children who are

overweight or obese take less physical activity than their peers who have a healthy

body weight. Accelerometer data also provides relatively precise information on

the magnitude of the difference in daily activity between the 2 groups, which

amounts to around 2000 steps/day, or 15–20 minutes/day of moderate or vigorous

physical activity. In those who are grossly obese, some studies also provide

evidence of an increase in sedentary time. The overall difference in daily energy

expenditure between those of healthy weight and the obese is quite small, but

assuming there is no difference of food intake between the two groups, then the

latter could accumulate 3.5–4.0 kg of fat per year. This underlines the point that in

many obese people the build-up of fat has occurred gradually over several years,

and that measures to correct the fat accumulation are also likely to be slow.

The wearing of a pedometer or an accelerometer provides a useful initial

stimulus to greater daily physical activity, although there remains a need to examine

how this motivational effect can be maximized and how long it is likely to persist.

Multiple studies of obese adults show that over the first few months, physical

activity can be augmented by 2000–3000 steps/day, and this consistently initiates

a slow loss of body fat (0.05–0.1 kg/week). The required increase of physical

activity carries other health advantages, including increases of aerobic power,

lean tissue and skeletal health, plus a decrease of metabolic and cardiac risk factors.

If motivation can be sustained until greater habitual activity becomes a part of

normal lifestyle, greater physical activity thus seems a preferable approach to crash

dieting. The latter can produce dramatic results in the short term, but fat lost by

dieting is usually regained within a few months.

Fig. 9.5 Klaas Westerterp

has evaluated many

techniques for the objective

monitoring of physical

activity, including the

ingestion of doubly-labelled

water
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Chapter 10

Objective Monitoring and the Challenge

of Defining Dose/Response Relationships

for the Prevention of Chronic Disease

Roy J. Shephard

Abstract The form of the dose/response relationship linking habitual physical

activity to major health outcomes is of practical importance for those who are

formulating public health recommendations on minimum daily physical activity

needs. However, available information on the form of this relationship is

conflicting. One might anticipate that the optimal physical activity pattern would

mimic that of our hunter-gatherer ancestors. Data gathered on traditional Inuit

hunters point to a large daily energy expenditure in many types of hunting; this is

accumulated mainly through long days of moderate physical activity. Studies based

upon occupational classifications also suggest health benefit from vigorous physical

exercise at work, and this view is supported by early questionnaire analyses of

leisure behaviour. However, a systematic survey of questionnaire-based reports

revealed no clear picture, because of differing methods of measuring and classify-

ing physical activity, substantial inaccuracies in self-reports, and examination of a

wide variety of health outcomes. Other studies, using simple measures of fitness as

surrogate indicators of accumulated physical activity, have pointed to the largest

health benefits being gained from a moderate increment of fitness. Objective

physical activity monitors allow a much finer gradation of physical activity pat-

terns, and thus have the potential to clarify dose/response relationships. However,

this potential has not as yet been realized. The samples tested have been small, and

the health outcomes examined have been physiological changes rather than clinical

events. Confidence intervals for the benefits realized at different levels of physical

activity have thus been as large or larger than those found in questionnaire studies.

Future developments should permit the use of objective monitors on a much larger

scale; a 100-fold increase in subject numbers seems likely to overcome current

problems.
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10.1 Introduction

The issue of the shape of the dose/response relationship that links habitual physical

activity with various markers of clinical health has been mentioned briefly at

several points throughout this text. It is a question that has considerable practical

importance for those who are formulating public health recommendations about

optimal daily levels of physical activity. Should the advocates of greater physical

activity be content with the small gains that are fairly easily achieved, or should

they insist that the public progress to quite vigorous effort? Unfortunately, the

nature of the dose/response relationship is still far from clear. We will here note

anthropological expectations based upon the lifestyle of our ancestors, evidence

drawn from occupational classifications and the dilemma posed by conflicting

reports based upon questionnaire, diary and physical fitness-based assessments of

habitual physical activity. Finally, we will explore the current contribution of

objective monitoring techniques, and will speculate how far the issue can be

resolved by further developments in objective monitoring technology.

10.2 Anthropological Expectations

It can be argued that the ideal pattern of habitual physical activity can be sought in

our anthropological history. Over the course of many centuries, it is reasonable to

suppose that evolutionary forces adapted the human body to the activity patterns

associated with a hunter-forager lifestyle, and that the lifespan of the current

generation is likely to be maximized by following the activity patterns inherent to

success in the neolithic economy [1].

A painstaking Kofranyi-Michaelis respirometer survey of the Canadian Inuit

population as they engaged in various forms of hunting across the high arctic

established that the intensity of effort demanded throughout much of the day was

no more than moderate, but since the activity continued for long periods, the overall

energy expenditures demanded by traditional forms of hunting averaged

10.6–18.6 MJ/day (Table 10.1), levels that would be considered as very heavy

industrial work. Moreover, substantial bouts of resistance activity were interspersed

with aerobic activity as animal carcasses were hauled and carried.

Such observations might suggest that human health would be maximized by a

physical activity plan that involved a large volume of moderate intensity physical

activity, supplemented by bouts of resistance activity.
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10.3 Evidence from Occupational

Three of the earliest investigators of the physical activity/health relationship were

Ralph Paffenbarger, Jeremy Morris and Henry Taylor (Chap. 2). Their initial

differentiation of individual daily energy expenditures was based upon the occu-

pational categorization of their subjects, rather than the completion of physical

activity questionnaires.

Morris first compared sedentary bus drivers with the physically more active

conductors who worked on double-deck vehicles. They found that the respective

annual coronary arterial disease incidence rates were 2.7/1000 for the drivers and

1.9/1000 for the conductors [3]. Even after allowance for self-selection of employ-

ment, this study pointed to the value of vigorous daily physical activity, but as there

were only two job categories, it could not clarify the form of the relationship.

Morris next examined British post-office employees. The lowest rates of cardio-

vascular disease were seen in postal carriers who cycled or walked to deliver the

mail. Rates were higher in physically less active employees (counter-hands, postal

supervisors, and higher grade postal staff) and were highest in totally sedentary

workers (telephone operators, clerks and executives). Respective annual rates for

the incidence of coronary arterial disease were 1.8/1000, 2.0/1000, and 2.4/1000,

and annual case fatality rates were 0.6/1000, 0.9/1000 and 1.2/1000 in the three

groups of workers. A gradient was thus demonstrated, but in the absence of precise

data for energy expenditures in the three categories of employee, the form of this

relationship could not be specified.

Henry Taylor classified railroad employees into three categories: clerks, switch-

men and section workers [4]. The clerks clearly had sedentary employment, and the

other two groups of workers were physically more active, but again interpretation

of the data was limited because no precise estimates of occupational energy

expenditures were available. Age-adjusted death rates for the three categories of

worker were, respectively, 11.8/1000, 10.3/100 and 7.6/1000 for all-cause

Table 10.1 Field estimates of the daily energy expenditures involved in eight traditional forms of

Inuit hunting, based on Kofranyi-Michaelis respirometer data and the timing of physical activity

patterns [2]

Type of hunt Estimated energy cost (MJ/day)

Summer fishing (kayak or umiak) 18.6

Ice-fishing 16.9

Summer overland caribou hunt 16.2

Winter caribou hunt (dog sled) 16.1

Walrus hunt (kayak or umiak) 15.5

Seal hunt (ice-holes) 14.5

Seal hunt (kayak) 14.4

Seal hunt (at floe edge) 10.6

Average (across all 8 hunts) 15.4
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mortality, and 5.7/1000, 3.9/1000, and 2.8/1000 for deaths ascribed to arterioscle-

rotic heart disease.

Paffenbarger and his associates made a binary classification of male Californian

longshore workers in terms of their presumed energy expenditure per shift.

“Heavy” workers expended an estimated 4 MJ more than their peers, and this

was associated with a lower coronary artery disease death rate (59 vs. 80 incidents

per 10,000 person-years of work) [5]. A second analysis of data for the same

population distinguished three categories of employee, with estimated average

energy expenditures of 7.8, 6.1 and 3.6 MJ/shift. The respective age-adjusted

coronary arterial disease death rates for the three groups were 26.9 vs. 46.3

vs. 49.0 deaths per 10,000 person-years of work, and sudden death rates were 5.6

vs. 19.9 vs. 15.7 deaths per 10,000 person-years) [6]. This study thus pointed to the

health value of a high rather than a moderate or light volume of occupational energy

expenditure; the expenditure of 7.8 MJ/shift would bring the dockworkers on a par

with some of the levels of physical activity seen during Inuit hunting expeditions

(Table 10.1).

Although some progress was being made in defining dose/response relationships

from these occupational comparisons, there were necessarily problems in the initial

self-selection of employment, and in changes of occupational categorization if an

employee developed symptoms of cardiac disease such as angina. The precise

energy cost of most tasks was also poorly defined, and no account was taken of

inter-occupational differences in leisure activity. Further exploitation of this

approach was hampered by automation, which progressively reduced the energy

demands of what had previously been hard physical work.

10.4 Conflicting Conclusions from Physical Activity

Questionnaire, Diary and Physical Fitness Data

Morris and Paffenbarger later turned their attention to patterns of leisure activity,

using questionnaires and diaries of varying complexity (Chap. 2). As in their

occupational research, they argued that there was little health benefit from partic-

ipation in moderate physical activity, and that vigorous physical activity was

needed to enhance cardiovascular health. In contrast, many subsequent observers

concluded that the largest health benefit was realized from small increments of

physical activity and physical fitness, at the lower end of the population distribution

for these variables [7]. The issue is as yet unresolved.
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10.4.1 Proponents of Vigorous Physical Activity

Morris and his associates [8] had 16,682 male executive-class civil servants recol-

lect their leisure activities on the preceding Friday and Saturday. Observers then

noted periods >5 minutes/day that the subjects had ascribed to active recreation,

“keeping fit,” or “vigorous getting about” (activities demanding near maximal

effort), as well as bouts of heavy work lasting >15 minutes (gardening, building

or moving heavy objects) and stair climbing, all regarded as demanding peak

energy outputs >31 kJ/minute. The first 214 subjects who sustained a clinical

attack of ischaemic heart disease were less likely to have recorded such vigorous

activity than their peers. Vigorous physical activity also protected against fatal

heart attacks, but no protection was seen from moderate activity. Those engaging in

much vigorous exercise seemed to gain more benefit (risk ratio 0.18) than those

doing some vigorous exercise (risk ratio 0.42–0.55), although it could be argued

that participation in vigorous physical activity was serving as a marker of some

other favorable personal characteristic.

A second study of male executive civil servants [9] found 9% of employees

reporting that they had often participated in vigorous sports, undertaken consider-

able amounts of cycling, and/or rated their walking pace as >6.4 km/hour over the

preceding 4 weeks. This sub-group of employees experienced less than a half as

many non-fatal and fatal heart attacks as their peers, over a 9-year follow-up.

However, no protection was observed unless the sport or exercise was reported as

vigorous.

Paffenbarger and his associates [10] questioned a large sample of male Harvard

alumni on the number of city blocks walked, the number of stairs climbed, and the

intensity and duration of any sport involvement during a typical week. Based on this

information, they estimated gross weekly leisure energy expenditures. Setting the

risk of cardiovascular disease in the least active group as 1.00, benefit was seen

from walking (<5 vs. >15 km/week, relative risk 0.67), stair-climbing ((<20

vs. >55 flights/week, 0.75), sports (none vs. moderate sports play >4.5 METs,

0.63), and a large total energy expenditure (<2 to 8 vs. 8 to >14 MJ/week, 0.70).

The data were interpreted as showing a need to spend more than 8 MJ/week in order

to enhance cardiovascular prognosis, although risk ratios did not differ greatly

between participants with estimated expenditures of 2–4 MJ/week (0.63) and

12–14 MJ/week (0.68). An 8-year follow-up of the same population examined

health outcomes in relation to changes in physical activity. The baseline risk was

set as that found in subjects who failed to meet the 8 MJ/week standard in either

survey. There was an insignificant increase of cardiovascular risk if physical

activity had diminished over the 8 years, but in those whose physical activity had

increased, the cardiac risk diminished to a similar level to that seen in subjects who

had remained active over the survey (risk ratios for moderate sports, 0.71 vs. 0.69,

and for weekly energy expenditures >8 MJ, 0.74 vs. 0.79).

Thus, the studies of Morris pointed the need for periods of activity with an

intensity >31 kJ/minute, and Paffenbarger’s interpretation of his observations
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suggested the need to accumulate a gross energy expenditure >8 MJ/week in order

to enhance cardiovascular prognosis.

10.4.2 Other Questionnaire Studies

Blair and colleagues [7] conducted an exhaustive review of published articles

relating to physical activity and/or fitness and health outcomes (morbidity from

coronary heart disease, stroke, cardiovascular disease and cancer and/or mortality

from cardiovascular disease, cancer, or all causes); 67 papers published to August

2000 were given detailed review. Forty-nine articles based upon self-reports

divided subjects into at least three activity categories, and nine studies categorized

subjects in terms of physical fitness as assessed during a treadmill or cycle

ergometer test.

In terms of the questionnaire data, Blair and his associates [7] concluded that

with a few exceptions that included a study of mortality in very old men [11] and

papers on the risks of breast [12] and testicular [13] cancer, most studies showed an

inverse relationship between health risk and estimates of habitual physical activity.

Nevertheless, because of the differing methods of measuring and categorizing

physical activity and differing health outcomes, it was difficult to combine infor-

mation from the various studies and specify an overall dose-response relationship.

The apparent shape of the dose/response curve varied widely between studies, and

was particularly inconsistent in women.

10.4.3 Critique of Questionnaire Data

The use of questionnaire data to determine dose/response relationships is limited by

differing methodologies, differing health outcomes, and above all by the limited

accuracy of questionnaire assessments of physical activity.

10.4.3.1 Differing Methodologies

Inter-study differences in the methods of measuring and categorizing levels of

physical activity make it impossible to combine data from the various published

sources in order to gain an overall impression of dose/response relationships. Some

investigators have estimated gross energy expenditures per week, dividing their

sample of subjects into three to six categories of habitual physical activity, albeit

with differing cut-points between categories. Others have used questionnaire

responses to separate subjects into three or four arbitrary physical activity catego-

ries, with different authors using differing methods of classification. Some have

considered both leisure and occupational activities, and some investigators have
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focussed their attention upon the reported frequency rather than the intensity of

physical activity.

10.4.3.2 Differing Health Outcomes

Many observers have focussed upon all-cause and/or cardiovascular mortality, but

others have examined such outcomes as cancer and stroke. It seems unlikely that the

shape of the dose/response curve will be identical for differing health outcomes,

although there is at present little information on this question. For some outcomes

such as rectal cancer, there is little relationship between habitual physical activity

and disease incidence or mortality. In the case of fat accumulation and the meta-

bolic syndrome, one might anticipate a relatively linear dose-response relationship,

with fat loss proportional to any increase in the level of daily energy expenditure. In

the case of anxiety and depression, a very modest increase of physical activity

might be sufficient to cause arousal and thus an enhancement of mood state, but in

order to counter sudden cardiac death it might be necessary to condition the body to

the high levels of energy expenditure sometimes required in an emergency.

10.4.4 Lack of Absolute Accuracy of Questionnaires

The most important factor limiting the interpretation of questionnaire data is

probably the limited absolute accuracy of the estimates of habitual physical activ-

ity. Although it is generally accepted that questionnaires can make a useful three or

four level categorization of physical activity patterns, it is also widely acknowl-

edged that the absolute estimates of energy expenditure may have a three-fold error

relative to “gold standard” measurements. Moreover, the magnitude of these gross

errors varies between individuals, and it is likely to differ systematically between

those reporting high and low levels of physical activity. Partly as a consequence of

such errors, and partly as a consequence of the limited number of cardiac incidents

when quite a large sample of subjects are followed for 5–10 years, the confidence

limits to the estimated relative risks associated with various levels of physical

activity are very broad, and this makes it difficult to determine the shape of the

dose/response relationship. This is well illustrated by the data of Haapanen and

colleagues [14, 15], who examined the risks of coronary heart disease over a

10-year follow-up of 1340 men and 1500 women aged 35–63 years (Table 10.2).

10.4.5 Aerobic Fitness Dose/Response Data

Blair et al. [7] identified nine studies that related simple indices of aerobic fitness

(treadmill endurance times or heart rates at specific exercise intensities) to health
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outcomes; five of the nine reports were drawn from the Aerobics Center in Dallas,

TX, where he was then working. All of these studies showed cardiovascular risk

and/or all-cause mortality decreasing with increasing aerobic fitness, commonly as

much as three to four fold, [16]. The overall gradient was steeper for fitness than for

questionnaire data, probably reflecting the greater accuracy in classification of the

subjects when using aerobic fitness data.

Most analyses divided subjects into fitness tertiles, quartiles or quintiles. The

trend seemed to demonstrate the largest health benefit on moving from the least fit

to the next fitness quartile, but despite very large sample sizes, the confidence limits

to estimates of risk ratios and thus the shape of the dose/response relationship were

again very broad, as exemplified by the studies of Ekelund et al. on 3106 men [16]

and Blair et al. on 10,224 men and 3120 women [17] (Table 10.3).

10.5 New Dose/Response Information from Objective

Monitoring

Objective monitoring in principle provides a much finer gradation of physical

activity patterns than occupational classifications, physical activity questionnaires

or even simple measures of physical fitness. Does this imply the likelihood of

obtaining further detail on the shape of dose/response relationships between phys-

ical activity and health outcomes? Critical issues are sample size, range of physical

activity within the chosen sample, ability to measure the most relevant components

of overall activity, the nature of the outcome measures, and overall confidence

levels.

Table 10.2 Relative risk of

coronary heart disease over

10-year follow-up of middle-

aged adults, showing broad

confidence intervals [15]

Activity measure Relative risk Confidence intervals

Men

Total energy expenditure

High 1.00

Moderate 1.33 0.78–2.27

Low 1.98 1.22–3.23

Intensity

Vigorous >1/week 1.00

Vigorous <1/week 1.42 0.92–2.17

Women

Total energy expenditure

High 1.00

Moderate 0.73 0.38–1.39

Low 1.25 0.72–2.15

Intensity

Vigorous >1/week 1.00

Vigorous <1/week 1.13 0.62–2.07
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10.5.1 Sample Size and Range of Physical Activity

Because of the tedious work involved in checking pedometer and accelerometer

records for the presence of various types of artifact, the number of subjects recruited

for objective studies of physical activity and health has to date been relatively

small, particularly when compared with the occupational questionnaire and fitness-

based surveys noted above. Even with a 5–10 year period of observation, the

number of cardiac or all-cause deaths has thus been too few to permit the calcula-

tion of accurate statistics, and it has been necessary to consider the physical activity

data in relation to surrogate measures of health such as arterial stiffness or the

ultrasonic index of bones.

A related issue, applicable to all methods of classifying physical activity, is to

ensure that there are an adequate number of active individuals within the sample.

This is becoming progressively more difficult in sedentary urban populations. In a

study of 57 eighty-year-old women, Gerdhem and associates [18] found no signif-

icant correlations between accelerometry measurements of physical activity and

balance, muscle strength or bone density. However, there was little chance that a

significant relationship would be seen, since only 8 of the 57 subjects were

engaging in moderate or vigorous physical activity. This negative conclusion was

quickly reversed by recruiting a larger population of 152 men and 206 women aged

50–80 who were followed for 10 years; in the second study, annual bone loss was

0.6% less in those who were classified as active relative to those who were inactive

[19]. The larger group also showed benefits in terms of balance, although habitual

physical activity still showed no relationship with muscle strength or gait velocity.

Table 10.3 Dose/response

relationships between

estimates of aerobic fitness

quartile and cardiovascular

[16] or all-cause mortality

[17]

Fitness measure Risk ratio Confidence limits

Heart rate in submaximal treadmill test (all men)

Q1 (least fit) 2.21 1.65–3.25

Q2 1.56 0.68–2.44

Q3 1.30 0.49–2.11

Q4 (most fit) 0.26 0.00–0.62

Treadmill endurance time

Men

Q1 (least fit) 3.44 2.05–5.77

Q2 1.37 0.76–2.50

Q3 1.46 0.81–2.63

Q4 1.17 0.63–2.17

Q5 (most fit) 1.00

Women

Q1 (least fit) 4.65 2.22–9.75

Q2 2.42 1.09–5.37

Q3 1.43 0.60–3.44

Q4 0.76 0.27–2.11

Q5 (most fit) 1.00
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The limitations of a small sample size are likely to be overcome in the next few

years, as effective computer programmes are developed to upload and scan accel-

erometer records.

10.5.2 Measured Components of Physical Activity

Although objective monitors give a finely-graded report on an individual’s physical
activity, they under-estimate some activities such as cycling and swimming, resis-

tance exercise and the work performed in climbing a hill. These may be some of the

more vigorous activities in a person’s weekly repertoire, and it is thus necessary to

assume that either (1) they represent only a small fraction of then total daily energy

expenditure, or (2) that their volume is closely correlated with the volume of

activities that are measured.

In an elderly person, a large fraction of the significant daily activity takes the

form of deliberate level walking, but this assumption is much less certain in an

adolescent or a young adult. The development of multiphasic monitors may in

future overcome this limitation, but for the present it may be best to restrict

objective studies of the physical activity/health dose/response relationship to

older individuals where one can be certain that the instrumentation has recorded

most of the significant activity that has been undertaken.

10.5.3 Choice of Outcome Measures

To date, objective studies of health outcomes have tended to use surrogate measures

such as arterial stiffness, because a statistically adequate number of clinical inci-

dents such as cardiac or all-cause death were unlikely to be seen over the course of a

5–10-year follow-up. However, dose/response relationships may differ for the

surrogate and for the clinical outcome of interest.

This is particularly likely when arterial pulse wave velocities are substituted for

a heart attack. Changes in the arterial wall are in the first instance due to an

accumulation of lipid that can potentially be modified by a steady daily energy

use. Lipid accumulation in the coronary arteries certainly augments the risk of a

heart attack, but a second factor in precipitating an attack during exercise is the

intensity of effort relative to the individual’s peak aerobic power, and this is likely

to be enhanced mainly by engaging in vigorous physical activity [20], as originally

advocated by Morris and Paffenberger.

The problem of using inappropriate surrogates of health outcome should again

be overcome as technical developments allow objective studies based upon a much

larger pool of subjects.
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10.5.4 Empirical Data

For many beneficial health outcomes, including greater bone health as inferred from

an ultrasonic index [21] (Fig. 10.1), improved cardiovascular health as indicated by

lesser arterial stiffness [22], and a lesser risk of sarcopaenia as shown by a greater

lean tissue mass [23], objective monitoring seems to confirm the impression gained

from many questionnaire studies in showing that the biggest improvement of health

status occurs on moving from a completely sedentary status to a modest level of

physical activity. However, this is not true of all health outcomes; in particular, the

risk of showing manifestations of the metabolic syndrome [24] decreases across

each of the four quartiles of habitual physical activity.

10.5.5 Confidence Limits of Estimates of Health Benefit

One practical assessment of the current value of objective tests is the magnitude of

the confidence limits within which dose/response relationships can be established.

At present, with studies that are based upon samples of 160–200 subjects, the

published confidence limits of the estimated odds ratios are as broad and in some

instances broader than those achieved with questionnaire research (Table 10.4). A

part of the answer to improving this situation would be to increase subject num-

bers—if this could be boosted by two orders, to a level seen in some of the major

questionnaire surveys, the confidence limits would drop to a tenth of their current

level, and this would give a much clearer indication of the shape of dose/relation-

ships. Emerging technology for the loading and interpretation of data from elec-

tronic monitors should soon permit objective studies of this magnitude. This may

also permit analyses to be based on clinical events such as myocardial infarction

and cardiac death, rather than their surrogates. Finally, greater standardization of

measuring techniques should allow the pooling of information from several large

scale studies.

Fig. 10.1 Fumiahara Togo

has used objective monitors

to study dose/response

relationships for a number

of health outcomes,

including bone health
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10.6 Conclusions

Although objective monitoring devices have the potential to analyze physical

activity/disease relationships more precisely than other approaches that have been

used by epidemiologists, their potential has not yet been realized, in part because

sample sizes have been relatively small, and in part because surrogate markers of

health have been substituted for clinical events. Developments in equipment and

methods of data analysis may soon permit much larger scale objective studies,

overcoming some of these difficulties.

Table 10.4 Confidence limits in objective assessments of multifactor-adjusted dose/response

relationships, arranged by quartiles

Activity level

Odds ratio Confidence limits Odds ratio Confidence limits

Steps/day Activity >3 METs (minute/day)

Metabolic syndrome [24]

Q1 4.55 1.51–11.41 3.67 1.50–8.97

Q2 3.10 1.22–7.88 2.29 0.92–5.71

Q3 2.61 1.02–6.75 2.10 0.83–5.27

Q4 (most active) 1.00 1.00

Bone health [21]

Q1 1.20 0.23–3.96 2.23 1.36–9.47

Q2 1.31 0.48–5.59 1.10 0.20–6.33

Q3 0.82 0.19–2.93 0.53 0.33–3.75

Q4 (most active) 1.00

Sarcopaenia [23]

Men

Q1 2.00 1.01–5.03 3.39 1.21–7.10

Q2 1.20 0.20–3.22 2.03 1.00–4.31

Q3 0.79 0.19–1.96 1.05 0.28–3.14

Q4 (most active) 1.00 1.00

Women

Q1 2.66 1.21–4.99 4.55 1.12–7.12

Q2 1.57 0.96–4.04 3.15 1.02–4.91

Q3 1.02 0.31–2.36 1.23 0.29–3.25

Q4 (most active) 1.00 1.00

Pulse wave velocity [22]a

Q1 1.176 1.093–1.259 1.121 1.061–1.181

Q2 1.068 1.002–1.134 1.080 1.002–1.162

Q3 1.005 0.950–1.050 1.008 0.955–1.062

Q4 1.000 1.000
a2 SD range approximated from graph
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Chapter 11

The Economic Benefits of Increased Physical

Activity as Seen Through an Objective Lens

Roy J. Shephard

Abstract Over a lifetime, the annual per capita direct and indirect costs associated

with cardiovascular disease amount to around 1 year’s salary for the average wage-
earner. Additional costs arise from other forms of chronic disease where physical

activity could potentially play a preventive role. Questionnaires and other methods

of categorizing an individual’s habitual physical activity suggest that per capita

health-care costs may be half as great in those members of the community who are

classed as physically active, and some authors have thus argued that overall costs

could be halved if everyone were to become active. Objective monitoring is now

offering the potential for a more precise gradation of the costs attributable to

individual diseases in relation to levels of habitual physical activity. Rather than

assuming a generic beneficial effect of “activity,” it has become possible to

quantitate the magnitude of the economic benefits likely from the small increases

of activity that can be achieved in sedentary populations with respect to each of a

range of chronic diseases. The application of objective monitoring demonstrates

that the greatest economic benefit is likely from changing the behaviour of the most

sedentary individuals in a given population. It also identifies specific clinical

conditions where an increase of habitual physical activity should yield large

financial dividends. If applied on a large scale, objective monitoring offers the

potential for prospective monitoring of the effects of defined increases in exercise

behaviour upon immediate charges to the health care system, as well as an objective

assessment of the costs of motivating defined changes in physical activity patterns.

To date, objective monitors have only been applied to two economic analyses in

elderly people (where the primary activity of walking is readily monitored, but also

where a substantial fraction of population health care costs are incurred). Extension

of these analyses to younger adults is desirable, but it will require the development

of a second generation of objective monitors that can respond accurately to the full

range of sports and pastimes pursued by the younger generation.
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11.1 Introduction

Health economics is a relatively recent discipline within the broad field of eco-

nomics. It developed following World War II, as many governments around the

world began to provide tax-payer supported systems for the delivery of health

services to their populations [1], and it has grown substantially in complexity and

sophistication over the past 20 years [2]. A review by the World Bank noted that

over 33,000 papers in Health Economics had been published between 1969 and

2001 [3]. Moreover, material on this topic is still appearing. For example, one

reviewer found that 34 articles estimating the economic costs of cardiovascular

disease in developed countries had been published between 1998 and 2006 [4].

The main concerns of the health economist are the overall cost of state-

sponsored health services, commonly expressed as a percentage of the country’s
gross national product, and the efficiency and effectiveness of such services in

enhancing population health and improving the overall quality of life. An article by

Kenneth Arrow [5] noted a number of distinctive features of health economics,

including extensive government involvement in both the provision of funding and

the financing of individual services, many intangible components of enhanced

health, an asymmetry of knowledge between the physician-provider and the

patient-consumer, and the ability of the physician-provider to determine the extent

of the services that are deemed necessary, while usually being insulated from the

costs of his or her decisions [6].

Although some health economists have focussed upon the overall burden of

ill-health, others have examined the costs associated with individual diseases and

conditions, particularly the chronic conditions that have become widely prevalent

since World War II. The earliest of the modern epidemics was cardiovascular

disease (Chap. 2), and disease-specific analyses quickly looked at the fiscal conse-

quences of this epidemic. Subsequently, attention turned to other recent epidemics,

for example, obesity, diabetes mellitus, and cancer. Organizations seeking support

for research and treatment of each of these conditions were anxious to impress

governments by maximizing the estimated costs associated with “their” disease.

Often, there was an exaggeration and/or an attribution of the same costs to several

conditions (for example, obesity, diabetes mellitus and cardiovascular disease).

Such exaggeration is particularly prevalent in analyses based upon risk factors,

since a given risk factor may increase a person’s risk of several different chronic

conditions [7]. Exercise scientists were also eager to impress governments by

calculating the fiscal savings that would result if an increase in population activity

was effective in reducing the risk of these various illnesses, although as noted in the

final section of this chapter there are as yet many limitations to such predictions.

We will consider firstly how the costs of disease are calculated, taking diseases

of the cardiovascular system as a working example. We will next look at the costs

associated with other major diseases, particularly those whose prevalence is likely

to be reduced by an increase of habitual physical activity. We will then consider

how questionnaire data and other epidemiological findings have been used to

314 Roy J. Shephard

http://dx.doi.org/10.1007/978-3-319-29577-0_2


estimate the likely economic benefits of increased physical activity, and finally we

will discuss potential new approaches offered by the objective monitoring of

habitual physical activity, noting the limitations both of currently available objec-

tive activity monitors and of overall cost-benefit analyses for an increase of physical

activity.

11.2 Economic Costs Associated with Cardiovascular

Disease

The economic costs associated with any disease depend upon its prevalence in the

community, and the direct and indirect costs incurred by each individual who

develops that particular disease at each point in his or her life course. The calcu-

lations contain many uncertainties, and estimates of potential benefits differ widely

between investigators.

11.2.1 Disease Prevalence

It is often difficult to ascertain the prevalence of a disease in a community. A

proportion of those who are affected by the disease may be unaware that they are

unwell; if they do sense ill-health, they may be misinformed as to its cause, or (for

various reasons) they may fail to report it. One investigator estimated that of 1000

participants in a household survey, 150 would have some form of heart disease, but

only 60 of these individuals would report their problem [8]. Estimates of the

occurrence rate would be substantially larger if a one-visit medical examination

was applied to the chosen population, but unless extensive tests were undertaken at

the medical visit and care was taken to include the elderly and institutionalized

patients in the survey, the prevalence of disease was still likely to be under-

estimated.

Mortality statistics might seem a more accurate source of information, although

in the case of coronary heart disease, prevalence of the condition may be over-

estimated by mortality data; by the time of death, almost everyone has some

coronary atheroma, and in the absence of an obvious alternative cause of decease,

death is often attributed to a heart attack. Moreover, mortality data necessarily

cannot assess the extent of the morbidity from coronary vascular disease over the

earlier part of the individual’s life course.
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11.2.2 Direct Costs

The direct costs of an illness include all expenditures on personal services and

supplies. Items contributing to the total are the imputed costs of intensive-, acute-

and chronic-care beds in hospitals and institutions, the services of physicians,

nurses, physiotherapists and other paramedical professionals, payments for diag-

nostic procedures and medications, and a variety of non-personal items such as

research, the training of health care professionals, the construction of medical

facilities, and the administration of health insurance programmes.

A U.S. analysis completed in 1962 set the direct costs of cardiovascular disease

at $3.07 billion, with $2.58 billion attributed to personal services (particularly

hospital care), and $0.49 billion attributed to non-personal items [9]. Such estimates

inevitably vary with regional and secular differences in the pattern of treatment

provided, particularly the length of hospital stay associated with any given cardiac

episode and the extent to which out-patient follow-up is provided.

In Klarman’s analysis [9], direct costs accounted for 10% of the total expendi-

tures upon cardiovascular disease. Other more recent analyses from Canada, the

U.S. and Europe have suggested that direct counts are a larger fraction of the total

expenditure, accounting for 37–71% of the total outlay [4]; this is in part because

more recent analyses have not attempted to assess the third-party component of

indirect costs.

11.2.3 Indirect Costs

The indirect costs of physical inactivity include loss of production from illness and

premature death, intangible items such as the need to care for a sick relative, and the

impact of pain, suffering and orphanhood upon family members.

The loss of production due to illness is perhaps the least controversial of the

indirect items. For example, the average work-time lost from a cardiac episode is

generally known, and this can then multiplied by the average sex-specific personal

income, adjusted downwards to allow for the less than complete participation of the

working age population in the national labour force. Nevertheless, the average

income is less than fully representative; earnings vary over the life course, and

many episodes of cardiac disease develop after retirement from the labour force.

Estimates of the economic loss from premature death must postulate an age of

retirement; once between 60 and 65 years, is progressively shifting to an older age

as life expectancy increases. Calculations must also make assumptions about future

changes in per-capita productivity, and must then apply a by no means fixed

discount rate to the value of these future earnings. Most estimates of the effects

of premature death have also neglected to consider the goods and services that a

person would have consumed if he or she had not died prematurely. Applying life

insurance data to citizens dying of cardiovascular disease in middle age, Klarman

316 Roy J. Shephard



estimated the economic impact of premature death at $19.4 billion/year, and the

additional losses from non-fatal cardiac episodes at a further $3.0 billion/year [9].

The estimated allowance for intangible items is particularly controversial. In

1964, Klarman estimated that cardiovascular disease was likely to make 3% of

U.S. children orphans before they reached the age of 18 years, and he set the cost of

intangible losses from cardiovascular disease in the U.S. as high as $5.2 billion/year

[9]. The influence of sorrow, anxiety, and orphanhood upon productivity is cer-

tainly greater than zero, but because of uncertainty as to its magnitude, most

investigators have omitted this item from their calculations.

11.2.4 Total Costs of Cardiovascular Disease

Klarman set the total cost of cardiovascular disease to the U.S. economy at $30.7

billion/year, or with a 1964 population of 192 million, about $160 per capita, and

with a 58.5% labour force participation rate in that era [10], $274 per worker. Over

a career of 50 years, cardiovascular disease was thus robbing each employee of

$13,700, measured in 1962 U.S. dollars.

John Armstrong made similar calculations for Canada in 1965 [11]. Probably

because at that time Canada had a somewhat younger population than the U.S., he

estimated the prevalence of cardiovascular disease at 2.5 million cases in a popu-

lation of 20 million. The cost of personal services was set at $120 million, or $6 per

head, substantially less than the $13.4 per capita figure in the U.S.; this reflected

lower hospital and medical costs in Canada, and possibly the choice of less

expensive forms of treatment. The estimated per-capita costs from losses of output,

at $80 million, were also about a quarter of the U.S. figure. Armstrong did not

attempt to calculate charges due to the use of non-personal services, premature

death or intangible factors, but setting these at 60% of U.S. estimates (to allow for

the younger Canadian population and differences in earning power), the annual cost

to the Canadian economy would have amounted to around $1.7 billion, $85 per

capita, or $170 per wage-earner. The differences between the two sets of calcula-

tions underlines the point that although the health economist can estimate the

general order of costs associated with chronic disease, the precise figure is open

to considerable interpretation.

11.2.5 Factors Limiting Comparisons Between Investigators

Comparisons of disease costs between investigators are limited by differing data

sources (population surveys, Medicaid data, the experience of health maintenance

organizations and employer health plans), and assumptions regarding intangible

items, the discount rate, the value of future earnings, and gains in future produc-

tivity. Further, adjustments for differences in the year of the analysis and the effects
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of inflation are commonly treated using the overall inflation rate for a given

country; however, the medical inflation rate is generally much steeper than the

overall inflation rate, in part because recent years have seen the introduction of

expensive tests and forms of treatment.

11.2.6 Specific Estimates for Cardiovascular Disease

Recent U.S. data for the economic costs attributable to all forms of cardiovascular

disease (ischaemic heart disease, chronic heart failure, stroke, hypertension, and

peripheral vascular disease) have shown greater consistency, perhaps because

investigators have worked from similar base statistics. Costs are still substantially

greater in the U.S. than in Canada and the European Union (Table 11.1), as might be

expected from differences in the proportion of the gross national product committed

to health care (figures for 2012, were 17.9% in the U.S., 10.9% in Canada, and

about 10% in the European Union). Notice that the annual per capita costs, when

Table 11.1 Published estimates of the costs of cardiovascular disease, expressed in 2004 Cana-

dian dollars/capita

Country Data source

Year of

analysis

Direct annual

costs, per capita

Total annual

costs, per capita

United

States

Population surveys [9] 1962 $129 $1281

Canada Population data [11] 1965 $505b

United

States

Medicaid data base [12] 1995 $866 No estimate

United

States

Population surveys [13] 1996 $245 No estimate

Canada Health Canada [14] 1998 $234 $632

United

States

(women)

Employer data base [15] 2000 $3966 $5586

United

States

(women)

Health claims in excess of

control subjects [16]

2002 $1673a No estimate

European

Union

Cost of illness [17] 2003 $221 $356

United

States

Am. Heart Assoc. estimate

[18]

2006 $1071 $1673

United

States

Population data [19] 2006 $1057 $1654

United

States

Medical expenditure panel

survey, 2001–2005 [20]

2010 $1019 $1661

aLifetime cost, divided by U.S. female life-expectancy in 2002 (79.9 years)
bAuthor’s estimate adjusted as described in text
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accumulated over a working career of 40 or 50 years, remain more than the average

person’s annual salary.

11.3 Specific Costs Associated with Other Chronic Diseases

Health economists have estimated the direct and indirect costs of a variety of other

chronic conditions, using a similar approach to that adopted for cardiovascular

disease. Figures for Canada in the year 2000 are summarized in Table 11.2. The

distribution of costs between the various diseases is controversial; in this analysis,

the costs of diabetes mellitus are ranked as relatively small, and no specific cost is

attributed to obesity. The costs for cardiovascular disease are somewhat greater

than in other analyses of Canadian data; thus the per capita figure of $791 2004

dollars for the year 2002 (Table 11.1) may be compared with the $632 of Health

Canada [14] and the $601 derived from the 1998 EBIC study [21]. An independent

analysis conducted by the Alberta Institute of Health Economics [22] set the 2004

Canadian per-capita costs for six of the main health conditions at: neuropsychiatric

disorders $1078, cardiovascular disease $734, musculoskeletal disorders, $734,

malignant neoplasms, $593, diabetes $344, and respiratory diseases $339, a total

of $3822 per capita; the corresponding entries in Table 11.2 totaled $3161, with

diabetes and respiratory diseases being rated as much less costly in the Federal

Government report than in the Alberta analysis. The Alberta study attributed an

annual per capita cost of $337 2004 dollars to physical inactivity, and $385 to

obesity, without discussing possible overlap between the two totals.

In the U.S., the Milliken Foundation [23] set the combined costs of five impor-

tant chronic health conditions (cardiovascular disease, mental disorders, respiratory

disease, cancers and diabetes) at $369 billion for treatment, and $1396 billion due to

losses of productivity, a total cost of $1765 billion 2004 Canadian dollars, or $6086

dollars per capita, more than twice the estimated $2363 per capita cost of these five

conditions in Canada, Table 11.1). The total per capita costs attributed to four major

conditions in the U.S. were: heart disease and stroke $561 billion/year [19],

diabetes $226 billion/year [24], lung diseases $200 billion/year [25] and

Alzheimer’s Disease $192 billion/year [26], or more than $3800/year, all of these

figures being expressed in Canadian 2004 dollars.

Plainly, overall costs differ from one country to another, and estimates of the

relative economic importance of individual conditions also show a wide variation

from one study to another, depending on the precise grouping of conditions.

Interestingly, there appear to be inflation-adjusted changes in costs with time;

thus, the total annual Canadian costs due to cardiovascular disease were estimated

at $23.4 billion in 1986, $21.0 billion in 1993, and $18.5 billion in 1998, despite a

16% growth in population over this interval [21], reflecting a substantial decrease

in the prevalence of cardiac disease over this period (Chap. 2). Nevertheless, the

overall annual per capita costs of ill health seem in the range $3000–6000 2004

Canadian dollars for both Canada and the U.S., and many of the illnesses
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contributing to this total could potentially be addressed by preventive measures,

including an increase in habitual physical activity.

Table 11.2 Estimated direct and indirect costs of 20 diagnostic categories for Canada in the year

2000 (as approximated from published graph)

Condition

Direct cost

(billion)

Indirect cost

(billion)

Total cost

(billion)

Annual per

capita costb

Musculo-skeletal

diseases

$3.9 $18.4 $22.3 $798

Cardiovascular diseases $7.4 $14.7 $22.1 $791

Neuro-psychiatric

conditions

$9.5 $11.1 $20.6 $737

Malignant neoplasms $2.4 $14.9 $17.3 $619

Injuries $4.3 $10.3 $14.6 $522

Digestive diseases $3.9 $3.0 $6.9 $269

Respiratory diseases $2.9 $3.2 $6.1 $215

Sense organ diseases $1.3 $2.9 $4.2 $150

Respiratory infections $2.1 $1.6 $3.7 $132

Genito-urinary diseases $2.6 $0.7 $3.3 $118

Infectious and parasitic

diseases

$1.1 $1.6 $2.7 $96

Diabetes mellitus $0.6 $1.8 $2.4 $85

Endocrine disorders $1.2 $0.7 $1.9 $68

Perinatal conditions $0.8 $1.2 $2.0 $71

Maternal conditions $1.5 $0.1 $1.6 $57

Skin diseases $1.1 $0.2 $1.3 $46

Congenital anomalies $1.1 $0 $1.1 $39

Other neoplasms $0.2 $0.4 $0.6 $22

Nutritional deficiencies $0.1 $0.1 $0.2 $8

Oral conditions $0.05 $0.05 $0.1 $3

Other $6.1 $2.1 $8.2 $293

Total $54.2 $89.1 $143.3a $5128

Source: http://www.phac-aspc.gc.ca/cd-mc/cvd-mcv/cvd_ebic-mcv_femc-eng.php; accessed

13 October, 2014). Short-term disability costs are included for six conditions (cardiovascular

diseases, musculo-skeletal diseases, neuro-psychiatric conditions, digestive diseases, respiratory

diseases, and respiratory infections
aBecause of measurement and rounding errors, the total cost is slightly less than the figure of

$147.9 billion reported by the Public Health Agency of Canada
bCosts are adjusted to 2004 Canadian dollars to allow comparison with Table 11.1
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11.4 Potential Benefits of Habitual Physical Activity

Earliest analyses of the potential financial benefits of physical activity were directed

specifically at cardiovascular disease. It was noted that a review of coronary

vascular disease epidemiology, based upon occupational studies and questionnaire

data) indicated that mortality was about 50% lower in active than in sedentary

individuals [27]. Thus, it was suggested that the costs of cardiovascular disease

could potentially be lowered by as much as 50% through an increase in the habitual

physical activity of the general population [28]. It was less clear that physical

activity offered an equal measure of protection against hypertension and strokes,

but it certainly was associated with some decrease in the risk of these conditions.

Thus, it was thought reasonable to set the overall dividend from an active lifestyle at

a 26–50% reduction in the costs associated with cardiovascular disease.

Katzmarzyk (Fig. 11.1) and Janssen extended the earlier analysis of Katzmarzyk

et al. [29], making a systematic analysis of differences in the relative risks of

several chronic conditions between active and inactive, and obese versus normal

weight people (Tables 11.3 and 11.4).

An exhaustive meta-analysis of the literature [30] examined all publications that

provided point estimates of the relative risk of physical inactivity and its 95%

confidence limits. A 2-way classification of activity status was generally made,

using questionnaire data on leisure activity (although occasionally low vs. high

tertiles, quartiles or even quintiles were compared), and in the case of cancer,

information from occupational activity questionnaires was sometimes included.

The relative risk of inactivity ranged from 1.30 for hypertension to 1.60 for stroke.

The population attributable risk (PAR%) was calculated by multiplying the relative

risk for a given condition by the percentage of the population affected by that

condition; the PAR% ranged from 13.8% for hypertension to 24.1% for stroke. The

direct costs of various chronic conditions influenced by habitual physical activity

Fig. 11.1 Peter

Katzmarzyk has made

several analyses of the

health-care costs of physical

inactivity in Canada
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were derived from reports on the economic burden of illness in Canada for 1993

[31] and 1998 [14, 21]. The published costs for many of the diseases of interest were

global figures, and efforts were thus made to estimate the distribution of costs

within categories, for instance the division of cardiovascular costs between coro-

nary disease, hypertension and stroke, of cancer costs between colon and breast

cancer and other forms of neoplasm, of endocrine disorders between diabetes and

other forms of endocrine disease, of digestive disorders between gall bladder

disease and other digestive conditions, and of musculo-skeletal disorders between

osteoarthritis, osteoporosis and other musculo-skeletal complaints (Table 11.4).

The final column in this table provides comparable estimates for Ontario, measured

in 2009 dollars, to allow comparisons with Table 11.5.

Table 11.3 Relative risk of developing chronic conditions in inactive segment of population,

relative to active segment (based on data from a 2001 meta-analysis completed by Katzmarzyk and

Janssen [30] and findings of a repeat analysis in 2009)

Condition

Number of

comparisons

Relative risk in inactive

individuals

Range of

risk

Population

attributable

risk (%)a

2001 2009

Coronary artery

disease

26 1.45 1.38–1.54 19.4 18.2

Stroke 17 1.60 1.42–1.80 24.1 22.8

Hypertension 6 1.30 1.16–1.46 13.8 12.9

Colon cancer 16 1.41 1.31–1.53 18.0 16.8

Breast cancer 17 1.31 1.23–1.38 14.2 13.3

Type 2 diabetes

mellitus

11 1.50 1.37–1.63 21.1 19.8

Osteoporosis 13 1.59 1.40–1.80 24.0 22.5
aThe PAR% reflects the relative risk of a given condition due to physical inactivity, multiplied by

the prevalence of the risk factor in the community

Table 11.4 Estimates of direct costs of physical inactivity in Canada in 1999, and estimated direct

costs for Ontario, allowing for differences in population and converted to 2009 dollars (based on

the data of Katzmarzyk et al., [29, 30])

Condition

Direct costs

(billion)

PAR% of direct

costs (billion)

Estimated direct costs for Ontario, in

2009 dollars (billion)

Coronary

disease

$2.49 $0.891 $0.490

Stroke $1.73 $0.345 $0.190

Hypertension $1.58 $0.314 $0.173

Colon cancer $0.332 $0.066 $0.036

Breast cancer $0.282 $0.031 $0.017

Type 2 diabetes

mellitus

$0.620 $0.123 $0.068

Osteoporosis $1.30 $0.352 $0.194

Total $8.33 $2.12 $1.17
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A more recent analysis by Katzmarzyk [32] covered both direct costs (as in the

earlier report) and also the indirect costs from short and long-term disability and

premature death for the Province of Ontario. This study made 2-way analyses of

both habitual physical activity (“active” vs, “inactive”) and “obese” vs. “non-

obese,” using data from the 2009 Canadian Community Health Survey (CCHS).

The original CCHS had classed people as “inactive,” “moderately active” (daily

energy expenditure >6.2 kJ/kg of body mass) and “active” (daily

expenditure> 12.4 kJ/kg), but Katzmarzyk defined as “active” all those reporting

a daily energy expenditure >6.2 kJ/kg. Some 50.7% of Canadian adults met this

criterion. The prevalence of obesity (based on reported heights and weights) was

17.2%, but this figure was adjusted substantially upwards to 25.4% in order to

allow for an anticipated under-reporting of body mass. The findings were linked to

data from the earlier meta-analysis [30]; the 1998 costs of chronic illnesses were

inflated to 2009 values, using an index based upon the increase in health care

expenditures over this interval. The PAR% values were slightly lower in 2009 than

in 1998, due to a minor decrease in those classed as “inactive” (49.3% vs. 53.9%),

although this change was more than offset by increases in medical costs and indirect

costs over the same period.

The final step in the analysis for Ontario was thus to apply the PAR% values to

estimates of the direct and indirect costs of the seven conditions of interest

(Table 11.5). Given the similar data sources, the direct per capita costs in Ontario

in 2009 were similar to those calculated for Canada as a whole in 1999, after

adjusting for medical inflation during the interim (Table 11.4).

Estimates that other investigators have made for Nova Scotia and British

Columbia (Table 11.6) are of the same general order as those for Ontario. When

expressed on a per capita basis, all of these recent figures are lower than some

previous values (Table 11.1), particularly those for the U.S.; in part, this is because

Table 11.5 Estimated direct and indirect costs of seven conditions associated with physical

inactivity in the Province of Ontario, expressed in 2009 Canadian dollars

Disease

Total direct

cost

(billion)

Total

indirect cost

(billion)

Total PAR%

direct cost

(billion)

Total PAR%

indirect cost

(billion)

Total PAR

% cost

(billion)

Coronary

disease

$1.63 $4.24 $0.297 $0.770 $1.07

Stroke $1.14 $0.98 $0.259 $0.224 $0.483

Hypertension $1.03 $1.00 $0.133 $0.128 $0.261

Colon cancer $0.188 $0.900 $0.032 $0.151 $0.183

Breast cancer $0.302 $1.44 $0.040 $0.191 $0.231

Type 2 diabe-

tes mellitus

$0.534 $0.396 $0.107 $0.078 $0.185

Osteoporosis $0.682 $3.54 $0.154 $0.797 $0.951

Total $1.02 $2.34 $3.36

Based on data of Katzmarzyk [32]
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of a more accurate definition of the economic costs associated with various ill-

nesses. However, the more recent calculations are also necessarily conservative

since: (1) Table 5 does not include all of the diseases listed in Table 11.2, (2) the

threshold of daily physical activity required for the assumption of cost avoidance

(6.2 kJ/kg) is less than that associated with evidence of benefit in some of the

estimates included in Table 11.3, and (3) the true prevalence of physical inactivity

is probably greater than suggested by questionnaire estimates [35, 36] (Chap. 6).

11.5 The Potential Overlap Between Costs Attributed

to Inactivity and Obesity

One questionnaire-based study [37] addressed the potential overlap between inac-

tivity and obesity-related costs, making three-way classifications of both habitual

physical activity and of body mass index in 42,520 individuals who had retired from

a U.S. manufacturer (Table 11.7). In this study, the estimated financial savings

associated with physical activity seemed to be relatively independent of the per-

son’s body mass index.

Table 11.6 Estimates of the direct and indirect costs arising from seven conditions linked to

physical inactivity in Canada in recent years

Author

Direct costs

(billion)

Indirect costs

(billion)

Total and per capita

costs (billion)

Katzmarzyk: Ontario 2001 [30] $1.1a $2.5a $3.6a

($288)

Katzmarzyk Ontario 2009 [32] $1.02 $2.34 $3.4

($272)

Colman [33] Nova Scotia 1998 $0.107 $0.245 $0.354

($378)

Colman and Walker [34] British

Columbia 1998

$0.21 $0.36 $0.57

($143)
aValues adjusted to 2009 Canadian dollars

Table 11.7 Influence of habitual physical activity in reducing health care charges relative to

sedentary subjects, as seen in 42,520 retirees in relation to body mass index Based on data of Wang

et al. [37]

Habitual physical activity

Annual savings relative to inactive subjects

Normal BMI Overweight Obese

2–3 times/week $1456 $1731 $1177

4+ times/week $1823 $581 $1379
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11.6 New Information Obtained from Objective

Monitoring of Physical Activity

To the author’s knowledge, there have as yet been only two studies relating health-

care costs to the objective monitoring of habitual physical activity [38, 39]. Both

have been limited to expenditures in elderly subjects, and there is plainly a need to

apply this approach to younger adults.

Aoyagi and Shephard [39] based their analysis upon seniors living in their own

homes in the city of Nakanojo (Japan). Data were obtained for the actual amounts

paid to service providers (doctors, nurses, and hospital out-patient departments) by

the nursing care and national health insurance schemes of the Nakanojo Health and

Welfare Plan for seniors, and the Gumma Prefecture National Health Insurance

Group. Information was collected for a somewhat longer list of medical conditions

than those included in most of the earlier subjective analyses: dependency, depres-

sion, osteoporosis, fractures, hypertension, diabetes mellitus, hyperlipidaemia,

ischaemic or coronary heart diseases (angina pectoris and myocardial infarction),

stroke or cerebrovascular diseases (cerebral infarction, cerebral haemorrhage and

subarachnoid haemorrhage), dementia (vascular dementia and Alzheimer’s dis-

ease) and cancer (colon/ rectum, lung, breast and endometrial cancers). Pedome-

ter/accelerometer readings were collected for an entire year, and study participants

were grouped into five categories: (dependent, n¼ 800, and 4 other activity quar-

tiles, n¼ 1200 each, corresponding to activity increments of 2000 steps/day, and

5–10 minutes/day spent at an intensity> 3 METs). The prevalence of the various

clinical conditions was estimated for each of the five activity categories (Table 11.8)

using mainly observations from the Nakanojo study, but supplemented where

necessary with questionnaire data that was arbitrarily stepped by reported activity

increments of 10 MET-hours/week [40]. Multiplication of the disease-specific cost

by the prevalence of that disease in each physical activity category allowed

calculation of the average annual per capita direct health-care costs (Table 11.9).

Because all subjects were in the age range 65–85 years, total per capita expendi-

tures were relatively high, averaging $4016 per year. Nevertheless, a large part of

this cost was attributable to those who were dependent, and figures showed a very

steep downward gradient with increasing habitual physical activity; the range was

from $18,948 in those classed as dependent to only $332 in the most active

category. Because of the steep downward gradient in costs, Aoyagi and Shephard

[38] emphasized the substantial fiscal benefits that could be realized, not only by a

total population adoption of vigorous physical activity, but simply be encouraging a

small percentage of the population to shift their physical activity upward by a single

category. Such gains would be particularly large if a proportion of the population

were persuaded to move out of the dependent category.

The study of Simmonds et al. [39] also focussed upon the relationship between

health system usage and objectively monitored physical activity in the elderly. A

group of 240 adults with an initial mean age of 77 years were followed for 4–5

years.
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Habitual physical activity was determined by accelerometry, with individual

recordings continuing for> 10 hours on 5 or more days. Participants were classified

into three activity categories, based upon steps/day and minutes of moderate or

vigorous physical activity (Table 11.10), with the two methods of categorization

yielding very similar results. Health system usage over the follow-up period was

assessed in terms of new diagnoses, the number of medical consultations and

Table 11.8 Per capita disease costs, and prevalence of selected disease conditions categorized by

physical activity level

Medical

condition

Disease cost

(per person-

year)

Disease prevalence

Dependent

(%)

Activity

quartile

1 (%)

Activity

quartile

2 (%)

Activity

quartile

3 (%)

Activity

quartile

4 (%)

Dependency $20,513 73 0 0 0 0

Depression $2497 6 4 2 1 0

Osteoporosis $1991 18 13 8 3 1

Fractures $503 15 11 7 3 1

Hypertension $2115 48 36 24 12 8

Diabetes

mellitus

$3894 16 12 8 4 2

Hyperlipidaemia $1919 19 14 9 4 2

Ischaemic heart

disease

$3613 12 7 2 1 1

Cerebrovascular

disease

$2694 15 9 3 1 1

Based on data from the Nakanojo study for 2009, expressed in 2009 Canadian dollars (Aoyagi,

2011 [39])

Table 11.9 Average annual per capita direct costs of disease, by activity category (2009 Canadian

dollars, based on the data of Aoyagi and Shephard [38] for senior citizens living in the community

of Nakanojo, Japan

Medical

Condition

Annual per capita costs associated with specific medical conditions

Dependent

Activity

quartile 1

Activity

quartile 2

Activity

quartile 3

Activity

quartile 4

Dependency $14,974 $0 $0 $0 $0

Depression $150 $100 $50 $25 $0

Osteoporosis $358 $259 $159 $60 $20

Fractures $75 $55 $35 $15 $5

Hypertension $1015 $761 $508 $254 $127

Diabetes mellitus $623 $467 $312 $156 $78

Hyperlipidaemia $365 $269 $173 $77 $39

Ischaemic heart

disease

$434 $253 $72 $36 $36

Cerebrovascular

disease

$404 $242 $81 $27 $27

TOTAL $18,398 $2406 $1390 $650 $332
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prescriptions written, the number of unplanned hospital admissions and the number

of secondary referrals. On all of these measures, there was a gradient favouring the

more active individuals, although a part of this was attributable to the fact that the

less active individuals had a larger number of diseases at entry to the study. No

attempt was made to ascribe specific costs to the health services that were utilized.

A systematic review of health-care utilization and physical activity, with partic-

ular reference to the experience of older adults [41], noted that 11 reports covered

physical activity interventions, and the remaining reports that were cited all used

questionnaires rather than objective monitoring to assess physical activity (for

example, [37, 42–47]).

11.7 Potential New Information from Objective Monitors

As noted above, the traditional epidemiological approach to studying the economic

consequences of physical inactivity has been to use some form of questionnaire to

divide a given population into active and inactive groups, and then to apply this

simple two-way classification of the prevalence of inactivity to a combination of

risk ratios and the overall health-care costs of the main conditions thought suscep-

tible to benefit from an increase of physical activity.

However, objective monitoring has demonstrated that a simple active/inactive

categorization is inappropriate for this calculation; the dose of exercise associated

with enhanced health differs between the various medical conditions [48]. Because

objective monitoring allows a finer gradation of physical activity patterns, it

becomes possible to evaluate within any given study which components of the

overall cost are likely to be reduced by any given increase in physical activity

(Table 11.9). This is an important advance, because the likely increase of popula-

tion activity in response to an exercise promotional campaign is unlikely to be as

Table 11.10 Usage of health care system, usage based on a 3-level accelerometer classification of

habitual physical activity

Habitual

physical

activity

Usage of health-care system

New

diagnoses Consultations Prescriptions

Hospital

admission

days

Secondary

care referrals

Steps per day

Low 68.8 17.5 12.8 1.4 1.4

Moderate 62.7 13.8 7.5 0.7 1.2

High 51.4 14.4 7.0 0.7 1.1

Moderate/vigorous physical activity

Low 69.8 17.5 12.0 1.4 1.4

Moderate 58.6 14.9 7.8 0.8 1.3

High 55.1 13.2 7.1 0.6 1.1

Based on the data of Simmonds et al. for senior citizens in the U.K. [39]

11 The Economic Benefits of Increased Physical Activity as Seen Through an. . . 327



large as that accepted in many of the questionnaire-based calculations of the

relative risk of inactivity. For some conditions, a small increase of habitual physical

activity may be insufficient to reduce the risk of disease, and if only a small increase

of physical activity is achieved, it may be inappropriate to claim any economic

benefit.

Objective monitors potentially allow a detailed analysis of the relationship

between increases in physical activity and the likely reduction in health care costs

for each of a wide range of medical conditions. This not only yields a more accurate

assessment of the total costs of inactivity, but it also permits a more cost-effective

deployment of motivational efforts. For instance, overall cost-savings are likely to be

much larger if a totally sedentary or dependent individual is encouraged to participate

in a little physical activity than if a person who is already moderately active is

encouraged to become highly active (Table 11.9). Moreover, measures to encourage

greater habitual physical activity should have a greater impact upon health care costs

when they are applied to individuals who are dependent, those with hypertension, and

those with type-2 diabetes mellitus than would occur if, for instance, an increase of

habitual activity was induced among those who are liable to fractures.

Objective monitoring should further allow accurate assessments of the costs of

efforts to achieve specific increments of physical activity, which is another impor-

tant element in health economics equations. Questionnaires are unreliable as a

means of assessing the success of exercise motivation, because many of the people

who are questioned are anxious to report the changes that they have been asked to

make, whether these have actually occurred or not.

Finally, objective monitoring is well-suited to prospective analyses where indi-

vidual health costs are recorded concurrently with the individual’s physical activity
profile over a period of several years, as in the study of Simmonds and

associates [39].

The one current major challenge in objective monitoring is the difficulty in

translating measurements between instruments, between studies, and between the

research laboratory and the hospital clinic. This issue is exacerbated by the secret

nature of the equations used in many commercial instruments, shifting technologies

and the obsolescence of much previously used equipment.

11.8 Current Limitations to the Objective Monitoring

of Physical Activity

Currently, one important limitation of objective monitoring is that it is labour

intensive, at least if accurate information is to be obtained. The details of each

day’s record must be inspected by the investigator, to determine possible periods

when artifacts occurred, or the instrument failed to record adequately. The need to

check pedometer/accelerometer output inevitably limits sample size, and this in

turn shifts indicators of disease from hard end-points such as a heart attack or

328 Roy J. Shephard



sudden death to surrogate measures; thus, pulse wave velocity has been used as a

measure of arteriosclerosis [49], and the osteosonic index has served as a measure

of osteoporosis and the risk of fractures [50].

The cost of most physical activity monitors has now decreased to the point where

such instrumentation could be used on a large scale; it remains for effective

computer programmes to be developed that will avoid the need for human scanning

of each day’s record. Possibly, devices and software such as the recently developed
FitBit, which uploads data, will enable investigators to track larger groups of

subjects successfully.

The application of objective monitoring has to date been limited to two eco-

nomic analyses [38, 39], and it is significant that in both of these investigations the

subjects were old people. This is perhaps not a major criticism, as a large part of

overall health care costs arises in the treatment of the elderly. Walking is the main

significant form of physical activity for the elderly, and walking is recorded quite

accurately by the current generation of monitors. However, application of the same

type of approach to younger adults will require documentation of how much of their

activity is taken in the form of moderately-paced walking. Possibly, there may be a

need for a second generation of objective monitors that can respond accurately not

only to walking, but also to a much wider range of daily sports and pastimes.

11.9 Overall Limitations of Health Cost Analyses

There are many limitations to calculations of both the direct and the indirect costs of

physical inactivity, even when the most precise objective monitoring of an individ-

ual’s movement patterns is available [51]. Some health economists such as Louise

Russell [52, 53] (Fig. 11.2), although accepting the health benefits of regular

exercise, have thus vigorously criticized the conclusion that the promotion of

physical activity is likely to yield large fiscal savings to health-care providers.

In general terms, health care expenditures are currently capped by national

and/or provincial governments, and if the incidence of one medical condition is

reduced, then expenditures are likely to be correspondingly increased in some other

area of health care. Neither individual physicians nor hospital administrators are

likely to relish a decrease in their annual income, so that the projected savings are

unlikely to be realized. If the net effect is the provision of additional services in

some other needy area of health care, this is a net benefit to society, and it is

certainly not a strong argument against seeking savings in those areas of health care

expenditure that are likely to be reduced by an increase of physical activity.

Much of the controversy concerning direct costs centres around the fact that a

large fraction of these expenditures are incurred in the final year of a person’s life.
Critics argue that even if increased physical activity reduces the risk of one type of

illness, the individual will eventually succumb to some alternative medical condi-

tion, likely making equal terminal demands upon the health care system. Fries [54]

has argued that this is not the case; whereas the sedentary individual often suffers
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from an expensive chronic illness over the final 10 years of life, the active

individual is likely to show a compression of morbidity, remaining in good health

and making few medical demands until shortly before death. This hypothesis

should be verified by longitudinal studies of the type already initiated by Simmonds

[39], with an objective recording of physical activity patterns and actual medical

costs in the years leading up to death.

Indirect costs are a major element in the total expense of ill-health, and some

indirect costs are difficult to quantify. Furthermore, critics have argued that

although better health may contribute savings from reduced time loss during a

person’s working years, the active individual negates any accrued benefits by

requiring larger pension and benefit payments over an extended lifespan. There

are several counter-arguments to this criticism: any extension of lifespan due to a

vigorous lifestyle is relatively small, and the active person is likely to eliminate this

charge by accepting a later retirement than someone who is sedentary. Further, the

active senior is likely to make substantial unpaid contributions to society during his

or her years of retirement, something that is no longer possible for a sedentary

individual who is now suffering from chronic disability.

Finally, although there is good evidence that physical activity has a role in

preventing ill-health, the effectiveness of an increase of physical activity in revers-

ing chronic disease is less clearly established. Perhaps the most important gain from

a rehabilitation programme is a deferral of dependency [55], and as noted above this

is a major cost in an elderly population. The recent Life Study demonstrated that a

moderate aerobic, resistance and flexibility intervention reduced the incidence of

disability (demonstrated by an inability to walk 400 m) over a 2.6 year period

among subjects aged 70–89 years from 35.5% in controls to 30.1% in the exper-

imental group [56]. If an exercise programme enhances other areas of health in

some people, the fraction of the population who will benefit remains to be clarified,

and it is unclear how long a lag period will be involved. Any delay in realizing

benefits in turn leads to a discussion about an appropriate discount rate to apply to

the postulated savings [51].

Fig. 11.2 When working at

the Brookings Institute,

Louise Russell vigorously

criticized the view that the

promotion of greater

physical activity would

reduce the costs of

health care
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Debate continues as to whether the promotion of physical activity could avert the

looming fiscal crisis associated with ever-increasing medical expenditures. But as

Woolf and associates point out, this may not be the most appropriate question to

argue [57]. It is better to ask whether value is being obtained from the dollars that

are expended on national health services. Much of the current cost of end-of-life

care could be replaced by preventive and/or palliative treatment, with major fiscal

savings, and probably an enhanced overall quality of life. If greater physical

activity can be promoted for a moderate cost, this will add greatly to quality-

adjusted life expectancy, and it is an appropriate use of public funds.
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Chapter 12

Limitations of Current Objective Monitors

and Opportunities to Overcome These

Problems

Catrine Tudor-Locke

Abstract The myriad of objective monitors currently available, their differing

measurement features and capacity, and the tactics of commercial enterprise,

when mixed together with the multiple purposes of scientific studies and the

inability of investigators to reach an academic consensus on standardized protocols

for the measurement of habitual physical activity are all grounds for concern as

research in this area seeks to move forwards. On the academic front, collaboration,

sharing, standardization, and systematic knowledge creation seem to offer the

optimum path if the promise of objective monitoring is to be realized and data

are to become accessible equally to researchers, practitioners and the general

public.

12.1 Introduction

The objective monitoring of physical activity and sedentary time has become a

mainstay scientific measurement tool for exercise epidemiologists and clinical

physiologists; this approach has transformed the ability of investigators to conduct

surveillance, screen research participants, characterize dose-response relationships

precisely, communicate behavioural prescriptions effectively, motivate behavioural

change and track adherence, and evaluate physical activity programmes and other

initiatives. However, opportunities that must be considered thoughtfully in order to

select, use, and interpret the data derived from objective physical activity monitors

effectively and/or improve their functionality in the face of their current limitations.
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12.2 Well Known Limitations of Objective Physical

Activity Monitors

Matthews et al. [1] pointed out three clear weakness of objective physical activity

monitors. Firstly, many currently available monitors are, by design, most sensitive

to ambulatory movements and lack accuracy in detecting other movements, for

example, those performed by the upper body and/or not performed in an upright

position. Such movements occur during a number of familiar activities, including

cycling, resistance training and other types of conditioning exercise, load carrying,

and when climbing stairs or hills. Moreover, non-waterproof devices cannot be used

to assess swimming or other water-based activities (and indeed, no one has yet

confronted the issue of what to do with the accelerometer signals potentially

emerging from such monitored activities). Although these are indeed familiar

types of physical activity, this does not necessarily imply that they are commonly

performed across a population, on a daily basis and for long periods of time

[2]. Considerable recent effort has been put into detecting such “fringe” behaviours

[1], but this effort may be disproportionate relative not only to their impact upon

total energy expenditure and/or health, but also relative to their importance as a

component of behavioural interventions.

Secondly, objective monitors typically do not collect contextual information

about the location and purpose of the detected movement/non-movement signals.

Matthews et al. [1] acknowledges that this weakness may be a limiting factor for

some specific research questions (most obviously those that include the need for

contextual information), but it is not a universal issue. Furthermore, this weakness

can be addressed by combining objective physical activity monitoring with data

obtained from other information sources such as a GPS monitor.

Finally, the infrastructure required to support automated and standardized data

processing of a large number of “increasingly complex and bulky data files” [1]

collected in the course of population-based studies has not been fully developed at

the present time. The practical implication is that sufficient resources and expertise

must be budgeted to accommodate the time and financial burdens associated with

deliberate and systematic post-processing and quality control checks by investiga-

tors, leading to locked data sets

12.3 Advancing Technology

Whether you choose to call it the Information Age, the Computer Age, the Digital

Age, or the Age of Technology, we currently live in a fast-paced and knowledge-

based period of human history. And whether you consider it a limitation or an

opportunity perhaps depends upon where you stand on the playing field at any given

moment. An increasingly high-tech global economy is the engine that drives ever-

continuing efforts to simplify daily decisions and provide goods and services in
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more efficient and convenient ways. The rapid evolution of objective physical

activity monitoring that we have witnessed over recent decades is just a single

example of this overall trend. On the scientific front, simple mechanical pedometers

gave way to electronic pedometers, which opened the field to piezoelectric canti-

lever sensor-based accelerometers and inclinometers that are now being replaced

with monolithic differential capacitance sensors with dual axial and triaxial mea-

surement capabilities [3]. Analog displays transitioned to digital displays.

Displayed data were first recorded by hand and dropped off, mailed, or faxed to

study centers. Data were also once captured in the limited internal memories of

on-board microprocessors and/or transmitted to electronic spreadsheets by wire.

Now wireless, internet, and cloud-based technologies enable more readily accessi-

ble remote monitoring. At the same time, microprocessor memory, computational

power, and battery life have expanded immensely. Firmware and software have

evolved to process data signals and configure them into manageable outputs that

end users can more easily consume. Data transfer and storage barriers are crum-

bling. Such technological improvements have enabled longer-term monitoring at

increasingly greater resolution.

Despite these exciting advances in measurement technology, a number of

limitations are still apparent, and in some cases have even emerged as a result of

this technological explosion. Perhaps foremost, comparability between objective

monitors produced by different companies, and even between successive genera-

tions of the same brands, remains an important measurement issue. For example,

activity counts, and any related cut-points, are well known to be instrument-

specific. As a single example, across model generations of the popular ActiGraph

accelerometer, the CSA was shown to be more sensitive compared to accepted

research-grade pedometers [4, 5], the 7164 was also shown to be more sensitive [6],

but the GT1M had a similar sensitivity [7, 8], the GT3X was less sensitive [9], and

the GT3X+ was either more or less sensitive, depending on the filter selected for

data processing [10]. Comparability of output data is perhaps the most important

concern threatening our ability to conduct surveillance programmes, compare study

results, and provide direction to public health guidelines in the form of precise

objectively monitored metrics. It is important to underline that some available

objective physical activity monitors, notably research-grade pedometers, have

resisted change throughout this evolution; they apparently offer the same technol-

ogy as they did when they were originally introduced. The advantage of this

apparent technological inertia is that data comparability is assured both over time

and between studies.

Another important wave of technological advances has been the surging avail-

ability of personal health monitoring devices [11]. Although generally targeted to

consumers, scientists are already starting to embrace these relatively low cost

devices for purposes of both measurement [12] and intervention [13]. Some devices

offer a wireless interface with other personal technologies, including mobile

phones, computers, tablets, and music players. Although there are undeniable

privacy and ethical issues to navigate, in the future some personal health monitoring
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companies may allow scientists access to their stored consumer-generated data in a

form appropriate for ethical human research.

The ubiquitous nature of mobile phones represents a particularly tantalizing

opportunity to “leverage consumer investment” [11] and take advantage of a

major opportunity to sense, store, process and network data. Since consumers are

already conditioned to re-charge such devices regularly, it may be possible to tap

into this behaviour to extend the battery life of objective physical activity monitors

[11]. Challenges that will need to be addressed include non-continuous wear,

technological differences (including operating systems) between phones, compet-

ing demands for personal technologies (thus reducing researcher control over a

specific device) [11], determining how to track and compensate research partici-

pants for any data plan costs, etc.

12.3.1 Data Processing

Manufacturers of objective physical activity monitors typically provide summary

output metrics (e.g., activity counts, “active time”, etc.) but the methods used in

treating, filtering and ultimate distillation of these summary values is often not

disclosed. Further post-processing by investigators in attempts to infer meaning

from activity counts in terms of the time allocated to differing intensities of physical

activity quickly revealed that activity counts were arbitrary unitless digits ascribed to

raw accelerometer signals in a unique and proprietary manner by the device man-

ufacturer. Attempts to calibrate activity count-based data related to direct measures

of energy expenditure were heralded at first [14], but were subsequently all but

abandoned as multiple calibration studies disagreed on absolute cut-point values

[15]. Recent best practice recommendations have called for the discontinued devel-

opment and use of activity count-based calibrations [16]. As a result, the current

trend in accelerometer technology is to process raw data. Although manufacturers

may continue to provide proprietary summary metrics (such as activity counts),

investigators have suggested that providing access to raw accelerometer data and

standardizing accelerometer units as gravitational constants (g, m·second�2) or time

integrated units (e.g., m·second�1) will help to increase comparability between

instruments [3, 17]. Since 2008, ActiGraph has released software options, firstly

for their GT1M, and then for their GT3X and GT3X+ accelerometers, that allow

users to collect raw, unfiltered data [3]. The GENEActiv device also provides access

to the raw accelerometer signal [18]. Intille et al. [11] have suggested the prudent

collection and storage of accelerometer data in raw format, whenever possible, thus

providing the potential for more advanced data processing in the future should such

opportunity arise. Optimists continue to archive data in preparation for analytical

breakthroughs anticipated over a period of years or decades [19]. Access to raw data

is still not available for all objective physical activity monitors, however, so

researchers who desire this feature find themselves severely restricted in terms of

their choice of accelerometer.

338 C. Tudor-Locke



Access to raw data would theoretically permit application of non-proprietary

“universal” algorithms (yet to be produced, validated, and accepted) that could be

applied to summarize signals in terms of energy expenditure and/or activity type

[11]. For example, Finnish researchers [20] have offered an open source method for

processing raw accelerometer data and classifying the intensity of physical activity.

A “universal step” algorithm would be immensely useful as well. Creative appli-

cations of statistical pattern recognition, machine learning techniques, and other

mathematical modeling approaches may further propel an investigator’s ability to

identify the types of activity that are performed and to refine the precision of energy

expenditure estimates [16, 17]. Such efforts are challenging to validate under free-

living conditions [11], outside of the laboratory, although such validation is not

impossible [21]. We can anticipate that future generations of scientists and statis-

ticians will continue to create yet more elaborate data processing algorithms, and

that these will then need to be validated and optimized. The utility of such

algorithms will be assured if they are also built into easy-to-use software and/or

open source shareware platforms [19]. As a final note concerning anticipated

changes in data processing, the way that we conduct analyses may also change

from time-consuming and scheduled batch processing on desktop computers to

cloud-based computing platforms that facilitate faster and more readily accessible

rolling data analyses [19].

Such likely advances in data processing are exciting. However, they are also

increasingly complex and require more and more sophisticated technological and

statistical expertise; such understanding is presently shared by only a relatively

small (but growing) cadre of physical activity-focused investigators worldwide.

The opportunities and limitations of nascent raw signal based analyses have yet to

be fully explored. It is also clear that the “activity count,” despite its acknowledged

limitations [22] and calls to discontinue its use [16, 23], is not going to disappear

quickly. Many accelerometer-based devices continue to provide this summary

output (with or without also providing access to raw data signals), and historic

data captured using this metric still have a potential to contribute to future analyses.

It would thus be foolish to discard such information or to prevent its publication.

Further, there are still longitudinal studies that must continue to use the same

technology (if it remains available) in their future data collection cycles, both for

economic reasons and to ensure the comparability of data.

12.3.2 Data Collection Protocols

As advances in technology have generated smaller and more waterproof devices,

and with extended memory and battery life, data collection protocols have shifted

more and more to collecting 24-hour data. This obviates the concern about prema-

turely curtailed wearing times and also offers the opportunity to collect information

regarding sleep-related movement and non-movement behaviours. Although there

are now open source algorithms available to extract the nocturnal sleep episode
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time from the 24-hour period [24], much more research is needed to classify the

meaning of movement and non-movement signals detected during this time, and to

modify and validate these algorithms in different populations.

Remote monitoring is a current reality that allows almost real-time data acqui-

sition and immediate intervention as required. For example, evidence indicative of

non-wear can trigger immediate contact with a subject to encourage compliance.

Future advances may include sensors that can detect whether or not a device is

being worn as indicated, thus improving compliance to wearing regimens. Interac-

tive and automated compliance aids have also been suggested [1, 11]; however,

related concerns about measurement reactivity remain to be explored [11]. Behav-

iour modification programmes, for example, those focused on increasing physical

activity and/or decreasing sedentary time, can also be made more effective by

facilitating timely intervention as needed.

12.4 The Commercial Enterprise

12.4.1 Intellectual Property

Objective physical activity monitors are generally commercial items, developed to

meet some market need and to generate profit for the manufacturer. The design and

configuration of the new technology is thus held closely as proprietary intellectual

property and is legally protected by a range of patents, copyrights, trademarks, trade

secrets, and non-competition agreements. Manufacturers may highlight novel fea-

tures in an effort to distinguish their product from that of their rivals, but in general

it is not advantageous for them to share the underlying algorithms that are used to

detect and/or process data. This exposes manufacturers to both criticism and

competition. But it is also frustrating for scientists who are confronted with a

“black box” approach to measurement. Their naturally inquisitive nature propels

them to “peek under the hood” [25] and ultimately to conduct studies that pick apart

algorithms [26] in an attempt to “reverse engineer” the device and provide trans-

parent [27] and/or universal [20] algorithms. Investigators have repeatedly called

for manufacturers to be more transparent in releasing relevant information [1, 3, 11,

19]. The reality, however, is that protection of intellectual property and the need to

differentiate a product/service from that of competitors is elemental to the com-

mercial enterprise if the manufacturer is to remain profitable, stay in business, and

provide a product that will continue to be available.
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12.4.2 Obsolescence: Planned and Unplanned

The same economic forces that have compelled manufacturers to create increas-

ingly more sophisticated sensors and microprocessor technology to support objec-

tive monitoring have also caused the manufacture of some devices to be

discontinued. An example of this is the Caltrac, which was one of the first wearable

accelerometers to be used in large-scale research studies [28]. More recently, the

multi-sensor IDEEA accelerometer [29] no longer appears to be available. Since the

SenseWear armband [30] was recently acquired by the Jawbone company, it may

be only a matter of time before the former technology is pushed into otherwise

unplanned obsolescence. This is a source of concern for investigators in any

measurement-based science. Current and future comparability is compromised

when monitoring devices continually enter and exit the market.

Planned obsolescence is a business strategy intended to push the consumer to

refresh their purchases frequently under the guise that all changes in the latest

format of a monitor are “improvements.” Small changes in fasteners, cable con-

nections, battery requirements, etc. can render an existing device obsolete if

adequate replacement parts can no longer be sourced or are relatively expensive

to repair versus replacing the entire instrument. This is not only a problem for the

end-consumer; Troiano et al. [19] noted that small-capacity on-board memory chips

and piezoelectric sensors are now expensive and difficult for device manufacturers

to find. Continual firmware and software changes also make technologies incom-

patible, even within the same brand line [31]. Although investigators could demand

that manufacturers provide comparability data between predecessor and successor

objective monitors within the same brand line [3], independent calibration would

still always be required, involving a great deal of repeated and misplaced effort.

Unfortunately, there is a real possibility that a device and its supporting software

could evolve even before validation results painstakingly collected on the original

product can be published. As Pedisic and Bauman [32] lamented, it appears that the

pace at which “improved” accelerometers are marketed outstrips investigators’
ability to evaluate and share findings about predecessor models thoroughly.

12.4.3 Pricing

A number of review articles have compiled prices of different objective physical

activity monitors, including a publication by McClain et al. in 2009 [33]. Unit

prices for objective monitors with published validity/reliability evidence ranged

from US$17 for the Yamax brand pedometer to US$450 for the Actical acceler-

ometer. Despite the diminishing costs of accelerometer sensor technology and the

widespread availability of consumer-grade objective monitors, the cost of a

research quality accelerometer remains relatively high (around US$200 [32]).

The continuing relatively higher unit costs of accelerometer-based research devices
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is likely due to the fact that the collective buying power of the scientific market is

relatively small when compared to that of the very large consumer market for

simpler wearable devices. Unit pricing aside, accelerometry-based objective mon-

itoring data is also expensive to collect and manage. At a minimum, investigators

must budget for instrument purchase (including planning for loss/damage, periph-

erals, software, and batteries), and the personnel expertise to prepare/initialize and

distribute/collect devices, monitor compliance, and download, transfer, store, and

process the data. Researchers need to distribute/collect accelerometers, instruct

participants, recharge/replace batteries, replace broken devices, initialize/calibrate

devices, and store and process the data. Pedisic and Bauman [32] pointed out that,

although objective physical activity monitoring does indeed provide important

insights in small scale studies, in the face of limited resources, associated costs

should be considered seriously before governments invest in large-scale acceler-

ometer-based surveillance efforts.

12.4.4 The Lack of Industry Standards

In Japan, the Ministry of Industry and Trading regulations proposed Japanese

Industrial Standards that set a maximal miscounting rate of 3% for step detection

[34]. Outside of Japan, the manufacture of objective monitors is an unregulated

commercial enterprise. There are no industry standards, and there is no watchdog to

evaluate manufacturer claims or to command quality control. Outside of Japan, this

remains a “buyer-beware” situation; investigators must educate themselves and

perform their own validation and quality control studies as part of continual due

diligence. Investigators may demand lower cost and higher quality objective mon-

itors for research, but the impact even of their collective voices may not resound

against the cry of the larger potential market of consumers, who are motivated to

engage in the conspicuous consumption of slick and trendy gadgetry, regardless of

its accuracy. Without industry standards, it is unlikely that the current state of

non-comparability between objective monitors will change any time soon. Japan

serves as a model that the rest of the world should emulate if comparability of

instrumentation, and ultimately of data, is truly valued.

12.5 The Way Forward

It appears that the way forward will be marked by continued technological inno-

vation, with increasingly complex methods of data processing and sophisticated

statistical treatments. But does this mean that the commercial enterprise should set

the pace? It is difficult not to get caught up in the churning excitement created by

dispatching one device/method in pursuit of the next. Academics who do not

readily jump on this bandwagon risk being labeled technological dinosaurs and
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being treated as a “research underclass” [35]. To an uninformed observer, however,

it might appear that there has been a lot of research but the amount of true progress

is much more questionable. Pedisic and Bauman [32] recently called the

“Emperor’s clothing” into question by publishing a carefully considered inventory

of accelerometry issues; they question the current utility of the accelerometer, at

least in large scale surveillance applications. This article offers a timely and

refreshingly balanced examination of the state of the science of physical activity

measurement. It also opens up an opportunity for scientists to work with manufac-

turers to re-think and purposively plan and shape the way forward, rather than

simply reacting to the commercial release of new devices, features, and firmware.

The greatest threat to objective monitoring is non-comparability at all levels.

Exciting efforts to address this issue include collaboration and open-source sharing

of data and data processing approaches [19]. However, objective monitors, metrics,

and protocols for data collection, management, processing and reporting are likely

to continue to differ between studies in major and minor ways, including also the

type and purpose of the investigation, the research question that is being asked and

the available resources, both human and financial. Clearly, science is a creative

vocation, and within our critical thinking we must evolve a greater tolerance for

some choices, as long as they are thoughtfully considered, reasonably defended,

and ultimately supported by evidence. Consensus is perhaps not always realistic,

but continued efforts to establish best practice standards are useful for guiding and
evaluating future efforts.

So, what are examples of a pragmatic, charted way forward to establish best

practice standards?

• Pursue technological innovation in tandem with pragmatic research that is

focused on building a sustainable knowledge foundation

• Continue to compile and publish expected values for different devices, metrics,

protocols, and populations

• Catalogue the various rules, variables, and definitions applied to objective

monitoring.

• Plug gaps in methodological knowledge. For example, we need more measure-

ment reliability research focused on behavioural stability in order to have a

better understanding of factors that influence “how many days are enough?”

• Create a “tool box” of checklists, flow charts, decision trees, templates, open

source software, etc. to assist investigators in choosing objective monitors,

designing protocols, and analyzing, interpreting, and reporting data

• Report results in terms of multiple metrics simultaneously, instead of a choice

few, as a way to illuminate which metrics are the most important to track for

various objectives

• Evaluate the possibility of standardized reporting of a “simple common metric”

(e.g., steps/day) across all types and costs of objective monitors and study

designs, regardless of purpose, in an effort to bridge science, clinical practice,

and the real world
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• Lobby for industry standards similar to those in Japan for an acceptable mini-

mum accuracy of step counting

• Conduct larger scale studies of device comparability across the lifespan

• Evaluate the possibility of correction factors to allow a comparison of outputs

between different objective monitors

• Evaluate successor objective monitors against their predecessors when a new

version is released

• Publish protocols, including detailed manuals of operation

• Resist the misguided temptation to equate self-reported behaviour with

objectively-determined metrics and purposefully collect more objectively mon-

itored data related to different health outcomes, building the future for public

health guidelines based on objectively determined physical activity and seden-

tary time metrics that the public can track with their own affordable technologies

12.6 Conclusions

The emergence and development of objective physical activity monitoring has been

a game changer for those studying and promoting physical activity. However,

researchers have struggled to keep pace with technological developments as com-

mercial enterprises have churned out a broad diversity of instruments, each with

proprietary measurement properties. The promise of objective monitoring is threat-

ened by non-comparability between different classes and brands of objective

monitors, and even across successive generations of the same brand. Researchers

are now increasingly taking the reins in a collaborative push to share more com-

patible and open-source technologies, to establish best practice standards, and to

plug methodological gaps systematically by extending the underlying knowledge

necessary to establish objective monitoring as a scientifically grounded and sus-

tainable methodology.
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Chapter 13

Objective Measurement in Physical Activity

Surveillance: Present Role and Future

Potential

Adrian Bauman, Željko Pedišić, and Kevin Bragg

Abstract Measuring physical activity at the population level is the central com-

ponent of a physical activity surveillance system. These systems are used to

monitor trends at the national level, identify sub-groups at risk of low activity,

and to assess the long-term impact of policies and public health programs targeting

physical activity. Surveillance measures assess physical activity in large samples to

provide estimates generalizable to whole populations, and must be used in identical

ways over many years. They need to be convenient, affordable and feasible to

implement in population-representative samples, with good participants’ adherence
to the measurement tasks required. Thus, surveillance measures pose special

challenges for objective assessment of physical activity. Objective assessment of

physical activity in populations started in the 1980s, with efforts to measure

cardiorespiratory fitness and energy expenditure. These measures were costly,

placed a substantial burden on participants, and selection effects limited their

generalizability. Since around 2000, population objective assessment has been

carried out in several countries using motion-sensing accelerometers. These can

measure the intensity and duration of most ambulatory activities, walking and

running. They produce population prevalence estimates of meeting physical activ-

ity guidelines of around 5% for adults, rates that are much lower than those

assessed by self-reports. In addition, simpler pedometers that record step-counts

are also used in population studies. When compared to accelerometers, which are
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influenced by regular changes in device models and cut points, pedometers gener-

ally provide more comparable estimates over time. However, their comprehensive-

ness is limited, as they only assess step counts. Most recently, ‘wearable
technology’ has burgeoned, with accelerating growth in the sales of devices such

as Fitbits and Jawbone since around 2012. These devices, alongside smart phones

and smart watches (that also have accelerometers and other motion sensors built in),

provide the potential to reach millions of people. However, the reliability and

validity of these devices is not well understood. Further, the models are updated

very frequently, which does not influence their usefulness for individuals, but does

compromise their potential in population surveillance. The challenge will be to

identify affordable technology that is exactly comparable over many years to

monitor population physical activity levels.

13.1 Introduction

To tackle the high rates of insufficient physical activity, in 2004 the World Health

Organization (WHO) developed the Global Strategy on Diet, Physical Activity and

Health [1]. The more recent WHO Global Monitoring Framework set the 10%

reduction in physical inactivity rates by 2025 as one of the nine main targets in

preventing non-communicable disease [2]. Long-term and continuous surveillance

plays a key role in assessing and monitoring the effects of national and global physical

activity strategies. To maximize the utility of population surveillance efforts, we need

to use valid physical activity indicators and standardized data-collection procedures.

This chapter focuses on the potential use of objective measures in large-scale

surveillance systems to measure and monitor physical activity at the population

level. We start with a description of the elements that comprise a good physical

activity surveillance system, and indicate the main properties required of popula-

tion assessment tools. Typically, large-scale surveys and surveillance systems

include self-report physical activity measures, which have well-known strengths

and limitations in assessing population trends over time. In this chapter, we

consider cardio-respiratory fitness measures, accelerometers and pedometers,

appraising how these tools conform to the principles of physical activity surveil-

lance. We then present examples of population representative surveys that have

used objective measures; although they are not always part of a comprehensive

surveillance system, much useful information can be gleaned from them.

Finally, we examine the potential future of surveillance by noting the recent and

rapid growth in the field of wearable technology, much of which is capable of

monitoring physical activity. We discuss the potential of wearable technology to be

scaled up to achieve population-level assessment, and its potential place in popu-

lation surveillance. We conclude by appraising the suitability of objective measures

for physical activity surveillance by comparing their properties with traditionally

used self-reports.
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13.2 Physical Activity Surveillance

13.2.1 Definition and Examples of Physical Activity
Surveillance

Public health surveillance is a process that systematically collects, analyses, inter-

prets, and disseminates population health data. Such surveillance can be performed

at the, regional, national or international level, and is usually supported by govern-

ment. Health surveillance systems initially monitored communicable and vaccine

preventable diseases, such as malaria, smallpox and measles. However, in recent

decades the burden of non-communicable diseases (NCDs) has become the leading

global health problem [3] and the scope of health surveillance was expanded to

include tracking of NCDs and their behavioural determinants, such as smoking,

dietary habits and physical activity. Nowadays, population data on physical activity

is collected within: (a) comprehensive NCD surveillance systems, that cover

chronic diseases and their risk factors; (b) behavioural risk factor surveillance

systems, focused on a range of health behaviours; (c) specialized physical activity

surveillance systems, aiming for a more thorough examination of physical activity

behaviour and its antecedents, determinants and correlates; and (d) surveillance

systems using representative population data from ‘non-health’ sectors, such as

population censuses and school, sport, recreation, transport and time-use surveys.

Physical activity is assessed within many international- and national-level sur-

veys. For example, by 2015, nearly half of the World’s countries have implemented

the WHO STEPwise Approach to Surveillance (STEPS), a standardized survey that

includes data on physical activity and other NCD risk factors [4]. In addition, nearly

as many countries are included in the WHO’s Global School-based Student Health
Survey (GSHS) that collected physical activity data among 13–17 years old students

[5]. In 43 (mainly European) countries, physical activity of schoolchildren has been

monitored over three decades using the WHO Health Behaviour in School-aged
Children (HBSC) survey [6]. One attribute of national surveys is their diversity,

with a recent review finding more than 30 national-level systems that assess

physical activity in the European Union countries [7]. Sometimes, more than one

survey exists, which may provide different estimates. For example, in the UK only,

more than ten national-level health systems monitor physical activity levels [8–

13]. Examples of multiple surveys that monitor physical activity can be found even

in small states. For instance, among the population of ~65,000 inhabitants of

Bermuda, physical activity has been repeatedly monitored within at least five

independent national surveys across different age groups [14, 15]. This demon-

strates the substantial, but mostly uncoordinated efforts to understand and assess

physical activity levels, and identifies a plethora of potentially contrasting estimates

and trends. This may confuse policymakers, in the way that no single estimate

reflects ‘national progress towards physical activity goals’, and adding objective

measures makes this situation even more complicated.
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13.2.2 Purpose and Objectives of Physical Activity
Surveillance

Surveillance systems are integrated and comprehensive processes of monitoring

physical activity and its antecedents in large regions or at the national level. These

systems collect information to: inform policymakers about population-level phys-

ical activity behavior and its changes over time. As emphasized by Caroline Macera

and Michael Pratt (Fig. 13.1), physical activity surveillance should go beyond

simply tracking prevalence rates of physical activity and establishing their trends

over time [16]. Objectives of ‘optimal’ physical activity surveillance should

include: (i) estimating total, intensity, domain and type-specific physical activity

levels; (ii) identifying determinants and correlates of physical activity, including

socio-demographic, behavioral, psychological, health, social, and environmental

factors; and (iii) monitoring policies, practices and actions that facilitate or impede

physical activity across different settings (e.g. local governments, local communi-

ties, schools, universities, workplaces).

13.2.3 Principles of Optimal Physical Activity Surveillance

In the following text, we discuss the main principles of population-wide physical

activity surveillance, which has different measurement needs to those at the indi-

vidual or small-scale level. These principles pose specific challenges for

implementing objective measures in physical activity surveillance. Further, aca-

demic discourse and optimizing of measurement techniques often continues for

many years, whilst the surveillance needs of regional and national Governments,

and other population health stakeholders are much more acute, and require defin-

itive solutions that can be immediately implemented in surveillance systems for

many years.

Fig. 13.1 Michael Pratt

authored some of the key

papers on physical activity

surveillance issues and

challenges
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13.2.3.1 Generalizability

It is essential that physical activity surveillance system provides population-

generalizable estimates of physical activity. This is achieved by using appropriate

sampling designs and large sample sizes. In order to ensure adequate response rates

and adherence to study protocols, data collection methods need to be acceptable to

most selected participants. Those who do not adhere to study protocols may

systematically differ from participants who remain in the study (as noted by Paul

Loprinzi (Fig. 13.2) in an analysis of US population surveys [17].

13.2.3.2 Simplicity

Respondent and researcher burden (e.g. time and complexity of carrying out the

measure) should be minimized by selecting simple measurement tools.

13.2.3.3 Data Quality

Health surveillance systems need to provide credible population-level estimates of

physical activity, using measures that have shown acceptable reliability and

validity.

13.2.3.4 Comprehensiveness

To estimate the population-level adherence to physical activity recommendations

[18] selected measures must provide data on the time spent in moderate to vigorous-

intensity physical activities. Additionally, weekly frequency of muscle-

Fig. 13.2 Paul Loprinzi

examined the

generalizability of

accelerometer-based

physical activity estimates

among representative

samples of US children,

adolescents and adults
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strengthening exercises should be assessed in surveillance systems, as they are

included as a separate recommendation in the recent physical activity guidelines

[18]. In an optimal measure, domain-specific data (measures of work, transport,

domestic, and leisure-time activity) and type-specific data for common activities,

such as walking and cycling, and more recently sedentary behavior (sitting time)

should also be assessed. In addition, an optimal surveillance system needs to

monitor more than just physical activity behaviors, and ideally should assess

personal, societal, environmental, and policy-related determinants of activity [19].

13.2.3.5 Between-Study Comparability

To allow for comparisons among countries, surveillance systems should aim to use

comparable measures. For example, some self-report tools have been standardized,

such as the International Physical Activity Questionnaire (IPAQ) [20], and the

Global Physical Activity Questionnaire (GPAQ) [21] used in the WHO STEPS
surveillance system [2].

13.2.3.6 Continuity and Sustainability

To allow for monitoring changes in population behavior, physical activity surveil-

lance needs to retain comparable measurement methods over many years in order to

observe time trends.

13.2.3.7 Adaptability

Although ideally data collection protocol should always be identical, advances in

knowledge and technological and societal development sometimes necessitate

slight adjustments [22]. Data collection protocols should be flexible enough to

allow for necessary adaptations without compromising data comparability

over time.

13.2.3.8 Affordability

Limited funds need to be carefully distributed across physical activity surveillance

functions. Increased investment in one component should never lead to reduced

funding available for other important components of the surveillance system.
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13.3 Use of Objective Measures in Population Surveys: Is

There Potential for Surveillance?

13.3.1 Traditional and Current Measures

Initial surveillance systems used self-report questions, asking responders about

their physical activity behaviors, participation in different activities, exercise and

sports [23]. These questions were asked through telephone or personal interviews,

and through self-completed surveys, using paper-based or web-based modes.

Strengths of self-report questions included high-level population representative-

ness, simplicity and brevity of most measures, and the capacity to ask about

domains of, and different types of physical activities. Measures such as IPAQ and

GPAQ have been used to describe and compare prevalence estimates across

countries using similar methods [24, 25]. Self-report measures are amongst the

most affordable methods for population measurement, and their use can be

sustained over time, with US and Nordic surveys as examples of collecting com-

parable physical activity data for several decades [22, 26]. However, there are some

limitations to self-report measures, including variable reliability and validity

among countries and in sub-populations [20]. Further, self-reports of physical

activity may be prone to social desirability and reporting biases, and to differential

errors in reporting and recall across population groups.

To address these concerns with self-reports, since the 1980s there has been a

growing interest in objective measurement of physical activity. Measures of cardio-

respiratory fitness were often used as a proxy for the training effects of physical

activity [27]. These measures were reliable, but often required special clinic

facilities to undertake assessments. Several population studies measured cardiore-

spiratory fitness, but rarely attempted to repeat measurements over time as part of

health surveillance systems [28]. They usually assessed submaximal and maximal

oxygen uptake, or the heart rate response to exercise. Whilst these measures proved

useful in clinical interventions to enhance fitness, they were less suitable for

physical activity surveillance for several reasons. These assessments were expen-

sive to undertake in large samples, did not measure domains of activity or activity-

specific participation, and selection effects were seen in the characteristics of

individuals that completed the assessments. In addition, fitness is partly genetically

determined [29], and does not always reflect recent physical activity behaviors,
which may partly contribute independently of fitness levels to improved health and

disease prevention [30].

More recently, scientists have partnered with engineers to utilize tools that could

objectively assess movement. These included a range of models of accelerometers

(see earlier chapters), which usually showed very good reliability. In Table 13.1 we

present examples of their use in large national samples, all of which aimed to

produce representative estimates of population physical activity. Reflecting on the

use of accelerometers as surveillance tools involves consideration of the best

practice attributes of a surveillance system discussed earlier. These population
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Table 13.1 Examples of objective measures of physical activity in population representative

surveys

Study/Survey Sample

Methods of PA

assessment

Main findings

relevant to

objective PA

assessment

Surveillance-

related attributes

Examples of accelerometer based estimates

Troiano et al.

NHANES

[47]

n¼ 6329 adults

(USA) represen-

tative sample

Actigraph 7164

accelerometer

(7 days wear

time)

2–6% met MVPA

recommendations

(25–33% met

guidelines as

assessed by self-

report)

Provided much

lower prevalence

estimates than

self-reports;

expensive survey

Evenson

et al. [48]

NHANES

(2003/4,

2005/6)

n¼ 2630 older

adults aged 60+

years

Actigraph 7164

accelerometer

different cut

points in

counts/minutes

used

Minutes of

MVPA/day varied

with cut points

used (590/d for

500 + cpm; down

to 9.20/d for 2000

+ cpm used as

cut-point), 100

bouts used.

Mean 8.5 hours/

day of sedentary

behaviour

Different acceler-

ometer cut points

led to different

prevalence

estimates

Hansen

et al. [49]

Norwegian

Survey (2008/

9)

n¼ 3267 adult

Norwegians with

adequate objec-

tive data (30% of

those surveyed)

Actigraph

GT1M (7 day

wear time)

accelerometer

~8000 steps/day

estimated by

accelerometry

(22.7% met

10,000 steps rec-

ommendation)

17.4% met MVPA

guidelines (bouts

of 100 or more)

mean 9.1 hours/

day of sedentary

behavior (62% of

wearing time)

Use of acceler-

ometers for step

counts; sedentary

time assessed

Colley

et al. [50]

Health Mea-

surement Sur-

vey (2007/9)

Canadian adults

(n¼ 2832) (42%

participation

rate)

Actical acceler-

ometer (7 day

wear time)

MVPA 270/d (M),

210/d (F)

Steps/day 9544

(M), 8385 (F)

Met MVPA guide-

lines (300/d, 100

bouts): 5.5% (M),

4% (F); met 1500/
d guidelines 17%

(M), 13.7% (F)

Met 10,000 steps/

day 39% (M),

30% (F)

Different cut

points led to dif-

ferent population

prevalence

estimates

(continued)
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Table 13.1 (continued)

Study/Survey Sample

Methods of PA

assessment

Main findings

relevant to

objective PA

assessment

Surveillance-

related attributes

Hagstromer

et al. [51, 52]

(Survey in

2001)

Swedish adults

recruited to par-

ticipate (34%

with accelerome-

ter data)

Comparison with

USA data (2010)

Actigraph 7164

(7 day wear

time)

Mean 310/d MVPA

(280 were MPA)

Inactivity (SB)

~ 7.7 hours/day

Met MVPA guide-

lines (100 bouts)
7% (only 1% if all

bouts �100)
SB time

(8.3 hours/day

Sweden,

7.4–9.0 hours/day

USA)

MVPA—similar

for aged 18–39 and

40–59, but greater

in older Swedes

than Americans

(290 vs 150/d)

Assessed MVPA

and sedentary

time; different

cut-points led to

different preva-

lence estimates

Baptista

et al. [53]

(Survey 2006/

8)

Portuguese

adults + children

(n¼ 4946)

Data available on

3362 (of whom,

24.3% were

children/

adolescents)

Actigraph

GTIM acceler-

ometer (4 day

wear time)

MVPA minutes

decline through

adolescence and

again decline after

aged 65+ years

~70% adults met

MVPA guidelines

(300/d), but includ-
ing 100 bouts
reduced preva-

lence to 3–9%

across adult age

groups

Objective data

confirm decline

in MVPA through

adolescence

Ekelund

et al. [54]

Multi-country

data base

(ICAD)

14 accelerome-

ter-based data

sets on children

(not all represen-

tative) (pooled

n¼ 20,871)

Pooled acceler-

ometer data

using Kinesoft

software to

obtain compa-

rable estimates

Mean MVPA time

300/d, mean SB

time 5.9 hours/day

Multi-country

comparisons

possible

Pedometer based estimates

Craig

et al. [36]

Craig

et al. [55]

Continuous

monitoring

surveys of

Baseline 2005/7

(n¼ 11,669 chil-

dren)

(~2/3 of those

approached)

Long-term trend

Yamax SW-200

pedometer

Provided age-sex

norms for pedom-

eter steps distribu-

tion;

Boys 5–19 years,

mean 12,259 steps/

day; girls 10,906

Pedometers are

simple, feasible

in schools;

methods compa-

rable; step count

is only outcome;

(continued)
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surveys (Table 13.1) were sometimes intended as the start of physical activity

surveillance systems, but few assessed populations on more than one occasion

using identical methods and accelerometer models. For example, this occurred in

the NHANES in the USA, where different models and placement were used on two

measurement occasions 5 years apart, leading to comparability problems [31].

Accelerometers are expensive, and continuous technological upgrades maintain

their high costs, while providing less comparable between-device data. Acceler-

ometer data may be collected from population samples, but selection issues occur in

the sub-set of the responders who complete sufficient time wearing the accelerom-

eters. This is due to the complexity of wearing the devices for several days, and the

associated respondent burden. Accelerometer data provided useful information on

moderate and vigorous activity time and intensity, but less good differentiation

between sitting and standing time, and no information on domains of activity or

activity types. More recent algorithms are being developed to use comparable raw

accelerometer data, which may overcome academic debate about where the count-

specific cut points lie between different intensities of activity [31]. However, some

Table 13.1 (continued)

Study/Survey Sample

Methods of PA

assessment

Main findings

relevant to

objective PA

assessment

Surveillance-

related attributes

children and

adolescents

(2005–2014)

data to be

reported

steps/day

~40% boys, half

of girls did not

meet 10,000 steps/

day

sustained PA

surveillance

Inoue

et al. [37]

Annual Japan

Health and

Nutrition sur-

veys (1995-

2007)

~8000 adults sur-

veyed per year

Yamax AS200

pedometer

Mean 7321 steps/

day (M), 6267

steps/day

(F) [2007];

~19% met 10,000

steps/day

Decline since year

2000 of around

500 steps/day

(M) and 850 steps/

day (F)

Part of national

surveys, provide

useful trends

demonstrating

slight decreases

in adult PA in

Japan

Matthiessen

et al. [56]

Danish popu-

lation surveys

(2007/8 and

2011/12)

Adults

18–75 years,

~55% response

rate

2007/8 (n¼ 205)

and 2011/12

(n¼ 1419)

Yamax SW-200

pedometer

Steps/day

decreased from

8788 to 8341 over

5 year period

Small initial sam-

ple, but represen-

tative; showed

feasible for Dan-

ish adults

Legend: PA physical activity, MVPA moderate-to-vigorous physical activity, 0/d minutes per day
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accelerometer raw data are not available, with proprietary methods introduced by

the manufacturing companies that preclude their access.

One key finding from accelerometer-based population surveys is the difference

in observed prevalence of physical activity, compared to self-report measures.

Accelerometer data indicate much smaller prevalence rates of meeting physical

activity guidelines among adults, ranging from one half to one –tenth of the self-

report prevalence. Different accelerometer cut-points produce very different esti-

mates [32] and their most stringent estimates typically demonstrate that only 5% of

adults or fewer meet the ‘five days a week with 30 minutes of MVPA, in bouts of at

least 10 minutes’ physical activity guideline (see Table 13.1). Accelerometer

measurement among children is also variable. Guinhouya [33] in a systematic

review of 40 studies that used accelerometry in children identified that only one

third of studies provided the percentage meeting physical activity guidelines, and

noted that different cut points for accelerometers resulted in different estimates; the

most often used cut point (>2000 counts per minute) classified almost all children

as sufficiently active (87%). Further, markedly lower prevalence rates of meeting

physical activity guidelines were seen with different cut points, ranging from

almost all children meeting a threshold, down to only 3–5% classified as “active”.

Further, accelerometers provide good currently available data on movement, but

miss some activities and patterns of activity. Self-reports may also over-estimate or

under-estimate activity, and this may be differential between populations

[34]. Therefore, the best approach may be to combine objective and self-report

estimates to account for different sources of measurement error [35].

One alternative approach is to use pedometers to assess and monitor population

step counts (see Table 13.1; [36, 37]). Step-counts have been proposed as a health

indicator through an examination of cadence (steps/minute), with those achieving

‘high’ or ‘very high’ daily step goals (such as 10,000 or 12,500 steps/day) being

much more likely to meet physical activity recommended levels than those with

lower step counts [38]. The pedometer-based surveys have broad reach, are less

expensive than accelerometry, and have demonstrated successful use in serial

surveillance systems among children in Canada, and among adults in Japan and

Denmark. The main limitations of the pedometer are that they do not provide data

on MVPA and time spent in different intensities, and that some prevalent activities

are not well captured (for example, cycling). Nonetheless, pedometers are a feasible

and affordable method for surveillance of walking-related activities, consistently

the most prevalent activity type across the past decades and throughout

adulthood [39].

13.3.2 Emerging Wearable Technologies

New technologies provide high population-reach devices. Many have the capacity

to measure and assess physical activity and exercise. The most recent group,

wearable technology (“wearables”), defines a range of usually waist or wrist-
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Table 13.2 Examples of the popularly used wearable technology for assessing physical activity

[2011–2014]a

Company Model Hardware Data recorded

Data output/second

(interface)

Fitbit Charge

(Wrist

worn)

Triaxial accel-

erometer

Altimeter

Activity (1 minute

epochs) (Sampling

rate data

unavailable)

– Steps, Distance, Energy

expenditure, Stairs climbed

(Device, Smartphone app,

Online)

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

Fitbit Charge

+HR

(Wrist

worn)

Triaxial accel-

erometer

Altimeter

Optical heart

rate monitor

Activity (1 minute

epochs) (Sampling

rate data

unavailable)

HR (1–5 second

epochs)

– Steps, Distance, Energy

expenditure, Stairs climbed,

Heart rate (Device,

Smartphone app, Online)

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

Fitbit Flex

(Wrist

worn)

MEMS Triax-

ial

accelerometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure (Smartphone app,

Online) [One output, as cho-

sen by user, is viewable on the

device, expressed in 20%

increments of user set goal]

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

Fitbit One

(Waist

worn)

MEMS Triax-

ial

accelerometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Stairs climbed

(Device, Smartphone app,

Online)

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

Fitbit Surge

(Wrist

worn)

GPS

Triaxial accel-

erometer

Triaxial gyro-

scope

Digital com-

pass

Optical HR

monitor

Altimeter

Ambient light

sensor

Activity (1 minute

epochs) (Sampling

rate data

unavailable)

HR (1–5 second

epochs)

GPS sampling rate

(1 Hz)

– Steps, Distance, Energy

expenditure, Stairs climbed,

Heart rate (Device,

Smartphone app, Online)

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

(continued)
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Table 13.2 (continued)

Company Model Hardware Data recorded

Data output/second

(interface)

Fitbit Zip (Waist

worn)

MEMS Triax-

ial

accelerometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Stairs climbed

(Device, Smartphone app,

Online)

– Activity minutes, Sleep time

& efficiency (Smartphone

app, Online)

– Sedentary minutes (Online)

Garmin Vivoactiv

(Wrist

worn)

Accelerometer

GPS

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Sedentary period

alerts (Device, Smartphone

app, Online)

– Sleep time & efficiency

(Smartphone app, Online)

– Heart rate (Requires addi-

tional accessory)

Garmin Vivofit

(Wrist

worn)

Accelerometer Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Sedentary period

alerts (Device, Smartphone

app, Online)

– Sleep time & efficiency

(Smartphone app, Online)

Garmin Vivofit

2 (Wrist

worn)

Accelerometer Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Sedentary period

alerts (Device, Smartphone

app, Online)

– Sleep time & efficiency

(Smartphone app, Online)

Garmin Vivosmart

(Wrist

worn)

Accelerometer Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Sedentary period

alerts (Device, Smartphone

app, Online)

– Sleep time & efficiency

(Smartphone app, Online)

– Heart rate (Requires addi-

tional accessory)

Jawbone UP3

(Wrist

worn)

Triaxial accel-

erometer

Bioelectrical

impedance

monitor/sec-

ond

Thermometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Activity

minutes, Sleep time & effi-

ciency, Heart rate, Galvanic

skin response, Respiration,

Skin temperature, Ambient

temperature (Smartphone

app)

– Sedentary alerts optional

(Device vibrates)

(continued)
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worn, consumer-oriented devices that aim to objectively assess physical activity

(PA) of the wearer. The majority utilize types of accelerometry to determine

various physical activity measures, typically offering consumers estimates of

their total and hourly number of steps, distance travelled, energy expenditure

(EE) and active minutes. In addition, some devices are advertised as measuring

sleep efficiency, stairs climbed, heart rate and even galvanic skin response. The

range of these devices available between 2011 and 2014 is shown in Table 13.2.

This table shows the hardware, the data capture method, and the range of health-

related measures that each device offers to individual consumers.

Since around 2007, the range and functionality of wearable devices has mark-

edly increased. The major companies currently marketing wearables include Fitbit,

Garmin, Jawbone, Misfit and Nike. Each company has an accompanying

Table 13.2 (continued)

Company Model Hardware Data recorded

Data output/second

(interface)

Jawbone UP24

(Wrist

worn)

Triaxial

accelerometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Activity

minutes, Sleep time & effi-

ciency (Smartphone app)

– Sedentary alerts optional

(Device vibrates)

Jawbone UP Move

(Waist

worn)

Triaxial

accelerometer

Epoch length and

sampling rate data

unavailable

– Steps, Distance, Energy

expenditure, Activity

minutes, Sleep time & effi-

ciency (Smartphone app)

– Device outputs progress

towards some measure using

12 LEDs

Misfit Flash Triaxial

accelerometer

Epoch length and

sampling rate data

unavailable

– Proprietary accumulated

activity measure (Device,

Smartphone app)

– Steps, Distance, Energy

Expenditure, Sleep time &

efficiency (Smartphone app)

Misfit Shine Triaxial

accelerometer

Epoch length and

sampling rate data

unavailable

– Proprietary accumulated

activity measure (Device,

Smartphone app)

– Steps, Distance, Energy

Expenditure, Sleep time &

efficiency (Smartphone app)

Nike Fuel Band Triaxial

accelerometer

Epoch length and

sampling rate data

unavailable

– Proprietary accumulated

activity measure, Steps,

Energy Expenditure (Device,

Smartphone app)

– Distance (Smartphone app)
aReferences to this table are shown in the Appendix, at the end of the reference list, as these are not

published sources

360 A. Bauman et al.



smartphone application or operating platform to facilitate downloading of physical

activity data from the device. The applications provide an interface that allows the

user to observe real-time presentation of physical activity data as it is collected,

usually retrieved from a proprietary storage location. It seems that the marketing

and sales of these wearables increased exponentially between 2012 and 2014.

Determining population reach is difficult as sales data are either not disclosed or

substantially limited. Nonetheless, marketing data suggest that during 2014, more

than 10 million wearable devices were sold, with Fitbits comprising half of them

[40]. Increases each year were marked, especially for Fitbit and Jawbone devices.

Smartphones have inbuilt accelerometers and sometimes GPS devices, and also

pose a vast market of phones capable of measuring physical activity. The number of

smartphones vastly exceeds wearable devices, with up to a billion devices sold

between 2007 and 2014 (based on commercial sales estimates) [41]. Additionally,

Apple has started including proprietary accelerometers and health applications

directly into their smartphones, and has moved into the wearable market by

producing a smart Apple watch in 2015. Google has also developed an Android

watch platform. Further, a broad range of Apps are available for assessing physical

activity under both Apple and Android platforms; more sophisticated examples,

such as Moves, Nike +Running and RunKeeper, utilize both the GPS and location

services available on smartphones to track physical activity and map the location

where the physical activity was conducted. Apple data sales numbers are not

released through iTunes, but Google Play provides broad ranges listing Moves as
having between 1 and 5 million installs and Nike +Running and RunKeeper as

having had between 10 and 50 million installs. The duration of use after download

is not known, and the point prevalence of current use is also not known for specific

applications.

Wearable devices are heavily marketed for their potential to measure physical

activity and provide feedback to consumers. Given the market share of leading

brands (Apple, Android phone platforms; Fitbit and Jawbone wearables) these

devices have the potential to generate ‘big data’ and are already measuring physical

activity among millions of people. Their potential as surveillance tools depends on

their measurement properties, the representativeness of their users, and the capacity

for data sharing (given that data collection and storage are generally limited by the

commercial-in-confidence practices of companies marketing these devices).

The measures generated by wearables and phone apps may inform individuals,

but information on their reliability, validity and utility is less well known. Given

their sales-oriented focus, companies release very little research examining mea-

surement aspects of wearable technologies. The rapid turnover and proactive

marketing of new devices lead to discontinuation of older devices, and make any

validation research rapidly obsolete.

Although limited, the publicly available evidence suggests that wearable devices

show variable measurement properties. An analysis of the Fitbit One, during

treadmill walking, by Takacs et al. [42] found that it produced step counts that

did not differ significantly from observer counts. Furthermore, each participant

wore three devices, all of which demonstrated inter-device consistency. However,
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simultaneously, each device significantly over-estimated the distance travelled.

Ceaser [43] and Stackpool [44] also found varied validity when examining multiple

devices during various activity assessments. The former study [43] found that

energy expenditure estimates by the Nike Fuel Band differed significantly from

the indirect calorimetry for the majority of activities examined. Furthermore, the

differences included both under- and over-estimations. A similar finding was shown

for the Fitbit. The latter study [44] found the energy expenditure estimates produced

by the Fuel Band were significantly different from criterion measures. The Jawbone

UP showed significant differences in half the activities, with varied direction and

the Fitbit Ultra only differed significantly for one activity type. In the same study,

when examining the validity of step counts, the Fuel Band underestimated step

counts for half of the activity types, as did the Fitbit Ultra. The Jawbone UP did not

mis-estimate step counts for any activity. However, in a similar issue to Ceaser [43],

both the Fitbit Ultra and Jawbone UP have been superseded and are no longer sold

directly by their respective companies.

Case et al. [45] also conducted a multiple device study, including the Fitbits

Flex, One and Zip, Jawbone UP24, Nike Fuel Band and several apps, including the

Moves app on both an iPhone and Samsung, and the Fitbit and HealthMate app on

the iPhone alone. Whilst their results are limited by a small sample, they found

relatively low errors in step count calculations for most devices and apps, excepting

the Fuel Band. However, all of these studies were conducted under controlled

circumstances where, arguably, the greater interest is in the physical activity in

free-living conditions.

One study, conducted by Tully et al. [46] examined the step counts produced

over seven free-living days by a Fitbit Zip and a Yamax CW700 pedometer, using

the ActiGraph GT3X as a well-validated criterion measure. Whilst they found the

Fitbit Zip significantly overestimated steps relative to the ActiGraph, there was no

bias present in the Bland-Altman analysis and no difference relative to the Yamax

pedometer. Hence, the evidence for the validity of wearable physical activity

monitors is mixed, but simultaneously quite sparse. Whilst further research is

warranted, as in the cases above, in a matter of years these specific devices are

likely to become outdated.

Regardless of their current shortcomings, wearables may offer the community

many of the measurement benefits of accelerometry, at low initial cost, and

personalized motivational feedback using an individual’s own data. More work

and scrutiny are required to evaluate the validity, reliability and population reach of

wearables. We also need to understand the demographic distribution of users, the

medium-term adherence of users to specific models, and the cross-model validity as

many devices are annually updated. Given their reach, their potential is substantial

to assess physical activity at the population level, if the issues of the representa-

tiveness of users can be further confirmed, and the issues of data confidentiality,

data privacy and model upgrades can be overcome.
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13.4 Conclusions

Ideally, surveillance systems use measures that are reliable and valid and provide

comprehensive data on all dimensions of physical activity, whilst being inexpen-

sive and causing a minimal burden for researchers and participants. Physical

activity is a complex behaviour and, for the time being, such ‘ideal’ tools are not

available. Each available measure has comparative advantages and disadvantages

with regards to its use for physical activity surveillance. Moreover, these attributes

may substantially vary across different age groups. Therefore, measures need to be

selected to suit the purpose of the measurement and the target population, while

trying to find an optimal balance between their qualities.

Table 13.3 summarizes this chapter, appraising the suitability of objective

measures for physical activity surveillance by comparing them with self-reports

as the reference group of measures. This table shows that the relative advantages of

objective measurements for surveillance are still not substantial or well enough

understood to replace self-report surveillance measures. In particular, the simplicity

and affordability of self-report measures make them suitable and sustainable for

surveillance systems, whilst the challenge for objective measurement is to establish

standardized measurement protocols and sustain them over time. Among the

available options, pedometers seem to have more scalable properties that make

them suitable for population assessment. Finally, wearable technology has the

greatest potential for population reach, but the least is known about their reliability,

validity and sustainability.

To conclude, further development of objective measures is needed to improve

their suitability for physical activity surveillance. This refers particularly to stan-

dardization of measurement protocols and their sustainable use over time. Due to

recent technological advances and increased availability of physical activity mon-

itors, researchers may face a dilemma between the consistency in using

Table 13.3 Advantages and disadvantages of objective measures for physical activity surveil-

lance when compared to self-reports

Attribute

CR fitness

measures Accelerometers Pedometers

Wearable

technologies

Generalizability ? � ? ?

Simplicity �� �� � +/�
Data quality + + ++ ?

Comprehensiveness (activity

types, domains)

�� � �� �

Between-study comparability ++ +/� + ?

Continuity and sustainability � � +/� ��
Adaptability �� � � �
Affordability �� �� � +/�
Legend: CR cardio-respiratory; “?” unknown; “�” worse than self-reports; “+/�” equal to self-

reports; “+” better than self-reports; more pluses or minuses denote greater advantage/disadvan-

tage when compared to self-reports
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questionnaires and switching to new methods. Based on current evidence, it seems

that objective measures should not be used to substitute, but only to complement

self-reports in physical activity surveillance systems. Finally, the potential for

wearable technology generates much enthusiasm, but for population surveillance,

it should be tempered by more informed consideration of the measurement attri-

butes of these devices, and by the problems posed by ever-changing technology on

comparable monitoring of physical active prevalence estimates.

Appendix: Specific References to Wearable Technology

1. Fitbit Website, 2015, Fitbit, San Francisco, viewed 18 April 2015, http://www.

fitbit.com/

2. Fitbit About Page, 2015, Fitbit, San Francisco, viewed 18 April 2015, http://

www.fitbit.com/au/about

3. The United States Securities and Exchange Commission [SEC], 2000, Form
S-1 Registration Statement, Garmin, viewed 18 April 2015, https://www.

sec.gov/Archives/edgar/data/1121788/000101381600000038/0001013816-00-

000038-0001.txt

4. Garmin, 2003, Garmin® Unveils Low-Cost, GPS Fitness Product—the Fore-
runner™ 101, viewed 18 April 2015, https://www8.garmin.com/pressroom/

outdoor/030204.html

5. Jawbone Press Release Page, 2015, Jawbone, San Francisco, viewed 18 April

2015, https://jawbone.com/press

6. The United States Securities and Exchange Commission [SEC], 2000, Form D
Notice of Exempt Offering of Securities, Misfit, viewed 18 April 2015, https://

www.sec.gov/Archives/edgar/data/1535557/000153555712000001/xslFormDX01/

primary_doc.xml

7. PRNewswire, 2012, Misfit Unveils Shine: World’s First All-Metal
Wireless Fitness Device, viewed 18 April 2015, http://www.prnewswire.com/

news-releases/misfit-unveils-shine-worlds-first-all-metal-wireless-fitness-device-

179367061.html

8. The United States Patent and Trademark Office [USPTO], 2015, Trademark
Status & Document Retrieval (TSDR), viewed 18 April 2015, https://tsdr.uspto.

gov/#caseNumber¼72414177&caseType¼SERIAL_NO&searchType¼statusSearch

9. CNet, 2014, Nike FuelBand—out of gas already?, viewed 18 April 2015, http://
www.cnet.com/news/is-nike-fuelband-out-of-gas-already/

10. Business Insider Australia, 2014, Just 3.3 Million Fitness Trackers Were Sold In
TheUS In The Past Year, viewed 18April 2015, http://www.businessinsider.com.

au/33-million-fitness-trackers-were-sold-in-the-us-in-the-past-year-2014-5

11. Re/code.net, 2014, As Nike Downsizes Digital Division, Data Shows It Trailing
Fitbit, Jawbone, viewed 18 April 2015, https://recode.net/2014/04/24/as-nike-

downsizes-digital-division-data-shows-it-trailing-fitbit-jawbone/
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12. Google Play Online Store, 2015, Moves App Page, viewed 18 April 2015,

https://play.google.com/store/apps/details?id¼com.protogeo.moves&hl¼en

13. Google Play Online Store, 2015, Nike +Running App Page, viewed 18 April

2015, https://play.google.com/store/apps/details?id¼com.nike.plusgps&hl¼en

14. Google Play Online Store, 2015, RunKeeper App Page, viewed 18 April 2015,

https://play.google.com/store/apps/details?id¼com.fitnesskeeper.runkeeper.

pro&hl¼en

15. Fitbit Inc. (Not Dated) Fitbit charge product manual version 1.1. http://help.
fitbit.com/resource/manual_charge_en_US

16. Fitbit Inc. (Not Dated) Fitbit zip product manual. http://help.fitbit.com/

resource/manual_zip_en_US

17. Garmin Ltd. (2015) Garmin Vivofit Product Information Webpage “Specs”
Sub tab. Retrieved 15 January 2015 from https://buy.garmin.com/en-US/US/

into- sports/health-fitness/vivofit-/prod143405.html

18. Jawbone (2015) Jawbone UP24 User Manual: Data Accuracy. Retrieved

15 January 2015 from https://help.jawbone.com/articles/en_US/PKB_Article/

data-accuracy- up24

19. Misfit Inc. (2015) Misfit Shine Product Information Webpage “Specs”
Subsection. Retrieved 15 January 2015 from http://misfit.com/products/shine?

locale=en#specs
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Chapter 14

Self-Report and Direct Measures of Health:

Bias and Implications

Sarah Connor Gorber and Mark S. Tremblay

Abstract Much of the world’s population health, public health and clinical infor-

mation is based on self-reported data. However, significant and meaningful bias

exists across a broad range of health indicators when self-reported data are com-

pared to direct measures. This bias can lead to over- and underestimation of risk

factor and disease prevalence and burden. Understanding the implications of such

bias for health surveillance, research, clinical practice and policy development may

provoke adjustments to current epidemiological practice and may assist in under-

standing and improving the health of populations.

14.1 Introduction

Measuring the state of health within a population is crucial for health surveillance,

research, clinical practice and policy development. It provides a current picture of a

population’s status, allows for monitoring changes over time and indicates ineq-

uities between population sub-groups and among countries. Adequate measurement

strategies are essential to ensure that evidence upon which resources will be

allocated and interventions designed is reliable and valid.

Occasionally, epidemiologists who seek to relate physical activity and health

may have access to relatively accurate data, such as clinical measurements of

height, weight, and systemic blood pressure. But much of our health information

is based on subjective or self-reported measures of health, because most population

data come from surveys that rely on self-reports of participants’ health status and

disease experience. Self-reports are often used because of their practicality, low
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cost, low participant burden, and general acceptance in the population [1]. Increas-

ingly, however, the accuracy of self-reported data has been called into question and

there has been a push to include more objective measures in our health information

system [2]; a trend that is facilitated by advances in technology allowing for more

feasible direct measurement. This brief analysis examines the bias in self-reported

information across a range of population, public health and clinical conditions and,

using obesity as an example, discusses the implications of this bias for Canadian

policy and practice.

14.2 Self-Report vs. Direct Measures Bias

A recent series of systematic reviews has highlighted the bias in self-reported

measurements for a variety of health conditions and determinants in both children

and adults. Reviews have examined the relationship between reported and mea-

sured height, body mass, and body mass index (BMI) (64 studies) [3], smoking

(67 studies) [4], hypertension (144 studies) [5] and physical activity in adults

(173 studies) [6] and in children (83 studies) [7]. These reviews have consistently

Table 14.1 Differences between reported and measured estimates of health variables from

5 published systematic reviews [3–7]

Studies

with males

Studies with

females

Studies with male and

female data combineda

Height (mean difference, mm) 12 10 1.7 cm

Body mass(mean difference, kg) �0.7 �1.3 �1.1

Body Mass Index (mean differ-

ence, kg/m2)

�0.6 �0.6 �0.9

Physical activity—vs, accelerometer measurements

Adults (mean percent difference) 44% 138% 44%

Children/Youth (mean percent

difference)

114% 584% 147%

Hypertension

Awareness of hypertensive status at

140/90 mmHg

58%

Awareness of hypertensive status at

160/95 mmHg

62%

Smoking

Sensitivity vs. cotinine concentra-

tions measured in saliva

86%

Sensitivity vs. cotinine concentra-

tions measured in blood

76%

Sensitivity vs. cotinine concentra-

tions measured in urine

75%

aMean estimates include data from different studies, depending on whether studies report data for

males and females separately or together—many studies only reported data for males and females

combined

370 S. Connor Gorber and M.S. Tremblay



demonstrated that reported data under- or over-estimated measured values

(Table 14.1). For example, self-reported height was consistently overestimated,

while body mass and BMI were consistently underestimated in adults, which led to

an underestimation in obesity prevalence [3]. Smoking [4] and hypertension [5]

prevalence were also underestimated when data were based on individuals’ self-
reports. Furthermore, if a standard clinically-determined systemic blood pressure of

140/90 mmHg was used to diagnose hypertension, just over half of respondents in

the studies, which included data on more than 1 million people, were aware of their

hypertensive status [5].

Low to moderate correlations were found between direct measures of physical

activity (e.g. accelerometers, doubly labelled water) and self-reports (e.g. surveys,

questionnaires, diaries) [6, 7]. In pediatric populations (less than 19 years of age)

the self-reported measures of physical activity overestimated children’s activity

levels, implying that children and youth were much less active than they believed

they were (overall mean percent difference of 147%) [7]. In adults both under- and

over-reporting were present and varied according to the sex of the participants and

the level of physical activity measured, with greater discrepancies seen at higher

levels of exertion or with more vigorous exercise [6].

Katzmarzyk and Tremblay [8] discussed the apparent contradiction in Canadian

health surveillance data that indicated a temporal decrease in physical inactivity and

a decrease in food intake, yet an increase in obesity and obesity/inactivity-related

chronic disease. They concluded that inherent short-comings of self-report data and

inconsistencies in data analyses likely contribute to these contradictory findings and

they suggested the use of direct measures. The recent reports on the fitness of the

nation from the Canadian Health Measures Survey (CHMS) [9, 10] strongly suggest

the physical inactivity trend data are misleading and likely incorrect.

Other recent Canadian data have confirmed the bias between reported and

measured health conditions such as obesity. For instance, Shields and colleagues

[11] found that the prevalence of obesity based on measured data was 7 percentage

points higher than the estimate based on self-reported data (22.6% versus 15.2%).

They also found that the extent of under-reporting rises as BMI increases, so the

greatest bias was seen in individuals who were overweight or obese [11].

14.3 Implications for Health Surveillance

Underestimating disease prevalence is one consequence of the reporting bias

discussed above, but the misclassification that results from using reported data

can have further implications for understanding the burden associated with specific

health conditions. Using obesity as an example, a study using data from the 2005

Canadian Community Health Survey found that for adults aged 40 years and older

who were classified as obese based on self-reported data 360,000 were also

classified as having diabetes. If, however, measured data were used to classify

respondents as obese, then 530,000 adults (nearly 50% more) had diabetes [12].
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With self-reported data, therefore, the burden of disease due to obesity is signifi-

cantly underestimated.

Research has also shown that when estimates of obesity are based on self-

reported data, the relationship between obesity and obesity-related health condi-

tions such as diabetes, hypercholesterolemia, hypertension, arthritis and heart

disease is substantially exaggerated [12–14]. One study [12] found that the odds

ratios for associations between measured overweight, obesity class I and obesity

class II or III and diabetes were 1.4, 2.2, and 7.0 respectively, but when the reported

BMI was used to classify respondents into obesity categories the odds ratios

increased to 2.6, 3.2, and 11.8. This distortion occurs because fewer respondents

are classified as overweight or obese when the classification is based on reported

data, since many of the population are classified into a lower weight category. Yet,

the average weights of those who do self-report as being overweight or obese are

higher than the average weights of those whose measured data place them in the

overweight or obese categories. As a result, a stronger association with morbidity is

observed when overweight and obese categories are based on self-reported data,

because the respondents in these categories are actually heavier (Fig. 14.1).

Researchers have attempted to correct self-reported data statistically to deter-

mine if the reported numbers could be adjusted to approximate the measured values

more closely [15–18] (Fig. 14.2). This was successfully accomplished in a Cana-

dian study in which the reported prevalence of excessive body mass was corrected

sufficiently so that the prevalence of overweight and obesity was no longer statis-

tically different from the corresponding measured estimates [18]. In addition,

sensitivity (the proportion of the population correctly classified as obese) for

males increased from 59% using reported data to 74% using corrected data, and

from 69% to 86% in females.

The generalizability of these correction equations, however, is questionable; the

reporting bias in Canada, for example, has varied over time, doubling in the last

decade [19]. If the bias was constant, or at least changed systematically over time as

it has in the United States, it is more likely that a standardized statistical adjustment

could be successful. Therefore, the most effective way to deal with reporting bias

Fig. 14.1 Arnaud Chiolero

of Lausanne is a Swiss

epidemiologist who has

written on the discrepancy

between reported and actual

body mass
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may not be by making post-collection data corrections, but rather by increasing the

epidemiologist’s capacity to collect directly measured data.

14.4 Implications for Research

Though self-report methods of assessing health indicators are convenient for

research purposes, they must be employed with caution, especially when they are

related to socially desirable behaviours, and due consideration should be given to

the fact that results may lack reliability and validity. Accordingly, future research

should:

• further compare self-report and direct measures across different variables and in

different populations;

• where possible use directly measured data to reassess behaviour—health rela-

tionships that have been examined previously using self-report data;

• work to advance direct measurement methods to reduce their cost, respondent

burden and reactivity; and

• if subjective measures are used, ensure that a subset of research respondents are

assessed by both self-report and direct measurements, allowing for study-

specific correction factors to be developed and used.

14.5 Implications for Clinical Practice

Standard clinical practice regularly uses a variety of biomarkers to inform diagno-

ses and monitor treatment progress. These measurements are generally collected

using carefully validated procedures and analytical techniques that are both accu-

rate and precise. Such data quality assurance is not mirrored when behavioural

Fig. 14.2 Michael Plankey

is among epidemiologists

who questioned whether

prediction equations can

correct errors in the self-

reporting of body mass
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information is collected. The systematic reviews summarized above [3–7] clearly

indicate cause for concern when relying on self-reported data to assess health-

related behaviours and their outcomes. Consequently, indicators related to common

chronic diseases should be tracked with direct measurements (e.g. height, body

mass, systemic blood pressure). Pedometers or accelerometers can be used to

measure daily activity objectively, and because there is as yet no equivalent direct

measurement procedure for diet, the development of an appropriate technique

should be a high priority for future research. Assessment of behaviour modification

treatments that are based on self-report or subjective data may result in misleading

findings and suboptimal clinical care.

14.6 Implications for Policy

Research based on data with measurement biases as described above may not

contribute meaningfully to the health research literature. Indeed, it may utilize

finite research resources ineffectively. It may also misinform policy directions,

and could even cause harm. These side-effects of poor measurement can occur at

the individual patient/respondent level (misinforming, misdiagnosing, misadvising)

as well as at the population level (misinforming policy, expenditure allocations,

burden of disease planning). Using self-reported data to determine obesity status,

the estimated number of Canadian adults with diabetes was underestimated by

nearly 50% [12].

14.7 Limitations of Direct Measurements

Direct measures are not without their limitations. For example, the estimation of the

intensity and total volume of weekly energy expenditures has become practical for

epidemiologists with the replacement of questionnaires by relatively low cost

objective monitoring devices. Step counting has become progressively more

sophisticated, with an ability to classify the intensity of impulses and accumulate

activity data over long periods. Pedometers/accelerometers yield precise data for

standard laboratory exercise, and in groups where steady, moderately paced walk-

ing is the main form of energy expenditure they can provide very useful epidemi-

ological data. Nevertheless, such instruments remain vulnerable to external

vibration and they fail to reflect adequately the energy expenditures incurred in

hill climbing and isometric activity, as well as many of the everyday activities of

children and younger adults. Multi-phasic devices hold promise as a means of

assessing atypical activities, but appropriate and universally applicable algorithms

based on such equipment have as yet to be developed. Moreover, the multiphasic

equipment is at present too costly and complex for epidemiological use.
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14.8 Conclusions

Much of the world’s epidemiological research and evidence is based on self-

reported data. Such data have systematic biases and limitations, and the reported

values often deviate significantly and meaningfully from more robust direct (objec-

tive) measurements. This bias can lead to both over- and under-estimation of risk

factor and disease prevalence and burden. Understanding the implications of such

bias on health surveillance, research, clinical practice and policy development may

provoke adjustments to current epidemiological practice that can assist in under-

standing and improving the health of populations.
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Chapter 15

Conclusions and Future Directions

Roy J. Shephard

15.1 The Physical Activity/Health Association

Beginning with the stimulus of the cardiac epidemic in the mid-twentieth century,

epidemiologists have shown an ever-increasing interest in the interactions between

habitual physical activity and health. Initial enquiries, based on occupational

classifications and studies of athletes, were stimulated by the apparent epidemic

of ischaemic heart disease. The issues of self-selection and atypical body build were

quickly recognized as problems in studies of athletes, and occupational investiga-

tions were soon compromised by the declining energy expenditures demanded in

most industries. Nevertheless, the search for associations between habitual physical

activity and health continued, using activity diaries and physical activity question-

naires of greatly varying complexity and sophistication. Many such instruments

proved able to classify target populations into 3 or 4 groups with differing levels of

habitual activity. Thus, it became possible to demonstrate statistically and clinically

significant associations between the volume and/or the intensity of regular physical

activity and protection against not only ischaemic heart disease, but also a wide

range of other chronic conditions which to that point had lacked effective

prophylaxis.
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15.2 The Danger of Reliance upon Self Reports of Health

Much of the world’s population health, public health and clinical information,

including the reported association between physical activity and health, is based

on self-reported data on health status. However, recent research has demonstrated a

significant and meaningful bias across a broad range of health indicators when self-

reported data are compared to direct measures. This bias can lead to either an over-

or an underestimation of risk factor and disease prevalence, and it is important that

those concerned with health surveillance, research, clinical practice and policy

development understand and allow for such biases.

15.3 Public Health Norms of Physical Activity

and Population Compliance

Faced with the demonstration of the importance of regular physical activity to the

continued health and well-being of aging populations, health agencies soon were

anxious to publicize evidence-based recommendations highlighting the lifestyle

compatible with optimal sustained health. Many physiologists and epidemiologists,

very conscious of the limitations in their data-base, were reluctant to make firm

recommendations on the minimum required volumes of physical activity. Never-

theless, public health agencies pursued the search for this information, and reached

conclusions that were based more upon a consensus of expert opinion than on

defensible experimentation. For adults, one common conclusion was to advise

engaging in moderate to vigorous physical exercise for at least 30 minutes on

5 or more days per week.

Having established such norms, a further interest of the public health agencies

was to establish how effective their publicity was in achieving such levels of

physical activity on a population basis, and on-going surveillance programmes

were established. Although objective monitors were becoming more widely avail-

able, such surveys continued to be based largely upon questionnaire responses. The

information thus derived provided moderate comfort to programme organizers,

often showing a half or more of the population meeting the recommended levels

of physical activity.

However, critics began to point out that such claims did not jibe with everyday

observations of population behaviour, and suspicion was aroused that for various

reasons, many of those questioned were exaggerating the extent of their habitual

physical activity, possibly by a factor as large as 2 or 3. Comparisons with the

findings from objective monitors were thus initiated, and the fears of inaccurate and

exaggerated reports were confirmed. While questionnaires could create 2 or 3-level

gradations of personal activity with reasonable reliability, confirming the health

associations that had been postulated, they had little ability to measure the absolute

volumes and intensities of physical activity that were required. Moreover, very
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elaborate and time-consuming questionnaires often yielded less valid information

than very simple instruments, with just a handful of well-chosen questions,

anchored to easily recognized physical manifestations of exercise.

15.4 The New Contributions of Objective Physical Activity

Monitors

15.4.1 The Promise of the Objective Monitor

Epidemiologists were hopeful that the use of pedometers and more sophisticated

accelerometers would overcome the problems associated with reliance upon phys-

ical activity questionnaires. Modern objective monitors would provide more con-

vincing evidence of causality by providing an accurate measure of the intensity,

frequency, volume and sequence of an individual’s daily physical activity, while at

the same time identifying those periods during a day when the activity was

occurring. Information would also now be garnered concerning sedentary behav-

iours and sleep, together with their interactions with physical activity and their

combined relationships to health indicators.

15.4.2 Reliability and Validity

The expectation was that objective monitors would provide accurate and bias-free

information, and indeed Japan has enacted legislation setting such standards for

objective monitors. When tested under standardized conditions, such as running on

a laboratory treadmill, the better forms of pedometer have a high level of reliability,

and the step counts indicated by the instrument have shown their validity by the

close correlation of the output with direct observations of the individual’s behav-
iour. Correlations with external criteria have been much less close under free-living

conditions, when the individual’s stride length, force and incidental movements are

less well controlled. Further, unless ancillary information has been collected by

such techniques as an activity diary, a GPS recorder or a posture indicator, a number

of potential daily activities such as cycling, swimming, hill climbing and resistance

exercise have not been detected adequately. Debate continues as to how important a

fraction of total activities is unrecorded in this way.
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15.4.3 Achievements of Objective Monitoring

The use of objective monitors has allowed a more accurate recalibration of the

previously identified physical activity/health relationships for a wide range of

conditions, including not only all-cause mortality, cardiac death, cardiovascular

disease, stroke, peripheral and vascular disease, but also hypertension, cardiac and

metabolic risk factors, diabetes mellitus, obesity, low back pain. osteoarthritis,

osteoporosis, chronic chest disease, cancer, depression, quality of life and the

capacity for independent living. Attempts have also been made to rephrase public

health recommendations in terms of objective monitor outputs, for instance by

defining recommended ranges of daily step count, or minutes of physical activity at

specified MET rates. However, there is still a need to develop unanimity in

specifying recommended step-rate ranges; because of frequent changes in monitor

design and internal algorithms, rankings of activity and recommended behaviours

have unfortunately remained instrument-specific.

The prevalence of physical activity in the general population has also been

re-evaluated. The new objective surveys have revealed disappointing and some-

times decreasing levels of physical activity in many communities. The more precise

measurement of individual activity levels has also offered the potential to settle

such issues as the shape of the dose/response relationship linking physical activity

to the prevention of various chronic conditions. In general, there does not seem to

be a minimum threshold of physical activity for health benefit, although for some

conditions there is evidence of a ceiling in response, beyond which the exerciser

gains no additional benefits. Moreover, because relatively small samples have as

yet been tested using objective monitors, in many areas of enquiry the presently

available pedometer and accelerometer data have not added greatly to the under-

standing of dose/response relationships previously derived from multi-level ques-

tionnaire classifications of physical activity in large populations.

15.4.4 Advances in Health Economics

Objective monitoring is now offering the potential to make a more precise grada-

tion of the impact of various levels of habitual physical activity upon the incre-

mental costs attributable to various chronic diseases. Rather than assuming a

generic economic benefit from “activity” vs. inactivity, it is now possible for the

health economist to quantitate with respect to each of a range of chronic diseases

the magnitude of the fiscal benefits likely to accrue from the small increases of

physical activity likely to be achieved in sedentary populations.
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15.4.5 Monitoring of Rehabilitation

Objective monitoring is a growing trend in many areas of rehabilitation. Simple

designs of pedometer/accelerometer have proven useful motivational tools, and

they have provided investigators with well-documented data on increments in

weekly activity that can be tallied against responses to rehabilitation.

15.4.6 Inactivity in the Etiology of Obesity

Pedometer data have helped to resolve the over-eating/sedentarity controversy in

relation to the etiology of obesity. Such data provide convincing evidence that those

who are obese take 2000–3000 fewer steps per day than those who have a normal

body mass.

15.5 Choice of Instrumentation; Pedometers

vs. Accelerometers

Accelerometers can provide detailed three-dimensional information on the

accelerational forces developed by the individual. They might thus seem much

superior to even the most modern type of pedometer, where the development of a

pre-determined force is registered as a step, and in some instances the instantaneous

energy consumption is inferred from the rate of stepping. But in practice, the greater

sophistication of the accelerometer has added to both the cost of the equipment and

its maintenance. Data handling is also much more complicated, and it has seemed

difficult to realize the greater potential of the accelerometer relative to the pedom-

eter. In many cases, the accelerometer output is based upon proprietary algorithms

that manufacturers are reluctant to disclose to investigators, and with some accel-

erometers it has proven difficult to obtain consistent values even for basic daily step

counts.

The addition of information derived from other physiological sensors has yet to

prove its value. Other potential sources of additional information include more

complex statistical treatments of raw accelerometer data, and combinations of

accelerometry, postural and GPS data. These new approaches will probably prove

their worth in the future, but for the moment the latest type of piezo-electric

pedometer seems the optimum instrument choice in many applications (particularly

in populations where the main activity is walking).
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15.6 The Importance of Sedentary Time and Sleep

Recent research has underlined the importance of physical inactivity from seden-

tary time and sleep in relation to health. The latter two variables seem not simply

the converse of physical activity, but also to have an independent action upon health

and well-being. This is a rapidly growing area of epidemiology, with opportunities

to parse the nature and context of sedentary time much as has been done for

physical activity, and to assess the impact upon future health. Investigators will

need to clarify how far the effects of sedentary time have an independent influence

upon health, how far they are attributable to associated behaviours such as

snacking, and how far responses are influenced by the activity in which the

individual also engages.

15.7 Data Organization

An important recent development has been the systematic improvement in pro-

tocols for data collection, management and treatment. Attention has focussed upon

the types of instrumentation that are appropriate to answer various research ques-

tions and the budgetary implications of such choices. Well-organized investigators

now specify systematic processes for quality control, data cleaning, data organiza-

tion and storage. They also prescribe decision rules that shape the information that

is accumulated, including algorithms for the computation of derived variables.

Data interpretation is facilitated by a growing array of normative data for various

objectively measured physical activity metrics, coupled with standards, checklists,

and flowcharts to support the clear, complete, and transparent reporting of

information.

15.8 Continuing Controversies

One continuing topic of controversy is the minimum number of days recording of

physical activity that are needed for data validity. The instrumentation of subjects

has now generally increased from 14–16 h/day to 24 h/day, but some reports are

still based upon 4–7 days of reasonably complete recording. If both weekday and

weekend days are included in such sampling, this may provide reasonably repre-

sentative data for a particular season, but a larger number of randomly chosen days

or seasonally selected recordings are necessary to gauge physical activity through-

out an entire year, and neglect of this precaution can lead to a substantial biassing of

data in parts of the world that face seasonal extremes of climate.

Many objective monitors also provide measures of the instantaneous intensity of

activity. The accuracy of such estimates requires further validation, and there is a
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need to decide upon age-specific levels of intensity that are of interest from an

epidemiological point of view. For instance, activities in the range 3–6 METs may

be the main focus of interest in an elderly population, but a substantially higher

range of intensities will need to be recorded in young adults.

15.9 Future Opportunities

Much of the objective monitor information that is currently available remains cross-

sectional in type, and there remains a need for well-designed longitudinal trials,

using objective monitors to follow the impact of changes in habitual activity on the

health of populations, thus strengthening evidence of the causal nature of the

associations that have been described.

Automated pattern recognition programmes that carry out the very necessary

checking, verifying and classification of objective monitor outputs is now allowing

much larger populations to be studied. In the future, this process should be further

complemented by a greater cooperation between laboratories, and a standardization

of techniques that will allow comparisons and even a pooling of data.

Future research will undoubtedly focus on a closer integration of information on

physical activity, sedentary time and sleep, in order to determine their individual

and combined influence upon future health. There also seems a need to determine

dose/response relationships, developing evidence-based public health guidelines,

specifying appropriate periods of sleep and sedentary behaviour, and devising

effective tactics to encourage the adoption of such guidelines by the general public.

The growing memory capacity of personal monitors, the ability to transmit

information to I-Cloud storage, and the linking of pedometer/accelerometer records

to GPS and position sensors is opening up a new vista for the collection of massive

personal behaviour data banks on very large populations. Even a hundred-fold

increase over the subject numbers used in some recent surveys seems likely to

overcome “small-sample” problems in defining the shape of dose/response relation-

ships. The big challenge to future generations of epidemiologists will be to con-

ceptualize and handle such a vast array of data appropriately, and in a consistent

manner from one laboratory to another.

15 Conclusions and Future Directions 383


	Introduction: A New Perspective on the Epidemiology of Physical Activity
	Issues to Be Discussed
	References

	Contents
	Meet the Authors
	Chapter 1: Physical Activity and Optimal Health: The Challenge to Epidemiology
	1.1 Introduction
	1.2 Definitions of Physical Activity and Exercise
	1.2.1 Physical Activity
	1.2.2 Exercise
	1.2.3 International Consensus Conference Definitions
	1.2.4 World Health Organisation Definition of Physical Activity

	1.3 Questionnaire Assessments of Intensity, Frequency and Duration of Activity
	1.4 Precautions Needed During Objective Monitoring of Physical Activity
	1.4.1 Reactive Response to Activity Measurement
	1.4.2 Minimum Sampling Period

	1.5 Interpretation of Measurements Obtained from Objective Monitors
	1.5.1 Step Counts
	1.5.1.1 The 10,000 Step/Day Target
	1.5.1.2 Equating Step Counts with Public Health Activity Recommendations
	1.5.1.3 Arbitrary Classification of Activity Patterns

	1.5.2 Estimates of Exercise Intensity

	1.6 Reliability and Validity of Objective Monitoring
	1.6.1 Steady Walking
	1.6.2 Variations in the Speed and Pattern of Walking
	1.6.3 Free-Living Conditions

	1.7 Medical Conditions Potentially Modified by Intensity and/or Volume of Habitual Physical Activity
	1.7.1 Conditions of Interest
	1.7.2 Need for Enhanced Objective Monitors
	1.7.3 New Insights from Objective Monitoring
	1.7.3.1 Relative Value of Activity and Fitness Indices
	1.7.3.2 Thresholds of Benefit
	1.7.3.3 Ceilings of Benefit
	1.7.3.4 Form of Physical Activity/Health Relationship


	1.8 Inference of Causality
	1.8.1 Spurious Associations
	1.8.2 Indirect Associations
	1.8.3 Criteria Suggesting a Causal Association
	1.8.3.1 Strength of the Association
	1.8.3.2 Consistency of the Association
	1.8.3.3 Temporally Correct Association
	1.8.3.4 Specificity of the Association
	1.8.3.5 Biological Gradient
	1.8.3.6 Biological Plausibility
	1.8.3.7 Coherence
	1.8.3.8 Experimental Verification
	1.8.3.9 Analogy

	1.8.4 Critique of the Bradford Hill Criteria
	1.8.4.1 Direct Evidence
	1.8.4.2 Mechanistic Evidence
	1.8.4.3 Parallel Evidence


	1.9 Conclusions
	References

	Chapter 2: A History of Physical Activity Measurement in Epidemiology
	2.1 Introduction
	2.2 The Cardiac Epidemic
	2.3 The Occupational Epidemiology of Physical Activity and Health
	2.3.1 Jeremiah Noah Morris
	2.3.2 Ralph Paffenbarger
	2.3.3 Henry Longstreet Taylor
	2.3.4 Conclusions from Occupational Comparisons

	2.4 Athletic Status and Health
	2.4.1 Comparisons Between Athletes and the General Population
	2.4.2 University Athletes and Their Academic Peers
	2.4.3 Conclusions from Studies Based on Athletes

	2.5 Exercise Group Assignment in Quasi-experimental Studies of Fitness and Health
	2.5.1 The Trois Rivières Regional Study
	2.5.2 Quasi-experimental Assignment to a Work-Site Fitness Programme
	2.5.3 Conclusions

	2.6 Questionnaire and Diary Assessments of Leisure Activity
	2.6.1 Types of Instrument
	2.6.2 Types of Information Collected
	2.6.2.1 Intensity of Physical Activity
	2.6.2.2 Duration of Physical Activity
	2.6.2.3 Aspects of Exercise Other than Aerobic Activity

	2.6.3 Reliability and Validity of Information Obtained from Questionnaires
	2.6.3.1 Reliability
	2.6.3.2 Validity
	2.6.3.3 Conclusions on the Reliability and Validity of Questionnaires

	2.6.4 Population Studies of Leisure Activity Using Questionnaires and Activity Diaries
	2.6.4.1 Executive-Class Civil Servants
	2.6.4.2 Coronary Disease and Physical Activity in Regional Medical Practice
	2.6.4.3 Seventh-Day Adventist Men
	2.6.4.4 U.S. Railroad Workers
	2.6.4.5 Harvard Alumni
	2.6.4.6 Relative Risk Assessment
	2.6.4.7 Conclusions


	2.7 Aerobic Fitness Assessments
	2.7.1 Review Evidence
	2.7.2 Cooper Aerobics Center Data
	2.7.3 Canada Fitness Survey Data
	2.7.4 Conclusions

	2.8 Natural Experiments
	2.9 The Objective Monitoring of Human Activity in Epidemiology
	2.9.1 Pulse Monitoring
	2.9.2 Kofranyi-Michaelis Respirometer
	2.9.3 Odometers
	2.9.4 Pedometers
	2.9.4.1 Early History
	2.9.4.2 Pedometer/Accelerometers
	2.9.4.3 Reliability and Validity
	2.9.4.4 Uni-axial Accelerometers
	2.9.4.5 Tri-axial Accelerometers
	2.9.4.6 Conclusions


	2.10 New Directions in Objective Monitoring
	2.10.1 Accelerometer Placement
	2.10.2 GPS Devices
	2.10.3 Multiphasic Devices

	2.11 Conclusions
	References

	Chapter 3: Outputs Available from Objective Monitors
	3.1 Introduction
	3.2 Validity
	3.2.1 Criterion Validity
	3.2.2 Construct Validity
	3.2.3 Convergent Validity

	3.3 Reliability
	3.3.1 Technical Variability
	3.3.2 Intra-brand Reliability
	3.3.3 Test Re-test Reliability
	3.3.4 Inter-generation Reliability

	3.4 Sensitivity and Specificity
	3.5 Currently Available Objective Monitors
	3.5.1 Mechanisms of Measurement
	3.5.2 Memory and Data Access
	3.5.3 Technical Limitations
	3.5.4 The New Wave of Wearable Devices

	3.6 Outputs and Their Definitions
	3.6.1 Direct Versus Derived Outputs
	3.6.2 Volume Indicators
	3.6.2.1 Steps/Day
	3.6.2.2 Total Activity Counts/Day

	3.6.3 Rate Indicators
	3.6.3.1 Cadence or Steps/Min
	3.6.3.2 Activity Counts/Min

	3.6.4 Peak Effort Indicators
	3.6.5 Time Indicators
	3.6.5.1 Time-Stamped Step Accumulation Patterns
	3.6.5.2 Time-Stamped Activity Count Accumulation Patterns

	3.6.6 Event Counts
	3.6.7 Energy Expenditure
	3.6.7.1 Laboratory-Based Estimates of Energy Expenditure
	3.6.7.2 Free-Living Energy Expenditure

	3.6.8 Distance
	3.6.9 Sedentary Behaviour
	3.6.10 Sleep-Related Outputs
	3.6.11 Raw Data Signals

	3.7 Conclusions
	References

	Chapter 4: Protocols for Data Collection, Management and Treatment
	4.1 Introduction
	4.2 Data Collection Protocols
	4.2.1 Choice of Instrument
	4.2.1.1 Attachment Site
	4.2.1.2 Metric Choice
	4.2.1.3 Epoch Choice

	4.2.2 Monitoring Frame (How Many and What Type of Days?)
	4.2.2.1 Reactivity

	4.2.3 Enhancing Compliance
	4.2.4 Collection and Retrieval Logistics
	4.2.4.1 Data Upload and Transfer
	4.2.4.2 Checklists


	4.3 Data Management
	4.3.1 Automated Quality Control Checks
	4.3.2 Data Organization and Storage
	4.3.3 Data Cleaning
	4.3.3.1 Missing Data
	4.3.3.2 Identifying and Addressing Outliers


	4.4 Decision Rules for Data Treatment
	4.4.1 Wear Time
	4.4.2 Data Transformation

	4.5 Conclusions
	References

	Chapter 5: Resources for Data Interpretation and Reporting
	5.1 Introduction
	5.2 Expected Values
	5.2.1 Systematic Reviews
	5.2.1.1 Adults
	5.2.1.2 Children and Adolescents
	5.2.1.3 Older Adults
	5.2.1.4 Special Populations


	5.3 Representative National Normative Data
	5.3.1 Steps/Day
	5.3.2 Total Activity Counts/Day
	5.3.3 MVPA Time
	5.3.4 Mean Daily Activity Counts/Minute
	5.3.5 Sedentary Time
	5.3.6 Mean Daily Steps/Minute
	5.3.7 Peak Cadence Indicators

	5.4 Indices
	5.4.1 Graduated Step Index
	5.4.2 Steps/Day Translation of Public Health Guidelines
	5.4.3 Steps/Day Associated with Obesity Indicators
	5.4.4 Steps/Day and Other Health Outcomes
	5.4.5 Sedentary Lifestyle Index
	5.4.6 Adherence to Public Health Recommendations for MVPA

	5.5 Expected Change
	5.5.1 Cross-Sectional Studies of Age
	5.5.2 Surveillance of Trends
	5.5.3 Longitudinal Studies
	5.5.4 Intervention Studies

	5.6 Reporting
	5.6.1 Reporting Study Protocols
	5.6.2 Checklists and Flowcharts

	5.7 Conclusions
	References

	Chapter 6: New Information on Population Activity Patterns Revealed by Objective Monitoring
	6.1 Introduction
	6.2 Physical Activity
	6.2.1 Surveillance of Physical Activity: Self-Reports Versus Objective Measurements
	6.2.2 Objective Monitoring of Physical Activity in the Population
	6.2.3 Moving Beyond Leisure-Time Physical Activity
	6.2.4 Fractionalization of Physical Activity
	6.2.5 Non-exercise Activity Thermogenesis

	6.3 Sedentary Time
	6.4 Sleep
	6.5 Integrated Movement
	6.6 Limitations of Direct Activity Measurements
	6.7 Future Research Directions
	6.8 Conclusions
	References

	Chapter 7: Can the Epidemiologist Learn more from Sedentary Behaviour than from the Measurement of Physical Activity?
	7.1 Introduction
	7.2 Biology of Sedentary Behaviour
	7.3 Correlates of Sedentary Behaviours and Sedentary Time
	7.4 Measures and Indices of Sedentary Behaviours
	7.5 Sedentary Measures: Do They Tell Us Anything New?
	7.6 Limitations of Objective Measurements of Sedentary Behaviour
	7.7 Future Research Directions
	7.8 Conclusions
	References

	Chapter 8: New Perspectives on Activity/Disease Relationships Yielded by Objective Monitoring
	8.1 Introduction
	8.2 Consensus Findings Based upon Physical Activity Questionnaire Data
	8.3 All-Cause Mortality and Cardiac Disease
	8.3.1 All-Cause Mortality
	8.3.1.1 Very Old Women
	8.3.1.2 Patients with Chronic Obstructive Pulmonary Disease
	8.3.1.3 Patients Receiving Renal Dialysis
	8.3.1.4 Activity on Discharge from Hospital and Prognosis
	8.3.1.5 Conclusions

	8.3.2 Cardiovascular Disease
	8.3.2.1 Prospective Study of High-Risk Patients
	8.3.2.2 Pulse-Wave Velocity and Vascular Distensibility
	8.3.2.3 Vascular Calcification and Pericardial Fat

	8.3.3 Stroke
	8.3.3.1 Physical Activity and Stroke Prevention
	8.3.3.2 Uses of Objective Activity Monitors Following a Stroke

	8.3.4 Peripheral Vascular Disease
	8.3.4.1 Inactivity and Prothrombotic State
	8.3.4.2 Inactivity and Femoral Atherosclerotic Plaques
	8.3.4.3 Inactivity and Peripheral Vascular Disease
	8.3.4.4 Inactivity and Prognosis in Peripheral Vascular Disease

	8.3.5 Value of Objective Monitoring in Cardiac Rehabilitation
	8.3.5.1 Need for Objective Monitoring
	8.3.5.2 Need to Supplement Rehabilitation Centre Programmes
	8.3.5.3 Potential of Home-Based Rehabilitation
	8.3.5.4 Retention of Interest Following Formal Rehabilitation

	8.3.6 Conclusions

	8.4 Hypertension
	8.4.1 Night-Time Blood Pressure Determinations and Cardiovascular Risk
	8.4.2 Cross-Sectional Association Between Physical Activity and Hypertension
	8.4.2.1 Significant Associations
	8.4.2.2 Negative Reports

	8.4.3 Longitudinal Studies

	8.5 Cardiac and Metabolic Risk Factors
	8.5.1 Middle-Aged and Elderly Adults
	8.5.2 Children and Young Adults
	8.5.3 Sleep Quality
	8.5.4 Primary, Secondary and Tertiary Prevention
	8.5.4.1 Primary and Secondary Prevention
	8.5.4.2 Tertiary Prevention

	8.5.5 Conclusions

	8.6 Diabetes Mellitus
	8.6.1 Type 1 Diabetes Mellitus
	8.6.2 Type 2 Diabetes Mellitus
	8.6.2.1 Middle-Aged and Older Adults
	8.6.2.2 Children and Adolescents

	8.6.3 Fatty Infiltration of the Liver
	8.6.4 Pedometers and Exercise Promotion in Type 2 Diabetes Mellitus
	8.6.4.1 Critique of Pedometer Monitoring
	8.6.4.2 Response of Glucose Regulation to Pedometer-Based Programmes
	8.6.4.3 Impact of Habitual Physical Activity upon Long-Term Prognosis


	8.7 Obesity
	8.8 Skeletal Conditions
	8.8.1 Low Back Pain
	8.8.2 Osteoarthritis
	8.8.2.1 Osteoarthritis and Inactivity
	8.8.2.2 Physical Activity and Disease Progression
	8.8.2.3 Role of Resistance Activity

	8.8.3 Osteoporosis
	8.8.3.1 Cross-Sectional Studies
	8.8.3.2 Longitudinal Studies
	8.8.3.3 Other Applications of Objective Monitoring


	8.9 Chronic Chest Disease
	8.9.1 Habitual Physical Activity in Chronic Chest Disease
	8.9.2 Physical Activity and Pathological Concomitants of Chronic Chest Disease
	8.9.3 Physical Activity and Prognosis
	8.9.4 Response to Rehabilitation

	8.10 Cancer
	8.10.1 Role of Physical Activity in Cancer Prevention
	8.10.2 Current Physical Activity of Cancer Patients
	8.10.3 Physical Activity as a Measure of Health Status
	8.10.4 Physical Activity Following Cancer

	8.11 Depression and Anxiety
	8.11.1 Cross-Sectional Studies of Physical Activity and Depression
	8.11.1.1 Cross-Sectional Associations Between Activity and Depression
	8.11.1.2 Dose/Response Relationships

	8.11.2 Prospective Trials of Exercise and Depression
	8.11.3 Physical Activity and Disease-Related Depression
	8.11.3.1 Pregnancy and Depression
	8.11.3.2 Cardiac Conditions and Depression
	8.11.3.3 Diabetes Mellitus and Depression
	8.11.3.4 Osteoarthritis and Depression
	8.11.3.5 Cancer and Depression
	8.11.3.6 Multiple Sclerosis and Depression
	8.11.3.7 Fibromyalgia and Depression
	8.11.3.8 Schizophrenia and Depression


	8.12 Quality of Life and Physical Activity
	8.12.1 Cross-Sectional Studies of Physical Activity and Quality of Life
	8.12.1.1 Dose/Response Relationships Seen in Nakanojo
	8.12.1.2 Other Cross-Sectional Studies in Adults
	8.12.1.3 Cross-Sectional Studies in Children

	8.12.2 Longitudinal Studies of Physical Activity and Quality of Life
	8.12.2.1 Longitudinal Studies in Adults
	8.12.2.2 Longitudinal Studies in Children

	8.12.3 Quality of Life in Medical Conditions
	8.12.3.1 Quality of Life in Cardiac Conditions
	8.12.3.2 Quality of Life and Stroke
	8.12.3.3 Quality of Life and Chronic Obstructive Pulmonary Disease
	8.12.3.4 Quality of Life in Type 2 Diabetes Mellitus
	8.12.3.5 Quality of Life in Cancer During and Following Chemotherapy
	8.12.3.6 Quality of Life in Osteoarthritis and Rheumatoid Arthritis
	8.12.3.7 Quality of Life in Multiple Sclerosis
	8.12.3.8 Renal Dialysis

	8.12.4 Conclusions

	8.13 Independence and Physical Activity
	8.14 Other Applications of Objective Physical Activity Monitoring
	8.14.1 Prediction of Maximal Oxygen Intake
	8.14.2 Development and Validation of Subjective Questionnaires
	8.14.3 Documentation of Sleep Patterns and Sleep Disturbances

	8.15 Conclusions
	References

	Chapter 9: Excessive Appetite vs. Inadequate Physical Activity in the Pathology of Obesity: Evidence from Objective Monitoring
	9.1 Introduction
	9.2 Inadequate Habitual Physical Activity and Obesity
	9.2.1 Studies of Adults
	9.2.1.1 NHANES Study
	9.2.1.2 Canadian Health Measures Survey
	9.2.1.3 Likely Impact of Differences in Habitual Physical Activity upon Body Fat

	9.2.2 Studies in Children and Adolescents
	9.2.2.1 Preschool Children
	9.2.2.2 School-Age Children
	9.2.2.3 Adolescents
	9.2.2.4 Timing of Activity Bouts
	9.2.2.5 Conclusions Regarding Obesity in Children and Adolescents


	9.3 Motivational Value of Pedometer
	9.4 Characteristics of Effective Pedometer-Based Walking Programmes
	9.4.1 Appropriate Instrument Characteristics
	9.4.2 Optimal Use of the Pedometer as a Motivational Tool
	9.4.3 Need for Long-Term Studies

	9.5 Objective Monitoring in the Treatment of Obesity
	9.6 Associated Health Benefits
	9.6.1 Aerobic Fitness and Muscular Strength
	9.6.2 Bone Strength
	9.6.3 Cardiac and Metabolic Risk Factors

	9.7 Conclusions
	References

	Chapter 10: Objective Monitoring and the Challenge of Defining Dose/Response Relationships for the Prevention of Chronic Disea...
	10.1 Introduction
	10.2 Anthropological Expectations
	10.3 Evidence from Occupational
	10.4 Conflicting Conclusions from Physical Activity Questionnaire, Diary and Physical Fitness Data
	10.4.1 Proponents of Vigorous Physical Activity
	10.4.2 Other Questionnaire Studies
	10.4.3 Critique of Questionnaire Data
	10.4.3.1 Differing Methodologies
	10.4.3.2 Differing Health Outcomes

	10.4.4 Lack of Absolute Accuracy of Questionnaires
	10.4.5 Aerobic Fitness Dose/Response Data

	10.5 New Dose/Response Information from Objective Monitoring
	10.5.1 Sample Size and Range of Physical Activity
	10.5.2 Measured Components of Physical Activity
	10.5.3 Choice of Outcome Measures
	10.5.4 Empirical Data
	10.5.5 Confidence Limits of Estimates of Health Benefit

	10.6 Conclusions
	References

	Chapter 11: The Economic Benefits of Increased Physical Activity as Seen Through an Objective Lens
	11.1 Introduction
	11.2 Economic Costs Associated with Cardiovascular Disease
	11.2.1 Disease Prevalence
	11.2.2 Direct Costs
	11.2.3 Indirect Costs
	11.2.4 Total Costs of Cardiovascular Disease
	11.2.5 Factors Limiting Comparisons Between Investigators
	11.2.6 Specific Estimates for Cardiovascular Disease

	11.3 Specific Costs Associated with Other Chronic Diseases
	11.4 Potential Benefits of Habitual Physical Activity
	11.5 The Potential Overlap Between Costs Attributed to Inactivity and Obesity
	11.6 New Information Obtained from Objective Monitoring of Physical Activity
	11.7 Potential New Information from Objective Monitors
	11.8 Current Limitations to the Objective Monitoring of Physical Activity
	11.9 Overall Limitations of Health Cost Analyses
	References

	Chapter 12: Limitations of Current Objective Monitors and Opportunities to Overcome These Problems
	12.1 Introduction
	12.2 Well Known Limitations of Objective Physical Activity Monitors
	12.3 Advancing Technology
	12.3.1 Data Processing
	12.3.2 Data Collection Protocols

	12.4 The Commercial Enterprise
	12.4.1 Intellectual Property
	12.4.2 Obsolescence: Planned and Unplanned
	12.4.3 Pricing
	12.4.4 The Lack of Industry Standards

	12.5 The Way Forward
	12.6 Conclusions
	References

	Chapter 13: Objective Measurement in Physical Activity Surveillance: Present Role and Future Potential
	13.1 Introduction
	13.2 Physical Activity Surveillance
	13.2.1 Definition and Examples of Physical Activity Surveillance
	13.2.2 Purpose and Objectives of Physical Activity Surveillance
	13.2.3 Principles of Optimal Physical Activity Surveillance
	13.2.3.1 Generalizability
	13.2.3.2 Simplicity
	13.2.3.3 Data Quality
	13.2.3.4 Comprehensiveness
	13.2.3.5 Between-Study Comparability
	13.2.3.6 Continuity and Sustainability
	13.2.3.7 Adaptability
	13.2.3.8 Affordability


	13.3 Use of Objective Measures in Population Surveys: Is There Potential for Surveillance?
	13.3.1 Traditional and Current Measures
	13.3.2 Emerging Wearable Technologies

	13.4 Conclusions
	Appendix: Specific References to Wearable Technology
	References

	Chapter 14: Self-Report and Direct Measures of Health: Bias and Implications
	14.1 Introduction
	14.2 Self-Report vs. Direct Measures Bias
	14.3 Implications for Health Surveillance
	14.4 Implications for Research
	14.5 Implications for Clinical Practice
	14.6 Implications for Policy
	14.7 Limitations of Direct Measurements
	14.8 Conclusions
	References

	Chapter 15: Conclusions and Future Directions
	15.1 The Physical Activity/Health Association
	15.2 The Danger of Reliance upon Self Reports of Health
	15.3 Public Health Norms of Physical Activity and Population Compliance
	15.4 The New Contributions of Objective Physical Activity Monitors
	15.4.1 The Promise of the Objective Monitor
	15.4.2 Reliability and Validity
	15.4.3 Achievements of Objective Monitoring
	15.4.4 Advances in Health Economics
	15.4.5 Monitoring of Rehabilitation
	15.4.6 Inactivity in the Etiology of Obesity

	15.5 Choice of Instrumentation; Pedometers vs. Accelerometers
	15.6 The Importance of Sedentary Time and Sleep
	15.7 Data Organization
	15.8 Continuing Controversies
	15.9 Future Opportunities


