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ABSTRACT

Physical activity (PA) is a complex, multidimensional human behaviour that
includes all bodily movement from fidgeting to participation in marathon running.
The detailed relationship (i.e. dose — response) between the type and degree of PA
and its effects on various aspects of health remains to be elucidated, not least in
young people. The development and evaluation of different PA assessment
methods is therefore of high priority. Methods of physical activity assessment
include both self-report methods, such as activity diaries, questionnaires and
activity recalls, and objective assessment techniques. Objective assessment of
free-living physical activity can be based on physiological (energy expenditure,
heart rate [HR] monitoring) and biomechanical (accelerometry) principles.

The overall purpose with the present studies was to increase our understanding
of the suitability of different PA assessment methods for use in normally active
adolescents and in young athletes, and to gain further knowledge about the amount
and pattern of physical activity among adolescents. One hundred and fifty-seven
randomly selected boys and girls and eight volunteer young athletes participated
in the studies. One self-report method (activity diary) and three objective methods
(HR monitoring, accelerometry and the doubly labelled water method, [DLW])
were applied in the studies. All measurements of PA and total energy expenditure
(TEE) were performed under free-living conditions. In addition, the relationship
between HR and energy expenditure was individually measured during rest and
standardised exercises in the laboratory. In the group of eight young athletes all
measurements were performed under two different training conditions.

The main findings were that: 1) there was no significant difference for the data
on TEE and time spent at PA of moderate intensity or higher between the HR
monitoring method and the activity diary; 2) the fitness level of the subjects
affected the use of absolute HR when defining PA intensity levels; 3) in a random
sample of 14-to-15-year-old adolescents, approximately 30% of the boys and girls
did not achieve appropriate levels of PA according to published recommendations;
and 4) the relationship between TEE and its derivatives measured by DLW, on the
one hand, and the total amount of physical activity measured with an
accelerometer, on the other, was influenced by the different training condition,
whereas TEE estimated by minute-by-minute HR monitoring seem to be
unaffected both by the definition of the FLEX HR and by the training condition.

It is concluded that the activity diary method is a valid method for estimating
TEE and time spent at PA of moderate intensity or higher in groups of
adolescents. With the HR monitoring method, use of absolute heart rates for
defining intensity levels reduces the validity of the data interpretation. Individual
calibration for the heart rate — oxygen uptake relationship is therefore necessary. A
relatively large group of adolescents does not achieve the amounts of physical
activity recommended beneficial for health. This seems to be a public health
concern. The HR monitoring method is not affected by different training regimens
and is therefore a more favourable way of assessing physical activity in young
athletes as compared to accelerometry.
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1 INTRODUCTION

Apart from the very first year, the adolescence period is the most revolutionary part of
the life of a human being when it comes to growth, and to physical, social, and mental
development.

The normal somatic development during adolescence is characterised by rapid growth
in weight and height, and remarkable changes in body composition, including changes
in fat mass, fat-free mass and skeletal growth, changes in hormonal regulatory systems
and in primary and secondary sexual characteristics (Kreipe, 1992). Physical activity
(PA) together with nutritional intake, socio-economic status, family size, history of
illness and climate, is often seen as an environmental factor, which influences growth
and maturation (Malina and Bouchard, 1991). However, even if physical activity is
presumably important for supporting normal growth and maturation, the amount of
activity needed is unknown (Malina and Bouchard, 1991; Parizkova, 1996).

Moreover, young people of today are living in an environment, that has been
described as full of ‘sedentary alternatives’ (Epstein et al, 1995) and there is general
concern about low levels of physical activity in youth. However, scientific evidence
pointing to a gradual decline in physical activity over the last decades is limited, as also
is evidence supporting a close relationship between physical activity and health in the
young population. This has been said to be largely due to the lack of accurate
assessment methods, and to the difficulties associated with the measurement of habitual
physical activity in young people (Boreham and Riddoch, 2001; Rowland, 2001).

Thus, there seems to be a current need for developing, evaluating and testing different
techniques for assessing physical activity in young people. The overall aim of the
studies described in the present thesis was to gain further knowledge about the
assessment of physical activity and energy expenditure in adolescents.

The terms adolescents, young people and youth are often used interchangeably. In The
‘Physical activity guidelines for adolescents’, Sallis and Patrick (1994) define
adolescence as the ages from 11 to 21 years. In “Young and active? Young people and
health enhancing physical activity — evidence and implications’ (Health Education
Authority, 1998) young people are defined as those of ages from 5 to 18 years.

The present thesis focuses on the adolescent age group, i.e. 14 to 20 years, although
some of the cited literature, when appropriate, refers to adults as well as to children.

1.1 QUANTIFYING PHYSICAL ACTIVITY AND ENERGY EXPENDITURE

Physical activity is a complex multidimensional form of human behaviour that
theoretically includes all bodily movement from fidgeting to participation in extreme
sport activities such as marathon running or triathlon (Sallis and Owen, 1999). Although
physical activity is behavioural, it has physiological consequences, for example it is
associated with an increase in energy expenditure (EE) above a basal level. Usually,
physical activity refers to the use of large muscle groups, such as movements of the
arms and legs, but it has been defined as “any bodily movement produced by skeletal
muscles that results in energy expenditure” (Caspersen et al, 1985). However, physical
activity and energy expenditure are not synonymous. Physical activity is a form of
behaviour, whereas energy expenditure is an outcome of that behaviour. Physical
activity is most commonly quantified in terms of intensity, frequency and duration (see
below), whereas energy expenditure is measured as the energy cost of a given form of



physical activity or as the energy cost associated with physical activity performed for a
specific period of time. Available assessment methods include direct and indirect
measurements of both physical activity and energy expenditure.

1.1.1 Dimensions of physical activity and energy expenditure

In assessments of physical activity, at least four main dimensions are of interest, namely
its type, frequency, duration and intensity, all of which are important both for descriptive
and analytical purposes.

The type or mode of physical activity refers to the different specific activities in
which the subjects are engaged. Leisure-time physical activity (LTPA) is a broad term
covering those activities carried out during free time. These include both structured
exercise programmes and non-structured exercise such as walking, hiking, cycling,
jogging etc. All these activities result in a substantial increase in energy expenditure
even though their intensity and duration may vary considerably (Howley, 2001).
Exercise is thus a subcategory of LTPA, which has been defined as “a subset of
physical activity that is planned, structured, and repetitive bodily movement done to
improve or maintain one or more components of physical fitness.” (Casperson et al,
1985). Another subcategory of LTPA includes those activities associated with
household chores such as cleaning, washing, cooking and so on. Occupational physical
activity refers to activities associated with a job or schoolwork, and transportation
physical activity concerns physical activity for transportation, such as walking or
cycling.

The frequency of physical activity refers to the number of sessions of physical
activity per unit of time (i.e. day, week, or month), and the duration is the length of
time in each session.

1.1.2 Intensity of physical activity

The dose of physical activity can be described in terms of both absolute and relative
intensities, but also as the total volume of physical activity or as the energy expenditure
associated with physical activity over a specific period of time. The intensity of physical
activity is commonly described as low or light, moderate, vigorous or hard, or very
vigorous or strenuous (US Department of Health and Human Services, 1996).

Absolute intensity. This is defined as the actual rate of energy expenditure during a
specific time period and is usually expressed as: oxygen uptake (VO,; I'min™), oxygen
uptake relative to body mass (m]‘kg'l‘min"; rr11‘kg'0‘67'min"), energy expenditure
(kcal'min™ or kJ'min™), or as multiples of resting metabolic rate (RMR), the metabolic
energy turnover (MET) classification. One MET corresponds to the energy expenditure
during rest, about 3.5 ml O, kg'l‘min'l or broadly equivalent to 1 kcal’kg"min™ in adult
subjects (Mc Ardle ef al, 2001; US Department of Health and Human Services, 1996).
The MET classification can be a useful tool when calculating energy expenditure from
self-report assessment methods such as questionnaires and activity diaries. For adults,
more than 600 specific activities have been classified according to their respective MET
values (Ainsworth et al, 1993; Ainsworth et al, 2000).

Absolute intensity levels corresponding to specific MET values have been suggested
for young people (Pate, 1998; Riddoch and Boreham, 1995). Riddoch and Boreham
(1995) suggested the following intensity levels based on data from young adults (Swain
et al, 1994): light intensity 2 to 4 METs, moderate as 5 to 7.5 METs and vigorous as >
7.5 METs. Similarly, Pate et al, (1998) suggested the following MET values for various



intensity levels of physical activity: < 5 MET light intensity, 5 to 8 METSs, moderate
intensity and > 8 METsS, vigorous intensity of physical activity.

Relative intensity. To take into account differences in age, sex, body composition and
aerobic fitness level between subjects, the intensity of physical activity can be
categorised in relative terms (Howley, 2001; Mc Ardle et al, 2001; US Department of
Health and Human Services, 1996); that is, in relation to a person’s maximal aerobic
capacity for a specific activity. The relative intensity of aerobic activities can be
described in terms of percentage of maximal aerobic capacity (% VOima) (American
College of Sports Medicine [ACSM], 1995; Mc Ardle et al, 2001), percentage of
maximal heart rate (% HRyax) (ACSM, 1995), percentage of heart rate reserve (% HRR)
(Karvonen et al, 1957) and percentage of oxygen uptake reserve (% VO,R) (Swain et al,
1997). The % VO;R corresponds to the heart rate response when it is expressed as a
percentage of HRR across the fitness continuum, at least in adults (Swain et al, 1997;
Swain et al, 1998).

1.1.3 Total energy expenditure

The product of absolute intensity, frequency and duration yields the energy expenditure
associated with total physical activity during a given period, or the total volume of
activity. The total volume of physical activity can be quantified in MET-minutes or
MET-hours per day or week. This is the intensity of all different activities performed
during the assessment period expressed in MET equivalents multiplied by time spent in
all activities. This is a common way to express the total volume of physical activity
when using self-report assessment methods (Montoye er al, 1996; Kriska and
Casperson, 1997).

If an assessment method is designed to quantify the total energy expenditure over a
specific period of time, it is possible to calculate the total energy expenditure (TEE),
which is synonymous to total daily energy expenditure (TDEE) and average daily
metabolic rate (ADMR). TEE consists of resting metabolic rate (RMR), diet-induced
thermogenesis (DIT), and energy expenditure devoted to physical activity, the activity
energy expenditure (AEE). In normally active subjects consuming a normal diet, the
basal or resting energy expenditure consitutes 60 to 70% of TEE and the diet-induced
thermogenesis constitutes about 10% of the total energy expended per day (Belko et al,
1986). DIT seems to be unaffected by body composition in young people (Maffeis e al,
1993).

Energy expenditure from physical activity is by far the most variable component of
TEE. By subtracting estimated or measured RMR from TEE, AEE can be calculated.
AEE is the total amount of energy expended in association with physical activity. The
calculation of AEE usually takes into account DIT, assuming that 10% of TEE is due to
DIT (i.e. TEE * 0.9 minus resting metabolic rate [RMR]) (Maffeis et al, 1993). In
extreme cases, the energy expended in physical activity (i.e. AEE) is about three to four
times the resting metabolic rate (RMR) (Sjodin et al, 1994; Trappe et al, 1997,
Westerterp et al, 1986).

Although the calculation of AEE provides an estimate of energy expenditure due to
physical activity, it may not differentiate between subjects or groups of subjects with
physical activity of different levels. Comparisons of activity levels between individuals
require correction of energy expenditure for body size. In attempts to adjust for
differences in body size, several options are available. TEE and AEE can be divided by
body weight or by body weight scaled, using an exponent between 0.5 and 1.0



(Westerterp, 1999). The rationale for scaling body weight is that physical activity
includes both weight-bearing and non-weight-bearing activities. The use of ratios (e.g.
TEEkg") for expressing energy expenditure data has been questioned on the grounds of
the variability of the non-zero intercept between the numerator and denominator, which
is necessary if a ratio is to remove the confounding effect of the denominator (Allison et
al, 1995; Carpenter et al, 1995). There is unfortunately no generalisable scaling
coefficient for adjusting activity energy expenditure for differences in body size
(Prentice et al. 1996). However, it was recently suggested that normalisation of energy
expenditure from physical activity by division by body weight is an appropriate means
for comparing the volume of physical activity between individuals of different body size
(Schoeller and Jefford, 2002).

The physical activity level (PAL) is calculated as the ratio of TEE to RMR and
provides a way to adjust for inter-individual differences in age, gender, body weight, and
body composition (Prentice et al, 1996; Shetty ef al, 1996). PAL may be the most useful
indicator of the total volume of physical activity, although it assumes that the variation
in TEE is dependent on body size and physical activity (Westerterp, 1999). PAL values
have been estimated for different life-styles and activity levels in adults (Black er al,
1996), and for low, moderate and vigorous habitual levels of physical activity in
children and adolescents (Torun et al, 1996). Generally, PAL values vary between 1.2
and 2.5 (Black ef al, 1996). It has been suggested that a PAL value of 1.2 is the lowest
‘survival’ level in a free-living individual (Black et al, 1996), although lower values for
PAL have been reported from wheel chair dependent children (van den Berg-Emons et
al, 1996). The suggested upper limit in the general population is about 2.2 to 2.5 and
about twice as high in extreme endurance athletes (Westerterp, 2001).

When physical activity is assessed by means of accelerometry, the total volume of
physical activity over a prolonged period of time (i.e. days) can also be quantified as
total counts or total counts corrected for monitoring time (Bouten et al, 1996; Ekelund et
al, 2001b).

1.2 ACCURATE AND CONSISTENT ASSESSMENTS OF PHYSICAL ACTIVITY
There is a substantial body of evidence, pointing to clear associations between a
sedentary life-style and mortality and morbidity in the adult population (US Department
of Health and Human Services, 1996). This is most pronounced for all-cause mortality
(Paffenbarger et al, 1986), coronary heart disease (CHD) (Paffenbarger et al, 1978),
cardiovascular disease (CVD) (Kannel and Sorlie, 1979; Paffenbarger et al, 1984),
stroke (Wannamethee and Sharper, 1992; Lee and Paffenbarger, 1998), non-insulin-
dependent diabetes mellitus (NIDDM) (Manson ef al, 1991; Manson et al, 1992), colon
cancer (Giovannucci et al, 1995; Martinez et al, 1997) and hip fracture (Cummings et al,
1995; Dragent-Molina et al, 1996). Much of this evidence comes from epidemiological
studies, where the methods used to assess physical activity have been relatively crude
(Wareham and Rennie, 1998).

Surprisingly, and in contrast to the data in adults, the empirical evidence supporting
the hypothesis that physical activity is beneficial for health in young people is limited
(Alpert and Wilmore, 1994; Armstrong and Simons-Morton, 1994; Boreham and
Riddoch, 2001; Leonard 2001; Riddoch 1998; Rowland, 2001). Nevertheless, there is
increasing awareness of the potential health benefits of physical activity in young
people. Blair e al, (1989) have suggested three main benefits of adequate amounts of
physical activity in young people (although the appropriate amounts of physical activity



beneficial for health in young people are not very well defined). First, a direct
relationship between physical activity and the health status in young people is suggested.
Secondly, there is a relationship between physical activity during young ages and adult
health status. Thirdly, it is likely that physically active young people will maintain
adequate levels of physical activity into adulthood, generally referred to as tracking of
physical activity (Blair ef a/, 1989).

Although there is some evidence supporting all these three relationships, it is
relatively weak and no prospective study has unquestionable linked the health status of
adults with the amount and patterns of physical activity during childhood or
adolescence. One of the major reasons for this is the difficulties in accurately measuring
habitual physical activity in young people (Riddoch, 1998; Boreham and Riddoch, 2001;
Rowland, 2001), not least during the adolescence period, when potential relationships
between activity and health may be confounded by natural changes in the body
composition, and hormone levels and a natural decline in physical activity (Malina and
Bouchard, 1991).

Thus, there are a number of reasons, justifying the research aimed to improve the
methods used to assess physical activity in young people (as well as in adults). First, to
determine what dimension or combination of dimensions of physical activity is of most
importance for a particular health outcome and how much of the exposure is likely to
have an effect. This, in turn, will provide a rationale for developing physical activity
guidelines for public health purposes (Kohl III et al, 2000; Wareham and Rennie, 1998).
Secondly, valid instruments that can assess either the absolute amount of physical
activity spent at different intensity levels or the total amount of physical activity are
needed to be able to characterise dose-response relationships between physical activity
and health outcomes, or to be able to define a physical activity threshold for a specific
health outcome (Wareham and Rennie, 1998; Lamonte and Ainsworth, 2001). Thirdly,
cross-cultural comparisons and the monitoring of temporal trends of physical activity
require accurate and consistent, preferably objective assessment methods (Kohl III e? al,
2000; Wareham and Rennie, 1998). Finally, accurate objective methods of assessment
would be of value for determine the effects of interventions and to be able to control for
the amount of habitual physical activity in randomised controlled trials.

1.3 ASSESSMENT METHODS

The different assessment methods used for quantifying physical activity and energy
expenditure can broadly be divided into objective and self-report methods. The self-
report methods are questionnaires, activity diaries, interviews, and proxy reports
(Montoye et al, 1996). Objective measurement techniques include the doubly labelled
water (DLW) method, heart rate monitoring, and use of motion sensors based on
accelerometry (Schutz et al, 2001).

Pedometers are instruments for objective assessment, designed to measure the number
of steps taken, but they do not provide any information about the intensity, frequency,
duration and total volume of activity (Montoye et al, 1996; Schutz et al, 2001). Direct
observation is regarded as a valid and reliable method for assessment of physical activity
(Epstein et al, 1984; McKenzie et al, 1991; Puhl et al, 1990), but is both time- and
labour consuming and may interfere with the normal activity pattern of the subject under
observation. The strengths, limitations, reliability and validity of different assessment
methods when used in children and adolescents have been reviewed elsewhere
(Freedson, 1991; Kohl Il ez al, 2000; Montoye et al, 1996; Pate, 1993; Rowlands et al,



1997; Sallis, 1991; Sallis and Saelens, 2000; Saris, 1986; Sirard and Pate, 2001, Trost,
2001).

It is beyond the scope and intention of this thesis to describe and discuss all the
different assessment techniques. Thus, the primary focus will be the methods used in
StudiesIto V.

1.3.1 Self-report methods

Self-report methods, including self-administered and interview-based recall
questionnaires, activity logs and activity diaries (AD), are probably still the most
commonly used methods for assessing physical activity in both young people and adults
and have been extensively reviewed elsewhere (Ainsworth er al, 1994; Kriska and
Caspersen, 1997; Montoye et al, 1996; Sallis, 1991; Sallis and Saelens 2000; Sirard and
Pate, 2001).

The reliability and validity of self-report methods for use in children and adolescents
have been discussed in previous reviews (Kohl III et al, 2000; Pate, 1993; Sallis, 1991;
Sallis and Saelens, 2000; Sirard and Pate, 2001). Self-report instruments, also known as
subjective methods because they rely on the responses from the subjects under
investigation, are considered to be less accurate when used in children as compared to
adults (Kohl III er al. 2000; Sallis and Owen, 1999). This is partly due to the limited
ability of children to recall their physical activity, which has been categorised as a
highly complex cognitive task (Baranowski, 1988). Moreover, the nature of children’s
physical activity is intermittent and characterised by rapid changes from rest to physical
activity of vigorous intensity (Bailey e7 al, 1995), which make these activities even more
difficult to recall and quantify, especially in terms of the intensity and duration. It has
been suggested that the use of self-report methods in children under the age of 10 years
should not be recommended (Kohl III et al, 2000; Sallis, 1991; Sallis and Owen, 1999).

In two recent reviews of the use of self-report instruments in young people, those
instruments that have been validated against an objective criterion method have been
identified (Sallis and Saelens, 2000; Sirard and Pate, 2001). Correlations between the
self-report methods and the criterion methods vary considerably between the studies
surveyed in both reviews. The wide variability was said to be indicative of the many
different self-report instruments and criterion measures used (Sirard and Pate, 2001).

In twenty out of twenty-three studies reviewed by Sirard and Pate (2001), correlation
coefficients were reported for the relationship between the self-report instrument and the
criterion measure. In the review by Sallis and Saelens (2000) seventeen instruments
were identified as having been validated against an objective criterion method, but for
only two of these instruments the absolute validity had been assessed. Thus, in the great
majority of previous studies addressing the validity of self-report instruments for use in
children and adolescents the relative validity (i.e. correlation coefficients) of the
instrument has been reported. This type of validity is useful if the instrument is going to
be used in studies of associations between physical activity and health outcomes.
However, to be able to characterise the dose-response relationships between physical
activity and health outcomes, valid self-report instruments that can assess either the
absolute amount of physical activity spent at different intensity levels or the total
amount of physical activity are needed (Lamonte and Ainsworth, 2001).



1.3.1.1 The activity diary

The activity diary is a subjective instrument, which can be used for assessing both the
time spent at physical activity of different intensity levels and the energy expenditure
associated with physical activity, and is considered as one of the most accurate
subjective instruments (Sirard and Pate, 2001). Its use demands co-operation from the
subjects under investigation. When using an activity diary, the subjects are asked to
record their physical activities over a specific period of time.

One such diary, developed by Bouchard er al, (1983), divides the day into ninety-six
15-minute blocks and the subjects are asked to record their main activity within each
block. Activities are ranked on a scale from 1 to 9 according to their intensity. A specific
MET value is assigned to each intensity level, which allows calculation of total energy
expenditure and energy expenditure associated with physical activity. This diary has
been used when assessing the total daily energy expenditure in Swedish adolescents
(Bratteby er al, 1997), to relate the amount and pattern of physical activity in Swedish
adolescents to recommended levels of activity (Ekelund et al, 1997), in examining the
relationship between physical activity and health-related fitness in adolescents
(Katzmarzyk et al, 1998), in examining the association between physical activity and
body fat in male adolescents (Dionne et al, 2000), and when describing the physical
activity levels of 10-to-13-year old British schoolchildren (Henry et al, 1999).

Despite the relatively wide use of this method in young people, surprisingly little
information is available on the validity of this specific instrument. In the original study,
TEE expressed in relation to body weight (kJ‘kg'l) was significantly correlated (= 0.31)
to physical work capacity in a group of 150 adults and 150 children (Bouchard ef al,
1983). This finding provides some support for indirect validity of the method. However,
the use of an indirect validation instrument (e.g. aerobic fitness, body composition etc.)
when validating self-report methods has been criticised on the ground that they do not
measure the true exposure of interest (Rennie and Wareham, 1998). In one previous
study, total energy expenditure calculated from the activity diary was compared with
TEE measured by the DLW method in adolescents (Bratteby et al, 1997). In that study
close agreement was found between calculated estimates and measured values with a
mean difference for TEE of 0.15 MJ'd”' (1.2%) and a mean difference for PAL of 0.01.

It is not known whether the activity diary provides accurate estimates of the pattern of
physical activity, i.e. of the length of time spent at different intensity levels of physical
activity. This can only be investigated by a simultaneous comparison with an objective
assessment technique that is able to give a detailed picture of the intensity and duration
of physical activity over a prolonged period of time. The FLEX HR method is one such
technique.

1.3.2 Heart rate monitoring
Heart rate monitoring is not a direct measure of physical activity, but rather is a marker
of the relative stress upon the cardiopulmonary system resulting in increased oxygen
uptake. The development of light-weight heart rate monitors during the last ten to
twenty years, that are able to store large amounts of data on a minute-by-minute basis,
has meant that this method has become one of the most frequently used techniques in
studies of the physical activity of young people.

The method has been used for assessing habitual physical activity in children and
adolescents (Armstrong et al, 1990a; Armstrong and Bray, 1991; Falgairette et al, 1996;
Gavarry et al, 1998; Gilbey and Gilbey, 1995; Gilliam et al, 1981; Janz et al, 1992;



MacConnie et al, 1982; McManus and Armstrong, 1995; Riddoch et al, 1991; Sallo and
Silla, 1997; Sleap and Tolfrey, 2001; Spurr and Reina, 1988; Verschuur and Kemper,
1985), as a criterion instrument in validations of self-report methods (Harro, 1997; Sallis
et al, 1993a; Sallis et al, 1996; Simons-Morton et al, 1994; Weston et al, 1997), for
assessing physical activity under specific circumstances such as in physical education
classes (Stratton, 1996), for assessing physical activity in relation to health-related
outcomes (e.g. aerobic fitness, obesity, blood lipids) (Al-Hazzaa and Sulaiman, 1993;
Armstrong et al, 1990b; Atomi et al, 1986; Cunningham et al, 1981; DuRant et al,
1993b; Ekelund et al, 2001a; Grund et al, 2000; Maffeis et al, 1997; Saris et al, 1980)
and as a method for monitoring the intensity in controlled exercise intervention studies
(Ferguson et al, 1999; Gutin et al, 1999a; Gutin et al, 1999b; Kriemler et al, 1999).

At least four different approaches have been suggested for expressing the intensity of
physical activity when heart rate monitoring is used to assess this activity in field
situations. The intensity has been expressed as an absolute heart rate, as a percentage of
the heart rate reserve (%HRR), in relation to the resting heart rate, and as a percentage of
PVO; by means of individual calibration for the relationship between heart rate and
oxygen uptake.

The total duration of physical activity, percentage of time above an absolute intensity
level, i.e. the heart rate threshold, and the number and lengths of sustained periods of
physical activity above this threshold, have been reported by several authors (Armstrong
et al, 1990; Armstrong and Bray, 1991; DuRant et al. 1992; Gilbey and Gilbey, 1995;
Gilliam et al, 1981; Janz et al, 1992; MacConnie et al, 1982; McManus and Armstrong
1995). Absolute heart rates of 140 and 160 beats per minute have been suggested as
corresponding to moderate and vigorous intensities, respectively (Armstrong et al, 1990;
Armstrong and Bray, 1991; McManus and Armstrong 1995; Sallo and Silla, 1997).

The %HRR approach has been less frequently used in young people (Falgairette et al,
1996; Gavarry et al, 1998; Janz et al, 1992), but seems, at least from studies in adults, to
be a valid indicator of different intensity levels throughout the aerobic work range
(Swain and Leutholtz, 1997).

Another approach when determining the relative intensity is to express the heart rate
in relation to the resting heart rate (DuRant et al, 1993a; Kelly, 2000; Pate et al, 1996;
Sleap and Tolfrey, 2001). It is claimed that this approach will correct for differences in
age and fitness level between subjects. This adjustment is made by calculating the
physical activity heart rate-25 (PAHR-25), PAHR-50 and PAHR-75, that is, 1.25 times,
1.50 times and 1.75 times the heart rate at rest, respectively. These intensity levels are
considered to correspond to light to moderate intensity, moderate intensity and more
vigorous intensity of physical activity, respectively (DuRant et al, 1993a; Logan et al,
2000).

With the use of individual calibration where the relationship between heart rate and
oxygen consumption is defined in each individual consideration is paid to inter-
individual differences in age, gender, body composition and fitness level (Livingstone,
1994; Pate, 1993). Thus, although more time- and labour consuming, individual
calibration seems to be the preferred choice when identifying thresholds corresponding
to physical activity of moderate and vigorous intensity. These thresholds have been
defined as 50% and 70% of peak oxygen uptake (PVO,), respectively (Livingstone et al,
1992; Riddoch et al, 1991; Spurr and Reina, 1990).

The usefulness of the frequently used absolute heart rate thresholds (i.e. > 139 and >
159 beats per minute) for defining moderate and vigorous intensity levels in young



people is not known. Further, possible influences of sex, aerobic fitness level and body
fatness on the oxygen uptake — heart rate relationship need to be examined to be able to
evaluate the validity of these absolute heart rate thresholds.

1.3.2.1 The FLEX HR method

The FLEX HR method relies on the fact that there is a linear relationship between heart
rate and energy expenditure above a critical level (Ceesay et al, 1989; Spurr et al, 1988).
Below this individually determined threshold (FLEX HR) the relationship is less
accurate. FLEX HR is used to discriminate between resting and exercising heart rate and
consequently between different energy expenditures. Thus, for heart rates below FLEX
HR, energy expenditure is calculated from a number of recordings of energy
expenditure, usually during supine, quiet sitting and quiet standing, referred to as resting
energy expenditure (REE) or sedentary energy expenditure (SEE). For heart rates above
FLEX HR, the individual relationship between heart rate and energy expenditure is
used. This relationship is established at simultaneous measurement of heart rate and
oxygen consumption during standardised ‘steady-state’ activities (e.g. walking,
stationary bicycling, jogging). Four different variables are individually derived from the
calibration procedure. These are the slope and intercept of the linear relationship, FLEX
HR and REE.

TEE estimated by the FLEX HR method has been validated against energy
expenditure measured by whole-room calorimetry in adults (Spurr et al, 1988; Ceesay et
al, 1989) and against TEE measured by the doubly labelled water method in adults with
normal activity levels (Livingstone ef al, 1990; Heini et al, 1991; Davidson et al, 1997),
lactating women (Lovelady ef al, 1993), obese women before and during weight loss
(Racette et al, 1995), adult males involved in manual labour (Heini ef al, 1996), weight-
stable overweight women (Fogelholm er al, 1998), and young adult cystic fibrosis
patients (McCloskey et al, 2001), and has shown reasonably good agreement for group
estimates of TEE. Validation studies in young people have included normally active
children and adolescents (Livingstone et al, 1992), obese children (Maffeis et al, 1995)
and children with reduced physical activity due to spastic cerebral palsy (van den Berg-
Emons et al, 1996), and these studies have also shown the appropriateness of the method
for estimating group averages of TEE. However, the method lacks precision in
individuals, with an error of about 20 percent.

There are at least two key factors that might have an impact on the validity and
accuracy of the FLEX HR method. One is the definition of FLEX HR. Originally FLEX
HR was defined as the mean of the highest HR during rest and the lowest HR during
light exercise (Ceesay et al, 1989). However, different definitions of FLEX HR have
been proposed. Some investigators have defined it as the mean of the heart rate during
all resting activities and the lowest heart rate while exercising (Livingstone et al, 1992;
Heini et al, 1996), whereas others (Fogelholm et al, 1998) concluded that, as compared
to DLW-measured TEE, FLEX HR+10 (defined as the mean of the highest HR during
resting activities and the lowest HR during exercise +10 beatsmin) was superior to
FLEX HR as originally defined (i.e. FLEX HR +0) in a group of overweight women.
Thus, there is no consensus on how to define FLEX HR and it is not known whether the
definition of FLEX HR will have an impact on the accuracy of estimated TEE when the
FLEX HR method is used in adolescent subjects, including young athletes.

The second key factor that might affect the accuracy of the method is the
representativeness of the HR-VO, regression equation derived from the laboratory



calibration when used in free-living situations. The number and type of calibration
activities may influence the accuracy of the method (Christensen et al, 1983; Li et al,
1995), but the reported data are not consistent (Livingstone et al, 2000). In line with this,
another issue that remains to be solved is whether the limited calibration activities are
representative of the various types of exercises that are often carried out by athletes
during different training regimens.

1.3.3 The doubly labelled water method

The doubly labelled water, ’H,'*0, method is an important development in the
assessment of energy expenditure, as it is precise and also can be used over relatively
long periods (i.e. 10 to 30 days). It can be applied in free-living subjects with minimal
interference with daily living. This method is considered the most accurate technique for
measurement of energy expenditure during free-living situations (Murgatroyd et al,
1993; Speakman, 1997; Speakman, 1998; Prentice, 1999).

The history, theory and principle of the method have been described previously
(Murgatroyd et al, 1993; Speakman, 1997; Speakman, 1998; Prentice, 1999). Basically,
the DLW method assesses the carbon dioxide production rate by measuring the
differential disappearance of the stable isotopes “H (deuterium) and ®O (oxygen-18)
from the body. To determine the individual isotope enrichment, a baseline sample of
blood, urine or saliva is taken immediately before administration of the DLW dose.
Carbon anhydrase causes a rapid exchange of oxygen-18 between water and carbon
dioxide within the body, leading to an isotopic equilibrium of oxygen-18 in CO, and
body water. The disappearance rates of the isotopes can be calculated in two ways:
either by the multi-point method or by the two-point method. In the former, serial
samples of body water are used and exponential disappearance is assumed. Samples
from body water, usually through urine, are taken over a period of time covering one to
three biological half-lives of the isotopes. Normally a 10- to 14-day measurement period
is required. Oxygen-18 is eliminated from the body water pool as carbon dioxide
(C02180) and water (HzlSO), whereas deuterium is eliminated only as water (*H,0). The
calculation of the CO, production rate is based on the difference in turnover rates
between the oxygen and hydrogen labels. For measurement of the deuterium and
oxygen-18 contents in biological fluids, gas-isotope-ratio mass spectrometry is used.

The accuracy of the DLW method has been extensively validated and the precision is
about 3 to 10 % (Schoeller, 1988; Speakman, 1998). The isotopic natural abundance
variation is estimated to contribute to about 50% of the internal error (Ritz ef al, 1996).
Other potential contributions to the internal error are the isotopic fractionation (Lifson et
al, 1955; Schoeller et al, 1986), the estimated ratio between deuterium dilution space
(Nh) and oxygen-18 dilution space (No) (Speakman, 1998; Westerterp et al, 1995) and
the use of a measured or predicted food quotient for estimating the respiratory quotient
(Black et al, 1986).

The calculation of energy expenditure demands an assumption of the dilution spaces
for deuterium (Nh) and oxygen-18 (No). The ratio of Nh to No has been estimated to be
approximately 1.03 as a population-based average. However, the appropriateness of this
figure is debated. In a recent review comprising 590 adult humans, a weighted mean of
1.0387 was found (Speakman, 1997). The Nh/No ratio seems to fall between 1.03
(Schoeller et al, 1986) and 1.0427 (Speakman, 1997). The use of different Nh/No ratios
affects the calculated energy expenditure. In a summary of validation studies, it was
found that the equation using the 1.03 ratio overestimated energy expenditure measured
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simultaneously with indirect calorimetry by 2.1%. In contrast, the equation using the
high ratio (1.0427) underestimated energy expenditure measured simultaneously in this
way by 2.2% (Speakman, 1998).

In order to calculate TEE from the DLW method, information about the subject’s
respiratory quotient (RQ = carbon dioxide produced / oxygen consumed) is needed. The
imprecision of the RQ may increase the error in the estimated energy expenditure by up
to 3%. It has been suggested that the use of food quotients (FQ) calculated from food
records will reduce this potential error (Black er al, 1986). FQ calculated from the
dietary intakes of fat, carbohydrates, protein and alcohol is assumed to be equal to RQ
provided that the subjects are in energy balance. A measured or predicted FQ can be
used in place of RQ, since energy balance is usually maintained over the DLW
measurement period.

The DLW method is ideal for use in field studies, since it is non-invasive, non-
radioactive, requires minimal subject compliance, and does not interfere with normal
living. The main limitation of the method is the cost and the limited supply of the stable
isotope, 80, which together with the complicated and expensive analytical procedures
rules out its use in epidemiological studies. However, the method is unequivocally the
best available technique today for validating other physical activity assessment methods
aimed to assess the total amount of physical activity. Together with an estimate or
measure of BMR or measured RMR, the method provides accurate information
regarding the energy expenditure due to physical activity (AEE), as well as the physical
activity level (Black et al, 1996; Prentice et al, 1996).

1.3.4 Accelerometry

Assessment of human body movement with activity monitors based on accelerometry is
a direct way of measuring physical activity. Accelerometers make use of transducers
that measure the acceleration and deceleration of the body in one (vertical), two (vertical
and medio-lateral) or three directions (i.e. vertical, medio-lateral and anterior-posterior)
(Bouten et al, 1994). The recorded accelerations are converted to quantifiable digital
signals referred to as counts.

When a subject moves the body, it is accelerated in proportion to the muscular forces
responsible for the accelerations. According to the definition of physical activity
(Casperson et al, 1985), all physical activity is due to muscular contractions, which will
lead to energy transformation, resulting in heat loss and external work (i.e. energy
expenditure). Muscular work has dynamic dimensions, as in walking, and static
dimensions, as in weight bearing. All dynamic work will have its concurrent
accelerations and decelerations. Since there is a linear relationship between the integral
of body acceleration and oxygen uptake (energy expenditure), a measure of the integral
of the absolute value of body acceleration can be used as an estimate of physical activity
(Ismail et al, 1971; Bhattacharya et al, 1980). However, static work and muscular work
against external forces are not detected by changes in body accelerations. When
interpreting accelerometer data this has to be considered and researchers have to assume
that these types of muscular work will only be a small part of the daily habitual physical
activity (Westerterp, 1999).

The primary use of activity monitors in young people has hitherto included validation
studies of self-report and other assessment instruments (Crocker et al, 1997; Finn et al,
2000; Harro, 1997; Janz et al, 1995; Sallis et al, 1993b; Sallis et al, 1996; Simons-
Morton et al, 1994; Weston et al, 1997), evaluation of activity patterns in specific



groups (van den Berg-Emons et al, 2001), assessment of physical activity under free-
living conditions (Benefice and Cames, 1999; Benefice et al, 2001a; Dale et al, 2000;
Trost et al, 2002), and studies of possible relationships between physical activity and
health-related outcomes (Almeida and Fox, 1998; Benefice et al, 2001b; Janz et al,
2001; Romanella et al, 1991; Rowlands et al, 1999).

A number of activity monitors are now commercially available, including tri-axial
(e.g. the Tritrac), bi-axial (e.g. the Mini Motionlogger Actigraph (www.ambulatory-
monitoring.com) and uni-axial accelerometers (e.g. Caltrac, www.muscledynamics.net;
and the Computer Science and Applications Inc. [CSA], www.mtifwb.com). The
Tracmor accelerometer is a non-commercial tri-axial accelerometer that was developed
at Maastrich University, The Netherlands (Westerterp, 1999).

The validity of different activity monitors for use in young people and adults has
recently been reviewed (Rowlands et al, 1997; Sirard and Pate, 2001; Westerterp, 1999).
Most validation studies have included short-term protocols with defined activities (e.g.
walking and running) in a controlled laboratory environment. The criterion measure has
been energy expenditure measured by indirect calorimetry (Sirard and Pate, 2001;
Westerterp, 1999). Only two studies with the aim of validating accelerometer data
against energy expenditure estimates obtained by the DLW method under free-living
conditions were included in the reviews by Sirard and Pate (2001) and Westerterp
(1999). One of those two studies (Bouten et al, 1996) showed a significant relationship
between activity counts and PAL (r = 0.58), whereas the other led to the conclusion that
activity as assessed by the Caltrac uni-axial accelerometer in children did not
significantly explain the variation in TEE after adjustments for gender and body
composition (Johnson ef al, 1998).

1.3.4.1 The CSA activity monitor

The CSA activity monitor, model WAM 7164, is a relatively new uni-axial
accelerometer. The technical specifications of the CSA accelerometer have been
presented elsewhere (Tryon and Williams, 1996). It has been validated in children and
adults during recent years. Trost et al (1998) reported a high correlation coefficient (r =
0.88) between activity counts and energy expenditure measured by indirect calorimetry
in 10-to-14-year old children walking and running on a treadmill. Further, they
developed an energy expenditure equation indicating that body weight and activity
counts predicted energy expenditure (Trost et al, 1998). In two studies (Eston et al,
1998; Louie et al, 1999) the validity of the CSA accelerometer was evaluated during
standardised activities including treadmill walking and running and playing activities
(catch, hopscotch and crayoning), in 8-to-11-year old children, using scaled oxygen
uptake (ml O, ‘kgﬂ‘75 ) min'l) measured by indirect calorimetry, and correlation
coefficients (r) of 0.78 and 0.85, respectively, were found. Other validation studies in
young people have included direct observation during an exercise class in preschool
children (Fairweather er al, 1999; r = 0.87), and direct observation and heart rate
monitoring during basketball practice in adolescent boys (Coe and Pirvanik, 2001; r =
0.60 between heart rate and CSA counts). Ott ef al (2000) measured the intensity of
eight different “free play” activities in 9-to-11-year old children using a combination of
a CSA accelerometer, a Tritrac three-dimensional accelerometer and heart rate
monitoring. They found significant correlations (» = 0.64 and 0.73) between the two
accelerometers, on the one hand, and exercising heart rate, on the other. The authors
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concluded that accelerometers are an appropriate methodology for measuring children’s
free-play physical activities.

However, all the above-mentioned studies have used short-term protocols, and when a
criterion method (e.g. indirect calorimetry), has been used, the validation of the CSA
accelerometer has been restricted to a laboratory environment (Trost et al, 1998; Eston
etal, 1998).

Ekelund er al (2001b) assessed the validity of the CSA accelerometer for its
appropriateness for measuring the total volume of physical activity in 9-year-old boys
and girls (n = 26). The subjects wore the accelerometer for 14 consecutive days during
which time TEE was measured simultaneously by the DLW method. Activity counts
(counts'mjn'l) were significantly correlated with TEE (r = 0.39), AEE (r = 0.54) and
PAL (r = 0.58). After adjustments for body weight and gender in a partial correlation
analysis, the correlation coefficients increased to 0.67 and 0.66 for TEE and AEE,
respectively. In addition, regression equations for the prediction of TEE and AEE were
developed and cross-validated in a random subset of study participants. Activity counts,
gender and body weight explained 60 % of the variation in TEE, and activity counts and
gender explained 45% of the variation in AEE. It was concluded that the CSA
accelerometer seems to be a valid instrument for assessing the total volume of physical
activity in children.

Besides the validation studies performed in young people, the CSA accelerometer has
been assessed for its validity against oxygen uptake measured by indirect calorimetry
during walking and running in the laboratory (Freedson ef al, 1998), during walking and
running overground and during life-style activities in adults (Nichols et al, 2000;
Hendelman et al, 2000; Swartz et al, 2000; Welk et al, 2000). Results from these studies
have indicated that the CSA accelerometer is able to differentiate between different
walking and jogging speeds, and in addition relatively high correlations have been found
for the relationship between CSA counts and energy expenditure, varying from 0.77 to
0.94. However, this relationship seems to be dependent on the activities performed.
Hendelman ez al (2000) reported a significantly lower correlation coefficient (» = 0.59)
for a combination of walking and daily life-style activities (e.g. playing golf, vacuuming,
dusting, window washing, lawn moving) and found that the metabolic cost of these
activities was underestimated by 30 to 60% when based on the energy expenditure
equations derived from walking.

Swartz et al (2000) combined two CSA accelerometers. One was placed on the hip
and the other at the wrist. The authors concluded that the small amount of accuracy
gained by combining two accelerometers was offset by the extra time required to
analyse the data and by the cost of an extra accelerometer.

In addition to the short-term validation studies summarised above, a few researchers
have compared data from the CSA accelerometer with those from other assessment
techniques obtained under free-living conditions. The CSA accelerometer has been
compared with the Tritrac accelerometer, a Yamax Digi-walker pedometer and a last 7-
day physical activity recall (7-d PAR) method (Leenders et al, 2000). It was found that
compared to 7-d PAR, the CSA accelerometer underestimated energy expenditure by
46% when calculated from a laboratory-derived equation (Freedson et al, 1998).

In a similar study, the output (total counts) from the CSA accelerometer was
compared with data on energy expenditure calculated from the activity diary developed
by Bouchard et al (1983). A significant correlation was found between total counts and
total energy expenditure throughout the three days of measurement. Furthermore there
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was significant agreement of 68.4%, as tested by Kappa statistics, between the two
measurements. On the other hand, significant differences were observed between the
instruments for the total length of time spent at light, hard and very hard physical
activity (Sirard et al, 2000).

Hitherto, only one study has addressed the validity of the CSA accelerometer under
free-living conditions in adult subjects (i.e. young women) (Leenders ef al, 2001). These
authors used the same approach as described above; that is, they evaluated the absolute
validity of a laboratory based equation (Freedson et al, 1998) for prediction of AEE as
compared with AEE calculated from TEE measured by the DLW method and RMR
measured by indirect calorimetry. They found that the laboratory-based regression
equation significantly underestimated AEE, and that there was no significant correlation
between the total amount of activity as measured by the CSA accelerometer (i.e. total
counts) and AEE. Unfortunately, no data on the relationship between total activity and
PAL were reported. Neither did the authors take into account for inter-individual
differences in the length of time for which the subjects wore the monitor.

The usefulness of the CSA accelerometer for assessing the total amount of physical
activity needs to be further clarified in various groups of subjects. This type of study
should preferably include a comparison with TEE and its components derived from the
DLW method. Further, it may be hypothesised that the CSA accelerometer estimates the
total volume of physical activity less accurately in subjects engaged in specific training
programmes or in those performing activities which cause small movements in the
vertical plane as a part of their daily activities or structured exercises (e.g. bicycling,
inline skating, weight lifting).

1.4 THE EPIDEMIOLOGY OF YOUNG PEOPLE’S PHYSICAL ACTIVITY
Young children have been characterised as being highly and spontaneously active
(Rowland, 1990; Astrand, 1994), and Blair (1992) has suggested that young people not
only are fitter and more active than the majority of adults, but are also active enough to
obtain most health benefits associated with physical activity. On the other hand, recent
data have indicated that the prevalence of overweight and obesity is increasing among
youth worldwide (Chinn ef al, 1998; Hulens et al, 2001; Rasmussen et al, 1998; Seidell
et al, 1995; Thomsen et al, 1999; Troiano and Flegal, 1998). The increase in the
prevalence of overweight and obesity combined with a proposed reduction in energy
intake, by approximately 2.5 to 3 MJd" over the last 40 to 50 years (Durnin, 1992), has
been regarded as indirect evidence of a decline in physical activity in the young
population. Although it seems logical that in young people the activity level may have
declined more that the energy intake, resulting in an increase in body weight, there are
unfortunately no measures of physical activity supporting this hypothesis.

1.4.1 Prevalence of habitual physical activity

The prevalence of habitual physical activity in children and adolescents has been
reviewed by Cale and Almond (1992), Sallis (1993), Pate et al (1994), Riddoch and
Boreham (1995), Armstrong and Van Mechelen (1998) and Epstein et al (2001).

Cale and Almond (1992) reviewed 15 studies from Great Britain and concluded that
British children seldom engage in physical activity of an intensity that is known to
increase aerobic fitness or have any beneficial effects on health. In contrast, Sallis
(1993) reviewed nine studies, including national surveys, with self-reported physical
activity data. The author concluded that average young people aged 10 to 16 years,
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except for adolescent girls, are sufficiently active to meet adult recommendations that
are known to effect aerobic fitness. Further, boys were on average 14% more active than
girls and there was a gradual decline in physical activity throughout the age groups in
both sexes. A similar pattern was observed in studies using objective measures of
physical activity (Sallis, 1993).

Pate et al (1994) reviewed four population studies from the US, Canada and England
and four small group studies conducted in the US, England, Germany and the
Netherlands, in three which physical activity was assessed with an objective instrument
in adolescents. The authors estimated that, on average, the adolescents spent
approximately one hour per day in physical activity of moderate to vigorous intensity
and that most (approximately 80%) of them were active for at least 30 minutes per day
at a moderate intensity level. It was estimated that fifty percent of the adolescents
engaged in physical activity of moderate to vigorous intensity three times per week on
average and at least 20 minutes at a time (Pate et al, 1994). In agreement with the
findings by Sallis (1993), males were more active than females and younger adolescents
were more active than older ones.

Riddoch and Boreham (1995) reviewed twenty-one studies in which heart rate
monitoring was used as an objective measure of physical activity in children and
adolescents. The authors’ noted remarkable agreement across the studies for data on
time spent at moderate and vigorous physical activity. However, different criteria were
used to identify intensity levels across the studies making comparisons between studies
problematic.

In addition, three national surveys and 13 other self-report studies were included in the
review by Riddoch and Boreham (1995). A marked decline in physical activity with
increasing age was observed in these cross-sectional studies. The authors stated, “We
cannot, from the current literature, conclude with any degree of certainty whether
children are active ‘enough’ for health purposes.” (Riddoch and Boreham, 1995). The
main reason for this conclusion was said to be the lack of consensus regarding the
amount of physical activity required for optimal health and the differences in
methodology used.

Armstrong and Van Mechelen (1998) identified 16 studies, in which habitual physical
activity in young people was assessed by an objective instrument or by observation for
more than one day. In twelve of the reviewed studies physical activity had been
measured by heart rate monitoring, and in 10 of these studies only time spent above a
predetermined heart rate threshold (139 beatsmind™) was reported (Armstrong and Van
Mechelen, 1998). The reviewers concluded that although most reported data concerned
small and often unrepresentative samples, the data were generally consistent across
studies. Boys tended to be more active than girls, especially regarding vigorous physical
activity. Moreover, physical activity declined with increasing age and it was concluded,
“that some children and adolescents undoubtedly lead sedentary lifestyles but other
young people appear to be active” (Armstrong and Van Mechelen, 1998).

Recently, 26 studies, with direct heart rate measurements of physical activity on a
minute-by-minute basis were reviewed (Epstein et al, 2001). The review included 1883
children and adolescents, aged 3 to 17 years, with sample sizes varying from 11 to 230
subjects. Heart rate data from all studies were recalculated into percentage of HRR. The
authors concluded that all subjects spent > 60 min'd” at low-intensity physical activity
and that the average subject accumulated approximately 50 mind”’ at an intensity
corresponding to 5 METs and 30 min'd” at an intensity > 50% HRR. No more than five
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of the cited studies defined physical activity intensity thresholds using the individual
relationship between heart rate and energy expenditure, which is considered to be more
valid than the use of the same cut-off values for all subjects (Epstein er al, 2001).

Among these five studies, Atomi er al (1986) reported that 9-to-10-year old Japanese
boys spent 34 mind” at an intensity level corresponding to > 60 % PVO,. Riddoch et al
(1991) observed 46 Northern Irish schoolchildren, aged 11 to 16 years, and reported that
the boys and girls accumulated 24 and 17 min'd”, respectively at physical activity of
moderate intensity or higher (> 50 % PVO,). Livingstone et al (1992) reported that 12-
to-15-year old British boys and girls, on average, spent 52 and 15 min'd”, respectively in
physical activity at a > 50 % PVO intensity level. Maffeis et al (1996) found that 8-to-
10-year-old Italian children accumulated, on average, 70 and 18 mind” at moderate (>
50% PVO») and vigorous (> 70% PVO») intensity of physical activity, respectively. In a
similar study it was found that 9-year-old boys and girls (n = 13) accumulated 42 and 16
mind” at these intensity levels, respectively (Maffeis ez al, 1995).

There are two additional studies not included in the review by Epstein et al (2001) in
which the subjects were calibrated regarding the individual relationship between heart
rate and energy expenditure. Verschuur and Kemper (1985) reported that 12-to-13 and
17-to-18-year-old Dutch boys and girls spent 68 and 58 min'd™, and 34 and 24 mind’,
in physical activity at a moderate intensity level (50% PVO,), respectively. Spurr and
Reina (1990) found that 6-to-16-year-old Colombian boys and girls spent an average of
20 to 60 min'd” at an intensity level > 50 % PVO,.

The decline in physical activity with age is consistently reported in all reviews (Cale
and Almond, 1992; Sallis, 1993; Pate et al, 1994; Riddoch and Boreham, 1995;
Armstrong and Van Mechelen,1998; Epstein er al, 2001) and has been confirmed by
longitudinal studies (Kimm ez al, 2000; Telama and Yang, 2000; Van Mechelen et al,
2000). There is strong support for the idea of a biological basis of this phenomenon
involving the central dopamine system (Ingram, 2000).

Cross-sectional studies indicate a higher rate of decline in girls than in boys
(Armstrong and Van Mechelen, 1998; Pate er al, 1994; Sallis, 1993), whereas the
opposite has been observed in longitudinal analyses (Telama and Yang, 2000; Van
Mechelen et al, 2000). The greatest decline in activity seems to occur from 13 to 18
years of age (Sallis, 2000).

Boys of all ages seem to be more active than gitls, at least regarding vigorous physical
activity (Armstrong and Van Mechelen, 1998; Caspersen et al, 2000; Pate et al, 1994;
Riddoch and Boreham, 1995), although some studies, using heart rate monitoring to
assess physical activity, have not shown any gender differences (Gavarry et al, 1998;
Riddoch et al, 1991; Verchuur and Kemper, 1985). However, there is no single study
showing that girls are more active than boys.

1.4.2 Recommendations for physical activity in young people

Physical activity recommendations for young people have been suggested by Blair ef al
(1989), Corbin et al (1994), Sallis and Patrick (1994) and the Health Education
Authority (England) (1998). Blair er al (1989) proposed an energy expenditure
recommendation based on epidemiological studies that link physical activity to health in
adults. They estimated energy expenditure in physical activity of 3 kcalskg™d” to be an
appropriate target. Corbin et al (1994) proposed a “lifetime physical activity” guideline,
recommending, as a minimum, that children and adolescents should spend at least 30
accumulated minutes in physical activity of moderate intensity and preferably 60
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minutes in physical activity of moderate and vigorous intensity daily (equivalent of 3-4
and 6-8 kcals’kg"“d”, respectively).

Based on a review of the scientific literature on various health effects of physical
activity in adolescents, an international consensus conference generated two guidelines
(Sallis and Patrick 1994). The first guideline could be interpreted as an accumulation of
30 minutes in moderate physical activity daily, whereas the second guideline stated that
adolescents should engage in at least three sessions per week of activities that last 20
minutes or more and that require moderate to vigorous effort. Recently, another
international consensus conference updated the physical activity recommendations for
young people (Health Education Authority, 1998). The primary recommendation states
that young people should engage in physical activity of at least moderate intensity for at
least one hour per day. Moderate intensity was defined as equivalent to brisk walking,
approximately resulting in energy expenditure at a rate of 5 METs (Pate et al, 1998).
Even though the latest guidelines (Sallis and Patrick, 1994 and Health Education
Authority, 1998) were based on reviews of the health effects of physical activity in
young people, it has been stated that there is not sufficient empirical evidence to
recommend general guidelines (Epstein et al, 2001). Thus, the present guidelines are as
much based on empirical evidence as on expert opinion (Fox and Riddoch, 2000).

The number of young people achieving the current recommendations of health
enhancing physical activity is more or less unknown. On the basis of self-reported
physical activity, Pate et al (1994) estimated that approximately 80% of adolescents
engaged in moderate physical activity for at least 30 minutes per day (comparable to the
guideline proposed by Sallis and Patrick, 1994). In the above-mentioned review by
Epstein et al (2001) it was suggested that young people attain a large amount of physical
activity and that the average adolescent spends approximately 50 min'd” in moderate
physical activity (comparable to the guideline from the Health Education Authority,
1998). However, no estimates of the number of young people who were actually active
according to the recommendations were made.

Only a few studies have directly addressed the issue as to whether young people fulfil
the current physical activity recommendations for maintenance of good health. Ekelund
et al (1997) assessed physical activity by means of an activity diary in a random sample
of 127 fourteen-to fifteen-year-old boys and girls in Sweden. It was found that, on
average, boys and girls spent approximately 82 and 67 mind”, respectively in physical
activity of moderate intensity. However, it was concluded that 15 to 30% of the subjects
did not meet the guidelines for physical activity (Sallis and Patrick, 1994). Sleap and
Tolfrey (2001) assessed habitual physical activity in 79 nine-to twelve-year-old boys
and girls by means of minute-by-minute heart rate monitoring. Moderate physical
activity was defined as the percentage of time spent with a heart rate > 1.5 times of the
resting heart rate (PAHR-50) and at an absolute heart rate (> 120 beatsmin™'). Almost all
children (except for one girl) were active for at least 60 min'd” at PAHR-50 and 71 of
79 children accumulated at least 60 min with a heart rate > 120 beatsmin™. The authors
did not report any energy expenditure estimates or MET values corresponding to the
selected HR thresholds. They concluded that there is still need for more extensive
assessments of activity levels in representative samples of youth and that health-related
criteria for children need to be based on robust research evidence (Sleap and Tolfrey,
2001).
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1.4.3 Total energy expenditure and physical activity level

Torun et al (1996) critically reviewed published studies on total energy expenditure
measured by the DLW method, minute-by-minute heart rate monitoring and the activity
diary method in 1-to-18-year-old children and adolescents. The aim of the review was to
make recommendations for consideration by a group of experts, who planned to revise
the FAO/WHO/UNU energy requirement report from 1985 (WHO 1985). The relatively
limited number of studies from a small number of countries, showed a consistent trend
in that total energy expenditure expressed in relation to body weight (kJkg'd")
decreased with increasing age in both sexes. On the other hand, estimated PAL values
derived from DLW and heart rate monitoring studies showed that PAL increased
somewhat with increasing age in boys, whereas it remained almost constant across age
groups in girls (Torun et al, 1996). Proposed PAL values corresponding to light,
moderate and heavy habitual physical activity were 1.60, 1.80 and 2.05 for male
adolescents (14 to 18 years) and 1.45, 1.65 and 1.85 for female adolescents (Torun et al,
1996).

Additional studies with assessment of TEE and PAL in healthy adolescents (11 to 21
years), not included in the review by Torun er al (1996), are summarised in Table 1.
Only studies in which TEE was assessed in healthy adolescent subjects (including obese
subjects and athletes) are included. The majority of the studies are of small-scale with
volunteer subjects. Two studies using an activity diary (Bratteby et al, 1997; Ekelund et
al, 1997) have included randomly selected samples of subjects of Swedish adolescents.
In two additional studies (Ebine et al, 2000; Trappe et al, 1997) TEE was measured in
young female athletes, synchronized swimmers (n = 5) and swimmers (n = 5), who
showed high and very high PAL values, respectively. Thus, even more markedly in
young athletes as compared to ‘normally active’ adolescents, the current understanding
of the energy needs which are equal to the energy expended, is limited (Thompson,
1998).

Table 1. Summary of studies (published 1997-) with assessment of total energy
expenditure (TEE) and physical activity level (PAL) in healthy adolescent subjects
(aged 11 to 21 years) under free-living conditions.

Citation Subjects Method Main outcome

Bratteby et al, 171 M, 203 F; Activity diary; TEE: 14.2 MId! (M),

(1997) 15 years BMR predicted  10.9 MJd™ (F)

PAL: 1.95 (M), 1.80 (F)
Ekelund eral, 60M, 67 F; Activity diary; TEE: 12.8 MI'd" (M),
(1997) 14.8 years BMR predicted  10.3 MJd™ (F)

PAL: 1.74 (M), 1.72 (F)
Trappeeral,  5F (high volume DLW; TEE: 23.4 MJd’!
(1997) training); RMR measured PAL: 3.0

19 years
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Table 1 continued

Ambler et al,
(1998)

Bratteby et al,
(1998)

Warner et al,
(1998)

Henry et al,
(1999)

Wong et al,
(1999)

Ebine et al,
(2000)
Roemmich et
al, (2000)

Larsson et al,
(2002)

Buchowski et
al, (2002)

Ekelund et al,
(2002)

6 (exercising) + 6
(control) F, 10
(exercising) + 10
(control) M;

15 to 17 years
25M,25F;

15 years

32 children and
adolescents (18
M and 14 F);
12.4 years,
control subjects
12M, 26 F;
11.9 years

40 Caucasian and
41 Afro-
American F; 13.5
years

5 F (athletes);
17.6 years

I5M, 18 F;

13.4 (M) and
12.8 (F) years

16 vegans + 16
omnivores (18 M
and 14 F);

17.4 years

22 adolescents
(gender not
specified);

15.9 years,
control subjects
18 obese + 18
normal-weight
(16 M, 20 F);
18.1 (M), 17.2
(F) years

DLW

DLW;
BMR measured

FLEX HR,
BMR measured

Activity diary;
BMR measured

DLW;
BMR measured

DLW;
RMR measured
DLW;
BMR measured

DLW;
BMR estimated

Tritrac
accelerometer;
RMR measured

DLW;
RMR measured

TEE: 8.8 MJd" (control M), 10.1
MId? (exercising M),

7.5 MJ-d™ (control F), 8.7 MJd"
(exercising F)

TEE: 13.8 MJd" (M),
10.7 MJd™* (F)

PAL: 1.89 (M), 1.79 (F)
TEE: 9.2 MJd!

PAL: 1.70

TEE: 8.7 MJd" (M),

8.5 MJd" (F)

PAL: 1.50 (M), 1.53 (F)
TEE® 11.2 MJ-d"' (Caucasian),
9.0 MJ'd" (Afro-American);
PAL: 1.90 (Caucasian),

1.61 (Afro-American)

TEE: 11.5 MJd™

PAL: 2.14

TEE: 10.7 MJd™* (M),

9.4 MJd" (F)

PAL: 1.57 (M), 1.65 (F)
TEE®: 13.9 MJ'd” (vegan M),
15.7 MJ-d" (omnivores M);

9.6 MId" (vegan F), 11.2 MJd"
(omnivores F)

PAL: 1.87 (vegan M), 2.05
(omnivores M); 1.41 (vegan F),
1.84 (omnivores F)

TEE: 9.1 MJ-d

PAL: 1.48

TEE: 15.5 MJd" (obese M),
13.2 MJd" (normal-weight M);
12.4MJd”" (obese F),

10.4 MJd™ (normal-weight F);
PAL: 1.70 (obese M), 1.85
(normal-weight M); 1.63 (obese
F), 1.74 (normal-weight F)

*Values adjusted for soft lean tissue mass (unadjusted values not reported)
® calculated by the present author
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2

PURPOSE

The overall purpose of the investigations summarised in this thesis was to enhance our
understanding of the suitability and accuracy of different physical activity assessment
methods in normally active adolescents and in adolescent athletes; and to gain further
knowledge of the total energy expenditure and the amount and pattern of physical
activity in adolescents.

The specific aims of the separate studies were as follows:

20

To evaluate the absolute validity of an activity diary for assessing total energy
expenditure and the time spent at moderate and vigorous physical activity in
adolescents (Study I).

To determine the accuracy of absolute heart rates in defining intensity levels and to
examine a possible effect of aerobic fitness and body fatness on the heart rate —
oxygen uptake relationship in adolescents (Study II).

To assess total energy expenditure, the physical activity level and patterns of physical
activity among a random sample of male and female adolescents and to relate the
amount and intensity of physical activity to existing recommendations for health-
enhancing physical activity in young people (Study III).

To examine the effects of different definitions of FLEX HR and different training
conditions on total energy expenditure assessed by the FLEX HR monitoring method
as compared to total energy expenditure measured by the doubly labelled water
method, in adolescent athletes (Study IV).

To evaluate the validity of the CSA activity monitor for assessing the total amount of
physical activity in adolescent athletes under two different training conditions (Study
V).



3 MATERIALS AND METHODS
3.1 SUBJECTS AND STUDY DESIGNS
Four groups of subjects participated in Studies I to V. Some of the characteristics of the

subjects are summarized in Table 2.

Table 2. Physical characteristics of participating subjects.

Study Subjects Age Height Weight Body fat PVO,
(M) (years) (m) (kg) (%) (mlkg " min™)

I 16 M 15.0 1.73 59.2 542
(14-16) (1.58-1.90) (47.2-77.3) (45.5-59.6)

14 F 15.0 1.63 55.7 40.7
(14-16) (149-1.72) (39.7-71.6) (35.0-50.0)

o o0M 14.8 1.72 61.9 16.4 54.1
(14-15) (1.52-1.89) (404-96.5) (7-41) (35.4-69.2)

67F 14.8 1.64 552 24.1 43.7
(14-15) (1.52-1.75) (38.0-75.5) (12-42) (31.1-54.0)

I 42M 14.8 1.72 61.6 15.5 53.5
(14-15) (1.52-1.89) (404-96.5) (7-41) (354-654)

40F 14.8 1.64 559 23.6 433
(14-15) (1.52-1.75) (38.0-75.5) (12-41) (31.1-54.0)

v 7M 18.5 1.79 733 13.0 64.5
(16-20) (1.75-1.85) (704-76.8) (8.6-17.7) (59.1-66.8)

\% 8§M 18.2 1.79 75.7 12.8 64.0
(16-20) (1.75-1.85) (704-923) (8.6-17.7) (59.1-66.8)

The subjects in Study I were randomly selected from one comprehensive school in
the municipality of Orebro, Sweden. Thirty (16 boys, 14 girls) of 36 (18 boys and 18
girls), 14-to-16-year-old adolescents agreed to participate. All subjects were individually
calibrated for the relationship between oxygen uptake and heart rate, and within two
week after the calibration procedure, TEE and patterns of physical activity were
assessed by means of the FLEX HR monitoring method over a period of 3 consecutive
days, including one weekend day. TEE and physical activity were assessed
simultaneously by means of an activity diary (Bouchard et al, 1983). Peak oxygen
uptake (PVO,) was measured by indirect calorimetry.

In Study II, the subjects were randomly selected, through a two-stage procedure, in
order to obtain representative sample of 14-to-15-year-old adolescents. First, 6 of 13
comprehensive schools were selected. Thereafter, the students from these schools were
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selected at random. The number of students from each school was proportional to the
size of the school. Totally 241 subjects (21% of the eligible population) were selected
and 150 (62%) agreed to participate. Of these, 127 subjects completed all parts of the
study. VO, and heart rate were measured simultaneously during two 6-minute
workloads while exercising on a treadmill according to an incremental exercise protocol
(Bruce et al, 1973). Thereafter, the following stages were performed for 3 minutes each,
until exhaustion. All subjects included in the study completed at least three stages and
performed a maximal aerobic fitness test. Linear regression equations were calculated in
order to establish the relationship between oxygen uptake and heart rate in each
individual. Each variable was expressed in absolute and relative values. Four skinfold
thickness measurements were performed and relative body fatness was calculated
(Slaughter et al, 1988).

In Study III, 82 subjects (42 boys, 40 girls) randomly selected from the 127 subjects
who participated in Study II were included. The relationship between oxygen uptake
and heart rate was individually established for all subjects, and within two week after the
calibration procedure, TEE and patterns of physical activity were assessed by means of
the FLEX HR monitoring method over a period of 3 consecutive days, including one
weekend day. PVO, was measured by indirect calorimetry and fat mass and fat free
mass were calculated from skinfold measurement (Slaughter ez al, 1988).

In Studies IV and V, eight young athletes (speed skaters) were studied during two
different training periods, five months apart. All measurements were performed in
exactly the same way during two different training periods. The first period was a 10-
day off-season period and the second one was a 10-day pre-season training period.
During the off-season period all physical training was voluntary, and the main exercise
performed by the subjects was jogging or running. The pre-season period was mainly
focused on training of skating techniques. During this period the exercises included
weight training, in-line skating, slideboard training, circuit training and skating
imitations.

Both periods were preceded by an individual calibration for the relationship between
oxygen uptake, heart rate and activity counts from the CSA activity monitor during
standardised activities. Physical activity was measured by the CSA accelerometer and
heart rate was measured on a minute-by-minute basis during the first eight days of the
two 10-day periods. TEE was simultaneously measured by the DLW method over the
two 10 day periods. Body weight was measured on day 1 and day 10 to investigate
energy balance. A schematic presentation of the study protocol is shown in Figure 1.
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Day 01 2 3 4 5 6 7 8 9 10

Body weight * *
Administration ’H,'*0 4
Urine collection f ﬂ * * **

Activity registration

v

HR registration

v

7 d dietary record

Figure 1. A schematic presentation of the protocol followed in Studies IV and V.

3.2 ANTHROPOMETRICS AND BODY COMPOSITION

In all studies (I to V), body weight and height were measured in light clothing using
standard laboratory equipment. When appropriate, body mass index (BMI) was
calculated, as weight (kg) / height” (m).

3.2.1 Skinfold measurements

In Studies II and III, four skinfold thicknesses (subscapula, triceps, biceps and supra-
iliac) were measured using a Harpenden skinfold calliper as described by Lohman et al
(1991). Relative body fat mass was calculated from triceps and subscapula skinfolds
according to Slaughter et al (1988). Body fat mass was obtained by multiplying
percentages of body fat by body weight. Fat free mass (FFM) was calculated by
subtracting fat mass from body weight.

3.2.2 Total body water, fat mass and fat free mass

In Studies IV and V, total body water (TBW) was measured by means of deuterium
dilution (Westerterp et al, 1995). The deuterium dilution space was divided by 1.04 to
derive TBW. FFM was calculated from TBW assuming a hydration factor for FFM of
0.732 (Pace and Rathbun, 1945). Body fat (%) was calculated as 100 x (body weight —
FFM) / body weight.

3.3 LABORATORY ENERGY EXPENDITURE MEASUREMENTS

Energy expenditure was calculated based on respiratory gas exchange, according to a
modified formula of de Weir (1949): EE (kcal) = 3.94 VO, + 1.00 VCO,

(where VCO: is carbon dioxide production)

3.3.1 Individual calibration
In Studies I to V calibration procedures were performed after 30 minutes of supine rest
and at least 2 to 3 hours after a meal. All subjects were calibrated once. The between-
day and within-day variability in the HR — VO, relationship is excellent and does not
affect the estimation of TEE by the HR FLEX method (Mc Crory et al, 1997).

In Studies I, IT and III, VO, and carbon dioxide production (VCO,) were measured
by indirect calorimetry (Medical Graphics Inc., Minnesota, USA) and HR measured
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with a bipolar lead (S&B Medico Teknik, Denmark) under standardised conditions. The
following activities were carried out for determination of the individual relationship
between VO, and HR: lying supine; sitting quietly; standing quietly; and walking on a
treadmill at speeds of 2.7 kmh™ at a 10% gradient and 4 kmh™ at a 12% gradient. The
gas sampling time was 6 minutes and calibration points were calculated as the mean
VO, and HR for the last 3 minutes. The individual relationship between VO, and HR
was calculated using data points from the two ‘steady state’ workloads and the values
(PVO; and HR 4x) obtained during a maximal workout.

In Studies IV and V, a somewhat different calibration protocol was used. VO, and
VCO, were measured with a light-weight portable indirect calorimetry system, Cosmed
K4 (Cosmed, Stl., Rome, Italy). This system has been validated and has shown accurate
readings for VO, measurements from sitting at rest to maximal exercise (Hausswirth et
al, 1997). The following activities were performed for determination of the individual
relationship between VO, and HR: lying supine, sitting, standing, treadmill walking at
4.5 and 6.5 kmh™, treadmill running at 10 kmh™, and ergometer bicycling at 120 and
180 W. The calibration activities were carried out in sequence, with a break to allow
recovery of resting HR between the treadmill and bicycle exercises. HR and VO, were
measured at 15-second intervals, using the same system as described above. The gas
sampling time was 6 minutes, and calibration points were calculated as the mean HR
and VO; for the last 3 minutes. HR was measured simultaneously using a Polar Vantage
HR monitor (Polar Electro OY, Kempele, Finland). During exercising on the treadmill,
physical activity (body movement) was measured by the CSA accelerometer (Computer
Science and Applications, Inc., Shailmar, USA). The monitor was secured directly to the
skin at the lower back and a 15-second time sampling interval was used. Activity counts
were averaged over the last 3 minutes and expressed as counts per minute for each
exercise condition. Individual calibration data for the relationship between activity
counts and EE were used to calculate EE during different types of exercises and
compare it with EE calculated from HR (Study V).

3.3.2 Resting energy expenditure

REE (Studies I and IV; in Study III called sedentary energy expenditure; SEE), was
measured by indirect calorimetry as described above and calculated as the average
energy cost for the last 3 minutes of a 6 minute measurement period while lying supine,
sitting quietly and standing quietly.

Figure 2. Individual calibration for the heart rate — oxygen uptake relationship during
walking on a treadmill.
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3.3.3 Resting metabolic rate

RMR was measured after an overnight fast of at least 10 hours by indirect calorimetry
(Study V). Before each measurement the subjects rested in the supine position for 30
minutes. RMR was measured for 40 minutes and the mean value for the last 15 minutes
of the measurement period was used as RMR. All subjects were visually monitored to
make sure that they were lying still but awake.

3.3.4 Peak oxygen uptake

In Studies I to V PVO, was measured by indirect calorimetry using the same
ergospirometer systems as described above. In Studies I, IT and III, the measurements
were made while the subject was running on a treadmill, according to the incremental
protocol of Bruce et al (1973). Four minutes after the tests, a fingertip blood sample was
obtained for measurement of the post-exercise blood lactate concentration. Lactate
concentrations in whole blood were measured with an automated analyser (Analox
Instruments Ltd. England). PVO, was determined on the basis of a combination of
variables: a respiratory exchange ratio of 1.0 or more, HR within 5 beatsmin™ of the
age-predicted HR,x, signs of intense effort (hyperpnea, difficulties in keeping up with
the speed of the treadmill) and a post-exercise lactate concentration > 7 mmoll™. All
subjects fulfilled at least two of these criteria. Since many young people do not reach a
‘true’ plateau in oxygen uptake despite an increasing workload, the term PVO, was used
in these studies rather than VOy.x (Rowland, 1996).

In Studies IV and V, VOynix was determined during an incremental test on a
mechanically braked cycle ergometer (Monark 818E, Monark AB, Sweden). The test
was initiated by two 6-minute steady state workloads at 120 and 180 W. The workload
was then increased by 25 W per minute to exhaustion. All subjects exhibited a ‘true’
plateau (i.e. an increase in VO, < 2 ml‘kg'l'min'l), a respiratory exchange ratio > 1.1 and
a post-exercise blood lactate concentration > 8 mmol1”, as measured by a photometric
method (Dr. Lange, Géttingen, Germany).

Figure 3. Measurement of resting energy expenditure during sitting quietly in a 14-year-
old girl.
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3.4 TEE MEASUREMENTS UNDER FREE-LIVING CONDITIONS

In Studies L, ITI, IV and V, TEE was assessed by means of an activity diary (Study I),
the HR FLEX method (Studies I, III and IV) and the DLW method (Studies IV and V)
over a period of 3 to 10 days.

3.4.1 The Activity diary method

In Study I, TEE and the time spent in physical activity at different intensity levels were
compared between an activity diary (Bouchard et al, 1983) and heart rate monitoring by
the HR FLEX method.

The activity diary is divided into ninety-six 15-minute periods per day. The main
activity in each time period is rated on a scale from | to 9 and recorded in the diary
throughout the day. Each of the activity category numbers (1 to 9) could be expressed as
a multiple of BMR (MET intensity). TEE was calculated as the amount of time spent in
each activity category multiplied by the MET intensity for each category and by the
estimated BMR. The MET values used were adopted from Ainsworth et al (1993) and
were close to the original values proposed by Bouchard ef al (1983).

3.4.2 The FLEX HR method

TEE calculation according to the FLEX HR method relies a) on the individual
relationship between HR and EE determined by regression analyses of the subject
calibration data in the laboratory, b) on a critical HR (FLEX) that is used to discriminate
between activity and sedentary behaviour during the free-living measurements and c) on
the laboratory-measured REE. FLEX HR was determined as the mean of the highest HR
(i.e. while standing) during the resting measurements and the lowest HR while
exercising on the treadmill (Studies I, III and IV). In Study IV, FLEX HR was also
calculated as the mean HR of all resting activities (i.e. supine, sitting and standing) and
the lowest HR while exercising on the treadmill.

TEE was determined from minute-by-minute HR monitoring for 3 consecutive days,
including one weekend day, in Studies I and IIT and for 8 consecutive days in Study
IV. EE was calculated from the individual regression analysis at all time points with HR
> FLEX HR. When HR was < FLEX HR, EE was assumed to be equal to REE. EE
during sleep was assumed to be equal to the predicted BMR. TEE was obtained by
summing the BMR, REE, and EE during activity (= HR > FLEX).

Figure 4 shows a typical relationship between EE and HR as measured during
individual calibration.
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Figure 4. The relationship between energy expenditure and heart rate as determined by
calibration according to the FLEX HR method. The arrows indicate the resting energy
expenditure (REE) and FLEX HR (EE = energy expenditure; HR = heart rate).

3.4.3 The Doubly labelled water method

In Studies IV and V TEE was measured in by means of the DLW method according to
the Maastricht protocol (Westerterp et al, 1995). A baseline sample of urine was taken
to determine the individual isotope enrichment. Thereafter the subject was given an
individually weighted oral dose of water labelled with *H and '*0. This dose increases
the baseline level of *H by approximately 150 parts per million (ppm) and of O by
approximately 300 ppm. Urine samples were then collected from the second and last
voidings on day one, day five and day 10. The isotope quantities in the urine samples
were measured with an isotope-ratio mass spectrometer (Aqua Sira; VG Isogas,
Middlewich, Cheshire, England). All samples were measured in duplicate. CO,
production was derived from the elimination rates of the isotopes, as calculated from the
slope of the elimination curve, with correction for changes in body water, which were
assumed to be proportional to changes in body mass, from day 1 to day 10. CO,
production was converted to TEE using an energy equivalent based on the individual
food quotient calculated from the macronutrient composition of the diet (Black er al,
1986). The estimated coefficient of variation (CV) for TEE measured by DLW is 3.9%
in the Maastricht laboratory (Westerterp et al, 1988).

3.4.4 Calculation of basal metabolic rate

BMR was calculated according to predictive equations (Schofield et al, 1985) (Studies
I, IIT and IV). Predicted BMR was used in the calculation of TEE by the FLEX HR
method as described by Spurr er al (1988). Overnight energy expenditure and BMR are
equivalent and 1.0 times BMR is an appropriate factor for estimating energy expended
during the night (Seale and Conway, 1999).
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3.4.5 Calculation of PAL and AEE

PAL was calculated as the ratio of TEE to BMR in Studies I, ITII, and IV and as the
ratio of TEE to RMR in Study V. Energy expenditure associated with physical activity
(AEE) was calculated as TEE (from DLW) * 0.9 minus BMR, with correction for a 10%
diet-induced thermogenesis (Maffeis et al, 1993) in Study IV.

3.5 Measurements of patterns of physical activity

The amount of time spent at different intensity levels, i.e. the pattern of physical activity,
was assessed by the activity diary in Study I and by minute-by-minute HR monitoring
in Studies I, III and IV.

3.5.1 Activity diary

Activity category 2 (sitting activities; equal to 1.5 METs) was defined as sedentary
behaviour and categories 3 to 9 (2.3 to 8 METs) was defined as physical activity. Light
physical activity referred to categories 3 to 6 (2.3 to 4.5 METs), moderate physical
activity as to category 7 and 8 (5.5 and 6 METs) and vigorous physical activity to
category 9 (8 MET). The time spent in these activity categories was compared with data
obtained by minute-by-minute HR monitoring.

3.5.2 Heart rate monitoring

The individual relationship between HR and oxygen consumption was used to determine
intensity thresholds from the minute-by-minute monitoring data. Time (min'd”') spent in
physical activity referred to time > FLEX HR, and time spent at = 50% PVO- and time
spent at = 70% PVO, were denoted as moderate (MPA) and vigorous (VPA) intensity of
physical activity, respectively (Studies I, ITI, and IV).

In order to determine the number of subjects achieving appropriate amounts of
physical activity in relation to physical activity recommendations for young people
(Sallis and Patrick, 1994; Health Education Authority, 1998) an HR threshold
corresponding to 4.5 times REE was calculated individually in Study III.

Only subjects accumulating at least 600 minutes of acceptable HR monitoring data
were included in the analyses (Studies L, III and IV).

3.5.3 Accelerometry

In Study V, the total amount of physical activity, measured on a minute-by-minute basis
by the CSA accelerometer, was calculated as the total number of accumulated counts per
day. To take into account inter-individual differences in the length of time for which the
accelerometer was worn, the total amount of physical activity was expressed as
countsmin”. The total amount of physical activity calculated from the CSA
accelerometer was subsequently related to TEE and its derivatives during the two
different training periods.

3.6 ENERGY INTAKE

In Studies IV and V, energy intake was assessed from a weighed food record during the
first seven days of the measurement periods in order to derive the individual FQ. All
food consumed (i.e. at home, at school and in restaurants) was weighed on a household
scale and recorded. Energy intake was calculated from the food records by means of
computerised nutrient calculation software using the Swedish nutrient database
(National Food Administration).
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3.7 TRAINING DIARY

All subjects who participated in Studies IV and V kept training diaries on a regular
basis. These were checked for differences in types of exercise performed and in the
duration of physical training between the two training conditions. In addition, the
training diaries were re-evaluated through personal communication with the coach.

3.8 ETHICS
The Research Ethics Committee of the Orebro County Council approved the study
protocols for Studies I, II and III. All participants received verbal and written
information and all parents or guardians received written information about the study.
Participants and parents provided written informed consent.

In Studies IV and V, the study protocol was approved by the Ethics Committee of
Karolinska Institutet, Stockholm and written informed consent was obtained from all
participants and from the parents of those who were younger than 18 years of age.

3.9 STATISTICS

For descriptive purposes results are presented as mean + SD (Studies I, I, ITI, IV and
V) and mean + SD and range (Studies II, IIT and IV). The unpaired #-test was used to
compare mean differences between groups and paired t-test for within group
comparisons (Studies I, III and V). The effect of sex was tested by one-way analysis of
variance (ANOVA) in Studies IT and III. The effect of period (off-season and pre-
season) on descriptive variables was tested by ANOVA in Study IV.

Relationships between variables (e.g. VO, and HR and VO, and activity counts) were
tested by linear regression analysis in Studies I, II, III, IV and V. The relationship
between activity counts and TEE and its components was assessed by calculating the
Spearman correlation coefficients in Study V. Interindividual differences between
slopes and intercepts for the relationship between VO, and HR were examined by
calculating the coefficient of variation in Studies IT and III.

The influence of sex and method (fixed factors) on the TEE components (EEgjecp,
EE..« and EE,;) and on the time spent at different intensity levels (sedentary, light
intensity, moderate intensity and vigorous intensity) was tested by a multivariate
analysis of variance (MANOVA) in Study L. The same analysis (MANOVA) was used
in Study III to test the influence of sex and activity group (low, medium and high) on
time spent at different intensity levels (light intensity, moderate intensity and vigorous
intensity) and on energy expenditure at different intensity levels. Post hoc comparisons
were performed by Tukey test (Study III). The effect of subject and training period on
TEE and activity counts was tested by a two-way MANOVA in Study V. The effects of
period (off-season and pre-season) and method (FLEX HR1 and FLEX HR2) on the
calculated time spent in physical activity (> FLEX HR) and the effects of period and
method (FLEX HRI, FLEX HR2 and DLW) on the estimated TEE were tested by a
three-way ANOVA where subject was considered as a random factor and period and
method were considered as fixed factors (Study IV).

In Study II, an analysis of covariance (ANCOVA) was performed to test for the
effect of sex, aerobic fitness (PVO,) and body fatness (% body fat), with fitness and
fatness as covariates, on predicted HR corresponding to 40%, 60% and 80% of PVO,
and on predicted VO at the selected absolute HR (120, 140 and 160 beats'min”’ ).
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The degree of agreement between methods of assessment of TEE (Studies I and IV)
and of assessment of time spent at MVPA (Study I) was determined using the method
described by Bland and Altman (1986). Correspondence between methods of assigning
subjects into activity categories for TEE and time spent at MVPA was analysed by a
Wilcoxon rank test in Study 1.
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4 RESULTS AND COMMENTS

4.1 VALIDITY OF A SELF-REPORTED ACTIVITY DIARY (STUDY I)

TEE calculated from the activity diary was significantly correlated to TEE estimated by
the HR FLEX method (r = 0.81; P < 0.01; Fig. 5). Although the individual differences
ranged from minus 28% to 21%, the mean difference between methods was not
statistically significant. The absolute mean difference was 0.4 MJd” and the limits of
agreement were -3.54 MJd"' and 2.74 MJd". The data indicate that the AD and HR
FLEX methods are comparable for group estimation of TEE, at least within the range of
TEE values assessed in the present study. This was further confirmed by the fact that no
significant method and interaction effects were observed for TEE and its components,
between the methods. No significant relationship was observed for TEE between the
mean of the methods and the difference between the methods, indicating that the
methods are comparable throughout the range of data assessed in the present study.
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Figure 5. The relationship between total energy expenditure (TEE) calculated from an
activity diary (AD) and TEE estimated by the FLEX HR method (n = 30).

When TEE was calculated from AD, a specific MET value was assigned to each
activity category. One MET is equal to energy expenditure during rest and was assigned
to activity category 1. In adults, one MET is broadly equal to 3.5 ml Oykg™ min™ or 1
kcal'kg"h'. However, in children and adolescents, measured BMR is significantly
higher than 1 kcal’kg'h™ and this must be taken into account when calculating TEE
from self-report data (Roemmich et al, 2000). Thus, the mode of calculation of TEE in
the present study, by first estimating BMR and thereafter assigning each activity
category as a multiple of BMR, seems more appropriate than setting 1 MET equal to 1
kealkg™h™'.
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Another issue related to the calculation of TEE from the AD is whether the assigned
MET values in the higher activity categories (i.e. 8 and 9) are appropriate.

In the present study, activity category 8 (leisure and sport activities) was categorised
as being equal to 6 times BMR, and activity category 9 as equal to 8 times BMR. Since
the maximal energy turnover was on average 12 times the predicted BMR in the subjects
in the present study, it seems reasonable to categorise leisure and sport activities
(category 8) as being approximately equivalent to 50% of PVO,, and high-intensity
physical activity as equivalent to approximately 70% of PVO,. This assumptions was
supported by the findings in Study II, the results of which suggested that moderate
physical activity corresponded to 5 to 7.99 METs in adolescent boys and 4 to 6.99
METs in adolescent girls and vigorous physical activity corresponded to > 8 and > 7
METs, respectively (see Table 3).

120

1004

T 80
s
E
A 601
<
<
S
5 40+
201 O Girls
B Boys
0
0 20 40 60 80 100 120

MVPA HR (min / d)

Figure 6. The relationship between time spent at moderate and vigorous physical
activity (MVPA) calculated from the activity diary (AD) and time spent at MVPA as
measured by the FLEX HR method (n = 30).

Time spent at moderate and vigorous physical activity as calculated from the AD
was significantly associated with time spent at MVPA as estimated from the HR
monitoring method (r = 0.74; P < 0.01; Fig. 6). However, the limits of agreement were
wide, ranging from minus 55 mind” to plus 41 mind’, and individual differences
ranged from minus 63% to plus 250%, clearly demonstrating the inability of the AD
method to estimate time spent at MVPA by an individual. In addition, there was a
significant negative relationship between the mean of the methods and the difference
between the methods (r = - 0.51; P < 0.01), as shown by a Bland and Altman plot,
indicating that the AD underestimated the time spent at MVPA for subjects with ‘low’
activity and consequently overestimated subjects with ‘high” activity. The time (min'd™)
spent inactive (< HR FLEX and category 2 from AD) was significantly higher when
estimated by the HR method as compared to the AD, as a result of the definition of
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inactivity. However, when activities of category 2 (sitting) and 3 (standing) from AD
were combined no significant difference was found between the methods, suggesting
that the methods are comparable regarding time spent at sedentary activities (sitting and
standing).

4.2 THE DEFINITION OF INTENSITY FROM HEART RATE (STUDY II)
The results of Study II showed that the predicted absolute intensities of physical activity
(i.e. VO,, mlkg " 'min™) at absolute HR of 120, 140 and 160 beatsmin™, differed
significantly between the sexes. On the other hand, the predicted values for HR at
relative values for PVO, (i.e. 40%, 60% and 80%) showed no significant sex
differences.

The average slopes for the relationship between HR and VO, was significantly steeper
(P < 0.001) in girls than in boys (Fig. 7), whereas no difference in the average slopes
between the sexes for the %HR and %PVO, relationship was observed (Fig. 8).
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Figure 7. The relationship between heart rate (HR) and oxygen uptake (VO,) when
expressed in absolute values in 14-to-15-year-old boys and girls (n = 127). Note the
difference between genders in the slope of the regression line (Girls: HR = 0.04314 VO,
+85.7 [R? = 0.73]; Boys: HR = 0.03343 VO, + 80.6 [R* = 0.78)).
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Figure 8. The relationship between relative heart rate (%HR.x) and relative oxygen
uptake (%PVO,) in 14-to-15-year-old boys and girls (n = 127). Note the similarity
between genders in the slope of the regression line (Girls: %HRmax = 0.665 %PVO, +
34.8 [R? = 0.96]; Boys: %HRa = 0.663 %PVO, + 34.8 [R* = 0.96].

A further analysis of covariance (ANCOVA), with the aim of testing potential
influences of sex, aerobic fitness (PVO,, mIkg 'min™) and body fatness (% body fat) on
the absolute intensity (i.e. VO, ml‘kg'l‘mjn'l) predicted from absolute HR of 120, 140
and 160 beatsmin™, showed a highly significant fitness effect.

In other words, when different intensity levels are defined on the basis of the heart
rate, the fitness level of the subjects under investigation must be taken into account. For
example, in the present study an absolute HR of 140 beatsmin™, yielded a VO, (ml
kg "'min™) which ranged between 13.7 and 41.1 ml‘kg'l‘min'I or 3.9 to 11.7 METs (here
1 MET is equal to 3.5 ml'’kg"'min™). Thus, an HR of 140 could be equal to a low
intensity of physical activity in one subject but to a very high intensity of physical
activity in another. When physical activity is assessed from HR monitoring in adolescent
subjects, an aerobically fit subject may be recorded as spending only a very few minutes
at the selected intensity levels (e.g. 140 beats‘min") when absolute HR is used, and
consequently be assigned to a low activity category, even though the energy expenditure
and total amount of physical activity could be high. The present data suggest that the use
of absolute HR when assessing young people’s physical activity detracts from the
usefulness of the data. Although it is more time- and labour consuming, the individual
calibration for the HR — VO, relationship is a preferable alternative.

Based on the data from Study II, a suggested categorisation of absolute and relative
intensity levels from %HR ., %PVO, and MET is shown in Table 3 (for comparison,
absolute HR levels are included in the table) This categorisation is similar to that
proposed by Pate et al (1998), although we suggest that a sex difference should be taken
into account when expressing the intensity of physical activity in absolute values (i.e.
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METs), and it may be used as a template for classifying the intensity of physical activity
in adolescents.

Table 3. Suggested absolute and relative intensity levels of physical activity in 14-to-15-
year-old adolescent boys and girls. Data derived from individual calibration for the heart
rate (HR) — oxygen uptake (VO,) relationship in 60 boys and 67 girls during treadmill
exercise. Absolute heart rate intervals are included for comparison.

Category HR % HR max %PVO, MET
of intensity (beatsmin™") Boys Girls
Low <120 <60 <40 <5 <4
Moderate 120 - 140 60 -70 41-55 5-799 4-6.99
Vigorous 141 - 160 71-80 56-70 8-11 7-10
Very vigorous > 160 > 81 >70 >11 > 10

PVO, = peak oxygen uptake
MET = metabolic energy turnover

4.3 PHYSICAL ACTIVITY IN RELATION TO GUIDELINES (STUDY IiI)
Eighty-two of the 127 subjects participating in Study II were submitted to minute-by-
minute HR monitoring for 3 days, including one weekend day, in Study IIL. As
expected, TEE (MJd™") was significantly higher in boys than in girls (12.8 vs. 10.0 MJ-
d', P <0.001) and the same was found when it was expressed in relation to body weight
(210 vs. 182 kIkg'd™, P < 0.01). Approximately 70% of the energy expended in
physical activity referred to physical activity of light intensity (i.e. EE above FLEX HR
and < 4.5 times REE). The average PAL values in boys and girls were 1.74 and 1.67,
respectively (NS). The TEE and PAL values were almost identical to those obtained by
the AD method in the whole sample of 127 subjects (Ekelund et al, 1997) and were
similar to the data on TEE from Study I. However, they are lower than those obtained
by the AD method in another sample of Swedish adolescents (Bratteby et al, 1997).
Since the two populations (Study III and the population of Bratteby et al, 1997) were
similar in height and weight (i.e. BMR is assumed to be similar), the differences
observed could be due to real differences in PA between the groups, to differences in the
methodology used, or to seasonal differences during the data collection. The latter may
be a plausible explanation, since the data from the present study were collected from
February to May, as compared to data collection throughout the year in the study by
Bratteby et al (1997).

The total amount of physical activity, assessed objectively (by accelerometry) in more
than 800 Swedish 9-year-old children and 15-year-old adolescents showed a significant
difference between months, with the lowest values found in February, March and
November (unpublished observations). Seasonal differences in TEE, explained by
differences in AEE, have shown that physical activity differs between seasons (Goran et
al, 1998). This has also been confirmed by self-reported data in children and adolescents
(Garcia et al, 1998; Rifas-Shiman et al, 2001) Thus, there is evidence that physical

35



activity differs between seasons, and this needs to be taken into account when results
from different studies are compared.

Most studies presented in Table 1 seem to be based on convenient samples of
subjects, which may limit a direct comparison of TEE and PAL values. Although the
average PAL values for boys and girls agreed with those values suggested as
corresponding to moderate habitual physical activity in 14-to-18-year-old adolescents,
forty percent of the young people in Study III could be categorised as having a lifestyle
of light habitual physical activity (Torun ef al, 1996).

On average, the adolescents in the present study accumulated more than one hour of
physical activity of moderate intensity. The definition of moderate intensity was based
on a multiple (4.5) of measured REE. This definition seems appropriate according to the
findings in Study II (see Table 3). Moderate intensity as defined in Study III, is
equivalent to 6.2 METs and 5.6 METs in boys and girls respectively, when calculated
by setting one MET as equivalent to 3.5 mlOykg'min”'. Further, the average oxygen
consumption corresponding to a heart rate of 4.5 times REE amounted to 41% of PVO,
in boys and 45% of PVO; in girls.

The average time spent at MVPA, may be compared with that presented in a review of
26 HR monitoring studies by Epstein er al (2001). Those authors concluded that the
average adolescent accumulated approximately 50mind” of physical activity at an
intensity of 5 METs or greater and approximately 30 mind”’ of physical activity at what
was suggested to be equal to an aerobic fitness training level (i.e. 50% HRR). The
amount of physical activity at these intensities was greater than expected (Epstein et al,
2001). Furthermore, it was concluded that if an adult intensity criteria (i.e. 3 MET) was
used, most children attain 1 to 2 hours of physical activity at that level (Epstein ef al,
2001). However, given the great variability of habitual physical activity in young
people, the use of average values when reporting physical activity levels does not
provide any information of the proportion of young people meeting the existing
recommendations for health-enhancing physical activity (Health Education Authority,
1998; Pate et al, 1995; Sallis and Patrick, 1994).
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Figure 9. Percentage of 14-to-15-year-old adolescents physically active in relation to
different physical activity recommendations for health purposes.
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The average values for time spent at MVPA obtained in the present study are higher
than those reported in the review by Epstein et al (2001). The numbers of subjects
meeting different existing recommendations for physical activity are shown in Figure 9.
Seventy-one percent of the subjects accumulated = 30 mind’ at MVPA (Guideline 1
from Sallis and Patrick, 1994) and 49% accumulated > 60 mind? at MVPA
(Recommendation 1, HEA, 1998). Thirty-five percent of the subjects were continuously
active for at least 20 minutes at MVPA, on at least one of the three days during the
monitoring period (Guideline 2, Sallis and Patrick, 1994). Ninety percent accumulated >
30 mind™ of MVPA (3 METs) according to the adult recommendation made by Pate et
al (1995). Clearly, the number of young people achieving appropriate levels of physical
activity depends on the thresholds set for intensity levels and whether accumulated or
continuous bouts of activity are included in the analysis.

A limitation of the present study may be the number of days of monitoring. Habitual
physical activity was assessed for three days. DuRant ef al (1992), reported a stability
reliability coefficient of » = 0.66 for two days of heart rate monitoring in children and
calculated that just over four days are necessary to achieve a reliability coefficient of
0.80. In adults, it has been shown that the activity level differs from one weekday to the
next, and between weekdays and weekend days, so that each should be monitored
(Gretebeck et al, 1992). Although three days of HR monitoring seems appropriate, on
the basis of data from literature and from the feasibility aspect, it is not clear whether
such a short period actually reflects the long-term part of time devoted to physical
activity.

4.4 TEE MEASURED BY HR AND DLW IN YOUNG ATHLETES (STUDY IV)
No significant difference in energy expenditure derivatives (TEE, AEE and PAL) was
observed between the two training periods.

TEE (MJ ‘d") calculated from FLEX HR1 (‘low FLEX HR’, defined as the mean of all
resting activities and the lowest HR during exercising), and TEE calculated from FLEX
HR2 (‘high FLEX HR’, defined as the highest HR during resting activities and the
lowest HR during exercising were significantly correlated to TEE obtained by the DLW
method (= 0.90, P < 0.001 and r = 0.88; P < 0.001, Fig. 10).

Although there was a significant difference between FLEX HR1 and FLEX HR2, and
a significant difference in time spent in physical activity (i.e. > FLEX HR), when
calculated from FLEX HRI compared to FLEX HR2, ANOVA showed no significant
effect of period (off-season vs. pre-season) or method (TEE DLW, TEE FLEX HRI1,
TEE FLEX HR2) on the calculated TEE.

Despite a significant difference between FLEX HR 1 and FLEX HR2 and
consequently a significant difference in the calculated time spent in physical activity,
calculated TEE did not differ between the two FLEX HR approaches. This was most
likely due to the relatively small difference between REE (used when HR < FLEX HR)
and energy expenditure calculated from the individual regression equations for light
physical activity (i.e. for HR between FLEX HR 1 and FLEX HR 2). The maximal
calculated difference in energy expenditure was about 700 kJ'd”', assuming that all time
spent in physical activity was spent at FLEX HR2, when TEE was calculated from
FLEX HR2. However, it is more likely that the surplus in time spent in physical activity
when calculated from FLEX HR1, as compared to FLEX HR2, was spent at heart rates
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between FLEX HR 1 and FLEX HR2 and not at FLEX HR2, resulting in an even
smaller difference in calculated TEE between the two approaches.

The results suggest that TEE calculated from the FLEX HR method is not affected by
the definition of FLEX HR and is in conformity with the findings of Livingstone et al
(2000).
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Figure 10. The relationship between total energy expenditure (TEE) estimated by the
FLEX HR method and TEE measured by the doubly labelled water (DLW) method.
Data are combined for the two different training conditions.

There was a considerable difference in the types of exercises performed between the
two training periods. During the first period, all exercises were continuous, mainly
jogging and running. The second period included both continuous and intermittent types
of activities, such as in-line skating, slideboard training and weight training. Many of
these activities were not represented during the individual calibration procedure.
However, it seems that the activities included were able to reflect the free-living
cardiovascular dynamics during both periods on a group level. This indicates that the
types of training regimen do not seem to influence the average group estimation of TEE
from the FLEX HR method.

The average TEE (MJd™) and TEE expressed in relation to body weight (kJkg™d™)
were, as expected, significantly higher in the adolescent athletes than in the general
population investigated in Study III. Furthermore, PAL was significantly higher in the
adolescent athletes, indicating a higher total amount of habitual physical activity. In
contrast, a significantly higher average PAL value was reported for young female
swimmers during high volume training (Trappe et al, 1997) and in cross-country skiers
during a period in a training camp (Sjodin et al, 1994). The two studied training periods
in the present study were not focused on a high volume of aerobic training. In addition,
the subjects were full-time students during the two measurement periods, which may
partly explain the differences in PAL between the studies.
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During a three-day period in a training camp, involving bicycling 150 to 180 km per
day, the average TEE was 30.8 + 6.1 MId' and the average PAL was 3.7 = 0.6, as
measured by the FLEX HR method (unpublished data). Thus, these young athletes seem
to have, for a limited period, an energy turnover as high as that in professional athletes
in endurance sports (Sjodin ef al, 1994; Trappe et al, 1997).

4.5 THE VALIDITY OF THE CSA ACCELEROMETER (STUDY V)

In conjunction with the HR monitoring measurements presented above (Study IV),
physical activity was also assessed by the CSA accelerometer in the same eight subjects
during the first eight days of the two different training periods. Owing to malfunction of
one of the accelerometers, only seven subjects were included in the data analyses.

A highly significant relationship (» = 0.97; P< 0.001) was observed between activity
counts (countsmin”' ) and energy expenditure during laboratory calibration (i.e. walking
and running on the treadmill).

There was no significant difference in any of the energy expenditure estimates
between periods. However, there was a significant effect of period (P = 0.026) on
activity counts (countsmin™d"). Moreover, a significant relationship was observed
between all energy expenditure estimates (TEE, AEE and PAL) and activity counts
during the first period, but in no case during the second period.

The lack of significant relationships between activity counts and energy expenditure
estimates during the pre-season period, as well as the difference in the total amount of
physical activity (countsmin™"d™), may be explained by the differences in exercises
performed. During the off-season period, the vast majority of the exercise consisted of
jogging and running, activities characterised by movement in the vertical plane, where
the relationship between activity counts and energy expenditure is robust (Freedson et
al, 1998; Trost et al, 1998; Hendelman et al, 2000; Swartz et al, 2000). In contrast,
during the pre-season period a number of exercises, such as in-line skating, slideboard
training and skating imitations were performed. These activities are characterised by just
as much movement in the medio-lateral plane as in the vertical plane. Thus, it is most
likely that the difference observed in activity counts between periods was due to the
types of exercises performed and not to a difference in the total amount of physical
activity.

A direct comparison between energy expenditure estimated from activity counts and
from HR clearly demonstrated that the CSA accelerometer significantly underestimated
energy expenditure during specific exercises (Fig. 11). Mean energy expenditure was
approximately 1.7 to 5 times lower when calculated from activity counts than when
calculated from HR for all exercises except running. This difference was most likely due
to the inability of the CSA accelerometer to detect body movements in other directions
than in the vertical plane.
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Figure 11. Energy expenditure (EE) calculated from activity counts and from heart rate
during different exercising activities in young athletes. EE calculated from heart rate
was significantly higher than EE from activity counts for all activities except running.
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5 GENERAL DISCUSSION

Four different assessment methods were used in the present studies namely, one self-
report method, the activity diary, and three objective methods, that is the FLEX HR
method, activity monitoring with the CSA accelerometer, and the DLW method. The
latter was used as a criterion method for measuring TEE under free-living conditions in
Studies IV and V. The following general discussion will mainly focus on some specific
issues related to the accuracy, validity and practicality of the methods used in Studies I
to'V.

5.1 CALCULATION OF TEE AND AEE FROM SELF-REPORTS

The activity diary (Study I) provided average data for TEE comparable to those
obtained by the FLEX HR method, and has been found in previous research to be a valid
method for estimating TEE on a group level in adolescent subjects (Bratteby et al,
1997).

The main use of the AD, as for other self-report methods, would be in large
population-based studies. It may be hypothesised that the precision of the AD in
estimating TEE in an individual would be improved by measuring RMR and energy
expenditure during specific daily activities in each subject and thereafter assigning
individual MET values to each activity category. This however, would significantly
increase the time and costs of the method and thereby limit its use in large-scale studies.
Although assigning MET values for the different activity categories used and setting 1
MET equal to the estimated BMR seems appropriate for group estimation of TEE in
adolescents (Study I), it may not be suitable for specific groups.

For example, in a group of obese adolescents, the MET values, expressed as a
multiple of measured RMR, observed while the subjects were walking at 4 and 6 kmh™,
were significantly higher than those in a normal-weight control group. This was due to
the higher energy costs of moving a larger body (unpublished data). Consequently, when
published MET values (Ainsworth et al, 1993; Ainsworth et al, 2000) corresponding to
different self-reported intensities of PA are applied in a self-report method, calculated
AEE and TEE in obese subjects will be underestimated (Racette ef al, 1995).

In addition, the AD may not be an appropriate method when assessing TEE in
athletes, with a known high maximal aerobic fitness level. It has been shown that the
AD significantly underestimated TEE in endurance athletes, most likely due to the use
of inappropriate MET values in the two highest activity categories (Boulay et al, 1993).
Similar findings were reported by Sjodin et al (1994).

Apparently there is a need for more research on the energy costs of different physical
activities in normal-weight adolescents as well as in other specific groups (e.g. obese
subjects and athletes).

Because of the format of the activity diary, with each day consisting of ninety-six 15-
minute blocks, the detailed pattern of physical activity is less well described.

For a researcher who is interested in the time spent at different intensity levels, the
activity diary is less sensitive than the FLEX HR method and activity monitoring by use
of accelerometry, since these methods are generally based on minute-by-minute
monitoring of physical activity. On the other hand, when physical activity patterns are
examined in young children, an even shorter time sampling interval may be required.
Studies have suggested that the median duration of physical activities in children is less
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than 10 seconds (Bailey et al, 1995), and it was recently shown that a 5-second time
sampling interval detected approximately 4 times more of the accumulated physical
activity at a high intensity level and 10 times more of the accumulated physical activity
at a very high intensity level when assessments were made by an accelerometer in 7-
year-old children over a four day measurement period (Nilsson et al, 2002).

Only a limited number of studies have addressed the absolute validity of self-report
instruments in young people. In contrast to the findings in Study I, an approximately
100% overestimation of time spent at MVPA from a self-report instrument has been
observed in 11-year-old children (Sallis et al, 1996). On the other hand, Bratteby et al
(1997) concluded that the AD is a valid instrument for assessing TEE in 15-year-old
adolescents, as compared to the DLW method. Similarly, Roemmich er al (2000)
concluded that the 7d PAR is a valid self-report instrument for assessing TEE in
pubertal boys and girls if an appropriate MET value (multiple of BMR) is used to
transform PAR data to TEE data. To judge from the findings in the limited number of
studies concerning the absolute validity of self-report instruments, there may be a
difference between children and adolescents in their ability to recall and correctly report
the time spent at PA, or alternatively the use of different instruments may explain
discrepancies between studies.

Thus, there is obviously a need for more rigorous evaluation of different self-report
methods for use in young people. Such studies should preferably be performed by a
direct comparison of the self-report method under consideration with a validated
objective assessment instrument.

5.2 HR MONITORING - THE DEFINITION OF INTENSITY THRESHOLDS

A critical issue when assessing physical activity on the basis of heart rate monitoring is
the definition of the thresholds corresponding to physical activity of moderate and
vigorous intensity.

The relationship between heart rate and energy expenditure will differ as a function of
sex, aerobic fitness and probably age. The result of Study II clearly showed that the use
of absolute heart rates when defining intensity thresholds detracts from the usefulness of
the data. In another approach, the HR measured under free-living conditions is
expressed in relation to the HR at rest (DuRant et al, 1993a; Pate et al, 1996). This
approach may take interindividual differences in age, sex, fitness and body composition
into account. However, there is no consensus on how to define HR at rest, and the
definition of resting HR has a significant effect on the levels of physical activity
observed (Logan et al, 2000). In addition, the absolute and relative values for the
intensity of physical activity (e.g. VO,, MET, %PVO;) corresponding to 1.25 (light
intensity), 1.50 (moderate intensity) and 1.75 (vigorous intensity) times HR at rest have
not been empirically established in young people.

The use of individual calibration for the relationship between heart rate and energy
expenditure provides the most valid definition of intensity thresholds (Epstein et al,
2001). Although this approach is both time-and labour consuming and therefore may not
practical for use in large-scale epidemiological studies, it has been adopted in one
relatively large study of 775 adult subjects (Wareham et al, 2000).

A promising relative intensity categorisation is the use of percentage HRR. It has been
shown that %HRR is numerically identical to %VO-R from low to very high intensity
levels in adults (Swain and Leutholtz, 1997; Swain et al, 1998). Although not confirmed
empirically in young people, it is reasonable to assume that the relationship is similar.
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Thus, if a researcher is interested in examining the physical activity patterns (i.e. the
intensity and duration) of children and adolescents by means of HR monitoring, the
%HRR approach may be promising. In practice, it only requires measurement of resting
and maximal HR under standardised conditions. However, it does not provide any
estimates of TEE and its derivatives.

Thus, minute-by-minute HR monitoring seems to be a useful tool for assessing the
physical activity of young people if the intensity thresholds are defined in an appropriate
way.

5.3 ASSESSMENT OF THE TOTAL VOLUME OF PHYSICAL ACTIVITY
Self-report methods underestimate TEE in athletes (Boulay et al, 1993; Sjodin et al,
1994). The validity and accuracy of objective methods for use in this specific group
therefore need to be evaluated.

A direct comparison between the two methods applied in Studies IV and V,
accelerometry and the FLEX HR method, may shed some light on their respective
appropriateness, keeping in mind that the accelerometer is a direct measure of physical
activity, whereas the FLEX HR method is an indirect measure. The FLEX HR method
was shown to be robust when used in the two different training conditions. That is to
say, the estimated TEE and therefore also the calculated PAL, were not affected by the
different training regimens.

It may be argued that estimating BMR as compared to measuring RMR affects the
TEE calculated from the FLEX HR method. In one of the first validation studies of the
FLEX HR method it was suggested that the use of a calculated value for BMR would
not affect the calculated TEE (Spurr et al, 1988), and this approach was applied in the
present investigations.

In Study V, measured RMR was found to be approximately 10% higher than
estimated BMR. However, even if the higher RMR value is used in the calculation of
TEE, it will only have a minor impact on the calculated TEE. The calculation of TEE
from the FLEX HR method involves REE (for all HR < FLEX HR), the individual
relationship between energy expenditure and HR at all time points with HR > FLEX
HR, and an estimate of BMR during sleep. Thus, a 10% difference between estimated
BMR and measured RMR would only affect the smallest component (i.e. EE during
sleep) in the calculation of TEE. In the present study, the energy expenditure during
sleep was on average 4.1 MJ'd" (24%) of TEE calculated from the FLEX HR method.
Even if this value were increased by 10% (from measured RMR), this would only
increase the calculated TEE by approximately 2%, which would not affect the
agreement between the methods in Study IV.

Another methodological issue related to the FLEX HR method is whether the FLEX
HR definition is dependent of the fitness level on the subjects. That is, in aerobically
well-trained subjects, a ‘low” FLEX HR may be appropriate, whereas in unfit (e.g.
obese) subjects a ‘high” FLEX HR (i.e. FLEX HR +10) may be more suitable. This was
indicated by a study of overweight women, from which it was concluded that FLEX
HR+10 was superior to FLEX HRO (i.e. FLEX HR 2 in the present study) in estimatinon
of TEE (Fogelholm et al, 1998). However, this issue needs to be further addressed in
future studies before general recommendations on how to define FLEX HR in various
groups can be made.

In contrast to the results of Study IV, the data from Study V indicated that the output
from the CSA accelerometer, that is the total volume of physical activity, was affected
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by the different training conditions. This suggests that the accelerometer method should
be used with caution in specific groups.

However, for most groups of subjects it can be assumed that a large proportion of
daily life consists of sedentary and walking activities, and considering the accuracy of
the CSA accelerometer in discriminating between exercise intensities during walking
and jogging, the method seems to be a promising tool for assessment of physical activity
in relatively large groups of free-living subjects. Data from our group suggest that
activity counts from the CSA accelerometer is a useful measure of the total amount of
physical activity in free-living 9-year-old children (Ekelund et al, 2001b).

In contrast, Leenders er al (2001) concluded that AEE was significantly
underestimated by the CSA accelerometer as compared to AEE measured by the DLW
method. However, the calculation of AEE from activity counts in the study by Leenders
et al (2001) was based on a laboratory-derived energy expenditure prediction equation
(Freedson ef al, 1998), and therefore represented more an evaluation of the energy
expenditure prediction equation than of the accelerometer per se. It is unlikely that a
laboratory-derived equation for the relationship between activity counts and energy
expenditure will reflect the relationship during free-living situations. It therefore, seems
more appropriate to develop TEE and AEE prediction equations based on activity
counts, anthropometric variables and RMR in relation to TEE measured simultaneously
by the DLW method in free-living subjects.

Another important issue related to the practical use of the CSA accelerometer is the
placement of the monitor. In Study V a low back placement was adopted. It has been
suggested that the output from the accelerometer is affected by the site of placement
during walking on a treadmill (Welk et al, 2000). However, in a direct comparison
between two different placements (low back and right hip) during four days of
measurement in free-living children, no significant difference was found between
monitor placements, suggesting that the total amount of physical activity is not affected
by the placement of the monitor (Nilsson et al, 2002).

A more controversial issue relates to the definition of intensity thresholds, or cut-off
points, when assessing physical activity by means of the CSA accelerometer. A number
of different cut-off points have been suggested and there is currently no consensus on
how to define these intensity thresholds, which complicates comparisons between
studies.

The cut-off values differ significantly between different studies as a result of the use
of different calibration procedures. Calculated cut-off points for moderate, vigorous and
very vigorous intensities of physical activity during treadmill walking and running
(Freedson et al, 1998) have been found to be significantly different from those
calculated for a variety of activities, including overground walking and different
recreational and household activities of moderate intensity (Hendelman ez al, 2000). The
reported cut-off values for moderate physical activity have varied by a factor of 10, from
190 countsmin’ (Hendelman et al, 2000) when calculated for a combination of
activities to 1952 countsmin™ for treadmill walking and running (Freedson et al, 1998).
Thus, the calculated time spent at a specific intensity level as based on the CSA
accelerometer depends on the cut-off points applied. Even if multiple types of activities
are included when cut-off points are established, it is not known whether this will
improve the accuracy of the estimated time spent at different intensity levels when
assessing physical activity in free-living subjects.
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Furthermore, in a recent study aimed to evaluate age- and gender-dependent
differences in physical activity in 6-to-18-year-old children and adolescents (Trost et al,
2002), cut-off points for different intensity levels were calculated from a prediction
equation including activity counts and age which indicated that age was a significant
predictor of energy expenditure when estimated from activity counts. Age together with
activity counts may be a significant predictor of energy expenditure (METSs) in young
people, although the effect of age may be mediated through an effect of stride
frequency, stride length and movement economy while walking and running on the
treadmill. In addition, the use of an adult MET definition in the study by Trost et al
(2002) may influence on the relationship between activity counts and energy
expenditure. This issue needs to be examined in future studies.

Before optimal cut-off points that are known to reflect normal daily life have been
established, the main application of activity monitors may be in the assessment of the
total amount of physical activity.

5.4 FUTURE DIRECTIONS

Despite considerable advancement in the development of methods for physical
activity assessment during the last one to two decades, there is today no single such
method that is able to assess all different dimensions and aspects of physical activity
simultaneously. Consequently, there is still a lack of knowledge about the amount and
patterns of physical activity in young people. The existing methods need to be
developed even further and new assessment techniques need to be introduced.

Analyses of the metabolic costs of a variety of frequently performed everyday
physical activities as well as during different forms of exercise may strengthen the
accuracy of self-report methods. The validity and usefulness of expressing HR in
relation to resting HR when defining intensity thresholds from heart rate monitoring in
young people needs to be evaluated. The effect of the choice of definitions of FLEX HR
for different groups of subjects when estimating TEE from the FLEX HR method is
another issue for future research. Determination of optimal thresholds for defining
intensity levels by means of the CSA accelerometer seems to be a high priority. Finally,
a consensus on how to define intensity thresholds, and how to clean and analyse data
from heart rate monitoring and accelerometry studies would facilitate comparisons
between studies.

A further development of physical activity assessment in young people includes the
use of combinations of different assessment techniques. In this way, specific issues
regarding the relationship between physical activity and health in young people may be
solved. For example, by combining the DLW method and minute-by-minute
accelerometry, the first hard evidence of lower levels of physical activity in obese
adolescents as compared to a normal-weight control group, despite the absence of a
difference in energy expenditure estimates, was provided (Ekelund et al, 2002). Other
developments of physical activity assessment techniques include the global positioning
system (GPS) (Schutz and Chambaz, 1997; Schutz and Herren, 2000) and the use of
multi-sensor micro-processors (IDEEA. www.minusun.com). Preliminary results from
an evaluation of the latter device indicate that this system is able to detect, the intensity,
frequency and duration of physical activity but also the types of activities performed
(Zhang et al, 2001). If these preliminary data hold true, this device will have the
potential to increase our understanding of the type, the pattern and energy expenditure
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associated with physical activity, as well as the strengths and limitations of other
assessment techniques.
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CONCLUSIONS

The activity diary is a valid method for assessing total energy expenditure and its
derivatives and time spent at physical activity of moderate and vigorous intensity on
a group level in adolescent subjects, as compared to data obtained by the FLEX HR
method.

The use of absolute heart rates for defining intensity thresholds when assessing
physical activity by heart rate monitoring in adolescents detracts from the validity
of the interpretation of the data, mainly due the influence of aerobic fitness on the
heart rate — oxygen uptake relationship.

Adolescent boys and girls accumulate on average, more than one hour per day of
physical activity at an intensity suggested to be beneficial for health. On an
individual level, approximately 30% of the adolescents did not achieve the
recommended amount of physical activity.

Total energy expenditure estimated by the FLEX HR method is not influenced by
the definition of FLEX HR or by the type of training regimen as compared to total
energy expenditure measured by the doubly labelled water method in young
athletes.

The relationship between the total amount of physical activity assessed by the CSA
accelerometer and total energy expenditure and its derivatives seems to be
influenced by the type of training regimen in young athletes.
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