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ABSTRACT

MEASUREMENT OF PHYSICAL ACTIVITY AND ENERGY EXPENDITURE

USING HEART RATE, MOTION SENSORS AND QUESTIONNAIRES

This dissertation was designed to examine new techniques to measure physical
activity (PA) and energy expenditure (EE) during lifestyle activities. The specific aims
were: 1) to evaluate heart rate (HR), using percent of HR reserve in relation to percent of
oxygen uptake reserve, as a method for assessing moderate intensity PA in the field
setting; 2) to validate the simultaneous heart rate-motion sensor (HR+M) technique to
estimate EE of selected activities; 3) to validate the simultaneous HR+M technique to
predict EE over an extended time period; and 4) to use the simultaneous HR+M
technique to validate selected PA questionnaires over a 7-day period.

For the first aim, sixty-one males performed physical tasks in both a laboratory
and field setting. HR and oxygen uptake (VO,) were continuously measured during 15-
min tasks. HR data was used to predict EE using age-predicted maximum HR and
estimated maximal VO,. The correlation between HR and measured VO, was r=0.68.
After adjusting for age and fitness level, HR provided an accurate estimate of EE, r=0.87.
Using percent HR reserve to estimate percent VO, reserve significantly improved the
estimation of EE.

In the second aim, 30 participants performed arm and leg work in the laboratory

for the purpose of developing individualized HR- VO, regression equations. Participants
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completed 15-min bouts of activity in a field setting, with continuous measurements of
HR, motion, and VO,. Motion sensors were used to discriminate between arm and leg
activity, and HR was used to predict EE from the corresponding laboratory regression
equation. Simultaneous HR+M technique values were compared to a pedometer, a hip
mounted accelerometer, and HR using only the leg regression equation. The
simultaneous HR+M technique showed the strongest relationship with VO, r=0.81, and
it accurately estimated the energy cost of activities (P=0.341).

For the third aim, the simultaneous HR+M technique, as described above, was
validated over a 6 h period of free-living activity. In addition to the simultaneous HR+M
technique the FlexHR method was analyzed. The simultaneous HR+M technique
showed a stronger relationship with measured min-by-min EE in comparison to the
FlexHR method, r=0.81 vs. r=0.63, respectively. The simultaneous HR+M technique
accurately reflected min-by-min EE (SEE=0.55 METs). In addition, this technique
accurately determined the amount of time spent in resting/light, moderate, and hard
intensity activity.

In the final aim, the simultaneous HR+M technique served as a criterion measure
to examine the validity of six PA questionnaires. Subjects wore a HR recording device,
and two accelerometers, one placed on the wrist, and the other placed on the leg, for a
continuous 7-day period. Questionnaires examined included the Modifiable Activity
Questionnaire (MAQ), the Stanford 7-day Physical Activity Recall (PAR), the College
Alumnus Questionnaire (CAQ), the Framingham Activity Index (FAI), the Baecke

Activity Questionnaire (BAQ), and the Health Insurance Plan of Greater New York (HIP)



questionnaire. A significant correlation was observed between the simultaneous HR+M
technique and all questionnaires, with the exception of the BAQ. The PAR yielded
similar group means, compared to the criterion method, for time spent and EE in
moderate and hard intensity activity. In addition, a significant correlation was seen
between this questionnaire and criterion measure for both time spent and EE in hard
activity (r = 0.49, P<0.05, respectively). This suggests adequate validity for the PAR to

evaluate vigorous PA.
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PART I

INTRODUCTION



Substantial evidence has accumulated over the years to support the link between
physical activity and positive health outcomes, as evidenced by the 1996 Surgeon
General’s Report on Physical Activity and Health, (31) as well as by several other public
health statements (1, 2). It is now generally accepted that there is an inverse relationship
between regular physical activity and health problems such as coronary heart disease (22,
23, 29), hypertension (24, 32), some cancers (6, 13, 14), obesity (4, 7), and type 2
diabetes (17, 18). Physical inactivity is a large public health burden, and its importance is
demonstrated by the number of individuals who do not get enough physical activity to
obtain positive health benefits. It has been reported that 60% of U.S. adults do not
engage in regular leisure-time physical activity, and that about 25% report no physical
activity at all in their leisure-time (31). As outlined in the Surgeon General’s Report, the
greatest impact on public health occurs when the most inactive portion of the population
becomes moderately active (31). The recent public health message has seen a paradigm
shift away from conventional exercise recommendations to focus on the incorporation of
moderate physical activity into one’s daily live. The current recommendations set forth
by the American College of Sports Medicine (ACSM) and the Centers for Disease
Control and Prevention (CDC) suggest that all American adults accumulate at least 30
minutes of moderate intensity physical activity on most, preferably all, days of the week
(25, 31). This recommendation, which translates to approximately 150 kcals-d™*, or 1000
kcals-wk™, is not replacing conventional exercise suggestions, but is designed as a “first

step” in getting the inactive population active.



Physical activity is a complex behavior characterized by high levels of inter-
individual variation, and is thus difficult to measure. Physical activity is an integral part
of everyday life that includes several components such as type, intensity, frequency,
duration, and total volume. It is necessary to accurately assess these components of
physical activity in order to determine the specific dose-response characteristics between
physical activity and selected health outcomes.

The health effects of accumulating physical activity are generally established by
assessing physical activity by means of questionnaire. This is because physical activity
questionnaires are practical and feasible to administer to large population based samples.
However, although physical activity questionnaires are acceptable for recalling structured
exercise, significant error may occur due to their inability to accurately recall ubiquitous,
light to moderate intensity physical activity (20). Therefore, questionnaires may not truly
reflect one’s level of physical activity accumulated throughout the day during lifestyle
activity (3, 26). To date over 35 different physical activity questionnaires have been
developed, which highlights the measurement conundrum investigators are faced with
when choosing a questionnaire to use. Furthermore, the accuracy of physical activity
questionnaires has not been established to assess the complexity of physical activity
under field conditions; this is due to the lack of a suitable criterion measure. In order to
more fully understand and better define dose-response characteristics between physical
activity and specific health outcomes, the efficacy of physical activity questionnaires

needs to be evaluated for measuring different dimensions of activity levels.



There are additional methods of assessing physical activity in addition to the use
of questionnaires. The current “gold standard” for measuring total daily energy
expenditure is the doubly labeled water technique, which employs the stable isotopes,
deuterium and O,'®. There are, however, certain limitations to the use of this method.
First due to increasing costs and the need for specialized equipment, its use in large-scale
studies is limited. Second, it does not provide information on the “pattern” (i.e.
frequency, intensity and duration) of activity (27).

Various types of motion sensors have been developed in an attempt to more
objectively and accurately monitor physical activity in the field setting. The electronic
pedometer, a low cost device, has been shown to be accurate for measuring walking
behavior, expressed either as steps per day, or distance (5). However, these devices have
limitations when it comes to measuring lifestyle activities. Only modest relationships
were found (r = .493 - .580) between the electronic pedometer and indirect calorimetry
across selected moderate intensity activities (5). The pedometer cannot distinguish
between walking and running, and cannot distinguish whether external work is taking
place. Another limitation is that they lack an internal clock, and cannot store data. Thus,
the pedometer cannot provide any information on the frequency, intensity or duration of
activity.

In addition to pedometers, several types of accelerometers are also commercially
available. These devices are able to detect and record the actual magnitude of
acceleration and deceleration of motion. The information from these devices can be

stored for long periods of time, in some cases up to weeks. Laboratory and field



investigations have developed regression equations to predict MET levels and energy
expenditure from accelerometer readings; 1 MET is resting metabolic rate, and is taken as
being equal to 3.5 mL-Oxkg™-min”". Although laboratory regression equations have
shown accelerometers to be fairly accurate for activities such as walking and running (8,
19), regression equations developed in the field and validated against direct measures
across a variety of tasks have not shown such favorable results (coefficient values
ranging fromr = 0.4 - 0.6 [5, 10]).

The well-known linear relationship between heart rate and oxygen uptake (from
which energy expenditure can be computed) has led investigators to explore the potential
for using heart rate to estimate energy expenditure in free-living subjects. It is a method
of assessment that is low in cost, non-invasive and can provide information on the pattern
of activity. Heart rate monitors have been shown to be valid in relation to
electrocardiogram monitoring in both the laboratory and field settings (12, 15, 30). In
addition, advancement in microchip technology has resulted in the development of
smaller, cheaper monitors capable of continuous recording for several days or even
weeks. Most researchers now advocate the use of individualized heart rate-oxygen
uptake calibration curves generated in the laboratory, to account for differences in this
relationship due to age and levels of cardiorespiratory fitness. A major disadvantage of
heart rate monitoring is the variable relationship between heart rate and energy
expenditure for low intensity physical activities. Although approaches have been
developed to account for this variation, it still remains a limitation. Another significant

limitation is that the heart rate-oxygen uptake relationship is also dependent upon factors



such as activity mode, emotion, posture, and environmental conditions (11). Therefore,
heart rate alone may not be a suitable surrogate for determining energy expenditure.

In an attempt to overcome some of the individual limitations of heart rate
monitoring and motion sensors, it was recently proposed that a combination of these
monitoring techniques could improve the prediction of energy expenditure (9). Haskell
et al. (9) evaluated such an approach, focusing on the use of simultaneous heart rate and
motion sensor technology. Their laboratory-based study demonstrated that the accuracy
of estimating energy expenditure during a wide range of activities was improved when
individualized heart rate-oxygen uptake regressions were used and heart rate and body
movement was analyzed simultaneously rather than independently. The authors
concluded that individual heart rate-oxygen uptake regressions should be determined first
in the laboratory for both arm and leg exercise, thus accounting for variations due to age,
cardiorespiratory fitness levels, and activity mode. Then in the field setting, motion
sensors could be used to discriminate between arm and leg movement, and heart rate
estimates of metabolic energy expenditure refined to discriminate between upper- and
lower-body activity. Other laboratory-based investigations have also suggested that the
simultaneous heart rate-motion sensor technique is an acceptable method for predicting

energy expenditure (16, 21, 28).

Statement of the Problem
The complex nature of physical activity makes it difficult to assess this particular

behavior. There is much inter-individual variation in the energy cost of daily activities,



especially in relation to age and individual physical activity/physical fitness levels.
However, it is necessary to have more accurate measures of physical activity in order to
clearly establish the dose-response relationship between physical activity behaviors and

specific health outcomes.

Statement of Purpose

The purpose of this dissertation is to examine new techniques to measure
dimensions of physical activity and energy expenditure during free-living activities. This
dissertation takes a sequential approach. First, Part III evaluates a new method for
assessing moderate intensity physical activity in the field setting, based on the use of
percent heart rate reserve in relation to percent oxygen uptake reserve. Second, Parts IV
and V contain validation studies of the simultaneous use of heart rate and motion sensors
to assess the measurement of physical activity and energy expenditure. It was proposed
that the simultaneous use of heart rate and motion sensors could eliminate some of the
individual limitations associated with these measurement techniques, and serve to
improve the prediction of energy expenditure. These studies evaluate this approach in the
field setting. Lastly, Part VI uses the newly validated simultaneous heart rate-motion
sensor technique to assess the accuracy of selected physical activity questionnaires over a

continuous 7-day period of free-living activity.



Significance of these Studies

The simultaneous heart rate-motion sensor technique can accurately evaluate
different dimensions of physical activity. Its use may be limited to small physiologic
investigations, or to serve as a suitable criterion measure against which other measures
can be evaluated.

The establishment of the accuracy of different physical activity questionnaires
could enable a more precise measurement of different activity dimensions in large
population based investigations. A more accurate estimation of physical activity in free-
living population samples could enable a more precise evaluation of the “dose” of

physical activity needed to achieve specific health benefits.
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PART IT

REVIEW OF LITERATURE



Physical Activity and Positive Health

The importance of physical activity has been known for some time, as far back as
400 B.C. when Hippocrates wrote; “Eating alone will not keep a man well; he must also
take exercise” (109). Since those early times opinions have varied over how much
physical activity is needed to promote health. As advances in technology have now
enabled most of modern society to lead an essentially sedentary lifestyle, the
consequences of inactivity, and benefits of activity, are becoming increasing apparent.
Epidemiological investigations have demonstrated that coronary heart disease mortality
decreases in those that are more physically active (1, 17, 72, 75, 93). Furthermore, other
studies support the role of physical activity in preventing or managing type 2 diabetes
(27, 34, 41, 43, 61, 62), hypertension (38, 49, 76, 84, 115), obesity (16, 23, 30, 67, 95),
dislipidemia (28, 29), selected cancers (14, 54), and reducing depression and anxiety (63,
70). After repeated investigations demonstrating the importance of physical activity,
many health organizations now acknowledge the causal role of physical activity in
positive health (3, 109). Yet even with a plethora of scientific evidence demonstrating
the positive association between physical activity and positive health, there still remains a
great deal to be learned about the type, intensity, frequency and duration of physical
activity needed to bestow specific health outcomes.

Previous exercise recommendations have focused on improving cardiorespiratory
fitness by way of advocating physical activity for a sustained 20-60 minute period three
times per week at an intensity of 60-90% maximum heart rate (2). Recently there has

been a paradigm shift towards a less stringent promotion of an active living
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recommendation advocating regular moderate intensity physical activity to improve the
health of those who are least active (79, 109). The American College of Sports Medicine
(ACSM) and the Center for Disease Control and Prevention (CDC) now recommend that
“all Americans accumulate 30 minutes or more of moderate intensity physical activity on
most, preferably all, days of the week” (79). This recommendation was not intended to
take the place of the more formal cardiorespiratory fitness recommendations, moreover, it
was to promote an active lifestyle to those who are currently inactive. Thus, the recent
activity guidelines are designed to promote an active lifestyle through increases in

habitual physical activity.

Physical Activity Dimensions

The accurate assessment of physical activity in free-living populations remains a
daunting task. Physical activity is a complex behavior that incorporates classifications of
type, intensity, frequency, and duration of activity. Within the field of physical activity
assessment the terms “physical activity,” and “exercise” are often used interchangeably,
where in fact they are distinct concepts. For clarity the definitions of Casperson and
colleagues will be used (20). “Physical activity” is defined as any bodily movement
produced by the contraction of skeletal muscles resulting in caloric expenditure. Physical
activity maybe categorized as occupational, sports, household, conditioning, leisure,
transportation, or other activities. “Exercise” is a sub-category of physical activity and is
any activity that is planned, structured and repetitive having the improvement or

maintenance of “physical fitness” as an objective. “Physical fitness” is defined as a
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multi-dimensional trait including strength, muscular endurance, cardiorespiratory fitness,
flexibility, and body composition.

The concept of physical activity can, therefore, have overlapping dimensions.
Classifications of physical activity can include type (static, dynamic, upper body, lower
body, weight bearing, non-weight bearing), frequency, intensity, and duration. The
complex nature of physical activity has led to uncertainty over which dimension is the
most important for specific health outcomes. Therefore, it remains necessary to establish
the dose-response relationship between varying dimensions of physical activity and

specific health outcomes.

The Dose-Response Relationship Between Physical Activity and Health

In the past, physical activity was prescribed with an emphasis on improving
physical performance and/or fitness. Physical activity regimes were thus typically
evaluated in relation to their ability to increase cardiorespiratory fitness. However,
physical activity required to improve cardiorespiratory fitness and performance may not
be the same as that required to improve health and prevent disease. To date, the
frequency, intensity, duration, and total volume of physical activity required to elicit
health outcomes has not been clearly defined. Health benefits might be achieved by
frequent bouts of low-intensity activity that is inadequate to promote physical fitness, or
they may be a result of the adaptive response of bodily systems to repeated accelerations
of energy production during exercise. However, whether it is repeated short-term effects

of low intensity activity, chronic training effects, or a combination of these or more
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dimensions that is the required stimulus for health, still remains uncertain. In order to
fully define or measure the dose-response relationship between physical activity and
health it is necessary to have accurate methods of assessing all dimensions of physical

activity.

Physical Activity Assessment

Habitual physical activity has been assessed in a multitude of ways over recent
years with each method capturing various dimensions of the physical activity spectrum.
The methods of assessment used include both subjective and objective measures.
Subjective measurement tools include physical activity questionnaires/interviews and
physical activity diaries, broadly labeled as “recall strategies”. Objective measures of
physical activity include the measurement of body motion, and physiological variables
such as heart rate, oxygen uptake, and carbon dioxide production. The following review
describes the range of methods that are currently available to assess habitual physical

activity, including advantages and limitations of each.

Subjective Assessment of Physical Activity

There currently exist in excess of 35 different physical activity
questionnaires/interviews used within the field of physical activity assessment. The vast
number of these measurement tools in itself represents a quandary to the investigator.
The questionnaires differ in the method of administration (telephone, pencil-and-paper, or

in-person interview), the time frame over which activity is assessed, and the type of
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activity that is measured. Some questionnaires ask three to four simple questions,
whereas others go into extensive detail covering activities performed during household
chores, leisure-time activities and occupational activities. Within the last few years there
has been a plethora of information generated about the validity and reliability of selected
physical activity questionnaires. It is beyond the scope of this section to describe the
whole range of currently available physical activity questionnaires, although these have
been reviewed previously (81). However, in the context of this review it is important to
discuss the conclusions drawn from investigations utilizing questionnaires and recalled

information to assess physical activity levels.

Physical Activity Assessed by Questionnaire

Physical activity questionnaires are extremely effective for recalling structured
exercise. Participation in activities such as jogging, swimming, and sports are easily
recalled by the individual because they make a purposeful decision to take part in these
activities (110). The energy expended during these activities can then be quantified by
ascribing a specified metabolic cost to the activity (5). This approach is common to most
recall strategies. Even though this approach is common, the essence of focus remains on
exercise, and not necessarily on physical activity. Therefore, a major problem with
physical activity questionnaires is that they do not capture all of the underlying
dimensions of physical activity. For example, energy expended during exercise only
represents a portion of the energy expended in physical activity, so questionnaires are

unlikely to represent all physical activity performed during the course of a day, week or
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year. Furthermore, structured exercise is often performed in a vigorous manner, so in this
regard physical activity questionnaires may fail to capture ubiquitous light to moderate
intensity physical activity (7, 82).

One of the most frequently used physical activity questionnaires is perhaps the
Harvard Alumni Questionnaire, also referred to as the College Alumnus Questionnaire.
The original investigation using this questionnaire, carried out by Paffenbarger et al. in
1978, focused on physical activity as an index of heart attack risk in college alumni (75).
This investigation, a milestone by any standards, assessed 16,936 male alumni, who were
followed from 1962 or 1966 to 1972. During this 6-10 year follow-up, 572 men
experienced a first heart attack, 357 nonfatal and 215 fatal. Physical activity was
assessed by asking the participants to recall, flights of stairs climbed per day, city blocks
walked per day, and sports played. A composite estimate of weekly energy expenditure
(kilocalories/week) was then compiled from the gathered information. A physical
activity index, <2000 kilocalories-wk' and >2000 kilocalories-wk™ was developed. This
investigation revealed that those alumni expending >2000 kilocalories-wk™ had a 26
percent reduction in heart attack risk in comparison to those expending less than 2000
kilocalories/week.

Although the investigation by Paffenbarger et al. (75) highlighted a positive
association between physical activity and health, proposing a recommendation of
accumulating >2000 kilocalories-wk™' based on this information warrants a degree of
caution. For example, remembering that a large component of the information collected

pertained to sports play, does a 2000 kilocalories-wk™' recommendation mainly relate to
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vigorous activity? In addition, as previously mentioned, vigorous activities are easily
recalled, but light-moderate activities such as walking are not so easily recalled. This has
been recently shown with a head-to-head comparison between the Harvard Alumni
Questionnaire and the electronic pedometer (12). Bassett et al. (12) showed that the
Harvard Alumni Questionnaire underestimates total daily walking distance. So, although
physical activity questionnaires are feasible and practical in large-scale studies, they do
not fully capture all of the complex dimensions of physical activity. Precision about what
physiological exposure is being measured becomes very important when results gathered
from physical activity questionnaires are translated into public health recommendations.
Although exercise participation may predict health outcome, do we need to recommend
vigorous activity, or will light-moderate activity also translate into positive health
outcomes? Is expending a total of 2000 kilocalories/week sufficient to promote health, or
does this pertain only to energy expended during vigorous activities? This has very
important implications to the public, as light activity may also promote health and
longevity. Answers to such questions cannot be fully addressed by assessing physical
activity by means of questionnaire, simply because the physical activity questionnaire

fails to capture all of the dimensions involved.

Validation Studies for Physical Activity Questionnaires/Surveys

Although it is generally accepted that physical activity questionnaires and surveys
perform an important function in measuring causal associations between physical activity

and health, a factor that warrants discussion is how the validity of these measurement
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tools are established. A lot rests on the selection of a “gold standard” used to assess the
questionnaire/survey. Comparisons between questionnaires/surveys and other subjective
instruments will only measure convergent validity, and correlated error is likely to exist
(110). There have been numerous studies focusing on the validity of selected physical
activity questionnaires incorporating the self-reported physical activity diary, or log, as a
criterion measure (4, 22, 83, 86, 105, 114). Williams et al. (114) reported on the
convergent validity between the Physical Activity Log, the Stanford 7-day Recall
Questionnaire, and the Caltrac accelerometer. Forty-five subjects between the ages of 18
and 52 years took part in this study. All three physical activity measures were obtained
over a three-week period. It was reported that the physical activity log, and the Stanford
7-day Recall Questionnaire had high levels of test-retest reliability and a high level of
convergent validity for all three weeks of study.

Ainsworth et al. (4) recently reported on the accuracy of a physical activity
telephone survey using the physical activity log as a comparison measure. This study
assessed the physical activity habits of 38 men (age 47 * 15 yrs) and 45 women (age 45 +
16 yrs) for a 21-day period. Each day, participants completed a one-page, 48-item
physical activity log. Once a week participants also responded to a telephone survey.
Spearman rank-order correlations between the survey items and the physical activity logs
were r =0.26-0.54 (P<0.01) for moderate and walking activities and r =0.09 (P>0.05) for
hard/very hard activities. The authors concluded that although these correlations are
modest in size, they show that it is possible for a telephone-administered survey to reflect

participation in moderate intensity physical activity. Although this study demonstrated
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that the physical activity log data, and the survey data show similar results, the physical
activity log is not a gold standard measure. Therefore, even though this study
demonstrated convergent validity, this could simply represent correlated error.

Other physical activity questionnaire validation studies have used either motion
sensors (6, 36, 45, 66, 86, 88, 92), variables such as maximal aerobic power or skinfold
thickness (6, 45, 86), energy intake (8), or doubly labeled water (36, 82, 97) as gold
standard methods. Focusing on the motion sensors versus physical activity
questionnaires first, one such study carried out by Miller et al. (66) attempted to compare
5 physical activity questionnaires using the Caltrac accelerometer as the gold standard
method. Within this study 33 participants were monitored for seven consecutive days.
The Caltrac data were compared with five questionnaires, the Baecke; the Godin and
Shephard; the Ross and Jackson; a 3-day record; and a 7-day recall. The foremost
conclusion from this investigation was that a strong significant correlation was found
between the Caltrac and the 7-day recall questionnaire (r = 0.79), and that this
represented adequate validity. The inherent limitation of this conclusion is that the
Caltrac is not a gold standard measure of physical activity and has considerable
limitations as a physical activity measurement device; the Caltrac is reviewed in a later
section. Therefore, while the two measures of physical activity were strongly correlated,
the Caltrac does not provide quantitatively accurate measurements of physical activity.

One of the most comprehensive attempts at validating physical activity
questionnaires was undertaken in the Survey of Activity Fitness and Exercise (SAFE)

study (45). In this study 10 physical activity questionnaires were compared with two-day
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physical activity diaries, collected monthly for 14 months, accelerometry assessment, and
other measures, including body fatness, and maximal aerobic power. Although this was a
complex study design, the choice of a gold standard method can be scrutinized. Physical
activity diaries, or recall information, and accelerometry, discussed in a later section, are
not gold standard methods, so again correlated error is likely to occur. Although,
physical fitness and body composition might be associated with physical activity, they

are not a direct measure of physical activity so cannot be viewed as a gold standard
method either. Therefore, this study did not fully assess the ability of the ten physical
activity questionnaires selected to quantitate physical activity levels.

Other validation studies of physical activity questionnaires have used energy
intake or doubly labeled water as a gold standard method. Albanes et al. (8) examined
the validity of eight physical activity questionnaires in relation to energy intake and
resting energy expenditure. The questionnaires that they studied where, the Harvard
Alumni; the Pennsylvania Alumni; the Five-City Project (7-day recall); the Framingham;
the Health Insurance Plan; the Baecke, the Lipid Research Clinics; and the Minnesota
Leisure-Time Physical Activity Questionnaire. Twenty-one healthy adult males, 28-55
years old, participated in this study. Under the assumption that if an individual remains
weight stable, energy intake is equivalent to energy expenditure, the investigators were
able to determine total energy expenditure for this group of participants. Spearman rank-
order correlations between the selected physical activity questionnaires/indexes and total
energy expenditure ranged from r =0.49 for the Harvard Alumni Questionnaire, to r

=0.19 for the Health Insurance Plan Questionnaire. Spearman rank-order correlations
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between the selected physical activity questionnaires/indexes and activity energy
expenditure (total minus resting energy expenditure) ranged from r =0.32 for the Harvard
Alumni Questionnaire to r =0.05 for the Health Insurance Plan Questionnaire. The
selected physical activity questionnaires demonstrated low to moderate correlations with
total energy expenditure and physical activity energy expenditure. Therefore, it was
concluded that questionnaires were sufficient to characterize physical activity levels of
individuals.

One significant limitation to the method of validation employed by Albanes and
colleagues (8) is that the energy intake equivalent to energy expenditure method is only
capable of quantifying total energy expenditure. Thus, physical activity energy
expenditure can only be estimated by subtracting resting levels and the thermic effect of
food. Even so, it only estimates global physical activity energy expenditure
(kilocalories/day). It is unable to detect frequency, intensity or duration of physical
activity, which are important dimensions to classify in order to fully explore the
relationship between physical activity and health. Therefore, this validation study did not
assess the validity of physical activity questionnaires for assessing the complete spectrum
of physical activity.

In another validation study of physical activity questionnaires, Philippaerts et al.
(82) employed doubly labeled water as the criterion measure. The investigators in this
study compared the estimated energy expenditure derived from the Baecke
Questionnaire, the Five-City Project Questionnaire (7-day recall), and the Tecumseh

Community Health Study Questionnaire to that of the doubly labeled water technique.
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The study population consisted of 19 males, approximately 40 years of age, from
Belgium. Sleeping metabolic rate was determined in a respiration chamber, and average
daily metabolic rate was measured over a two-week period using doubly labeled water.
Measurement of sleeping metabolic rate permitted the calculation of average level of
physical activity (average level of physical activity = average daily metabolic rate minus
sleeping metabolic rate). The total activity index from the Baecke Questionnaire was
significantly correlated with average level of physical activity determined from the
doubly labeled water technique (r =0 .69, P<0.001) for all participants. The Five-City
Project Questionnaire (kilocalories-wk™') only showed a modest, non-significant
correlation (r =0.34) against average level of physical activity for all participants. The
Five-City Project Questionnaire (kilocalories-wk ™) was, however, significantly correlated
with average daily metabolic rate (r =0.61, P<0.01) for all participants. The Tecumseh
Community Health Study Questionnaire (kilocalories-wk™") was significantly correlated
with average daily metabolic rate and average level of physical activity determined from
the doubly labeled water technique for all participants, r =0.63, P<0.01, and r =0.64,
P<0.01, respectively. This study concluded that valid data could be obtained about
physical activity from the Baecke Questionnaire, and the Tecumseh Community Health
Study Questionnaire. It is worth noting, however, that the Baecke Questionnaire is an
index, and does not quantify energy expenditure.

Although the doubly labeled water technique remains the gold standard for
measuring total energy expenditure, one significant limitation, similar to the energy

intake method employed by Albanes et al. (8), is that it can only quantify global energy
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expenditure (kilocalories-d™). In this respect it again can only measure one dimension of
physical activity, and is unable to detect frequency, intensity or duration of physical
activity. Another limitation to the doubly labeled water technique is that it is extremely
expensive, requires specialized equipment, and can only be used for a maximum of 10-20
days; this is discussed in a later section.

The main conclusion drawn from this physical activity assessment section is that
strong associations have been demonstrated between physical activity and various disease
endpoints. However, physical activity questionnaires are prone to measure exercise
rather than all levels of physical activity. Furthermore, the selection of gold standard
methods to assess the accuracy of selected questionnaires has not fully examined their
true validity for measuring the complete physical activity spectrum. If subjective recall
information is going to be used to measure activity levels of population-based samples,
additional studies are needed to fully explore the validity of questionnaires/surveys to

assess all dimensions of physical activity.

Objective Assessment of Physical Activity
In addition to subjective measurement instruments, such as physical activity
questionnaires/surveys, there are a number of objective assessment tools that can be

utilized to monitor habitual physical activity.
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Doubly Labeled Water

The premise for the doubly labeled water technique is that the oxygen atoms in
expired carbon dioxide have isotopically equilibrated with the oxygen atoms in body
water. Isotopically labeled oxygen in body water can exit the body as H,O and as CO,,
whereas isotopically labeled hydrogen in body water can only exit the body as H,O.
Therefore, after a dose of water labeled with hydrogen and '®0; the hydrogen is lost from
the body as water, whereas the '*0; is lost from the body as water and carbon dioxide.
The difference between the elimination rates is, therefore, proportional to carbon dioxide
production, from which energy expenditure can be calculated.

After Lifson et al. (56) suggested that this method of quantifying energy
expenditure may be economically feasible in humans, it rapidly became the gold standard
for assessing total energy expenditure. Investigations have been conducted to assess the
accuracy of the dual isotope technique and the assumptions used in calculating carbon
dioxide production by comparing the isotopic turnover information to carbon dioxide
production obtained from whole-body calorimetry.

Schoeller and colleagues (89) examined the accuracy of the doubly labeled water
method to measure energy expenditure in comparison to whole room calorimetry in nine
males. Subjects remained in the room calorimeter for four days. Doubly labeled water
overestimated energy expenditure by 4 = 5%; these differences were not statistically
significant.

Clinical laboratory investigations have also examined the accuracy of the doubly

labeled water method to energy intake. Schoeller and Santen (90) examined the utility of
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this method against energy intake over 13 days in four adults. Participants remained
housed in a Clinical Research Center for the entire study duration. Meals were prepared
for the subjects in the Center’s kitchen. Energy expenditure was calculated from energy
balance by taking the sum of the dietary intake and the change in body stores. Energy
expenditure measured by doubly labeled water overestimated energy intake values by 2 +
5.6%; this difference was not statistically significant.

Delany and colleages (26) examined the use of doubly labeled water to measure
energy expenditure in 16 soldiers in field conditions. This study examined two different
levels of energy intake, a 2000 kilocalories-d” diet versus a non-restricted diet. Body
composition was measured by underwater weighing prior and immediately following the
study. Measured energy expenditure and doubly labeled water compared well. The
doubly labeled water method over-estimated energy expenditure by 5 +4.1%. This
difference was not significantly different.

From the handful of studies identified it can be seen that the doubly labeled water
method of measuring energy expenditure is valid in controlled settings. However, it is
important to note there are limitations to this assessment technique. Doubly labeled
water requires specialized equipment and is extremely expensive. Another major
limitation to using doubly labeled water as an assessment device, is that it is only capable
of measuring total energy expenditure over a given period of time, typically 10-20 days.
In this sense, this technique is not capable of quantifying the full spectrum of physical
activity. Furthermore, there is a worldwide shortage of doubly labeled water, which

poses a major limitation also.
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Motion Sensors

Pedometers

The pedometer was originally developed hundreds of years ago, and was
primarily employed to measure plots of land. However, since about the 1960s
researchers have begun to use pedometers to assess physical activity behavior (100).
Several kinds of pedometers have been used over the years, ranging from ones worn on
the shoe and ankle, to ones worn on the hip. Until recent years only mechanical versions
of the pedometer were available. This type of pedometer was plagued with reliability and
validity problems, and was generally found to be unacceptable for research use (37, 52,
111). For instance, Kemper and Verschuur (52) examined the validity of two types of
mechanical pedometers (German and Russian) in 58 boys aged 12-18 years. Participants
walked at 1.2, 2.6, and 3.8 miles per hour, for S, 4, and 4 minutes respectively.
Participants also ran at 3.8, 5.1, 6.4 and 9 miles per hour, for 3, 3, 3, and 2 minutes
respectively. The percentage deviation from the actual step rate, measured by hand, for
walking was —66.0 + 35.6% at 1.2 miles per hour, +7.1 + 33.3% at 2.6 miles per hour,
and +6.9 £+ 11.4% at 3.8 miles per hour, for the German pedometer. For the Russian
pedometer at the same speeds the percentage deviation was -88.8 + 19.7%, -13.9 +
33.9%, and +10.2 + 8.1%. The percentage deviation for running was +5.4 + 8.7% at 3.8
miles per hour, +3.4 + 9.8% at 5.1 miles per hour, +0.6 £ 9.5% at 6.4 miles per hour, and
+8.6 = 8.1% at 9 miles per hour, for the German pedometer. For the Russian pedometer
at the same running speeds the deviation was +6.8 + 8.1%, +3.9 + 6.4%, +3.7 + 3.4%,

and +9.0 + 8.6%. These results highlighted that these two types of mechanical
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pedometers greatly under-predicted step rate at slow speeds, and over-predicted step rates
at faster walking speeds and running speeds.

A more sophisticated electronic pedometer was later developed. These small,
matchbox-size, belt-mounted devices are triggered by vertical movements. A horizontal
spring-suspended pendulum arm oscillates with vertical movement of the body, thereby
opening and closing an electronic circuit. When this occurs, as with walking, one event
or one step is recorded.

The electronic pedometer, a low-cost device, has been shown to be valid and
reliable for determining walking behavior, measuring steps per day, and quantifying
distance walked (13, 53, 94, 108). One of the most conclusive validation studies to date
was carried out in 1996 by Bassett and colleagues (13). This study examined the
accuracy and reliability of five electronic pedometers for measuring distance walked.
Twenty subjects (18-65 years) walked a 3.03 mile sidewalk course, wearing the same
brand of pedometer on each hip. The authors indicated that there were significant
differences among pedometers (P<0.05) for measuring distance/steps, with the Yamax
DW-500 being one of three electronic pedometers to approximate the actual distance
accurately. In addition, the Yamax pedometer showed no difference between steps
recorded on the right hip in comparison to steps recorded on the left hip, 100.6 and 100.7
percentage of steps recorded, respectively. The effect of different walking speeds was
also examined in this study. Participants walked on a motorized treadmill at 2, 2.5, 3, 3.5
and 4 miles per hour. The Yamax electronic pedometer was again significantly more

accurate than any of the other models for tracking distance and number of steps taken.
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Many pedometers now also have a calorie function, so they are able to identify
how many kilocalories are expended during a specific period of time. Eston and
colleagues (33) examined the validity of heart rate, pedometry, and accelerometry for
predicting the energy cost of children’s activities using indirect calorimetry as a criterion
measure. Thirty children were studied (mean age 9.2 + 0.8 yr), from Bangor, Wales.
Each child walked (2.5 and 3.8 miles per hour) and ran (5.0 and 6.4 miles per hour) on a
treadmill, played hopscotch, and sat and crayoned. Each activity was carried out for 4
minutes at a time. Oxygen uptake values were expressed as a ratio of body mass, raised
to the power of 0.75 (scaled oxygen uptake). The relationship between hip pedometer
counts for all activities and scaled oxygen uptake was r =0.81, and the standard error of
the was estimate 14.6 ml-kg"-min™'. This error represented 25.8 percent error of mean
scaled oxygen uptake.

Bassett et al. (11) examined the validity of the pedometer and other motion
sensors compared to indirect calorimetry in a field setting in a group of 81 participants
(19-74 years). Participants completed 28 selected indoor and outdoor activities for 15
minutes at a time. During each activity indirect calorimetry was measured by a portable
metabolic measurement system (Cosmed K4b%). A modest correlation between the
electronic pedometer and indirect calorimetry was established (r = 0.49). However, the
mean error score between the pedometer and indirect calorimetry (indirect calorimetry
minus pedometer) was +1.1 METs, with the 95% confidence interval ranging from + 3.0
METs. The wide error ranges highlighted in the two aforementioned studies demonstrate

that the pedometer in not an accurate measurement device to establish energy expenditure
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in field conditions during everyday lifestyle activities. Bassett et al. (11) highlighted a
number of limitations to the use of the pedometer to predict energy expenditure. Namely,
the pedometer fails to account for any upper body activity, and the pedometer cannot
detect whether any external work is taking place, such as when carrying or pushing
objects. It was noted however, that the pedometer yielded good estimates of energy
expenditure during slow and brisk walking. Additional limitations to the use of
pedometers is that they lack an internal time clock and cannot store data. Thus, although
the newer style electronic pedometer can accurately measure steps per day, distance
walked, and even identify accurate estimates for energy expended during walking, it
cannot provide any information on the complete spectrum of physical activity, failing to

measure frequency, duration or intensity of activity.

Accelerometry

Caltrac
The Caltrac is a single-plane accelerometer that measures the vertical acceleration

and deceleration of the body, and is usually clipped to a belt worn on the hip. The
movement that is recorded is summed and is then used to estimate energy expenditure.
The algorithm that is used to derive estimates of energy expenditure was developed by
Montoye and associates (68). The investigators measured a multitude of different
activities thought to represent average daily activities. These activities included walking
and running at different speeds, knee bends, bench stepping and floor touching.
Numerous investigations have demonstrated that the Caltrac accelerometer

overestimates energy expenditure during walking and jogging/running activities (10, 18,
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40, 48, 74, 88, 103). Balogun and co-workers validated the Caltrac during level walking
in a group of 25 subjects between the ages of 18 to 38 years (10). The subjects walked at
four different speeds, 2, 3, 4, and 5 miles per hour, on a motorized treadmill for a period
of eight minutes at each speed. During the test oxygen uptake was recorded every 30
seconds, and minutes six-eight were used for analysis. The Caltrac accelerometer output
was monitored every two minutes. A strong linear relationship was found between
Caltrac accelerometer output and energy expenditure (r =0 .91, p<0.0001). Paired 7 test
results between the accelerometer output and measured energy expenditure revealed that
the Caltrac significantly overestimated energy expenditure at the different walking speeds
(p<0.001). The difference between the Caltrac accelerometer output and the measured
energy expenditure ranged from +13.3 to +52.9%.

Pambianco and colleagues (77) focused on the accuracy and validity of the
Caltrac accelerometer in ten overweight, >15% above ideal body weight based on the
1983 Metropolitan Life Insurance Tables, and ten normal weight subjects, aged 20-35
years. Each subject walked on a level treadmill for 15 minutes at speeds of 2, 3, and 4
miles per hour. A Caltrac was worn on each hip during the trials. Reliability was
assessed by having a sub-sample of six subjects repeat the protocol on three separate
occasions over a two-week period. The inter-instrument reliability was high, ranging
from r =0.87 to r =0.98 over the three different speeds with a mean absolute percent
difference of +10 £ 7 kilocalories. The inter-session reliability was also high with a small
mean difference of -3 kilocalories. However, the validity comparisons revealed that the

Caltrac significantly overestimated energy expenditure at all speeds, with absolute
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differences of +13.5 kilocalories at 2 miles per hour, +19 kilocalories at 3 miles per hour,
and +25.5 kilocalories at 4 miles per hour. The absolute percent error averaged +23%.
Although the Caltrac accelerometer was found to be a reliable predictor of energy
expenditure, it was not a quantitatively valid measurement tool.

Haymes and Byrnes (40) examined the accuracy of the Caltrac accelerometer
versus indirect calorimetry for both walking and running in twenty subjects. Each subject
walked on a level treadmill at speeds of 2, 3, 4, and 5 miles per hour and ran at speeds of
4,5, 6,7, and 8 miles per hour. Subjects performed each stage for four minutes, with a
ten-minute rest period between the walking and running bouts. The Caltrac
accelerometer overestimated the energy cost of brisk walking and slow jogging by
approximately +20 to +40%. In addition, this study found that the Caltrac was not able to
detect changes in running velocities between speeds of 5 to 8 miles per hour.

An investigation by Bray et al. (18) determined the validity of the Caltrac in
estimating energy expenditure in children aged 9-12 years. Seventeen children
participated in this study. Energy expenditure predicted from the Caltrac for rest, slow
walking, and brisk walking was compared to indirect calorimetry. Two Caltracs were
worn, one on each hip. Interinstrument reliability was high during the resting phase, the
slow walking phase and the brisk walking phase, r =0.96 (standard error of the estimate
.02 kilocalories/min), r =0.93 (standard error of the estimate .12 kilocalories/min), and r
=0.96 (standard error of the estimate .16 kilocalories/min), respectively. Correlations
between Caltrac estimates of energy expenditure and measured energy expenditure were r

=0.53 for rest, r =0.89 for slow walking, and r =0.85 for brisk walking. The Caltrac
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overestimated energy expenditure at both walking speeds. At the slow walking speed the
Caltrac overestimated energy expenditure by 17 + 9.1% (range, -3 to +30%), and at the
brisk speed the Caltrac overestimated energy expenditure by 25 + 13.3% (range, +5 to
+46%). This study highlighted that Caltrac estimates of energy expenditure for children
are inaccurate in comparison to indirect calorimetry.

In another study by Bray et al. (19), 24-hour energy expenditure via whole room
calorimetry was compared to Caltrac estimates of energy expenditure. Forty girls
participated in this study (mean age 13.0 + 1.8 years). Energy expenditure was estimated
by two Caltrac accelerometers, one placed on either hip, for four randomly assigned
subjects. Interinstrument reliability was high, mean difference 0.8 + 0.5%, similar to
what other studies have concluded. Although Caltrac estimates of energy expenditure
were significantly correlated with total energy expenditure (r =0.80), sedentary energy
expenditure (r =0.84), and waking energy expenditure (r =0.85), the Caltrac significantly
underestimated energy expenditure in all conditions (range of error —6.8 to —30.4%). One
reason for the underestimation may stem from the fact that all subjects were instructed to
perform two 20 minute bouts of stationary cycling throughout the day. A Caltrac placed
on the hip will be essentially unable to detect the energy expended during stationary
cycling, as this represents a majority of leg activity with minimal hip oscillations.

Johnson and colleagues examined the accuracy of the Caltrac accelerometer for
estimating energy expenditure in children versus the doubly labeled water technique (48).
The sample consisted of 31 children with a mean age of 8.3 + 2.0 years. Caltrac data

were collected for 2 weekdays and one weekend day within a 14-day free-living period.
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Activity energy expenditure was established by subtracting resting metabolic rate,
measured via indirect calorimetry, from total daily energy expenditure, derived from the
doubly labeled water method. The 3-day average mean difference between the criterion
method (doubly labeled water) and the Caltrac was —487.4 kilocalories, thus representing
a significant overestimation by the Caltrac accelerometer. Perhaps of greater
significance, was the fact that the 95% confidence interval ranged from —30.53 to -944.3
kilocalories. In this sample of 31 children the Caltrac accelerometer significantly
overestimated measured energy expenditure.

Bassett et al. (11) in their study of accelerometry versus indirect calorimetry in the
field, noted that the Caltrac had modest correlations with a criterion measure (portable
metabolic measurement system, Cosmed K4b?), r =0.58, but it significantly
underestimated energy expenditure by a mean difference of 0.8 METs across 28 different
lifestyle physical activities each performed for 15 minutes each.

The literature to date has highlighted that the Caltrac accelerometer, although
reliable, significantly overestimates energy expenditure during laboratory investigations,
and has been found to both under and overestimate energy expenditure during 24-hour
room calorimeter and field investigations. Therefore, it would appear that the Caltrac
accelerometer is not an accurate predictor of energy expenditure in either adults or

children.

TriTrac
The TriTrac-3RD accelerometer was developed by the same company who

manufactured the Caltrac accelerometer. It was hoped that this device would overcome
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some of the limitations of the Caltrac. The TriTrac combines three independent sensors
in orthogonal axes to detect acceleration in three-dimensional space (horizontal, vertical,
and lateral). It weighs 170 grams, and is approximately the size of a regular pack of
playing cards. The TriTrac provides minute-by-minute data that can be downloaded to a
computer. The TriTrac also has the capability to store data for a 14-day period. The
TriTrac is capable of measuring both activity energy expenditure, and resting energy
expenditure (predicted from gender, age, height and body mass). Thus, the TriTrac can
estimate total energy expenditure by summing predicted resting and activity energy
expenditure. The TriTrac has the potential to predict the number of minutes spent in
different intensity classifications.

There have been a number of studies assessing the reliability and validity of the
TriTrac accelerometer to predict energy expenditure in both adults and children (24, 32,
46, 64, 98, 113). Jakicic et al. (46) examined the accuracy of the TriTrac-3RD to
estimate energy expenditure in relation to indirect calorimetry in 20 participants (age
range 18-35 years). Participants performed five different activities on separate days, each
lasting for 20-30 minutes. The activities included: treadmill walking (3 miles per hour at
0% grade, 5.0% grade and 10.0% grade); treadmill running (5 miles per hour at 0% grade
and 5.0% grade); cycling (50 revolutions per minute at 1.5kg resistance and 65
revolutions at 1.5kg resistance); stepping (20 cycles per minute up an eight inch step and
30 cycles per minute up an eight inch step); and slideboard (17 cycles per minute and 21
cycles per minute). Each activity was separated into five-minute segments for analysis.

Participants wore two TriTrac accelerometers to assess inter-device reliability. There
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were significant differences between the two devices for all activity segments,
highlighting a lack of inter-device reliability. TriTrac accelerometer predicted energy
expenditure was significantly correlated with walking (r =0.78 — 0.86), running (r =0.79 —
0.92), stepping (r =0.54 — 0.75), and slideboard (r =0.68 — 0.81). It was not, however,
significantly correlated with cycling (r =0.04 — 0.45). Difference scores (TriTrac minus
indirect calorimetry) for total energy expenditure (kilocalories) were: —29.8 and —50.0 for
unit 1 and unit 2 for walking; +4.8 and +13.8 for unit 1 and unit 2 for running; -51.2 and
—44.3 for unit 1 and unit 2 for stepping; -65.9 and —56.4 for unit 1 and unit 2 for
slideboard; and —89.1 and —-86.5 for unit 1 and unit 2 for cycling. For the activities
where predicted energy expenditure significantly correlated with measured energy
expenditure, the range of mean error was +2.0% to —44.2%. For cycling, the mean error
was —69.1%. Therefore, it would appear that estimates of energy expenditure by the
TriTrac-3RD accelerometer are significantly correlated with energy expenditure values
measured by indirect calorimetry for selected activities. However, the TriTrac generally
underestimates the criterion measure.

Other validation and reliability studies have only examined the TriTrac in relation
to subjective criterion measures, such as self-report activity logs or physical activity
questionnaires (24, 32, 64, 98), or objective measures known to have potential
limitations, such as heart rate monitoring (24, 113), discussed in a latter section.
Matthews et al. (64) examined the TriTrac in relation to a 7-day self-report interview and
a 3-day physical activity log, in a field trial of 25 participants (mean age 25.5 + 3.94

years). The TriTrac significantly underestimated daily energy expenditure in comparison
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to self-report measures, and the physical activity log. The mean difference over 3-days
(log) was —362.4 kilocalories-d”, and over 7-days (interview) was -310.3

kilocalories- d”. The results of this investigation would suggest that the TriTrac
significantly underestimates free-living energy expenditure.

Epstein and coworkers (32) assessed physical activity levels in 59 obese children
(mean age 10.5 + 1.2 years) by both self-report and TriTrac accelerometry. Subjects
were studied for two weekdays, after school, and one full weekend day. Self-report was
carried out with the assistance of one parent. Although there was a significant correlation
between accelerometer and self report (r =0.46), the mean accelerometer values
significantly underpredicted mean self-reported activity by 41.2%.

Welk et al. (113) examined the validity of the TriTrac activity monitor for the
assessment of physical activity in a field setting within children. Thirty-five children
aged 9-11 years participated in this study. All children were monitored over three school
days. Children’s activity was assessed by a TriTrac accelerometer, a Caltrac
accelerometer and by heart rate. Heart rate analysis that controlled for resting heart rate,
average activity heart rate, and an individualized heart rate index calculated by dividing
mean daily heart rate by resting heart rate, were significantly correlated to one another,
ranging from r =0.83 to r =0.95. This demonstrated that these two different ways of
analyzing heart rate data yielded similar results. Heart rate data was, however, only
moderately correlated with TriTrac accelerometer data, r =0.58, and Caltrac
accelerometer data r =0.52. The correlations between the two accelerometers in relation

to heart rate were not significantly different to one another. This would suggest that the
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three dimensional TriTrac did not offer any significant improvement over the single-

plane Caltrac. As the two accelerometers are highly correlated to one another, r =0.88, it
would appear that they are essentially measuring the same thing. This is of particular
interest when one considers that the cost of the Caltrac is approximately $90, whereas the
cost of the TriTrac is approximately $500. The major advantage that the TriTrac offers
over the Caltrac, is that it is able to store data minute-by-minute and predict the pattern of
physical activity.

Although the TriTrac accelerometer has not been as widely studied as the Caltrac
accelerometer, the current literature indicates that the TriTrac significantly
underestimates energy expenditure in both laboratory and field settings, similar to most
of scientific literature on the Caltrac accelerometer. Some fundamental limitations to the
current literature involving the TriTrac, is that it has not been validated against a gold

standard measure for field-based assessment.

Computer Science Applications, Inc. (CSA)

The CSA is a small lightweight accelerometer that is housed in a durable plastic
casing. The device can be easily strapped to a belt, ankle, or wrist. The CSA
accelerometer has an internal time clock and is capable of storing data for 22 consecutive
days. The data can then be downloaded to an IBM compatible computer. The data can
be stored over various time intervals ranging from one second to several minutes. The
device monitors activity with a single channel accelerometer that measures and records

accelerations ranging in magnitude from 0.05 to 2 G and bandlimited with a frequency
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response from 0.25 to 2.5 Hz. An analog-to-digital converter quantifies the magnitude of
the acceleration, establishing a linear response to accelerations. The features of the CSA
make it possible to record information on the pattern of physical activity.

There have been a number of studies focusing on the validity and reliability of the
CSA accelerometer in both laboratory and field based research (11, 35, 42, 47, 65, 73,
104, 107). One of the first studies to examine the validity of the CSA was conducted by
Melanson and Freedson (65). This study assessed the validity of the CSA (model 5032)
accelerometer during level and graded treadmill walking and running in 28 participants.
Twenty-one subjects walked at 3 miles per hour, 4 miles per hour, and jogged at 5 miles
per hour for eight minutes at a time. At each speed data was collected at 0%, 3% and 6%
grades. Energy expenditure established via indirect calorimetry served as the criterion
measure. CSA activity counts were significantly correlated to energy expenditure (r
=0.89). The CSA data was then used to develop models to estimate energy expenditure
(kilocalories per minute) from activity counts. Seven subjects were used in a cross-
validation study to determine the accuracy of the prediction model, using CSA counts to
estimate energy expenditure, again using indirect calorimetry as the criterion measure.
The mean difference between predicted and actual energy expenditure in this group of
seven subjects was 0.02 kilocalories per minute. However, the range of error was
considerably large, at -2.86 to +3.86 kilocalories-min™. The CSA accelerometer
positioned on the hip was found to be sensitive to changes in velocity, but insensitive to

changes in grade.
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Trost et al. (107) examined the validity of the CSA accelerometer (model 7164) in
children aged 10-14 years. Thirty participants took part in this laboratory based study,
which involved having each subject perform three 5-minute treadmill bouts at 3, 4 and 6
miles per hour, respectively. While on the treadmill participants wore a CSA device on
the left hip and right hip. Energy expenditure was determined by indirect calorimetry.
Mean activity counts were not significantly different between the left and right CSA
monitor, with the interclass reliability coefficient for the two CSA devices being 0.87
across all speeds. Activity counts were strongly correlated with energy expenditure, r =
0.87. A prediction equation was developed to estimate energy expenditure from CSA
counts for 20 participants, and then cross-validated in another 10 participants. Mean
energy expenditure predicted for the 10 participants were not significantly different from
zero, being 0.01 kilocalories per minute. The correlation between predicted and actual
values was r =0.93, standard error of the estimate 0.93 kilocalories-min™. This study
highlighted that the CSA accelerometer is a valid and reliable measurement tool for
quantifying level treadmill walking and running in children.

An additional study by Freedson et al. (35) established the accuracy of the CSA
accelerometer (model 7164), and developed count ranges coinciding with MET intensity
categories. Fifty participants walked and jogged on a treadmill at 3, 4, and 6 miles per
hour. Again indirect calorimetry served as the criterion measure. CSA accelerometer
counts and steady-state oxygen consumption were highly correlated with one another (r
=0.88). Similar to the study by Melanson et al. (65) and Trost et al. (107) a random

sample of participants were used to develop a model to predict energy expenditure from
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CSA activity counts, in this case 35 participants. The remaining 15 participants
performed a cross-validation study to determine the accuracy of the prediction model to
determine energy expenditure in relation to indirect calorimetry. No significant
differences between actual and predicted energy expenditure were found at any treadmill
speed, the differences being -0.19, -0.46, and +0.12 kilocalories per minute for 3, 4, and 6
miles per hour, respectively. Selected cut-points were established coinciding with MET
level categories for light (< 2.99 METs), moderate (3.0-5.99 METs), hard (6.0-8.99
METs), and very hard activity (> 9.0 METs). The authors concluded that these identified
cut-points could serve as a method to classify the pattern of physical activity during field
monitoring.

Even though the aforementioned studies have shown that the CSA accelerometer
is both valid and reliable for level treadmill walking and running, the validity of the CSA
device had never been examined in the field setting. In an attempt to further examine the
accuracy of the CSA accelerometer, and to assess the relative use of selected cut points,
Nichols et al. (73) assessed physical activity with the CSA accelerometer in both the
laboratory and field setting. This study tested 60 individuals in the laboratory, and 30
individuals in the field. The laboratory testing involved the subjects walking as 2 and 4
miles per hour, and running at 6 miles per hour at a 0% grade. In addition, the subjects
walked at 4 miles per hour at a 5% grade. These velocities were chosen to represent
light, moderate, and vigorous intensity activity. The criterion measure for this study was
indirect calorimetry. Participants wore one CSA on the left hip, and one CSA on the

right hip to assess interinstrument reliability. 7 tests indicated no significant differences
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in mean counts between devices worn on the left and right hip. Laboratory identified
CSA counts were strongly correlated to indirect calorimetry (r =0.88), and were used to
develop a regression equation to predict energy expenditure based on activity counts. In
addition, CSA cut points were established for light, moderate and vigorous activity. The
field tests were performed by 30 different subjects. Each participant was asked to walk
lightly, briskly, and jog around a 400-m outdoor track for 5-minutes at a time. Average
velocity was determined from minutes 2-4. Estimated counts were obtained by inserting
field velocity data into lab-based regression formula, then solving for CSA counts. There
was a 15% error between observed and predicted counts for the light intensity, and 31%
error for the vigorous intensity. The cut-points for light and vigorous activity performed
in the field were higher and lower, respectively, compared to the laboratory cut points.
Although the CSA has the potential to determine activity patterns in the field, this study
demonstrated that considerable variability could exist when predicting CSA counts in the
field from laboratory-generated data.

In 1998 the International Life Style Institute funded a number of studies to assess
moderate intensity physical activity within the field setting. The results of these studies
added significantly to the literature base on the assessment of physical activity. Two
studies in particular, one by Hendleman et al. (42) and one by Swartz et al. (104),
developed field regression equations and intensity cut points to predict energy
expenditure and time spent in various intensities from CSA accelerometer activity counts.
Hendleman et al (42) examined the validity of the CSA to assess moderate intensity

physical activity in 25 subjects in a field setting. Activities assessed included; walking at
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a leisurely, comfortable, moderate, and brisk pace, playing two holes of golf, window-
washing, vacuuming, dusting, lawn mowing, and planting shrubs. Energy expenditure
during all activities was assessed by the TEEM100 (Aerosport, Inc., Ann Arbor, MI)
portable metabolic measurement system. Regression analysis was performed with
walking only data, and then with pooled data to develop regression equations predicting
metabolic cost from activity counts. These equations were then rearranged to derive
count cut-point values coinciding with light (>1 MET to <3.0 METs), moderate (>3.0
METs to <6.0 METs), and hard activity (>6.0 METs to <9.0 METs). The CSA cut-points
for walking were similar to values previously reported by Freedson et al. (35). The CSA
cut-points for the pooled data were 190.7 counts-min™, 7525.7 counts-min™, and 14,860.6
counts-min™', for light, moderate and hard activity, respectively. When CSA regressions
for walking data were applied to all activities, the CSA substantially and significantly
under-estimated measured energy expenditure by 30.5 to 56.8%. This study
demonstrates the limitations of using walking/jogging based CSA regression equations
like that of Freedson et al. (35) to estimate the energy expenditure of varied activities.
The study by Swartz et al. (104) not only developed intensity cut points and a
regression equation to predict energy expenditure; it also added a wrist CSA site to
identify whether this would significantly improve the prediction of energy expenditure
(leg counts plus arm counts). Seventy participants took part in this study and completed
one to six activities within the categories of yard work, housework, family care,
occupation, recreation, and conditioning. Each activity was performed for15 minutes

each, with minutes 5 to 15 used to establish mean energy expenditure. Energy
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expenditure was measured using a portable metabolic measurement system (Cosmed
K4b?). Throughout all activities each participant wore two CSA accelerometers (model
7164), one positioned on the hip, and the other positioned on the wrist of the dominant
hand. The Swartz et al. investigation (104), similar to the Hendleman et al. study (42),
established cut-points to identify light (<3 METs), moderate (3-6 METs), and hard
intensity activity (>6 METs). The CSA cut points for light (>1 MET to <3.0 METs),
moderate (>3.0 METs to <6.0 METs), and hard activity (>6.0 METSs to <9.0 METs) from
the Swartz et al. study (104) were 574 counts-min™, 4945 counts-min™, and 9317
counts-min™, respectively. The results of this study demonstrated that the wrist, hip, and
combined wrist and hip regression equations accounted for 3.3%, 31.7%, and 34.3% of
the variation in energy expenditure, respectively. Even though the addition of the wrist
motion sensor significantly improved the relationship between CSA counts and energy
expenditure (P<0.05), the improvement was small, and was outweighed by the extra cost
associated with an additional CSA accelerometer, and time required to analyze the
information collected.

Motion sensors can provide an objective measurement of physical activity within
the field setting. Motion sensors do, however, have a number of limitations when
estimating energy expenditure. Motion sensors cannot identify when individuals are
performing any external work, such as walking up a grade, carrying or lifting objects, or
ascending stairs. In all these instances the motion sensor will essentially underestimate
energy expenditure (11, 42, 104). In addition, estimates of energy expenditure will vary

depending on the selection of activities undertaken to establish the regression formulas.
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Thus, when using motion sensors to either estimate energy expenditure, or time spent
within selected intensity categories, caution should be adhered too as these values may

not be accurate.

Heart Rate Monitoring

The use of heart rate as a measure of physical activity is promising since it is a
physiological parameter known to have a strong positive association with oxygen
consumption. When this relationship is known, exercising heart rates can be used to
estimate oxygen uptake, and therefore energy expenditure, during free-living activity.
Over the years various techniques have been presented in the literature for using recorded
heart rate as a means to estimate energy expenditure. Average pulse rate has been used
as a predictor of daily energy expenditure (80), while others have used net heart rate
(activity heart rate minus resting heart rate) (9). The most popular approach has been the
use of linear predictions, established from heart rate — oxygen uptake calibration curves
performed in the laboratory. Initially, the linear predictions were used for all individuals,
although, it has now been established that the most accurate predictions are obtained
when individual calibrations are used (15, 39, 55, 60). Individual calibrations take into
account factors such as gender, age, body weight, and fitness levels. Even though this
represents a feasible method to quantify energy expenditure, a concern is that
considerable variation in the heart rate — oxygen uptake relationship occurs at the low end

of this relationship (112). A multitude of different methods have been used in an attempt
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to circumvent this difficulty. One procedure that has received considerable attention is
the flex heart rate method (FlexHR).

The FlexHR method determines a critical heart rate value in which values below
are categorized as resting metabolic rate, and values above are used to estimate oxygen
uptake from previously established calibration curves. Typically FlexHR is established
as the mean value between the highest HR during rest and the lowest HR during a light
exercise session. Spurr at al. (96) examined the FlexHR method to determine energy
expenditure in comparison to indirect calorimetry in sixteen men (18-66 years) and 6
women (19-47 years). All subjects were individually calibrated to establish heart rate and
oxygen uptake relationships. Values were initially obtained for lying, sitting, standing
and then during a graded exercise protocol on a cycle ergometer. Following individual
calibration, participants were then required to enter a room calorimeter for a period of 22-
hours. During the time in the calorimeter each participant was required to carry out
selected tasks ranging from riding a stationary cycle ergometer, to sitting watching
television. The room calorimeter measured total energy expenditure, and these values
were compared to the minute-by-minute values estimated from heart rate. Individual
error predicting from individual calibration curves for total energy expenditure ranged
from +20% to —15%.

Cessay et al. (21) also evaluated the FlexHR method to assess total energy
expenditure in a group of 20 male and female volunteers. The FlexHR was established,
and participants were required to spend 21 continuous hours in a room calorimeter, which

included four 30-minute bouts of imposed exercise (cycling, rowing, stepping, jogging).
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Recorded heart rate values only exceeded the established FlexHR values for a mean of 98
minutes. The FlexHR method underestimated measured energy expenditure by 1.2 +
6.2%, range —11.4 to +10.6%. Of particular interest in this study was the fact that out of
a continuous 21 hours and four imposed exercise bouts, heart rate only exceeded FlexHR
for a mean 98 minutes.

Livingstone and colleagues (58) further validated the FlexHR technique against
the simultaneous measurement of free-living energy expenditure using the doubly labeled
water method. Fourteen subjects (32 £ 7.1 years) took part in this 15-day study.
Individual calibration curves were constructed from cycle ergometer exercise, and
FlexHR values were identified. Discrepancies between predicted total energy
expenditure from the FlexHR method in comparison to the doubly labeled water method
ranged from -22.2% to +52.1%, with two-thirds of the values falling within + 10%.
Similar associated error ranges to the studies reviewed have been noted in additional
studies examining the accuracy of this technique to estimate energy expenditure in adults
(25, 50, 51, 55, 59, 71, 87, 91).

The FlexHR method has also been examined in children. Livingstone and co-
workers assessed the accuracy of the FlexHR method to predict energy expenditure in 36
free-living children, aged 7, 9, 12 and 15 years over 10-15-days, in comparison to the
doubly labeled water technique (57). A similar methodology was followed as in the
Livingstone study of adults (58). Discrepancies between predicted total energy
expenditure from the FlexHR method in comparison to the doubly labeled water method

ranged from —16.9% to 18.8%. These differences were more apparent in the 7-9 year old
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children (-6.1 £ 10.5%) than in the older children (+0.4 + 7.2%). Additional studies by
Treuth et al. (106), Paner-Brick et al. (78), and Emons et al. (31) have found similar
associated error ranges for using the FlexHR method to estimate energy expenditure in
children.

Another way of analyzing heart rate data is to express the percent heart rate
reserve to percent of oxygen uptake reserve. The latter term simply expresses the oxygen
uptake value as a percent of the difference between resting metabolic rate and maximum
oxygen uptake. Other investigators have shown that there is a strong relationship
between percent heart rate reserve and percent oxygen uptake reserve (101, 102). A
recent study by Strath et al. (99) examined this approach for assessing energy expenditure
in the field setting. This study continuously measured heart rate and oxygen uptake
during 28 different field tasks, with oxygen uptake being measured by a portable
metabolic measurement system (Cosmed K4b?). Each activity was performed for 15-
minutes. Maximum heart rate was estimated by the equation 220-age, and maximal
oxygen uptake was predicted by the non-exercise formula of Jackson et al. (44). Over the
complete activity range, percent heart rate reserve was linearly related to percent oxygen
uptake reserve (r=0.87, SEE 0.76 METs), demonstrating that this method of analyzing
heart rate data strongly agrees with measured oxygen uptake in the field. Further work is
needed to evaluate this technique as a method for assessing energy expenditure during
free-living conditions.

The advantage to heart rate monitoring is that it is a physiological parameter that

can assess the full spectrum of physical activity, being able to determine the dimensions
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of frequency, intensity, duration, and global energy expenditure (kilocalories-d™).
However, heart rate monitoring does have a number of potential limitations. Factors that
can affect the heart rate — oxygen uptake relationship include, temperature, emotion, type
of contraction, and whether the activity performed is primarily upper-body or lower-body
work. However, in light of the advantages to this assessment technique, heart rate
monitoring does warrant further exploration as a method to predict individual habitual

physical activity patterns.

Simultaneous Heart Rate — Motion Sensor Technique

It has been proposed that the simultaneous use of heart rate and motion sensors
may increase the accuracy of predicting energy expenditure and overcome some of the
individual limitations of using these devices (39, 60, 69, 85, 106). Haskell et al. (39)
evaluated such an approach in a laboratory-based study. Individual calibration curves for
heart rate and oxygen uptake were established for nineteen men. Subjects wore two
Vitalog single mercury switch motion sensors, one placed on the right wrist, and the other
placed on the lateral aspect of the right thigh. Heart rate was recorded via a three-lead
electrocardiogram. All information was recorded by the Vitalog recorder. This device is
a multichannel recorder that allows continuous recording of physiological parameters. In
addition, expired gases were collected during activity via a Medical Graphics metabolic
measurement system (Model 2001). Subjects performed various activities, including
walking/running, arm cranking, cycling, Air-Dyne, and bench stepping. During this time,

heart rate, motion sensor data, and expired gases were collected. This study found that
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greater accuracy was obtained estimating energy expenditure from heart rate when
individual calibration curves were used, rather than pooling the data to construct a group
calibration curve. Heart rate alone appeared to be a good predictor of energy expenditure
with the average R” being 0.94. Multiple regression analyses were performed to predict
oxygen uptake from heart rate, leg motion, and arm motion during all activities. The
mean R? was 0.89, with the m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>