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Abstract

The purpose of this study was to examine the accuracy of the FitSense FS-1
Speedometer for estimating distance, speed, and energy expenditure while walking and
running at different speeds and grades. The study was divided into three experiments.
Experiment I investigated the accuracy of the FitSense for estimating distance while
walking and running at self-selected speeds during repeated 1600 m tests. Experiment II
investigated the accuracy of the FitSense for estimating speed (vs. a handheld digital
tachometer) and energy expenditure (vs. indirect calorimetry) during treadmill walking
(3.0, 4.0, and 5.0 miles-hr™') and running (5.0, 6.0, and 7.0 miles-hr") on a level grade.
Experiment Il investigated the accuracy of the FitSense for estimating energy
expenditure (vs. indirect calorimetry) during treadmill walking with an increasing grade
(0.0, 2.5,5.0,7.5, and 10.0%). Twenty-four subjects (15 rﬁale, 9 female) volunteered for
Experiment I. A subset of 12 subjects (7 male, 5 female) also volunteered for
Experiments Il and IIl.  For Experiment I, one-sample t-tests revealed no significant
difference between actual distance and the distance estimated by the FitSense during the
walking tests. A significant difference was found for distance while running (p = 0.016).
During Experiment 11, a significant difference was found for speed while walking on a
level grade. Post-hoc pairwise comparisons found significant stage differences between
3.0 and 5.0 miles-hr” and 4.0 and 5.0 miles-hr'. Paired t-tests found no significant

differences between the estimated and measured speed for walking speeds of 3.0 and 4.0
miles- hr™ or for running speeds of 5.0, 6.0, and 7.0 miles-hr”. A significant difference

between measured and estimated speed was found while walking at 5.0 miles-hr” (p <

iv



0.001). A repeated measures ANOVA demonstrated significant differences for energy
expenditure while walking on a level grade. Post-hoc pairwise comparisons revealed
significant differences between each stage while walking. Paired t-tests also found

significant differences between measured and estimated energy expenditure while

walking at 4.0 arld 5 0 miles-hr. No significant differences were found for energy
expenditure while running. In Experiment I, a significant difference was found for
energy e);pehditure while walkin'g with an increasing grade. Post-hdc pairwise
comparisons revealed significant differences between each grade. Paired t-tests also
found significant differences between measured and estimated energy expenditure for °
each grade. In conclusion, the FitSense FS-1 Speedometer is an accurate tool for
estimating distance while walking and running and for estimating speed while walking at
3.0 and 4.0 miles-hr” and running at 6.0 and 7.0 miles- hr on a level grade. However,
the FitSense underestimates energy expenditure while walking and running on a level

grade and with an increasing grade.
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CHAPTER1]

INTRODUCTION

Physical activity has been associated with a reduced risk of a number of chronic
diseases such as coronary heart disease, non-insulin-dependent diabetes, hypertension,
and obesity (11, 58, 69, 70, 105). In the past, physical activity questionnaires have been
used to establish associations between physical activity and health (107, 114). However,
in order to fully understand the interaction between physical activity and health-related
chronic conditions, a reliable method to accurately quantitate physical activity is needed
(113). In recent years, research has focused on various methods of estimating energy

expenditure outside of the laboratory setting. One of these methods utilizes motion

‘'sensors (pedometers and accelerometers) to measure the quantity and intensity of

movement of the whole body or specific body parts. These measurements give an
estimation of physical activity, from which energy expenditure can be predicted.
Traditionally, distance during locomotion has been estimated by using the
pedometer. The pedometer has been found to be fairly accurate at measuring steps while
walking (6). However, pedometers are limited in that they can only accurately measure
distance for one preset stride length. Several studies have demonstrated that pedometers
can give inaccurate diétanc'e estin41-ations.‘duri'ng slow or fast walking speeds (6, 49, 80,

108) as well as during running speeds (49, 80, 108). Errors can occur due to a failure to

register all fobtsteps at slow walking speeds and lengthening of the actual stride length at




fast walking or running speeds (6). With changes in walking or running speed, there are
also changes in stride length. Research has shown that with increases in running speed,
stride length increases with very little changes in frequency of steps (40). Because
pedometers are limited to one preset stride length, any deviation from this stride length
can lead to inaccurate distance measurements (6, 49, 80, 108).

In recent years, motion sensors have been developed that are able to measure the
acceleration of the whole body or of individual body parts (i.e., arms or legs) (43, 44, 62,
64, 91). Unlike pedometers, accelerometers such as the Caltrac, the Computer Science
and Applications (CSA), and the Tritrac-R3D are capable of detecting changes in speed
while walking or running (5, 13, 26, 37, 43, 62, 67, 68, 71, 102). However, they are
limited in that they are unable to detect changes in intensity due to increases in grade (26,
43, 62, 64, 67). The display screen of these devices does not allow the user to view any
information about current walking or running speed. The Caltrac’s display is limited to
energy expenditure information. The CSA and the Tritrac do not have a display screen
and must be downloaded to a personal computer to access any information about the
exercise bout.

Energy expenditure (kcals) is used to quantify physical activity and is an
important variable in a weight loss program. In Physical Activity and Health: A Report of

the Surgeon General (105), it is concluded that “activity leading to an increase in daily
expenditure of approximately 150 kcals-day ™' (equivalent to about 1000 kcals - week™)
is associated with substantial health benefits.” Activities that lead to an average energy

expenditure of 1000 kcals - week™ include walking briskly (4 miles-hr") for 30 minutes



per day or running for 15 minutes per day at 6 miles-hr” (105). An average of 1000

kcals- week™ can also be achieved by running for about 35 minutes at 6 miles-hr™” three
times per week (105).

There are a number of methods that have been used to estimate energy
expenditure. The doubly labeled water technique is generally considered the “gold
standard” for measuring energy expenditure in the field setting, but it can only measure
energy expenditure over extended periods of time and cannot provide information about a
specific exercise bout (1, 35, 82,107, 114). Alsd, the isotopes are costly and require
expensive and sophisticated measuring equipment. The Caltrac and the Tritrac-R3D
accelerometers provide energy expenditure data, but the Caltrac tends to overestimate
energy expenditure by 9 to 52% during walking (5, 13, 26, 37, 71) and running (37),
while the Tritrac tends to underestimate energy expenditure during walking by 12 to 50%
(26, 43).

FitSense (Wellesley Hills, MA), a newcomer to the motion sensor industry, has
developed an accelerometer (FS-1 Speedometer) that provides the user with information
on distance and speed while walking or running. Accelerdmeters‘_such as the Caltrac, the
CSA, and the Tritrac were all designed to measure the amount of acceleration in the
vertical plane. The FitSense was designed to measure the amount of acceleration in the
horizontal plane. Haymes and Byrnes (37) suggested that a device measuring
acceleration in the horizontal plane could lead to improved accuracy during walking and .
running. The FitSense manufacturers claim that the use of a shoe mounted, horizontal

accelerometer allows the FitSense to more accurately estimate distance and speed than a



simple pedometer or a waist-mounted, vertical accelerometer (28). When the user’s body
weight is entered into the receiver, the FitSense utilizes the acceleration information
along with body weight to estimate energy expenditure in kilocalories (kcals) during the

exercise session.

Purpose
To date, Vthe accuracy of the FitSenee FS-I Speedometer has not been assessed by
an independent research laboratory. The purpose of this study was to examine the
accuracy of the FitSense FS-1 Speedometer for estimating distance, speed, and energy

expenditure while walking and running at different speeds and grades.

Hypotheses
1. The FitSense FS-1 Speedometer is an accurate tool for estimating distance while
walking or running on a 400-meter outdoor track. The data estimated by the FitSense
accelerometer for distance will not be significantly different than the actual distance
during locomotion.
2. The FitSense FS-1 Speedometer is an accurate tool for estimating speed during
treadmill walking or running. The data recorded by the FitSense accelerometer for speed
will not be significantly different than the actual walking or running speed measured by a
calibrated handheld digital tachometer.
3. The FitSense FS-1 Speedometer is an accurate tool for measuring energy expenditure

during treadmill walking or running at different speeds and grades. Predicted energy




expenditure by the FitSense will not be significantly different than the measured energy

expenditure obtained via indirect calorimetry.

Significance
The FitSense FS-1 Speedometer could be a useful tool for researchers for
monitoring daily and weekly energy expenditure during exercise. For competitive
runners and walkers, it could aid in tracking daily and weekly mileage and exercise
intensity, thus helping to avoid injury from overtraining. The FitSense could be a useful
device not only for the competitive runner, but also for the recreational runner and

walker. It could be a valuable source of information on energy expenditure for a person

who is trying to lose weight.




CHAPTERII

REVIEW OF LITERATURE

Physical activity has been shown to lower the risks of developing a number of
diseases. Regular physical activity has been associated with a decreased risk of
cardiovascular disease mortality (56, 69, 70, 116). Regular physical activity is also
associated with a decreased risk of high blood pressure (11), colon cancer (92), Type II
diabetes (38, 58), osteoporosis (2), and obesity (22, 48, 117). These associations have
lead to an increased interest in the development of improved methods for assessing
physical activity and energy expenditure in free-living people (1).

Traditionally, physical activity assessment has been.done through the use of
subjective methods. Subjective methods used to estimate physical activity include
physical activity surveys, diaries, questionnaires, and personal interviews (54, 107, 114).
Subjective methods are often used in large-scale epidemiological studies because they are
inexpensive, easily administered to a large number of people, unobtrusive, and require
little effort from the participants (1, 54, 107). These methods are limited in that they all
require the subject to accurately recall their activity. This could lead to an under- or
overestimation of aspects associated with activity and inactivity.

In recent years, objective methods have been used to estimate physical activity.
Objective methods measure movement or -physi&lo‘gicél parameters that are associated

with exercise (1). This review of literature will focus on the objective methods that are



most commonly used in field studies: doubly labeled water, heart rate monitoring, and

motion Sensors.

Doubly Labeled Water
Doubly labeled water is a method for estimating energy expenditure that is
applicable to both the laboratory and field settings. Although this technique has existed
for years, it has only recently become inexpensive enough to be used in‘ studies involving
humans. Doubly labeled water is water containing the nonradioactive isotopes oxygen 18
(**0) and deuterium (*H). A subject drinks a glass of water containing these isotopes and
waits 6-12 hours for the water to equilibrate throughout the body (35, 82). During the

equilibration period, the subject is free to perform normal activities, but may not eat or

drink until a urine sample is collected to determine baseline concentrations of '*0 and ?H.

Gradually, the 130 and 2H will leave the body as part of the water found in urine, sweat,
and vapor loss (35, 82). The '®0 will also leave the body when the subject exhales, due
to the oxygen that is lost by conversion to carbon dioxide (CO,) (35, 82). The difference
between the actﬁal loss of '30 and the concentration that would have existed had the
isotope been lost only through water excretion indicates how much 30 was lost by CO,
conversion, which is a measure of total energy expenditure (1, 35, 54, 825.

Because of high costs of '*0, early studies using doubly labeled water were only
used on animals weijghing less than 10 kg. It was estimated that the cost of testing a
single adult would have exceeded $5,000 (82). With the development of more sensitive

detection equipment, it became possible to get by with less ‘30, thus reducing the cost to




$300-500 per subject. The first study using doubly labeled water on humans compared
energy expenditure as determined by the doubly labeled water method to energy
expenditure by dietary intake (82). Water containing 10 g of 80 and 0.5 g of °H was
orally administered to four subjects. The subjects were maintained on a carefully
measured diet to determirne caloric (e;lergy) and water intake for 14 days. The total
energy expenditure measured by the doubly labeled water method slightly overestimated
energy expénditure verses the dietafy intake metho’ci by an average of 2% (82), though
this difference was found to be statistically significant. Similar results were found in
other studies when compared with calories from weighed dietary intake (83, 84).

Westerterp et al. (112) compared energy expenditure measured by direct
calorimetry and doubly labeled water. Nine subjects were divided into one of two
groups: low activity and high activity. The low activity group spent six days in a whole
room calorimeter doing deskwork. The high activity group spent 3.5 days in the
calorimeter, which included two days of exercise to exhaustion (4-5 hours) on a cycle
ergometer. The results showed that the doubly labeled water method was not
significantly different from the daily metabolic rate measured by the calorimeter in the
low activity group (1.4%) or in the high activity group (-1.0%) (112). Doubly labeled
water was also found to be a valid method for estimating total daily energy expenditure
when compared with indirect calorimetry (88).

Besides being a very accurate method, there are other reasons why doubly labeled
water is the preferred method for measuring energy expenditure in the field. It is does

not restrict free-living activity (35, 54, 82, 96), requires minimal cooperation by the



subject (54), and is generally acceptable to the subject (54, 82). Despite the advantages
of this method, there are also a number of disadvantages associated with doubly labeled
water. In order to get an accurate estimate of energy expenditure during free-living
activities, it is generally suggested that researchers use a measurement period of one to
three weeks (1, 35, 82, 107, 114). Because of the necessity of an extended measurement
period, researchers are only able to determine total energy expenditure for the time
interval. The doubly labeled water method measures the average energy expenditure per
day, but provides no information about day-to-day variations in energy expenditure or
any information on types or patterns (frequency, intensity, or duration) of physical
activity (12, 18, 25, 43). Also, the cost of the 'O isotope is still much too great for large-
scale epidemiological studies. Despite these limitations, doubly labeled water is
generally considered the “gold standard” for the validation of field methods of assessing

total daily energy expenditure (12, 25, 35, 43, 46, 96, 107, 114).

Heart Rate Monitoring

During exercise, there is a linear relationship between both heart rate and oxygen

consumption at intensities above heart rates of 110 beats - min™' and below maximal
output. Based on this relationship, heart rate has been used as an estimate of energy
expenditure. The electrocardiogram (ECG) is accurate for measuring heart rate; but,
because of tﬁe size and complexity of portable monitors such as the Holter monitor, the

ECG is not appropriate for use in the field setting. However, with recent advances in the



development of telemetric heart rate monitors, heart rate can now be measured outside of

the laboratory setting.
Heart Rate Monitors vs. ECGs

One of the first studies looking at the accuracy of telemetric heart rate monitors
compared heart rates from the Polar Sport Tester PE 2000 heart rate monitor with heart
rates measured by ECG while exercising (47). This heart rate monitor consisted of a
chest strap transmitter and a wristwatch tyf)e receiver. Fourteen men and women
exercised on a cycle ergometer or on a treadmill. Exercise intensity was increased evéry
four minutes until they reached a maximal level. Heart rate was measured at one-minute
intervals during exercise and every 30 seconds during the recerry‘period. The results
showed that during exercise, the heart rates measured by the heart rate monitor were
significantly higher than the ECG, but the heart rates differed by at the most only 5
beats - min™ (47). The authors attributed the differences to the different methods used to
calculate the heart rate measurements.

Treiber et al. (100) tested a similar heart rate monitor (Polar Sport Tester PE
3000) on a group of 10-year-olds while exercising on a cycle ergometer and participating
in a variety of play activities (standing, walking, running, hitting a‘ball, throwing a ball,
or playing on a jungle gym). During the cycle ergometer exercise, the results indicated a
high correlation at all intensities (r = 0.97-0.99) and a standard error of estimate of less
than 2 beats-min™ at all intgnsities except for the final intensity, which was less than 4
beats-min™ (100). Dﬁring' the play activities, the hezlrt rate monitor and the ECG also

showed a high correlation during all activities (r = 0.98) (100).

10



Léger et al. (55) tested the validity of 13 commercially available heart rate
monitors for measuring heart rate verses ECG readings. Eight men and two women were
tested at rest, during two exercise intensities, and during recovery. Exercise tests were
completed on a cycle ergometer, treadmill, or during a double step test. The results
indicated that most available heart rate monitors are valid and stable. The authors gave
highest ratings to the Exersentry, the AMF Quantum XL, the Pacer 2000 H, and the
Monark 1 (r = 0.93-0.98) (55). Other studies have'shown strong correlations between
heart rate monitors and ECG readings during graded maximal treadmill tests (89) and
during submaximal exercise tests on four different types of fitness equipment (33).

FLEX Heart Rate

It has been suggested that heart rate monitoring is accurate at measuring energy
expenditure only during exercise (31, 76). This is because other factors, such as high
témperature, high humidity, body position, and emotional stress, can caﬁse increases in
heart rate without increases in oxygen uptake (31). Heart rate can also remain elevated
after VO, has returned to normal (76). Upper body and lower body exercises also have
d_ifferent effects on heart rate (7). Factors such as age and fitness level can also influence
a person’s heart rate (7). Because of this, a number of researchers have recommended the
use of the FLEX heart rate for longitudinal studies (16, 31, 57, 72).

The FLEX heart rate method is used to separate periods of inactivity from periods
of activity. It is defined as the average of the highest heart rate during rest and the lowest

heart rate during the lightest possible exercise (16). A regression equation is developed

based on the heart rate- VO, calibration curve. FLEX heart rate is determined by

11



calculating the mean heart rate measured during rest activities (measured while in the
supine position, sitting and standing) and during light exercise. Anything below the
FLEX heart rate is considered to reflect resting energy expenditure (16). For anything

above the FLEX heart rate, the calibration curve is used to determine energy expenditure
3D. Tﬁe FLEX heart rate method takes into account variations in the heart rate- V02
relationship due to differences in age, gender, and the person’s fitness level (7). Several
researchers have recommended that individual heat rate vs. VO, calibration curves be

obtained for each subject that is tested (16, 31, 57, 72, 76).
Estimating Energy Expenditure with Heart Rate Monitors

A number of studies have investigated the accuracy of heart rate monitors for
estimating energy expenditure. Spurr et al. (95) compared energy expenditure estimated
by heart rate recording with energy expenditure measured during whole-body indirect
calorimetry. Minute-by-minute heart rate data were collected from 22 men and women
who each spent 22 hours in a room calorimeter. The subjects were separated into four
groups with different activity requirements ranging from no exercise to six 30-minute
exercise bouts. Overall, the authors found no significant difference between energy
expenditure estimated from heart rate data by the FLEX heart rate method and energy
expenditure measured by indirect calorimetry in any group (95). In a similar study,
Ceesay et al. (16) also compared heart rate data with whole-body indirect calorimetry for

estimating energy expenditure. Although there was no significant difference between the

two methods, energy expenditure estimated by the FLEX heart rate method yielded




slightly lower energy expenditure values (16). Similar results have also been found in
children (101).

Several studies have also compared estimated energy expenditure from heart rate
data with energy expenditure measured by the doubly labeled water method. Schulz et al.
(87) compared energy expenditure measured by doubly labeled water with estimates from
energy intake, heart rate, and activity recording in six subjects. The average daily energy
expenditure over a two-week period determined by doubly labeled water was compared
to energy expenditure estimated by heart rate from two randomly selected days during the
two-week period. The energy expenditure measured by doubly labeled water was 1.94
times larger than resting metabolic rate (RMR), while energy expenditure estimated by
heart rate was between 1.67 and 2.24 times larger than RMR, depending on the formula
used (87). Livingstone et al. (57) also found energy expenditure by doubly labeled water
and heart rate monitoring to be similar. Davidson et al. (21) compared doubly labeled
water and heart rate monitoring, using the FLEX heart rate technique, over nine days in a
group of nine men. The heart rate monitoring method gave slightly higher estimates of
energy expenditure (0.8 MJ/d) than the doubly labeled water method (21). Though the
differences were small, the authors found them to be statistically significant (21).

Summary

Advances in telemetric heart rate monitoring have made it possible to obtain

accurate heart rate data while exercising (33, 47, 55, 89, 100) or at rest (33, 89, 100).

Using heart rate monitoring to estimate energy expenditure has also produced promising

results when compared to whole-body indirect calorimetry (16, 95, 101) and to doubly



labeled water (21, 57, 87). Because heart rate can be influenced by factors other than

increases in VO,, a number of researchers have recommended the use of the FLEX heart

rate technique to account for these factors (16, 31, 57, 72, 76). While heart rate
monitoring is sufficient for giving information on general activity, the accuracy of this
method is questionable for estimating energy expenditure in the ﬁeid setting during
longitudinal studies (21, 23). However, it can be used to give an accurate measure of

energy expenditure during single exercise bouts (31, 76).

Motion Sensors

Physical activity has been described as “any body movement produced by skeletal
muscles that results in energy expenditure” (15). This definition implies that physical
activity can be assessed by measuring the amount of movement produced by the body.
This has been the goal of devices that are used to measure the amount of movement of
specific body parts. These motion-sensing devices include pedometers and
accelerometers.

Pedometers

Historians have credited Leonardo de Vinci with inventing the pedometer in the
15t century (31, 35, 76). Though it is believed that his idea of a device that could
measure how far people walk never got past the design stage, his concept of a lever arm
that moved back and forth which rotated a series of gears and counted the number of

steps (65) was the basis for the design of the modern pedometer.

14



Early Pedometer Research

A pedometer is a device that records the quantity of movement in one direction,
usually in the vertical direction (80). Early pedometers were mechanical in nature and
worked similar to self-winding style watches. A tiny arm was balanced by a delicate
spring, which was displaced by slight jolts in the direction of suspension (49, 80). These
jolts turned a number of gears and, eventually, an indicator needle on a dial (49, 80, 108).
On some pedometers, the display indicated the total number of steps taken. Others were
capable of displaying the total distance by calibrating the hand to the leﬁgth of the user’s
stride.

Early research on mechanical pedometers focused on their accuracy and reliability
for measuring distance and number of steps while walking and running. During treadmill
tests, the pedometer tended to underestimate thé total number of steps during slow
walking and overestimate the total number of steps during fast walking (49, 80, 108).
Similar results were found during slow and fast running speeds (80, 108). During a series
of one-mile treadmill walks, Gayle. et al. (32) found the pedometers to be inconsistent in
measuring distance with values ranging from 0.7 to 1.4 miles. It should be noted that a
stride length of 66 cm was used for all subjects during this study. Washburn et al. (108)
also found these devices to be inaccurate for measuring distance while walking or
running on a 400-meter track and along a measured jogging path. Inaccuracies were also
found when using mechanical pedometers to measure daily physical activity in children
(81). These inaccuracies were mainly due to the fact that the mechanical pedometers

could only be calibrated for one stride length. As walking speed increases from slow to

15




moderate to fast, stride length increases (40, 118). Stride length increases even more as

one begins to run. Since the pedometer could only be calibrated for one stride length, the

stride length during normal walking was usually chosen. Thus, any deviation from this
stride length would lead to inaccurate results for measuring distance (49, 80, 108).

Recent Pedometer Research

In recent years, advances in pedometers have led to improvements in their
accuracy.- Bassey et al. (10) compared stef)s from a hip mounted mechanical pedometer
to foot strikes from a carbon pad footfall sensor worn in the heel of the shoe while
walking on a measured outdoor course. The step scores produced by the pedometers
compared to the step scores produced by the resistance pad showed reasonable agreement
for young subjects, while a group of older subjects showed more variability (10). The
authors felt that the variability seen in the older subjects was due to “pottering” in the
older subjects rather than walking (10).

The progression from mechanical pedometers to electronic pedometers led to
greater accuracy. Electronic pedometers operate on the same principle of an arm
balanced by a tiny spring, but the gears are replaced with an electrical contact (6). When
the user takes a step, the arm makes an electrical contact and an event is recorded. The
accuracy of five brands of electronic pedometers was assessed while walking on a
treadmill and over a measured outdoor course (6). Most of the pedometers were found
to be reasonably accurate at measuring distance walked and number of steps taken over a
measured outdoor course, though some were more accurate than others (6). Three brands

in particular (the Yamax Digiwalker DW-500, the Freestyle Pacer 798, and the Accusplit
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Fitness Walker) were found to have superior accuracy. The Yamax was more accurate
than the other pedometers tested at measuring number of steps while walking at a variety
of treadmill speeds (6). However, consistent with earlier studies using mechanical
pedometers, all brands tested underestimated distance at very slow speeds and very fast
speeds (6). Tryon et al. (104) tested the reliability of electronic pedometers both under
controlled laboratory conditions and during repeated half-mile walks. The pedometers
showed a 5% error under laboratory conditions and a coefficient of variation of 2.75%
dqring repeated half-mile walks by 39 college students (104).

Pedometer step counts have also been compared to oxygen uptake. Eston et al.

(25) compared pedometers with oxygen uptake in children during treadmill walking (4
and 6 km-hr™') and jogging (8 and 10 km-hr™") and during unregulated play activities.
The hip-mounted pedometer showed a strong correlation with scaled VO, for all

activities (r = 0.81) and with treadmill (r = 0.78) and unregulated play activities (r = 0.92)
(25).

Shoe/Ankle Mounted Pedometers vs. Hip Mounted Pedometers

For a pedometer to provide accurate information, it must be mounted to a body
part that will provide enough acceleration to register each step. Most pedometers are
worn on the user’s belt or waistband. This position assumes that each step will provide
enough vertical hip movement to cause the pedometer to register one step. The shoe and

ankle have also been used as mounting sites for pedometers. Early studies found that

waist pedometers were more reliable than ankle pedometers (49, 80).




A recent study compared the ankle mounted Step Activity Monitor to a hip
mounted electronic pedometer. The Step Activity Monitor detects and counts steps for a
wide variety of gait styles, ranging from a slow shuffle to a fast run (19). It has been
used to monitor adults with and without gait abnormalities, children, and animals (19).
Unlike most other pedometers, the Step Activity Monitor also provides minute-by-minute
step count information along with total steps taken. Twenty-nine subjects were asked to
complete four activities: a brisk 400 meter walk, a slow 10 meter walk, ascend 11 steps,
and descend 11 steps. During each of the activities, an investigator followed the subject
and counted each stride using a hand-held counter. Overall, the Step Activity Monitor
had 2.28% less absolute error than the pedometer (93). The pedometer undercounted
more often while the Step Activity Monitor overcounted more often (93). The authors
point out that because of the expense of the Step Activity Monitor ($800 plus ~$1,000 in
computer equipment vs. $15 for the electronic pedometer), the pedometer is suitable for
counting steps in most people (93).

Because most pedometers are dependent on body movement to detect steps, steps
are often missed during slow walking (6, 49, 80, 108). Hoodless et al. (41) tested a shoe-
mounted pedometer that directly counted the footfalls. A transducer that consists of a
force-sensing resistor was placed into the heel of the subject’s shoe. Ten young, healthy
subjects walked on a treadmill at 4 km - hr” for 1500 directly counted steps while
wearing the shoe-mounted pedometer and a hip mounted mechanical pedometer. The
shoe-mounted pedometer was consistently more‘l‘ accurate than the hip mounted

pedometer with a mean error of £ 2.3% (vs. £ 7.7%) (41).
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Longitudinal and Epidemiological Research with Pedometers

Since walking is one of the most common forms of physical activity in the United
States (20), it could theoretically provide an estimate of daily physical activity. The
Centers for Disease Control and the American College of Sports Medicine recommend
that adults “accumulate at least 30 minutes of moderate intensity physical activity on
most, preferably all, days of the week” (73). In the context of pedometers, Japanese
researchers recommend 10,000 steps per day for optimal health (36). This
recommendation sets a standard for total physical work (36).

Pedometers have been used in a number of research studies as a way to assess
daily physical activity. A study by Bassett et al. (8) compared daily walking distance
results from a questionnaire to results from a pedometer. The subjects were 48 men and
48 women between the ages of 25 and 70 years. The subjects completed a questionnaire
that included questions about their physical activities, which asked for specifics on total
number of city blocks walked daily, the number of flights of stairs climbed, and duration
of sports and recreational activities. The subjects were then given a pedometer to ;Jvear
for seven days. The results showed that both men and women significantly under- |
reported walking distance on the questionnaire compared with the pedometer values (8).
Another study used pedometers to assess physical activity and compared its results with a
self-administered questionnaire on their daily physical activity (90). A representative
sample of 493 men and women aged 25-74 years wore a pedometer during work and
leisure time. The results indicated that the pedometer was able to discriminate between

work activity level as indicated by the questionnaire, yielding higher step counts for more
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active job classifications (90). They also found that steps decreased in both men and
women with increases in age (90). |

Pedometers have also been used to assess physical activity in specific populations.
A pedometer was compared to a triaxial acc\elerometer and behavioral observations in a
group of ten children (50). The pedometer values highly correlated with both the triaxial
accelerometer and behayioral observatigns for moderate to high intensity recreational
activity as well as low intensity classroom activity (50). Hoodless et al. (41) looked at
activity levels in 18 patients with chronic heart failure verses 10 age-matched healthy
control subjects. The results indicated that the patients accumulated less than half as

many steps-day” when compared to the control subjects (41). Another study used

pedometers to measure daily activity in patients with chronic lung disease (86). Subjects

were in one of three groups: 25 patients with stable nonhypercapnic chronic obstructive

pulmonary disease (COPD), 25 patients with chronic respiratory failure, and 25 normal

healthy subjects. All subjects wore a pedometer for seven days. The median activity

level of the healthy subjects was three times greater than in either group of patients (86).

The investigators also found that activity counts appeared to complement the

questionnaire for estimates of exercise limitations (86).

Summary
There are many advantages to the use of pedometers for measuring physical

activity: they are inexpensive (6, 86, 90, 93), relatively easy to use (86), and can provide

accurate information on step counts and distance (6, 10, 104). The pedometer can also be

a useful tool in epidemiological studies as a way to estimate physical activity (8, 10, 19,
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50, 86, 90). However, pedometers do have limitations. They can be inaccurate at

measuring distance or number of steps at slow or fast walking speeds (6, 49, 80, 108) or
at running speeds (49, 80, 108). Like all motion sensors, they do not recognize changes
in grade or resistance encountered while exercising (32). Also, they do not measure any
movements made by the upper body.
Accelerometers

While pedometers can provide information on distance walked or number of steps
taken, they do not provide feedback on speed while walking. Also, pedometers are
limited in that they cannot accurately estimate distance while running. The accelerometer
was developed to address these problems by measuring not only the amount of
movement, but also the intensity of movement. Although a number of accelerometers
have been developed and used in research studies, the three most extensively researched
accelerometers are the Caltrac, the Computer Science and Applications, Inc. (CSA), and
the Tritrac.

Caltrac

The Caltrac Personal Activity Computer was developed in the late 1970s by
Henry Montoye and John Webster at the University of Wisconsin-Madison. It was the
first commercially available accelerometer in the United States (7, 31). The Caltrac
(7x7x2 cm, 70 g) is a single-plane accelerometer, typically worn on the hip, that is used
to measure the acceleration and deceleration of the trunk in the vertical direction. The
transducer is a piezoelectric bender element that is mounted in cantilever fashion (91).

The device produces acceleration and deceleration curves that are proportional to the
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forces exerted. The area under these curves is integrated and summed for the time it is
worn (64, 91). The Caltrac is capable of estimating resting energy expenditure by
entering the subject’s age, gender, height, and weight into the device. The output is
displayed as total energy expenditure in kilocalories. The Caltrac’s estimate for resting
energy expenditure can be negated by entering: age = 99, gender = 0, height = 36, and
weight = 25. When programming the device with these variables, it will display raw
“activity counts” rather than kilocalories.

There have been a number of studies looking at the validity of the Caltrac. Oné of
the first studies compared the Caltrac’s estimation of energy expenditure with energy
expenditure measﬁred by indirect calorimetry during 14 exercises (64). The Caltrac

correlated well (r = 0.74) with VO, for all of the activities, which included treadmill

walking and running (64). The major finding that the authors reported was that the
Caltrac was unable to detect changes in grade while walking or running (26, 64). Other
studies have found that the Caltrac tended to overestimate energy expenditure (9 to 52%

difference) during level treadmill walking (5, 13, 26, 37, 71) and during level treadmill

running (0.74 to 2.6 kcal-min™) (37) and underestimate energy expenditure during
stepping exercises (-19% to -28% difference) (26) when compared to indirect
calorimetry. In contrast, Melanson and Freedson (62) found no statistical difference
between energy expenditure estimated by the Caltrac and energy expenditure measured
by indirect calorimetry during treadmill walking and jogging. When compared to heart
rate regression equations, the Caltrac was found to overestimate energy expenditure

during running (14%) and race walking (19%) and underestimate during stepping (-10%)
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(98). Haymes and Byrnes (37) noted that when the Caltrac was programmed to look at
activity counts, it was able to detect changes in speed during treadmill walking but unable
to detect changes in speed during treadmill running.

Several different methods have been used during free-living activities to validate
the Caltrac for estimating energy expenditure with mixed results. Two studies have
compared the Caltrac to the doubly labeled water method for measuring energy
expenditure. In a group of 31 Caucasian and Native American children who wore a

Caltrac for three days, it overestimated total daily energy expenditure by 487.4
kcal-day™ versus doubly labeled water (46). Conversely, in a group of 67 men and

women between the ages of 45 and 84 years, the Caltrac underestimated total daily
energy expenditure by ~50-60% compared with doubly labeled water (96). The Caltrac
also underestimated total energy expenditure by 13.3% in 40 girls during 24 hours in a
whole-room calorimeter (14). It should be noted that a cycle ergometer was used for all
exercise in this study and the Caltrac underestimates energy expenditure during cycling
because of the lack of sufficient vertical hip movement during cycling.

The Caltrac has also been compared to direct observation for estimating physical
activity. A group of 50 adults were observed for a period of one hour in a multi-purpose
fieldhouse. The subjects were told to do whatever activities they desired while a trained
researcher observed the subjects’ behévior from a balcony. The study was replicated
with a group of 30 preschool children in a daycare facility. The results of the study |
indicated that the Caltrac readings strorigly correlated (r = 0.69) with the observed

physical activity in the adults, but did not highly correlate (r = 0.35) with the children’s
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values (51). Ballor et al. (3) compared estimates of energy expenditure by Caltrac, video
analysis, and heart rate estimation in a high school physical education class. Although all
three estimates of energy expenditure were statistically different from each other, the
Caltrac did show a strong correlation between both heart rate estimation (r = 0.92) and
video analysis (r = 6.95) (3).

Sc.veral‘studies have used the Caltrac to assess physical activity over long periods
of time. Sallis et al. (79) had 35 children wear two Caltrac accelerometers and a heart
rate monitor for two days. The authors reported that the Caltrac was a highly reliable
instrument for estimating energy expenditure compared to heart rate monitoring with
correlations of 0.54 and 0.42 for each day of data collection (79). A study by Richardson
et al. (74) used the Caltrac to assess physical activity changes over a period of one year.
Seventy-eight men and women between the ages of 20 and 59 wore the Caltrac for 48-
hours every 26 days (28 total days of monitoring for the year per person). During each
monitoring period, the subjects kept a detailed 48-hour activity record and a researcher
administered a Four-Week Physical Activity Questionnaire to assess activity levels for
the previous four weeks. The results showed a moderate association (r = 0.34-0.51)
between the Caltrac and the 48-hour activity record (74). Caltrac accelerometers have
also been used to compare various physical activity questionnaires (63, 115), to compare
activity levels of normal-weight and overweight women (78), to compare activity levels
in children and their parents (29), and to determine the amount of physical activity that is

associated with physical therapy (4) and with postal carriers (109).
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The development of the Caltrac accelerometer was an improvement on the
pedometer. The Caltrac gave researchers the ability to measure not only the amount of
activity, but also the iﬂtensity of the activity. However, the Caltrac does have a number
of limitations. It was designed to be worn only on the hip, thus it is limited to measuring
only activities that cause vertical movements of the hips. Energy expenditure during
upper body work is underestimated by the Caltrac (35). The Caltrac has limited data
storage capabilities and lacks an internal clock. This makes it virtually impossible to
study activity patterns in the field setting. There have been a number of studies that have
focused on the inaccuracy of the Caltrac for measuring energy expenditure (5, 14, 26, 37,
46,71, 96, 98). It should be noted that the original regression equations that were
developed for the Caltrac utilized 14 different activities that required movement by the
upper body and the lower body (35, 64). This was done to take a variety of daily
activities into account when estimating energy expenditure. The accuracy of the Caltrac
could be improved if regression equations for specific activities could be entered into the
Caltrac. However, this would be impractical during every day activities.

Computer Science and Applications (CSA)

The CSA accelerometer is a single plane accelerometer that is smaller (5x4x1.5
cm) and lighter (42g) than the Caltrac. It was designed to be womn not only on the hip,
but also on the wrist or ankle. The CSA records accelerations of magnitudes ranging
from 0.05 to 2.0 Gs and fredhencies of 0.25 (0 2.5 Hz. These parameters allow for the

device to detect normal body movements and filter out movements not made by the

subject.. The acceleration signal is digitized and the magnitude is summed over a
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specified time interval. At the end of each time interval, the movement count is stored
and the integrator is reset. This process repeats itself until the memory is filled or the
device i§ reset. The CSA has large data storagé capabilities, allowing for data to be
stored in time intervals from 1 second to several minutes for up to 22 days, allowing for
information on minute-by-minute movement activity to be collected. The CSA output
can then be downloaded to a personal computer.

The validity of the CSA accelerometer was'initially investigated during treadmill
walking and jogging. Twenty-eight subjects walked at 4.8 and 6.4 km-hr” and jogged
at 8.1 km-hr"' mph during three laboratory sessions (62). During each session, data was
collected at 0%, 3%, and 6% grades for 8 minutes each. CSA accelerometers were
secured to the hip, ankle, and wrist. CSA activity counts significantly increased with
increased speed at all three sites (62). But, the CSA did not show higher activity counts
with increases in treadmill grade (62).

Nichols et al. (68) investigated the validity and inter-instrument reliability of the
CSA in the laboratory and in the field setting. Wearing a CSA on the right and left hip,
60 men and women walked and jogged on a treadmill at 3.2, 6.4, and 9.7 km-hr” at 0%
grade and 6.4 km-hr' at 5% grade. Using a different group of 30 men and women, the
CSA was also evaluated while walking and jogging on a 400-meter track. The results of
the study indicated that the CSA was highly sensitive to increases in speed but had low

sensitivity to increases in treadmill grade (68). The device also showed high inter-
instrument reliability (left vs. right hip) at 6.4 km-hr” at 0% grade (r = 0.89) 6.4

km-hr at 5% grade (r=0.91) and 9.7 km-hr” (r.= 0.73) but only moderate inter-
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instrument reliability at 3.2 km-hr™ (r = 0.55) (68). In the field study, the CSA was able
to detect changes in exercise intensity as velocity increased (68). The authors noted that
prediction equations developed during treadmill exercise might not be appropriate to
estimate intensity during outdéor physical activity (68). Eston et al. (25) found that the
CSA correlated well with oxygen uptake (r = 0.78) in children during treadmill and
unregulated play activities. The CSA has also been found to be a valid indicator of
physical activity in children during treadmill walking and jogging (102).

A number of studies have attempted to develop regression equations to predict the
energy cost of activities using CSA accelerometers. Freedson et al. (30) used treadmill
walking and jogging to establish activity count ranges that could classify intensity levels
using the CSA accelerometer. Hendelman et al. (39) developed a regression equation for
several every day activities using activity counts from a CSA worn on the hip. Swartz et
al. (99) tested 70 subjects in activities ranging from housework to recreational activities.
The results of this study indicated that using the combination of hip and wrist
accelerometers provided more accurate estimations of energy expenditure (99).

CSA accelerometers have also been used to assess daily physical activity in
children. Thirty-one children wore a CSA accelerometer and a heart rate monitor for
three consecutive days. The researchers found moderate to high correlation coefficients
(r =0.50-0.74) between accelerometry and heart rate monitoring (44). Janz et al. (45)
compared CSA activity counts to physical activity questionnaires in children. They

found that self-report questionnaires were poorly to moderately correlated (r = -0.03-

0.51) to CSA activity counts (45). They also found that CSA accelerometers could be




used to measure physical activity intensity levels in children during extended periods of
monitoring (45). A study by Trost et al. (103) used CSA accelerometers to establish the
minimal number of days needed to assess physical activity in children when using
accelerometers. The authors concluded that a seven-day monitoring period provides

" reliable estimates of physical activity in children and adolescents (103).

The CSA accele;rometer addresses several of the limitations that are associated
with the Caltrac. The CSA has much larger data storage capabilities and features an
internal clock that allows researchers to assess activity patterns. It was designed to be
worn at several different points on the body, thus allowing researchers to gain
information on energy expenditure during upper body as well as lower body activities.
This makes it an ideal choice for research studies. Because it was intended to be used
for research, requiring extra computer equipment and technical expertise to interpret the
data, it is unsuitable for use by the general public. And, like other single-plane
accelerometers, it is unable to detect changes in grade while walking or jogging (62, 68).

Tritrac-R3D

Rarely is physical activity limited to movement in only one direction. Because
single-plane accelerometers are only able to measure movement in one direction, they
neglect the amount of energy that is expended for movements in other directions. The
Tritrac-R3D triaxial accelerometer uses three accelerometers to measure movement in
three directions: vertiéal, hoéizox‘ltal, and lateral. The three accelerometers are oriented at
right angles to one another,. each having a frequency response of 0.1 to 16 Hz (97). The

Tritrac’s output is measured in three dimensions: medio-lateral (x), anterior-posterior (y),
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and vertical (z). The Tritrac also measures a composite movement score for all three

directions called the “vector magnitude” (\/x2 +y? 422 ) (67,97). The vector

magnitude movement count is used to calculate estimated energy expenditure for each
minute of data. Because of the added accelerometers, the Tritrac is much larger
(11.1%6.7x3.2 cm) and heavier (170 g) than both the Caltrac and thé CSA. Like the
Caltrac, the Tritrac was designed to be worn at waist level. Similar to the CSA, the
Tritrac’s sampling intervals can be programmed for 1-15 minutes, with a maximum of 14
days of data collection when the interval is set at one minute. The Tritrac uses
technology similar to the Caltrac for estimating resting energy expenditure when the
subject’s age, gender, height, and weight are entered. Data from the Tritrac is
downloaded to a personal computer where information on minute-by-minute energy
expenditure, total enérgy expenditure, and activity counts from the vector magnitude, as
well as each individual dimension (x, y, and z), is available to the user.

Several studies have looked at the validity of the Tritrac accelerometer in
laboratory studies. The accuracy of the Tritrac for estimating energy expenditure was
investigated during five different exercises (43). The Tritrac was compared to indirect
calorimetry during treadmill walking (3.0 mph at 0, 5.0, and 10.0% grade), treadmill

running (5.0 miles-hr” at 0 and 5.0% grade), cycling (1.5 kg of resistance at 50

rev-min" and 65 rev-min™), stepping (8 inch step at 20 and 30 steps-min™') and

slideboard (160 cm slide at 17 and 21 cycles-min 1. The Tritrac correlated well with

indirect calorimetry for estimating energy expenditure during all exercises with

correlation coefficients ranging from 0.63 to 0.96 (43). Howéver, the Tritrac
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significantly underestimated energy expenditure during all exercises (-29.8% to -89.1%

difference) except for treadmill running (43). The Tritrac was unable to detect changes
in treadmill grade during treadmill walking and running (43).

Nichols et al. (67) looked at the ability of the Tritrac to detect changes in grade
during treadmill walking and running by examining the vector magnitudes. While the
Tritrac was able to detect changes in treadmill speed, it was unable to detect changes in
grade (26, 67). Fehling et al. (26) found that the Tritrac underestimated energy
expenditure versus indirect calorimetry during treadmill walking (-12% to -37%
difference) and during stepping (-58% to -60% difference) in older adults. In contrast,
Sherman et al. (94) found no difference between energy expenditure measured by indirect
calorimetry during treadmill walking and jogging. They also noted that energy
expenditure estimated by the Tritrac during 10 minutes of rest did not differ from actual
energy expenditure (94). Eston et al. (25) found that the Tritrac correlated significantly
better than CSA accelerometers, pedometefs, or heart rate when compared to oxygen
uptake (r = 0.891) in children during treadmill and unregulated play activities.

The Tritrac has been used in a number of studies to estimate energy expenditure
during daily living. A group of 125 men and women spent two 24-hour periods in a
whole-room calorimeter while wearing the Tritrac to assess the accelerometer’s accuracy
for estimating energy expenditure (17). During one 24-hour stay, the subjects were asked
to structure their activity patterns as close to normal as possible. The other stay included
structured exercise bouts. The Tritrac was found to significantly underestimate energy

expenditure during both the normal day (0.12 to 1.16 MJ difference) and the exercise day
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(0.21 to 1.24 MJ difference) (17). This underestimation was seen at all intensities except
for sleeping, which was significantly overestimated (0.20 MJ difference) (17).

Studies comparing the Tritrac to self-reported physical activity have shown mixed
results. Epstein et al. (24) compared energy expenditure estimated by the Tritrac and by
self-report in children and found that the self-report estimates were almost 43% higher
than the Tritrac estimates. This was also seen-in a group of adults when compared to two

physical activity questionnaires (59). Matthews et al. (59) also showed that Tritrac
overestimated resting energy expenditure by ~100 kcal-day™. In contrast, McMurray et

al. (61) found that the Tritrac significantly overestimated energy expenditure versus a
computerized activity recall (1941 kcal vs. 1576 kcal) in 45 middle-school students.

The Tritrac has been shown to correlate better with heart rate measurements in the
field setting than with self reported physical activity in obese children (18). Welk and
Corbin (111) compared the Tritrac to a heart rate monitor and the Caltrac activity
monitor. The correlations between the Tritrac and the heart rate monitor (r = 0.58) were
not significantly higher than the correlations between the Caltrac and the heart rate
monitor (r = 0.52) suggesting that the triaxial accelerometer did not significantly improve
its validity over a uniaxial accelerometer as a measure of physical activity in the field
(111). Other studies have shown that the Tritrac is a stable and reliable instrﬁment to
estimate energy expenditure over time in the elderly (52) and in COPD patients (97).

The idea that a triaxial accelerometér could improve on the measurements of
physical activity and energy expenditure made by a single-plane accelerometer is a

logical extension to the motion sensor theory. But, research has shown that the Tritrac-
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R3D has not achieved this goal. Compared to indirect calorimetry, the Tritrac has been

shown to underestimate (26, 43, 67) energy expenditure more often than not (94). It has
also been found to underestimate energy expenditure versus whole-room calorimetry
(17). Studies comparing the Tritrac to questionnaires have yielded mixed results (24, 59,
61). Like other single-plane accelerometers, the Tritrac is unable to detect changes in
grade while walking (26, 67). The additional size of the Tritrac along with the fact that it
does not improve on single-plane accelerometers for estimating physical activity make it

a questionable choice for use over other available accelerometers.

Summary

There are advantages and disadvantages to each of the objective methods that are
used in the field setting. The doubly labeled water method gives a very accurate measure
of energy expenditure for a given time period. Because the time period must be at least
one week long, this method does not give any information on day-to-day activity or the
types or patterns of activity. Heart rate monitors are very accurate at measuring heart rate
and can be used to give a good estimation on energy expenditure. But, a number of
factors other than exercise can cause heart rate to be elevated, thus leading to an
overestimation of physical activity energy expenditure. Pedometers can be useful in
measuring the amount of walking activity, but they have questionable accuracy for other
activities. Accelerometers are able to fneasure not only the amount of activity, but also
the intensity of activity. But, most are limited to, measuring movements of only the upper

body or the lower body and neglect to measure any other movements. Similar to
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pedometers, accelerometers are also unable to detect increases in intensity due to factors
other than increases in the speed of movement, such as change in grade or carrying a
heavy load. While there have been a number of advances in recent years in the objective
measurement of physical activity in the field setting, the lack of a method that can
accurately measure all of the components of physical activity, yet are socially acceptable

and do not inhibit movement, remains.
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CHAPTER III

METHODS

Subjects

Twenty-four subjects (15 male, 9 female) between the ages of 18 and 45 years
were recruited from the Knoxville, Tennessee community to participate in Experiment I
of this study. A subset of 12 (7 male, 5 female) of the original 24 subjects also
volunteered for Experiments Il and IIl. Subjects who volunteered for Experiments II and
IIT completed each of the four tests on different days. Sﬁbjects were eligible for this
study if they were moderately active and had no apparent contraindications to exercise.
Prior to participating in the study, each subject completed a health history questionnaire
(Appendix A) and an informed consent form (Appendices B and C) approved by the
University of Tennessee’s Institutional Review Board. All testing was completed at the
Applied Physiology Laboratory in the Health, Physical Education and Recreation

building and at the Tom Black Athletic Track on the University of Tennessee campus.

FitSense FS-1 Speedometer
The FitSense FS-1 Speedometer utilizes a small (5.0x4.0x1.5 cm, 19.3 g),
horizontally mounted, uniaxial aécelerometer (foot pod) (Figure 1) that is attached to the
user’s shoe at the shoelaces. Data is telemetrically transmitted from the foot pod to a

wristwatch receiver (5.0x5.2x1.4 cm, 48.6 g). The FitSense measures distance while
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Figure 1 — The FitSense foot pod

walking and running by measuring the acceleration of each step and adjusting for
changes in stride length. The acceleration and stride length information are integrated
together to get a more accurate estimation of distance. When the user’s weight is entered
into the receiver, the device uses the acceleration information along with body weight to
estimate energy expenditure in kilocalories (kcals) during the exercise session. The
FitSense estimates energy expenditure by utilizing a formula which is based on the theory
that the metabolic cost of locomotion is primarily determined by the cost of supporting
total body weight and the rate at which force is generated (42, 53). This formula (body

weight divided by foot contact time) allows the FitSense to estimate energy expenditure

during locomotion. Thus, it is able to estimate energy expenditure during two of the most
frequently reported leisure-time physical activities, walking and running (20). With the
addition of the FitSense heart rate monitor and chest strap, heart rate data is also viewable
on the receiver’s display. Heart rate gives the user valuable information on exercise

intensity, which may be important for training purposes.
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Figui'e 2 — The FitSense wristwatch receiver display; V‘Top‘
row: speed (miles - hr” ) and distance (miles); Bottom row:

heart rate (beats - min™) and total exercise time.

The FitSense accelerometer calculates walking or running speed from distance +

time. This can be viewed on the receiver as speed (miles-hr™) or as pace (min - mile™)
while walking or running. A number of variables, including exercise time, distance
(miles), speed (miles - hr!), heart rate (beats - min™), current pace (min mile™), average
pace (min - mile"), and calories, are viewable while exercising. The FitSense can display
four variables at one time (Figure 2), giving the user several pieces of information while
walking or running. During each exercise bout, the device automatically records and
saves the time (splits) for each mile. The user can also manually save splits at any time.
The FitSense has a data storage capacity of the latest 75 splits and 28 exercise bouts.

Data can be downloaded to a personal computer and stored on a personal web page on the
FitSense website. Information on speed, distance, and heart rate is accessible and

displayed graphically on the web page. The web page can also display information on

daily, weekly, monthly, and yearly exercise time and distance.
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Experiment I: Accuracy of the FitSense for estimating distance
during 1600 m track tests
The accuracy of the FitSense for estimating distance was tested during two, 1600
m walking tests and two, 1600 m running tests on a 400 m rubberized athletic track.
Prior to testing, the subject’s weight was measured with a standard physician’s scale
(Health-o-meter, Inc., Bridgeview, IL)) and height was measured with a stadiometer
(SECA Corp., Columbia, MD). |
FitSense Calibration on the Track
The FitSense was calibrated to each individual according to the manufacturer’s
instructions for track calibration before beginning testing (28). Subjects were instructed
to warm-up and stretch prior to beginning the calibration procedures. The foot pod was
attached to the subject’s right shoe by lacing the attached elastic cord through the
shoelaces. The wristwatch receiver unit was worn on the right wrist of the subject.
Using lane one of the track, a start/finish line was established. The subject was instructed
to move back about 20 feet from the starting line. The subject began walking and pressed
the “Start” button on the receiver as he/she crossed the starting line. The subjects were
not instructed to walk at any standard speed or pace; they were only instructed to
maintain an even and natural pace for one lap. As the subject crossed the finish line,
he/she pressed the “Stop” button to complete the walking calibration procedure. Lap
time was recorded and the watch was prepared for the running calibration. The entire

procedure was repeated while running. After completing both the walking and running

calibration, the calibration values (CalVal) determined by the FitSense were recorded.




Distance Test

After completing the calibration procedures, all testing procedures were explained

to the subjects. The first two, 1600 m tests were at self-selected walking speeds. Each
subject started and stopped at the same predetermined point. The subjects were
instructed to walk four laps in the middle of lane one at a self-selected speed. At the end
of each lap, distance was recorded and heart rate was monitored. At the completion of
the fourth lap, the subjects were instructed to stop on the finish line. Total distance and
time were recorded, the receiver was reset, and the subject was given 2-5 minutes to rest,
if needed. The walking procedure was then repeated for a second 1600 m test.

Following the completion of the two, 1600 m walking tests, the éntire procedure was
repeated during two, 1600 m tests at self-selected running speeds. Distance data from the

FitSense was then converted from miles to meters.

Experiment II: Accuracy of the FitSense for estimating speed and energy
expenditure at varying treadmill speeds

The accuracy of the FitSense for estimating speed and energy expenditure were

determined while walking and running on a level grade. Prior to testing, the subject’s
body composition was determined by using whole body plethysmography (Bod Pod®,
Life Measurement Instruments, Concord, CA) (34, 60).

Maximal Testing

Each subject who volunteered for Experiments I and III completed a maximal,

graded treadmill test to determine maximal oxygen uptake (VO, max ). Subjects were
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asked to abstain from exercise, alcoholic beverages, and caffeine the day of the test and
to abstain from eating 4-6 hours prior to testing. Subjects were asked to warm-up for five
minutes on the treadmill (Quinton Q65, Quinton Instrﬁment Co., Bothell, WA). After the
warm-up, subjects were glven a brief rest period to stretch the appropriate muscle groups.
Durmg the maximal treadmlll‘test expired gases were collected and analyzed to
calculate ventilation, oxygen.consumption, and carbqn dioxide production using a
ParvoMedics TruJeMax 2400 Metabolic Measuremeﬁt System (Consentius Technologies,
Sandy, UT) (9). A mouthpiece was attached to a Hans Rudolph (Kansas City, MO) two-
way non-rebreathing valve (2700 series, large). The non-rebreathing valve was attached
to two tubes: one for inspired and one for expired air. The Hans Rudolph 3813 heated
pneumotachometer (Kansas City, MO) was calibrated before each use with a 3.00 L
syringe and the gas analyzers were calibrated against concentrations of known gases
previously analyzed using the Scholander technique (85). The metabolic cart was

configured to compute VO, , respiratory exchange ratio (RER), and heart rate every 30

seconds. A speed was selected that elicited a heart rate that was approximately equal to
70-80% of his/her age-predicted maximal heart rate. This speed remained constant
throughout the test. The test protocol began with the subject running at the
predetermined speed and a grade of 0%. The grade was increased 1% every minute until
the subject signaled that he/she could not continue. Subjects were verbally encouraged to
continue throughout the test. At the end of each minute, the subject’s rating of perceived
exertion was recorded. After volitional exhaustion was signaled, the subject continued

walking on the treadmill for three minutes at a comfortable pace. After three minutes, a
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100 pl blood sample was obtained from the subject’s fingertip, using a sterile lancet to
break the skin. This sample was analyzed for lactate content using the YSI-2300 STAT
Plus automated blood analysis machine (Yellow Springs Instrumentation Company, Inc.,
Yellow Springs, OH). Maximal oxygen uptake was defined as the highest oxygen uptake

attained and was further validated using additional criteria (RER 2 1.10, post-test lactate

> 8.0 mmol-L", and maximal heart rate within ten beats-min™ of the age predicted
max).
FitSense Calibration on the Treadmill
The FitSense was calibrated to each individual according to the manufacturer’s
instructions for treadmill calibration before beginning testing (28). Subjects were

instructed to warm-up and stretch before beginning the calibration procedure. The
calibration procedure consisted of treadmill walking at 3.5 miles-hr™ (5.6 km- hr!) and

running at 6.5 miles-hr” (10.5 km-hr™) with the foot pod attached to the subject’s right
shoe as previously described. All subjects were experienced and comfortable With
treadmill exercise and were given 2-3 minutes to become accustomed to the speed before
the walking and the running calibration began. After the 2-3 minute period, the
calibration process was started on the watch. After 30-60 seconds, the watch beeped
signaling that the calibration process was completed. Following the completion of both
the walking and runnihg calibrations, the CalVals determined by the FitSense were

recorded.
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Treadmill Speed Test
Each subject exercised for six 5-minute stages, for a total of 30 minutes, with

progressive increases in intensity at each stage. The first three stages were at walking
speeds of 3.0, 4.0, and 5.0 miles-hr” (4.8, 6.4, and 8.0 km-hr™!) followed by three

stages at running speeds of 5.0, 6.0, and 7.0 miles-hr” (8.0, 9.6, ar;d 11.2 km-hr™). The
treadmill grade was set at 0.0% for each stage. The speed estimated by the FitSense was
compared to the speed measured by a Shimpo DT-107 handheld digital tachometer
(Nidec-Shimpo America Corp., Itasca, IL). The tachometer operates by placing the
attached wheel against the belt of the treadmill while the belt is moving. The measured
speed by the tachometer and the estimated speed by the FitSense were recorded at the
mid-point of each minute and averaged for the entire 5-minute stage to get an average
speed measured by both methods.

During this experiment, the FitSense was also evaluated for its accuracy for
estimating energy expenditure. Energy expenditure was measured using the
aforementioned metabolic testing procedures. The subjects were allowed three minutes
of each stage to reach steady state before measurements were recorded. Oxygen uptake
(V02) and carbon dioxide expired (VCOZ) were recorded each minute and were
averaged for minutes four and five of each stage. Energy expenditure was recorded by
the FitSense for minutes four and five of each stage, after which the watch was reset for
the next measurement period. Energy expenditure from the metabolic cart was
determined by using the Weir ecjuati'on (1 iO). In order to determine net energy

expenditure of the exercise bout, resting metabolic rate was estimated based on gender,
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height, weight, and age using the revised Harris-Benedict equations (77). Net energy

expenditure was calculated by subtracting resting energy expenditure from the measured

gross energy expenditure.

The treadmill was calibrated according to manufacturer’s instructions for speed
(by measuring belt length and determining the time needed for 20 revolutions at several
speeds) and grade (by using a carpenter’s level and a carpenter’s square to measure the
rise-over-run at several grades) before, periodically during, and after the completion .of all
test sessions. The calibrations were further verified with the digital tachometer. The
tachometer was calibrated to an accuracy of 0.1 RPM by the manufacturer according to
standards set by the National Institute of Standards and Technology (NIST) (calibration

certificate #K202023).

Experiment III: Accuracy of the FitSense for estimating
energy expenditure at varying grades

The accuracy of the FitSense for estimating energy expenditure was also

determined while walking at 3.0 miles-hr™ at different grades. The FitSense was
calibrated using the previously described treadmill calibration procedures prior to
beginning testing.

Treadmill Grade Test

The treadmill grade test consisted of treadmill walking at 3.0 miles-hr” (4.8

km-hr!) with a progressive increase in grade. The test consisted of five 5-minutes
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stages with increasing grades of 0.0, 2.5, 5.0, 7.5, and 10.0%. Testing was completed

using the procedures for energy expenditure described in Experiment II.

Statistical Analysis

In general, re'peated'measures ANOVA showed no gender differences in distance,
speed or energy expenditure. Thus, statistics were run on males and females as a
combined group.

In Experiment I of this study, the distances estimated by the FitSense for the tv.vo
walking tests were averaged and the distances estimated by the FitSense for the two
running tests were averaged for each subject to give an average walking distance and an
average running distance. One-sample t-tests (2-tailed) were used to compare the
estimated walking distance to the actual distance and the estimated running distance to
the actual distance. The overall significance level was set at o, = 0.05.

In Experiment II, the difference scores were used in a 2 X 3 repeated measures
ANOVA to compare the differences between the two methods for measuring speed and
energy expenditure during each mode of exercise (walking and running). When
appropriate, post-hoc testing was performed using pairwise comparisons with the
Bonferroni adjustment to locate significant differences. Paired t-tests were used to
compare the within-stage differences by comparing the measured and the estimated
values for speed and energy expenditure using the Bonferroni adjustment factor.
Correlations were also performed to determine the re}atiopship between measured and

estimated values for energy expenditure.
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In Experiment III, the difference scores were used in a 2 X 5 repeated measures
ANOVA to compare the differences between the two methods for measuring energy
expenditure while walking with an increasing grade. When appropriate, post-hoc testing
was performed using pairwise comparisons with the Bonferroni adjustment to locate
significant differences. Paired t-tests were used to compare the within-stage differences
by comparing the measured and the estimated values for energy expenditure using the
Bonferroni adjustment factor. Correlations were also performed to determine the

relationship between measured and estimated values for energy expenditure.



CHAPTER IV

RESULTS

The purpose of this study was to examine the accuracy of the FitSense FS-1
Speedometer for estimating distance, speed, and energy expenditure while walking and

running.

Experiment I: Accuracy of the FitSense for estimating distance
during 1600 m track tests
The subjects’ physical characteristics for Experiment I are shown in Table 1.
Each subject completed two, 1600 m walks and two, 1600 m runs. The average walking
distance and the average running distance were computed for each subject. The mean

distance estimated by the FitSense while walking was 1575 £+ 100 m. The mean distance

estimated by the FitSense while running was 1543 + 107 m. The measured average speed

TABLE 1 — Subject Characteristics (Experiment I)

Males Females Total
(N=15) (N=9) (N=24)
Age (yr) 28.1+59 258+55 27.2%5.7

(20-42) (20-39) (20-42)

Height (cm)  181.4+£4.0 164.1+50 174.9+9.6
(174-190)  (158-172)  (158-190)

Mass (kg) 76.6+77 59.1+32 70.0+10.7
(63.0-88.9) (51.7-61.9) (51.7-88.9)

BMI' (kg:m™2) 232+21 220+09 228+138
(19.3-26.8) (20.8-23.1) (19.3-26.8)

Values are mean + SD (range)
! Body Mass Index
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Figure 3 — Mean distances for 1600 m walk and run tests (mean * SD)

* Significant difference between actual distance and estimated distance
(p <0.05).

was 4.18 £0.45 miles-hr” (6.73 £0.72 km-hr™") for the walk tests and 8.18 + 1.33

miles-hr' (13.16 £2.14 km-hr™") for the run tests. Figure 3 shows the mean walking
and running distance for all subjects. For the walk tests, the mean distance estimated by
the FitSense was not significantly different than the measured distance (p = 0.230). The
FitSense was found to significantly underestimate distance while running (p = 0.016).
For the entire pool of 1600 m tests (96 tests), the mean distance estimated by the

FitSense while walking or running was 1559 + 108 m.
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TABLE 2 - Subject Characteristics (Experiments II & III)

Males Females " Total

N=T7) (N=5) (N=12)
Age (yr) 204+47 270£7.1 284+%56

) (25-38) (21-39) (21-39)
Height (cm) 180.9+3.6 1659+4.0 1747+8.5
(174-185) (161-172) (161-185)
Mass (kg) 75665 60.8x13 695190
(65.8-86.4) (59.4-61.9) (59.4-86.4)
BMI (kg~m‘2) 23.1+£15 221+08 22713
(21.7-259) (21.0-23.1) (21.025.9)
% Body Fat 15156 235%+48 18.6+6.6

(6.2-23.5y (16.6-30.0)  (6.2-30.0)
\'702 max (ml - kg™ -min™!) 57.1x44 514%x49 547+53
(48.3-62.9) (46.6-58.9) (46.6-62.9)
Est. RMR? (kcal -hr!) 75.1+5.0 586+19 682+9.3
(66.2-82.5) (55.7-60.4) (55.7-82.5)
Values are mean + SD (range)
! Body Mass Index
2 Estimated Resting Metabolic Rate

Experiment II: Accuracy of the FitSense for estimating speed and energy
expenditure at varying treadmill speeds
The subjects’ physical characteristics for Experiments II and III are shown in

Table 2. The measured and estimated speeds for each stage are shown in Table 3. A
repeated measures ANOVA was run on the differences between the tachometer and the
FitSense for measuring speed while walking and while running. For the between-stage
differences, repeated measures ANOVA demonstrated a significant difference (p < 0.001)
for the walking speeds, meaning that the FitSense estimates for walking speed were not

consistent at each speed. Post-hoc analysis revealed no significant stage differences
between the 4.8 and 6.4 km-hr™! walking speeds (p = 0.246). Significant stage
differences were found between the 4.8 and 8.0 km-hr™' walking speeds (p < 0.001) and

the 6.4 and 8.0 km-hr™" walking speeds (p < 0.001). For the within-stage differences,
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TABLE 3 — Comparison of Measured Speed with Estimated Speed

TM Speed Tach Speed FitSense Speed A Speed A%

(km-hr'l) (km-hr'!) (km-hr'!)
4.8 4.88 £0.08 509 £0.45 -0.21+0.44 -4.36+9.09
6.4 6.49 £0.02 6.54 £0.21 -0.05+0.21 -0.79+£3.29
8.0 8.13+£0.02 10.19+1.13 -2.06%+1.14 -25.32+14.05 *
8.0 8.14 £ 0.02 8.99+1.90 -0.85+1.89 -10.39 +£23.27
9.7 9.88 £ 0.05 9.92+0.32 -0.04 £ 0.34 -0.39+3.41
11.3 11.43+0.05 11.36 £ 0.89 0.06£0.92 0.54 £8.13

Values are mean = SD; A Speed = measured speed — estimated speed; A % = [(measured speed — estimated

speed)/measured speed] x 100; * Significant difference from zero (p < 0.001).

paired t-tests revealed no significant differences between mean measured and estimated

speed for the 4.8 km-hr™! (p =0.122) and the 6.4 km-hr™ (p = 0.426) walking speeds.

A significant difference was found between the measured and estimated speeds for the

8.0 km-hr walking speed (p < 0.001). For the between-stage differences during the
running stages, repeated measures ANOVA found no statistical differences (p = 0.215)
for the running speeds. For the within-stage differences, paired t-tests revealed no
statistical differences between the mean estimated and the measured running speeds.
Figure 4 depicts the measured and the estimated values for speed.

The FitSense was compared to indirect calorimetry to determine the accuracy of
the FitSense for estimating net energy expenditure. Energy expenditure was measured
and estimated while walkiné and running on a level grade. A significant correlation (r =
0.804) between measured and estimated energy expenditure was demonstrated during
walking and running at a 0.0% grade (Figure 5). Figure 6 shows the measured vs.
estimated energy expenditure for each walking and running stage. A repeated measures
ANOVA was run on the Vdifferences l;etween the‘ two methods. For the between-stage

interactions, repeated measures ANOVA demonstrated a significant differences for
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Figure 4 — Mean data for speed measured by the tachometer and estimated by the
FitSense (mean + SD). # Significant stage differences between 4.8 and 8.0 km/hr speeds
and 6.4 and 8.0 km/hr speeds (p < 0.001); * Significant difference between measured and
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Figure 5 — Correlation between measured energy expenditure
(indirect calorimetry) and estimated energy expenditure (FitSense)
while walking and running at 0% grade.
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Figure 6 — Effects of treadmill speed on measured and estimated energy
expenditure while walking and running; # Significant stage differences
(p < 0.01) * Significant difference between measured and estimated
energy expenditure (p < 0.001).

energy expenditure during the walking stages (p < 0.001), meaning that the differences
between the measured and estimated energy expenditure were not consistent for each

walking speed. Post-hoc analysis revealed significant differences between the 4.8 and
6.4 km-hr! (p = 0.007), the 6.4 and 8.0 km-hr™ (p <0.001), and the 4.8 and 8.0

km-hr! (p <0.001) walking speeds. For the within-stage differences, paired t-tests

using the Bonferroni adjustment factor revealed significant differences between measured

and estimated energy expenditure during the 6.4 km-hr™ (p <0.001) and 8.0 km-hr™ (p

< 0.001) walking speeds. No significant difference was found between measured and

estimated energy expenditure during the 4.8 km-hr™ (p =0.031) walking speed. For the
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between-stage interactions, repeated measures ANOVA demonstrated no significant
differences for energy expenditure during the running stages (p = 0.067). For the within-
stage differences, paired t-tests using the Bonferroni adjustment factor demonstrated no

significant differences between measured vs. estimated energy expenditure for the 8.0

km-hr? (p=0.033),9.7 km-hr (p=0.054) and 11.3 km-hr™ (p = 0.040) running

speeds.

Experiment III: Accuracy of the FitSense for estimating
energy expenditure at varying grades
The FitSense was also evaluated for estimating energy expenditure during
walking with an increasing grade. The correlation between measured and estimated
energy expenditure while walking with an increasing grade was not significant (r =
-0.104) (Figure 7). For the between-stage differences, repeated measures ANOVA
revealed a significant difference (p < 0.001) for estimating energy expenditure while
walking with an increasing grade. Post-hoc analysis demonstrated significant stage
differences between every grade (p < 0.001). For the within-stage differences, paired t-
tests found significant differences between the measured and estimated energy

expenditure values while walking at 0% (p = 0.002), 2.5% (p < 0.001), 5.0% (p < ,0'001)’

7.5% (p < 0.001), and 10.0% (p < 0.001) grade (Figure 8).
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l CHAPTER V|

| DISCUSSION

The results of this study indicate that the FitSense is fairly aécurate for estimating
distance wﬁile walking or running during repeated 1600 m track tests. There was no
significant difference between the actual walking distance and that estimated by the
FitSense. Although the FitSense was found to statistically underestimate distance while
running, the difference only amounted to a 3.5% underestimation. The FitSense
manufacturers state that the FitSense is 98% accurate for measuring distance while
walking or running (28). For the entire pool of 1600 m walking and running tests (96
tests) from this study, the FitSense was 97.4% accurate for estimating distance.

Traditionally, distance while walking has been measured by the belt-mounted
pedometer. A study by Bassett et al. (6) found that electronic pedometers are reasonably
accurate for estimating distance walked. The mean values for all five pedometer brands
tested recorded within 0.53 km for the 4.88 km course (11% difference), with the most
accurate brand (Yamax) differing by 0.05 km for the 4.88 km course (1% difference) (6).
The FitSense results for walking distance compare favorably to distance estimated by
belt-mounted pedometers. The mean distance estimated by the FitSense differed by 25 m
for the 1600 m walks (1.6% difference). There are a limited number of studies that have
used pedometers to measure distance while running. Washburn et al. (108) found that

pedometers tend to underestimate running distance by, on average, 11% during repeated
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1-mile trail runs. The FitSense also underestimated distance during 1600 m runs, but the
underestimation was only 3.5%. This is a large improvement in accuracy of estimating
distance by the FitSense over the belt-mounted pedometer.

The FitSense manufacturers have developed an adjustment factor for inaccurate
distance estimations. This adjustment factor is available on the FitSense website. The
website’s “CalVal Calculator” can calculate a new calibration value based on information
provided by the user without having to recalibrate the accelerometer by the conventional
method. The website calculates the new value based on the previous calibration value,
the actual walking or running distance, and the provided under- or overestimated distance
estimated by the FitSense. Although the FitSense developers claim that it is only
necessary to calibrate the device once (28), it may be beneficial to recalibrate the device
periodically and check for any substantial variations in the new CalVals.

This study’s results indicate that the FitSense performs well for estimating speed
while walking at 3.0 and 4.0 miles-hr" (4.8 and 6.4 km-hr™") and while running at 6.0
and 7.0 miles;}hr'l (9.6 and 11.2 km-hr™") (Figure 2). In contrast, the Caltrac activity
counts do not increase at running speeds above 5.0 miles-hr (37). Haymes and Byrnes
(37) suggested that a device measuring acceleration in the horizontal plane could lead to
improved accuracy. The FitSense, which measures acceleration in the horizontal plane,
is accurate at estimating specific speeds, and it is able to detect changes in acceleration
and stride length that occur with increases in speed (40, 118)."

Studies using pedometers have demonstrated that pedometers are most accurate

for estimating distance and steps during normal walking épeeds (4.8 km-hr™"). Bassett et
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al. (6) found that pedometers tend to underestimate distance at very slow (3.2 km-hr™)

and at very fast (6.4 km-hr™') walking speeds. Other studies also found that pedometers
are inaccurate at running speeds (49, 80, 108). These inaccuracies are due to the fact that |
pedometers are preset for one stride length and this cannot ‘be adjusted during exercise.
Hogberg et al. (40) found that during running speéds between 9.0 and 19.0 km-hr (5.6
to 11.9 miles- hr™), runners increase their speed by increasing stride length with very
little increases in stride frequency. Thus, pedometers would be expected to underestimate
distance while running. The FitSense is an improvement over the pedometer for
estimating distance in that it is able to detect changes in speed while walking and
running,.

The FitSense appeared to have trouble estimating speed during fast walking and
slow running speeds (8.0 km-hr™). During this transition zone bet§veen walking and
running, the FitSense tended to overestimate walking speed by an average of 25.3%.
Although the FitSense’s estimation of speed while running at 8.0 km-hr™' was not
statistically different from the actual speed, the device tended to overestimate speed by
10.4%. There was a great deal of variability during this speed with average speeds
ranging from 7.53 to 13.71‘ km-hr™' (4.68 to 8.52 miles-hr™ ). The FitSense is, in
general, able to differentiate whether the user is walking or running by requiring separate

calibrations for each mode of ambulation. However, during this study, the FitSense

apparently had difficulty estimating speed during this transition zone of 8.0 km-hr'.
Prior to beginning each test, the FitSense was calibrated for each individual

(calibration values can be seen in Appehdix E) During our testing, subjects who
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participated in all three parts of the study repeated the calibration procedure on three
different occasions (two treadmill calibrations and one track calibration). Table 4 lists
the mean calibration values for each subject who participated in Parts I-III. The
calibrations were all individualized, thus the mean values cannot be compared between
individuals or betweén walking and running tests. The standard deviation of each
individual’s calibration values indicates the amount of variation between calibrations.
The within-subject variability can differ from test to test, but FitSense developers state
that thevvariability should not vary by more than 5 to 10 points, regardless of which
calibration procedure is used (personal communication, 2001). Although the CalVals
were consistent for most of our subjects, large amount of inter-subject variability was
observed in the CalVals for a few subjects. For example, the large standard deviations
for the walking CalVals in subjects 1 and 5 and in the running CalVals in subjects 2, 6,

and 7 indicate a large amount of CalVal variability for these subjects. This variability

TABLE 4 — Within Subject Variability of
Calibration Values (CalVals) on Three
Different Occasions

Subject Walking Running
1 116.0+19.9 80.7+£29
2 86.0%3.5 87.0£21.6
3 583+1.2 42017
4 58.3+4.0 74.7£6.0
5 1250+£416 © 503+1.2
6 99.7+10.7 111.0+18.0
7 63.7+£6.5 83.0+£24.8
8 63.3£25 49.7£6.0
9 105.3+£3.2 83.0£3.6
10 87.3%+3.1 98.7+4.6
11 110.0£5.6 81.3+6.8
12 95.0+6.6 105.3 +6.0

Values are mean + SD
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could be due to the differences in walking/running speed during the track calibration vs.

the treadmill calibration. During the treadmill calibration, standardized walking and

running speeds (3.5 and 6.5 miles- hr') were used (28). The track calibration does not
require the subject to maintain any set speed, only to walk/run a set distance. For some
of our subjects, the self-selected speeds during the track calibration were much greater
than the standardized speeds used during the treadmill calibration.

The results of this study indicate that the FitSense underestimates energy
expenditure while walking and running on a level grade (Figure 6). The FitSense was
unable to detect the increases in energy expenditure that occur while walking up an
increasing grade ‘as shown in Figure 8.

Although the FitSense underestimated energy expenditure, it was able to detect
the increased energy expenditure requirements that are associated with increases in
walking speed (Figure 6). These findings are consistent with other studies using
accelerometers (5, 30, 37, 43, 62, 66-68, 71, 98). Although the differences were not
statistically different, the FitSense consistently underestimated energy expenditure during
treadmill running with increasing speeds (Figure 6). While several studies have tested
the accuracy of accelerometers for estimating energy expenditure while running, most of
these studies are limited to one rqﬁning speed (30, 45, 62, 67, 68). Only one other study
was found that used aﬁ accelerometer to estimate energy expenditure during multiple

running speeds. This study found that the Caltrac accelerometer is unable to detect

increases in running speed over 8.0 km-hr™' (37). The FitSense, however, is able to
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detect the increased energy expenditure demands that are associated with increases in
running speed.

The limitations of the FitSense in estimating energy expenditure could be due to
the original method and algorithm used by the FitSense engineers. The method used by
the FitSense for estimating energy expenditure is based on the theory that the metabolic
cost of locomotion is primarily determined by the cost of supporting total body weight
and the rate at which force is generated (4,’-2, 53). This theory was developed by testing a
number of animals during locomotion while simultaneously measuring oxygen
consumption (53, 75). This theory was also tested in a group of men who during
treadmill walking and running (42).

The results of this study indicate that the FitSense, which estimates energy
expenditure by using the body weight divided by foot contact time formula,
underestimates energy expenditure while walking or running. Most of the research on
this method has focused on the energy cost of locomotion in a variety of animals.
Although, theoretically, the mechanisms used for locomotion are similar in animals and
humans, there are fundamental differences between humans and animals during
locomotion. In the quadrupeds that Kram and Taylor tested, they reported that the stride
length of each animal increased only slightly as speed increased (53). The increase in
speed during locomotion at all speeds was due to increasing the frequency in strides
rather than increasing the length of strides (53). In humans, increases in speed while
running is due mainly to increases in stride length (vs.‘ increases in stride frequency) (40,

118). The one study using this method that focused on humans showed a very strong
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correlation between actual energy expenditure and estimated energy expenditure (42).
However, that study utilized a sensor circuit that was placed in the sole of the shoe and
could directly measure the amount of time the foot was in contact with the ground.
Although the FitSense cannot directly measure the foot coﬁtact time, it is possible to
obtain a good estimation of foot contact time based on the acceleration and deceleration
information. However, the use of a different method to estimate foot contact time could
possibly lead to a larger percentage of error than inr the study utilizing a foot pressure
Sensor.

There appear to be some limitations inherently designed into the FitSense. The
results of our study indicated that energy expenditure estimated by the FitSense increases
in a linear fashion while walking and running. While the actual energy expenditure
increases linearly with running; during walking, the actual energy expenditure vs. speed
relationship increases in a curvilinear fashion. Other studies have found similar results
for energy expenditure while walking and running (27, 37, 106). In 25% of our subjects,
the FitSense appeared to malfunction when the subject was walking at 7.5% grade or
higher. The device did not register speed, distance, or energy expenditure for these
subjects at higher grades. This appears to be related to the fact that the FitSensé is
mounted in a horizontal fashion to the shoe. The walking style of these subjects was such
that at higher grades, the accelerometer was no longer moving in the horizontal plane and
could not detect any movement. This could be a potential problem for a person who

plans to use the FitSense while hiking or running on a hilly course.
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It is worth noting that the battery life of our device was substantially less than

reported by the manufacturer. The manufacturer reports a six-month battery life under
“normal use (30 minutes per day).” The battery life of our FitSense averaged about 20
hours of exercise time (vs. ~90 hours reported by the manufacturer). The excessive
battery drain problem has been addressed by FitSense engineers and should be corrected

in future models.

Future Research
Future studies using FitSense FS-1 Speedometer may include testing of the
accuracy of the FitSense for estimating speeds at the higher end of the FitSense’s range
(reported range of the FitSense is 2.5 — 20.0 miles-hr™). Also, studies may focus on the
test-retest reliability of the FitSense for estimating distance while walking and running.
Other studies may focus on the FitSense’s accuracy for estimating distance during longer

walking and running tests.

Conclusions
The results of this study indicate that the FitSense is an accurate tool for

estimating distance while walking and running. The FitSense is accurate at estimating
speed while walking at 3.0 and 4.0 miles-hr” (4.8 and 6.4 km-hr™') and while running
at 6.0 and 7.0 miles-hr” (9.6 and 11.2 km-hr™'). However, the FitSense is inaccurate at

estimating speed during walking and running 5.0 miles-hr™ (8.0 km-hr™'). The

FitSense underestimates energy expenditure while walking or running. Also, the
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FitSense is unable to detect increases in energy expenditure due to increasing grade.

Based on the results of this study, it is concluded that the FitSense FS-1 Speedometer is

an accurate tool for estimating distance and speed during level walking and running.
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Subject Number: Test Date:

HEALTH HISTORY QUESTIONNAIRE

NAME: AGE: DATE OF BIRTH:
First ) ML Last
ADDRESS: :
Street City State ' Zip
TELEPHONE (home):
'OCCUPATION:
Person to contact in case of an emergency: : Phone #
(relationship)
PLEASE CHECK YES or NO
PAST HISTORY PRESENT SYMPTOMS
Have you ever had? Any of the following?
YES NO YES NO
1. High blood pressure... [1 [] 1. Chest pain... [1 []
2. Any heart trouble... [1 [] 2. Shortness of breath... [T 1
3. Disease of the arteries... [1 [1] 3. Weakness in arm... [T [
4. Heart murmur... [T [1] 4. Feeling faint/dizzy... T1 [1
5. TIrregular heart beat... [1 [1] 5. Heart palpitations... [T [1]
6. Seizures... [1 [1 6. Blurred vision... [1 []
List any other conditions that have 7. Severe headache... [1 []
limited your ability to be physically Other illness that may affect
active. your participation...
Are you taking any prescription or over-the counter medications? Yes ___ No___
Name of medication Reason for Taking For How Long?
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ACTIVITY LEVEL EVALUATION

What'is your occﬁpational activity level? Sedentary Light Moderate ____ Heavy __ _
Do you currently engage in vigoxl':)us physical activity on a regular basis? Yes___ No__

If so, what type? How many days per week?

How much time per day? (check one) < 15 min __ 15-30 min____ 30-45min____ >60min____

How long have you been vigorously active? (check one) < 1 mo __ 1-6 mos. ___6-12 mos. __> 12 mos. __
Do you ever have an uncomfortable shortness of breath during exercise? Yes No

Do you ever have chest discomfort during exercise? Yes __ No __ If so does it go away with rest? ___

FOR EXERCISE TESTING STAFF USE:

SIS 4/00
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INFORMED CONSENT FORM

TITLE: Accuracy of the FitSense FS-1 Speedometer during a Field Test

Investigators: Scott A. Conger, B.A.
David R. Bassett, Jr., Ph.D.

Address:
Exercise Science and Sport Management
HPER Building
University of Tennessee
1914 Andy Holt Ave., Knoxville, TN 37996-2700

Phone: (865) 974-5091

PURPOSE

You are invited to participate in a research study. The purpose of this study is to determine the
accuracy of the FitSense FS-1 Speedometer. This device consists of a foot pod that attaches to
the top of the shoe on the shoelaces, a heart rate band that is worn around the chest, and a
wristwatch. The FitSense will be tested for its accuracy in measuring distance traveled, speed,
and calories burned during walking and jogging exercise bouts.

PROCEDURES

You will be asked to come to the Applied Physiology Laboratory in the Health, Physical
Education & Recreation (HPER) building on one occasion. Prior to beginning testing, you will
be asked to fill out a health history questionnaire and a researcher will measure your height and
weight. The field test will consist of four 1-mile tests (two walking, two jogging) on the
University of Tennessee athletic track at self-selected speeds. Between each 1-mile test, you will
be given a S-minute rest period. For this test, you will wear the FS-1 speedometer. You will be
free to stop the test for any reason. The time commitment for the test will be approximately one
hour.

BENEFITS OF PARTICIPATION
From the information that we generate, we will be able to give you information on how many
calories you burn while walking and jogging.

RISKS OF PARTICIPATION ‘

The potential risks that may occur with participating in this study include those associated with
exercise. These include: leg discomfort, muscle/joint soreness, dizziness, headache, and, in rare
instances, heart attack (4 < in 10,000). In addition, the Applied Physiology Laboratory has a
planned response to any emergency procedure, and all testing personnel are CPR certified.

CONFIDENTIALITY

The information gathered by the investigators in this study will be confidential and will be kept in
a locked file cabinet in the possession of the investigators. Only those individuals directly
involved with this study will have access to these records. The information will eventually be
used in a research report, but no reference of any kind will be made which could link you as a
participant to the study. '
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CONTACT INFORMATION

If you have questions or concerns at any time during the course of the testing procedures or after
completion of the testing procedures, you may contact Dr. David Bassett at (865) 974-8766. If
you have questions concerning your rights as a participant, contact the Compliance Section of the
Office of Research at (865) 974-3466.

PARTICIPATION

You are free to make a decision to participate in this study, and if you should choose to
participate, you may withdraw from the study at any time without penalty. If you withdraw from
the study, your data will be given to you or destroyed.

AUTHORIZATION

By signing this informed consent form, I am indicating that I have read and understood this
document and have received a copy of it for my personal records. Ihave been given the
opportunity to ask questions on any matters that I am not clear on. By signing this form I indicate
that I agree to serve as a participant in this research study.

Participant’s name

Participant’s signature Date

Investigator’s signature Date
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INFORMED CONSENT FORM

TITLE: Accuracy of the FitSense FS-1 Speedometer

Investigators: Scott A. Conger, B.A.
David R. Bassett, Jr., Ph.D.

Address:
Exercise Science and Sport Management
HPER Building
University of Tennessee
1914 Andy Holt Ave., Knoxville, TN 37996-2700

Phone: (865) 974-5091

PURPOSE

You are invited to participate in a research study. The purpose of this study is to determine the
accuracy of the FitSense FS-1 Speedometer. This device consists of a foot pod that attaches to
the top of the shoe on the shoelaces, a heart rate band that is worn around the chest, and a
wristwatch. The FitSense will be tested for its accuracy in measuring distance traveled, speed,
and calories burned during walking and jogging exercise bouts.

PROCEDURES

You will be asked to come to the Applied Physiology Laboratory in the Health, Physical
Education & Recreation (HPER) building on four separate occasions. On the first day, your level
of physical fitness will be determined during a maximal treadmill test. You will also be asked to
fill out a health history questionnaire and a researcher will measure your height, weight, and body
fat percentage. Your body fat percentage will be measured using the Bod Pod. The Bod Pod
estimates body fat by measuring body weight and size. You will sit in a sealed chamber for
approximately three minutes. You will be able to breathe normally and see your surroundings
during this time. For this procedure you will wear a lycra swimsuit. The remaining days will
consist of three submaximal exercise tests: two laboratory tests and a field test. Each day, you
will complete one of the three tests. The laboratory tests will consist of two treadmill tests at
different walking and jogging speeds and grades. While exercising, you will breathe through a
mouthpiece and wear a nose clip. The mouthpiece allows the researchers to collect the expired
air. From this air, we will determine how many calories you burn during exercise. You will also
be wearing the FS-1 speedometer, which will measure speed, distance, and estimate caloric
(energy) expenditure. The device will also allow the researchers to monitor your heart rate during
testing. The field test will consist of walking and jogging on the University of Tennessee athletic
track at self-selected speeds. For this test, you will wear the FS-1 speedometer. You will be free
to stop any test for any reason. The time commitment for the tests will be approximately one
hour per test, for a total of four hours over the course of four separate days.

BENEFITS OF PARTICIPATION }
From the information that we generate, we will be able to tell you your fitness level, body fat
percentage, and how many calories you burn while walking and jogging at various speeds.
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RISKS OF PARTICIPATION

The potential risks that may occur with participating in this study include those associated with
exercise. These include: leg discomfort, muscle/joint soreness, dizziness, headache, and, in rare
instances, heart attack (4 < in 10,000). In addition, the Applied Physiology Laboratory has a
planned response to any emergency procedure, and all testing personnel are CPR certified.

CONFIDENTIALITY

The information gathered by the investigators in this study will be confidential and will be kept in
a locked file cabinet in the possession of the investigators. Only those individuals directly
involved with this study will have access to these records. The information will eventually be
used in a research report, but no reference of any kind will be made which could link you as a
participant to the study.

CONTACT INFORMATION .
If you have questions or concerns at any time during the course of the testing procedures or after
completion of the testing procedures you may contact Dr. David Bassett at (865) 974-8766. If

you have questions concerning your rights as a partlclpant ‘contact the Compliance Section of the
Office of Research at (865) 974-3466.

PARTICIPATION

You are free to make a decision to participate in this study, and if you should choose to
participate, you may withdraw from the study at any time without penalty. If you withdraw from
the study, your data will be given to you or destroyed.

AUTHORIZATION

By signing this informed consent form, I am indicating that I have read and understood this
document and have received a copy of it for my personal records. I have been given the
opportunity to ask questions on any matters that I am not clear on. By signing this form I indicate
that I agree to serve as a participant in this research study.

Participant’s name

Participant’s signature Date

Investigator’s signature Date
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APPENDIX D

VO, max DATA
Subject VO pmax Post-test Max Heart | RER | RPE
(ml-kg™ -min™) Lactate1 Rate 1

(mmol-L7) | (beats-min™)
1 50.7 10.2 184 1.08 | 19
2 58.1 9.9 182 1.08 | 20
3 57.4 8.9 196 1.02 | 20
4 57.8 - 182 1.14 | 20
5 46.6 10.9 196 1.13 | 19
6 47.7 8.1 187 1.03 | 19
7 57.5 8.4 191 1.12 | 17
8 48.3 154 200 121 | 20
9 53.3 9.0 199 1.10 | 19
10 57.0 9.9 204 1.08 | 20
11 62.9 9.3 189 1.05 | 19
12 58.9 8.7 167 1.11 20
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APPENDIX E-1

CALIBRATION VALUES (CalVals) PART I

Walking Running
Subject | CalVal | Walking | P4 .| Calval | Running Speed .
(Walking) | Time (sec.) (miles -hr™) (Running) | Time (sec.) (miles -hr™")
1 139 187.08 481 79 119.85 7.51
2 84 216.84 4.15 111 102.28 8.80
3 57 245.47 3.67 41 111.99 8.04
4 62 208.52 432 69 92.59 9.72
5 173 172.33 5.22 49 122.53 7.35
6 112 195.79 4.60 91 109.42 8.23
7 57 218.92 4.11 74 77.74 11.58
8 63 239.33 3.76 . 44 121.40 7.41
9 109 212.31 424 79 113.10 7.96
10 88 214.69 4.19 96 132.09 6.81
11 115 188.51 4.77 76 91.33 9.85
12 102 231.39 3.89 99 121.09 743
13 66 232.86 3.86 56 119.82 7.51
14 140 208.71 4.31 126 121.22 7.42
15 80 207.01 4.35 59 86.92 10.35
16 74 227.18 3.96 79 65.34 13.77
17 98 224.69 4.01 91 133.78 6.73
18 74 246.34 3.65 49 106.43 8.46
19 145 225.84 3.99 109 141.13 6.38
20 76 284.79 3.16 71 81.25 11.08
21 77 230.91 3.90 84 106.77 8.43
22 87 239.2 3.76 84 124.44 7.23
23 80 250.75 3.59 81 119.04 7.56
24 82 239.63 3.76 56 108.37 8.30
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APPENDIX E-2

CALIBRATION VALUES (CalVals) PARTS L, 11, 111

Walking Running
CalVal Time CalVal Time
Subject | Test | Method | (Walking) | (sec.) [(Running)| (sec.)
1 1 1 104 41.00 84 31.63
1 2 1 105 42.39 79 36.46
1 3 2 139 187.08 79 119.85
2 1 1 84 44.49 81 30.45
2 2 1 90 46.20 69 31.43
2 3 2 84 216.84 111 102.28
3 1 1 59 49.44 44 44.35
3 2 1 59 50.37 41 35.02
‘ 3 3 2 57 24547 41 111.99
| 4 1 1 59 57.16 | 81 32.08
4 2 1 54 51.33 74 32.90
4 3 2 62 208.52 69 92.59
5 1 1 102 42.09 51 32.52
5 2 1 100 41.19 51 32.03
5 3 2 173 172.33 49 122.53
6 1 1 94 43.75 126 33.54
6 2 1 93 46.76 116 30.76
6 3 2 112 195.79 91 109.42
7 1 1 70 44.99 64 32.19
7 2 1 64 45.19 111 34.69
7 3 2 57 218.92 74 77.74
8 1 1 66 45.10 56 33.48
8 2 1 61 49.90 49 35.72
8 3 2 63 239.33 44 121.40
9 1 1 104 42.96 84 30.03
9 2 1 103 45.95 86 28.26
9 3 2 109 212.31 79 113.10
10 1 1 84 43,27 96 29.66
10 2 1 90 45.35 104 32.37
10 3 2 88 214.69 96 132.09
11 1 1 104 44.86 79 29.61
11 2 1 111 41.27 89 31.49
11 3 2 115 188.51 76 91.33




Walking Running
CalVal Time CalVal Time
Subject | Test | Method | (Walking) | (sec.) |(Running)| (sec.)
12 1 1 94 44.82 106 34.61
12 2 1 89 42.82 111 30.95
12 3 2 102 231.39 99 121.09

Test: 1 — Treadmill Speed
2 — Treadmill Grade
3 — Track Distance

Method: 1 — Treadmill Calibration
2 — Track Calibration
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APPENDIX F-1

DISTANCE MEANS (WALK)
Average : Average
Actual | Distance | Distance | Distance | Speed | Speed | Speed
Subject | Distance | Walk1l | Walk2 (Walk) |Walk1|Walk2| (Walk)

1 1600 1947.21 | 199549 | 197135 | 5.02 | 5.15 5.09
2 1600 1609.27 | 1577.08 | 1593.17 | 446 | 4.47 447
3 1600 1544.89 | 1528.80 | 1536.85 | 3.75 3.70 3.72
4 1600 | 1673.64 | 1689.73 | 1681.68 | 4.50 | 4.58 4.54
5 1600 1625.36 | 1625.36 | 1625.36 | 5.17 5.13 5.15
6 1600 1593.17 | 1560.99 | 1577.08 | 4.70 | 4.73 4.72
7 1600 1593.17 | 1577.08 | 1585.13 | 4.13 4.10 4.11
8 1600 1528.80 | 1303.51 | 1416.15 | 3.73 3.63 3.68
9 1600 1577.08 | 1560.99 | 1569.03 | 4.26 | 4.15 4.21
10 1600 1560.99 | 1577.08 | 1569.03 | 4.19 | 4.24 4.22
11 1600 1593.17 .1- 1593.17 | 1593.17 | 4.83 | 4.77 4.80
12 1600 1560.99 |- 1544.89 | 1552.94 | 4.04 3.94 3.99
13 1600 1528.80 | 1577.08 | 1552.94 | 3.95 3.80 3.88
14 1600 1496.62 | 1496.62 | 1496.62 | 4.28 4.18 4.23
15 1600 1593.17 | 1609.27 | 1601.22 | 443 | 4.44 4.43
16 1600 1528.80 | 1544.89 | 1536.85 | 3.79 3.68 3.73
17 1600 1577.08 | 156099 | 1569.03 | 3.96 3.89 3.92
18 1600 1544.89 | 1512.71 | 1528.80 | 4.17 | 4.10 4.13
19 1600 1609.27 | 1593.17 | 1601.22 | 4.16 | 4.19 4.18
20 1600 1544.89 | 1609.27 | 1577.08 | 4.26 | 4.52 4.39
21 1600 1432.25 | 1480.52 | 1456.39 | 3.90 | 3.91 391
22 1600 1577.08 | 1560.99 | 1569.03 | 3.96 3.90 3.93
23 1600 1512.71 | 151271 | 151271 | 3.40 | 3.46 343
24 1600 1528.80 | 1512.71 | 1520.76 | 3.66 | 3.49 3.58

Speed: miles- hr!

Distance: meters
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APPENDIX F-2

DISTANCE MEANS (RUN)
Average ) Average

Actual | Distance | Distance | Distance | Speed | Speed | Speed
Subject | Distance [ Run 1 Run2 (Run) |Runl | Run2 | (Run)
1 1600 1577.08 | 1560.99 | 1569.03 | 6.99 | 7.02 7.01
2 1600 | 148052 | 1271.32 | 1375.92 | 9.55 9.95 9.75
3 1600 1593.17 | 1609.27 | 1601.22 | 8.25 8.30 8.27
4 1600 | 1577.08 | 1560.99 | 1569.03 | 9.21 9.39 9.30
5 1600 1528.80 | 1512.71 | 1520.76 | 6.63 6.80 6.71
6 1600 1673.64 | 1689.73 | 1681.68 | 7.31 6.82 7.07
7 1600 146443 | 1255.23 | 1359.83 | 10.26 [ 9.91 10.08
8 1600 1577.08 | 1609.27 | 1593.17 | 736 [ 7.38 7.37
9 1600 1560.99 | 1512.71 | 1536.85 | 7.66 8.31 7.98
10 1600 1625.36 | 1593.17 | 1609.27 | 6.97 7.12 7.05
11 1600 1544.89 | 1560.99 | 1552.94 | 9.75 9.33 9.54
12 1600 1593.17 | 1544.89 | 1569.03 [ 7.23 741 7.32
13 1600 1577.08 | 1544.89 | 1560.99 | 8.07 8.41 8.24
14 1600 1448.34 | 146443 | 1456.39 | 7.01 7.06 7.03
15 1600 1560.99 | 1544.89 [ 1552.94 | 9.75 9.73 9.74
16 1600 1448.34 | 1383.97 | 1416.15 | 11.14 | 1099 | 11.07
17 1600 1577.08 | 1528.80 [ 1552.94 | 632 | 6.38 6.35
18 1600 1770.19 | 1786.28 | 1778.24 | 8.80 8.93 8.87
19 1600 1528.80 | 1528.80 | 1528.80 | 6.74 6.82 6.78
20 1600 1673.64 | 1609.27 | 1641.45 | 10.04 | 10.54 10.29
21 1600 1303.51 | 1239.13 | 1271.32 | 8.03 8.11 8.07
22 1600 1544.89 | 1560.99 | 1552.94 | 7.25 7.30 7.28
23 1600 1577.08 | 1577.08 | 1577.08 | 7.27 | 743 7.35
24 1600 1609.27 | 1609.27 | 1609.27 | 7.64 8.09 7.87

Speed: miles- hr!

Distance: meters
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DISTANCE DIFFERENCES

APPENDIX F-3

Distance | Distance | Average | Distance | Distance | Average
Actual | Difference | Difference | Difference | Difference | Difference | Difference
Subject | Distance | Walk 1 Walk 2 Walk Run 1 Run 2 Run
1 1600 -347.21 -395.49 -371.35 22.92 39.01 30.97
2 1600 -9.27 22.92 6.83 119.48 328.68 224.08
3 1600 55.11 71.20 63.15 6.83 -9.27 -1.22
4 1600 -73.64° -89.73 -81.68 22.92 39.01 30.97
5 1600 -25.36 -25.36 -25.36 71.20 87.29 79.24
6 1600 6.83 39.01 22.92 -73.64 -89.73 -81.68
7 1600 6.83 22.92 14.87 135.57 344.77 240.17
8 1600 71.20 296.49 183.85 22.92 -9.27 6.83
9 1600 22.92 39.01 30.97 39.01 87.29 63.15
10 1600 39.01 22.92 30.97 -25.36 6.83 -9.27
11 1600 6.83 6.83 6.83 55.11 39.01 47.06
12 1600 39.01 55.11 47.06 6.83 55.11 30.97
13 1600 71.20 22.92 47.06 22.92 55.11 39.01
14 1600 103.38 103.38 103.38 151.66 135.57 143.61
15 1600 6.83 -9.27 -1.22 39.01 55.11 47.06
16 1600 71.20 55.11 63.15 151.66 216.03 183.85
17 1600 22.92 39.01 30.97 22.92 71.20 47.06
18 1600 55.11 87.29 71.20 -170.19 -186.28 -178.24
- 19 1600 -9.27 6.83 -1.22 71.20 71.20 71.20
20 1600 55.11 -9.27 122.92 -73.64 -9.27 -41.45
21 1600 167.75 119.48 143.61 296.49 360.87 328.68
22 1600 22.92 39.01 30.97 55.11 39.01 47.06
23 1600 87.29 87.29 87.29 22.92 22.92 22.92
24 1600 87.29 79.24 -9.27 -9.27 -9.27

Distance: meters :
Difference = measured distance-estimated distance

71.20
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APPENDIX G-1

SPEED MEANS

Walking: Stages 1-3; Running: Stages 4-6 (miles-hr™)

Subject | Stage | Measured | Estimated || Subject | Stage | Measured | Estimated
1 1 3.06 3.08 7 1 3.09 3.20
1 2 4.02 4.20 7 2 4.02 4.14
1 3 5.05 6.80 7 3 5.04 7.76
1 4 5.05 4.68 7 4 5.06 5.48
1 5 6.15 6.12 7 5 6.13 6.60
1 6 7.10 6.88 7 6 7.14 7.18
2 1 3.05 3.04 8 1 3.07 3.30
2 2 4.04 4.00 8 2 4.04 3.94
2 3 5.06 5.96 8 3 5.06 5.20
2 4 5.05 5.00 8 4 5.08 5.28
2 5 6.12 6.22 8 5 6.11 6.26
2 6 7.03 8.74 8 6 7.13 6.86
3 1 3.08 3.20 9 1 2.97 2.96
3 2 4.03 4.04 9 2 4.03 4.14
3 3 5.04 542 9 3 5.05 6.54
3 4 5.06 8.52 9 4 5.06 4.92
3 5 6.15 6.14 9 5 6.15 5.86
3 6 7.12 7.10 9 6 7.09 6.66
4 1 3.01 3.98 10 1 3.08 3.16
4 2 4.01 4.12 10 2 4.02 4.04
4 3 5.06 6.12 10 | 3 5.05 6.34
4 4 5.05 4.78 10 4 5.07 7.50
4 5 6.08 6.08 10 5 6.15 6.16
4 6 7.09 7.06 10 6 7.06 6.92
5 1 2.98 2.98 11 1 3.06 3.10
5 2 4.05 4.16 11 2 4.04 3.80
5 3 5.05 7.00 11 3 5.03 6.44
5 4 5.05 5.50 11 4 5.05 5.08
5 5 6.14 6.28 11 5 6.18 6.22
5 6 7.10 6.84 11 6 7.14 6.98
6 1 2.97 2.92 12 1 2.96 3.04
6 2 4.04 3.94 12 2 4.05 4.26
6 3 5.08 5.78 12 3 5.07 6.66
6 4 5.09 5.14 12 4 5.08 5.16
6 5 6.20 5.84 12 5 6.17 6.22
6 6 7.11 6.66 12 6 7.12 6.88
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APPENDIX G-2

SPEED DIFFERENCES

Walking: Stages 1-3; Running: Stages 4-6 (miles-hr ')

Subject | Stage 1 | Stage 2 | Stage 3 | Stage 4| Stage 5 | Stage 6
1 -0.02 | 018 | -1.75 | 0.37 0.03 0.22
2 0.01 0.04 | -0.90 | 0.05 -0.10 -1.71
3 -0.12 -0.01 | -0.38 | -3.46 0.01 0.02
4 -0.97 | -0.11 | -1.06 | 0.27 0.00 0.03
5 000 | -011 | -1.95 | -045 | -0.14 0.26
6 0.05 0.10 | -0.70 | -0.05 0.36 0.45
7 0.11 | -0.12 | 272 | -042 | -047. | -0.04
8 023 | 010 | -0.14 | -020 | -0.15 0.27
9 0.01 -0.11 | -149 | 0.14 0.29 0.43
10 -0.08 | -0.02 | -129 | 243 | -0.01 0.14
11 -0.04 | 024 | -141 | -0.03 | -0.04 0.16
12 -0.08 | -021 | -1.59 | -0.08 | -0.05 0.24

Difference = measured speed-estimated speed
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Appendix H

Energy Expenditure Data

97



APPENDIX H-1

ENERGY EXPENDITURE MEANS

Walking: Stages 1-3; Running: Stages 4-6; Level Grade (kcals-min™)

Subject | Stage | Measured | Estimated || Subject | Stage | Measured | Estimated
1 1 3.0 2.0 7 1 34 35
1 2 4.1 3.0 7 2 4.8 4.0
1 3 7.6 4.5 7 3 8.3 6.5
1 4 7.6 5.0 7 4 9.1 9.0
1 5 9.2 7.5 7 5 10.9 11.5
1 6 11.2 8.5 7 6 12.7 12.5
2 1 29 35 8 1 3.8 35
2 2 4.6 4.5 8 2 6.0 4.5
2 3 9.0 5.5 8 3 11.2 5.5
2 4 8.3 8.5 8 4 11.8 9.5
2 5 10.0 11.5 8 5 13.6 11.5
2 6 11.5 15.0 8 6 16.6 13.0
3 1 39 2.5 9 1 2.6 2.0
3 2 6.4 5.0 9 2 4.0 3.0
3 3 12.5 4.5 9 3 74 4.5
3 4 11.2 5.5 9 4 7.0 5.5
3 5 13.0 7.5 9 5 8.3 7.0
3 6 15.3 9.5 9 6 9.7 8.5
4 1 3.7 0.5 10 1 3.1 3.0
4 2 5.8 35 10 2 4.8 35
4 3 9.7 5.0 10 3 114 5.0
4 4 9.7 8.5 10 4 8.3 11.5
4 5 114 11.0 10 5 9.6 11.0
4 6 13.2 13.0 10 6 11.5 12.0
5 1 2.6 2.0 11 1 3.0 3.0
5 2 4.2 3.0 11 2 4.4 35
5 3 8.0 4.0 11 3 7.8 5.0
5 4 7.8 4.0 11 4 8.3 7.0
5 5 9.4 5.5 11 5 9.9 9.0
5 6 11.1 6.0 11 6 11.7 10.0
6 1 3.1 2.0 12 1 2.6 2.0
6 2 5.0 25 12 2 4.3 2.5
6 3 8.7 4.0 12 3 9.5 35
6 4 8.9 7.5 12 4 7.9 6.0
6 5 10.1 9.0 12 5 9.0 7.5
6 | 6 11.6 10.0 12 6 10.5 8.5
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APPENDIX H-2

ENERGY EXPENDITURE (MEASURED AND ESTIMATED)

Walking — Increasing Grade (kcals- min)

7.1

—
N

Subject | Stage Measured | Estimated Subject | Stage | Measured | Estimated
1 1 2.9 2.0 7 1 34 3.0
1 2 3.6 2.0 7 2 4.2 3.0
1 3 4.7 2.0 7 3 52 3.0
1 4 5.4 2.0 7 4 6.4 3.0
1 5 6.5 2.5 7 5 1.7 35
2 1 3.0 3.5 8 1 4.0 3.0
2 .2 3.9 3.0 8. 2 4.8 . 3.5
2 3 5.2 3.0 8 3 6.2 3.5
2 4 6.3 3.0 8 4 74 35
2 5 7.1 35 8 5 9.2 1.5
3 1 4.2 25 9 1 2.6 25
3 2 5.0 2.5 9 2 3.1 2.0
3 3 6.1 25 9 3 4.1 2.0.
3 4 7.1 2.5 9 4 5.2 2.0
3 5 8.6 2.5 9 5 6.2 2.0
4 1 40 2.0 10 1 2.8 25
4 2 4.9 2.5 10 2 3.8 2.5
4 3 6.1 2.0 10 3 4.4 2.5
4 4 7.2 0.0. 10 4 5.8 3.0
4 5 8.6 0.0 10 5 6.6 2.5
5 1 2.6 1.5 11 1 3.0 2.5
5 2 3.4 2.0 11 2 3.6 2.5
5 3 4.5 2.0 11 3 . 4.5 2.5
5 4 5.5 2.0 11 4 5.8 2.5
5 5 6.6 20 11 5 6.8 2.5
6 1 3.0 2.0 12 1 2.8 1.5
6 2 3.7 2.0 12 2 35 1.5
6 3 4.5 20 12 3 4.2 1.5
6 4 5.8 0.0 12 4 5.2 1.5
6 5 0.0 5 6.2 1.5
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APPENDIX H-3

ENERGY EXPENDITURE DIFFERENCES

Walking: Stages 1-3; Running: Stages 4-6; Level Grade (kcals-min™)

Subject [ Stage1 | Stage2 | Stage3 | Staged4 | Stage5 | Stage 6 |
1 1.02 1.07 3.12 2.62 1.72 2.72
2 -0.62 0.13 3.48 -0.22 -1.52 -3.52
3 - 1.38 1.43 8.03 5.68 5.53 5.83
4 3.19 229 | 4.69 1.19 0.44 0.24
5 0.64 1.19 3.99 3.84 3.94 5.14
6 1.09 2.49 4.74 1.44 1.09 1.64
7 -0.13 0.82 1.82 0.07 -0.58 0.17
8 0.33 1.53 5.73 2.33 2.13 3.63
9 0.65 1.00 2.90 1.50 1.30 1.25
10 0.15 1.30 6.40 -3.20 -1.35 -0.45
11 0.00 0.90 2.80 1.30 0.95 1.75
12 062 | 1.82 6.02 1.87 1.52 2.02

Difference = measured kcals-estimated kcals
Walking — Increasing Grade (kcals-min™)
Subject | Stage1 | Stage2 | Stage3 | Stage4 | Stage 5
1 0.92 1.62 2.72 3.42 3.97
2 -0.52 0.88 2.23 3.33 4.18
3 | 168 | 248 | 358 | 463 | 6.08
4 2.04 2.44 4.09 7.19 8.64
5 1.14 1.44 2.54 3.54 4.64
6 1.04 1.69 2.54 5.84 7.14
7 042 1.17 222 3.37 4.17
8 0.98 1.33 2.68 3.93 7.68
9 0.10 1.15 2.10 3.20 4.20
10 0.30 1.30 1.95 2.80 4.15
11 0.50 1.15 2.05 3.30 4.35
12 1.32 1.97 2.72 3.67 4.67

Difference = measured kcals-estimated kcals
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