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Purpose: In order to have a complete understanding of the relationship between physical 

activity (PA) and health, it is essential to be able to accurately assess PA in free-living situations. 

The purpose of this study was to use three accelerometers located on each subject’s dominant 

ankle, hip, and wrist and a HR monitor to estimate energy expenditure (EE) compared to 

measured EE via indirect calorimetry while completing ADL.  Methods: Forty subjects, aged 20-

60 years, completed two activities from each of the following activity categories: sedentary, 

housework, yard work, locomotion, and recreational.  During each activity, EE was measured 

using the Cosmed K4b2.  Subjects also wore three ActiGraph GT3X+ accelerometers and one 

Polar RS800CX HR monitor.  Correlations between EE measured by the Cosmed K4b2, activity 

counts recorded by the Actigraph GT3x+ accelerometers and HR recorded by the Polar RS800CX 

HR monitor were calculated, and a regression equation was developed to predict EE from the 

multi-method approach.  Results: The regression equation showed a significant relationship (r2 = 

0.84; P < 0.05) with EE.  Together, HR and the hip-worn accelerometer explained 73.4% of the 

variance in EE with HR accounting for 59.3% (P < 0.05).  Type of activity explained an additional 
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5% of the variance in EE (r2 = 0.78; P < 0.05).  Both the wrist- and ankle-worn accelerometers 

each explained an additional 3% of the variance in EE (r2 = 0.81; r2 = 0.84, respectively) (P < 

0.05). When cross-validated, the regression equation significantly overestimated sedentary 

activities by 0.22 ± 0.08 kcals/min (P < 0.004) and underestimated housework activities by 0.20 ± 

0.08 kcals/min (P < 0.01).  Conclusion: The regression equation developed is a good predictor of 

EE during selected ADL, and allows researchers to more accurately quantify free-living PA.  

 

  



 

 

CHAPTER I 
 
 
 

Introduction 
 

PA is defined as any movement or posture that is produced by skeletal muscle 

contractions and results in EE (23).  For several years’, researchers, epidemiologists, exercise 

scientists, and health professionals have tried to convey to individuals the importance of PA.  PA 

is known to promote better health, improve physical functioning, and increase longevity (10).  

Many studies have clearly documented the dose-response relationship between PA and risk of 

cardiovascular disease and premature mortality for both men and women of ethnically diverse 

populations (53,72,78,95).  However, more than half of the U.S. population still remains 

sedentary (76).  This high prevalence of physical inactivity can be attributed to technology 

incentives, economic incentives, lack of self-motivation, lack of social support, and lack of time 

(40). 

Physical inactivity acts as an independent risk factor in increasing the risk of developing 

coronary artery disease (CAD) and other chronic diseases (98).  Such chronic diseases include 

hypertension, obesity, dyslipidemia, and pre-diabetes which can also act as independent risk 

factors for developing CAD along with age, family history, and cigarette smoking (98).  CAD is the 

leading cause of death in the United States for both men and women and is also the most 

common form of heart disease in the United States.  An estimated 616,000 deaths were due to 

CAD in 2007 (76).    
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Various exercise prescriptions have been recommended in order to address the high 

prevalence of physical inactivity.  The most current PA recommendations come from the U.S. 

Department of Health and Human Services (HHS).  In 2008, the federal government 

recommended individuals accumulate either 150 minutes of moderate intensity PA/week, 75 

minutes of vigorous intensity PA/week or some combination of moderate and vigorous intensity 

PA in bouts of ≥10 minutes (1).  Moderate intensity, in absolute terms, can be defined as 3-6 

metabolic equivalents (METs) and vigorous activity is any activity >6 METs.  In relative terms, 

moderate intensity can be defined as 40-<60% of an individual’s heart rate reserve; whereas, 

vigorous intensity can be defined as any activity ≥60% of an individual’s heart rate reserve.  

Muscle strengthening exercises were recommended to be completed two days/week.  These 

recommendations were focused on “reducing the risk of chronic disease and promoting health-

related fitness, particularly cardiovascular and muscular fitness” (1).   

Attaining the aforementioned PA recommendations enables individuals to accrue 

numerous health benefits.  Such benefits may include improvements in cardiovascular and 

respiratory function such as decreased heart rate (HR) and blood pressure measurements at a 

given submaximal workload and an increase in exercise threshold for the onset of disease signs 

or symptoms (98).  Reductions in CAD risk factors as well as a decrease in morbidity and 

mortality can be seen with increases in PA (98).  Despite these health benefits as well as other 

health benefits not mentioned, more than 50% of the U.S. adult population does not meet the 

current PA recommendations (76).  

In order for individuals to know whether they are attaining the recommended amounts 

of PA, accurate and reliable methods of estimating PA intensity and EE for activities of daily 

living (ADL) and structured bouts of activity must be determined.  Researchers have developed 
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numerous ways of addressing this issue through both subjective and objective methods.  The 

initial efforts primarily utilized subjective methods such as surveys, logs, and questionnaires to 

quantify EE and PA intensity levels.  Subjective methods are inexpensive tools that are easily 

applicable to large populations and provide low participant burden (100).  However, when 

utilizing subjective methods, subjects may misinterpret the questions being asked, may have 

difficulty recalling duration and/or intensity of activities they performed, or subjects may 

deliberately misrepresent the information (105).  Conversely, objective methods (indirect 

calorimetry, HR monitoring, and motion sensors) are able to account for limitations associated 

with subjective methods and are able to provide a much more accurate presentation of one’s 

activity.  Even though these methods may be more expensive compared to subjective methods, 

they take away recall error and misrepresentation of information (105).  Several studies have 

shown both subjective and objective methods to be fairly accurate when estimating EE and PA 

intensity levels during structured bouts of exercise such as running, walking, and cycling 

(17,37,43,45,54,107).  Researchers have found individuals to be able to recall duration, type, 

and workload during structured bouts of exercise more readily compared to recalling duration, 

type, and workload during ADL (8).  Also, research has found an individual’s HR and/or activity 

counts from an accelerometer are directly correlated with the workload being performed during 

structured bouts of exercise (31).  However, in regards to estimating EE and PA intensity levels 

while completing ADL, researchers are still trying to determine the most accurate method due 

to the wide variety of intensities and complex movements that can occur during ADL.  ADL may 

involve an individual’s upper body, lower body, or use of their entire body for a given activity.  

For instance, a hip mounted accelerometer does not accurately estimate EE and PA intensity 

levels for non-ambulatory activities and/or upper body movement (7).  Having an accurate 
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estimation of EE and PA intensity levels for both structured bouts of exercise and ADL will give 

individual’s a clearer picture of their total daily PA. 

Currently the most accurate way to measure PA intensity levels and EE for a given 

activity is through indirect calorimetry.  Indirect calorimetry has the capability to provide 

estimates of intensity, duration, and short-term measurements of EE and fuel utilization through 

the measurement of expired gasses (69).  From this perspective, indirect calorimetry may be 

considered the “gold standard” when wanting to know estimations of intensity, duration, and EE 

for a given activity (i.e. walking, running, and cycling).  However, the limitations of indirect 

calorimetry include the expense of the equipment and the technical knowledge that is required 

to operate the device and analyze the data.  Thus, these limitations hinder the use of this 

method within the general population.   

HR monitoring is a more applicable method of estimating EE for individuals within the 

general population.  HR monitoring can be used to estimate an individual’s PA intensity as well 

as EE while completing ADL and/or structured bouts of activity.  HR measurements are 

beneficial since it is a physiological parameter that is known to have a strong positive linear 

correlation with EE (38).  Other benefits to using HR monitoring as a method to estimate EE 

include its relatively low cost, user friendliness, and its ability to give information on the 

intensity of PA (93).  Current literature has proposed multiple ways to use HR measurements to 

estimate an individual’s EE.  One predictor of daily EE has been the use of average pulse rate 

(38).  An individual’s net HR (activity heart rate – resting heart rate) has also been utilized to 

quantify EE and has been found to be simple and accurate (101).  Lastly, the most accurate way 

to predict EE utilizing HR measurements is through single and multiple individual HR-VO2 

calibration curves (3,26).  The benefit to this last approach is that the method takes into account 
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differences in VO2max and HRmax that may exist between individuals.  However, HR monitoring 

does have its limitations.  Even though HR is a physiological variable that reflects changes in PA 

intensity, it is influenced by several factors such as mental stress, ambient temperature, 

hydration status, emotion, activity mode, posture, and quantity of muscle mass involved in the 

activity (44,57,93,103).  Due to this high influence of various factors, researchers developed 

other methods to quantify EE and PA intensity levels such as motion sensors. 

Motion sensors, specifically accelerometers, are the most recent and accurate tools for 

estimating EE and PA intensity levels.  Accelerometers are small, portable units that are capable 

of recording both accelerations and decelerations of the body, as well as duration of the activity.  

Several studies have suggested that accelerometers are the most promising motion sensors for 

the assessment of total PA in everyday life, yet their ability to accurately estimate EE and PA 

intensity levels during lifestyle type activities still remains in question (13).  Accelerometers are 

capable of assessing ambulatory activities, but are not capable of assessing non-ambulatory 

activities such as cycling, swimming, resistance training, etc.  Another limitation of 

accelerometers is the sensitivity of the motion sensor.  Sensitivity refers to the level of noise or 

vibrations in which the accelerometer can detect.  An accelerometer that has a high sensitivity is 

more likely to record lower vibrations and quicker movements; whereas, an accelerometer that 

has a low sensitivity is more likely to record higher vibrations and slower movements.  Data 

suggests the use of triaxial accelerometers will underestimate total EE for both sedentary and 

light intensity activities compared with measurements of EE from indirect calorimetry due to the 

high sensitivity of the accelerometer (28).   Brandon et al. also demonstrated the limitation of 

sensitivity when assessing activity patterns in older adults (18).  Older adults tend to have slower 

gait speeds and often walk with a shuffle, they also tend to have lower EE than younger adults, 
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and the literature has found that existing monitors may have a flooring effect where sensitivity 

is lost with faint and/or slow movement patterns (18).  The location of the accelerometer also 

poses a problem for accurate estimations of EE and PA intensity levels.  Accelerometers are 

usually mounted on the hip or waistband.  However, Bassett et al. reported that hip-worn 

accelerometers are unable to detect arm movements and the external work done in lifting or 

pushing objects which may represent a considerable component of free living activities (7).  

Atallah et al. reported the use of wearable accelerometers for activity recognition is often 

difficult to predict which location(s) on the body can provide the most relevant features with 

respect to activity classification (5).   

In order to utilize the information that is obtained from accelerometers several 

prediction equations have been developed relating activity counts to EE.  The most current 

regression equations for estimating EE were developed either during walking or running on a 

treadmill (17,37,43,54,107).  According to Crouter et al., these different equations pose a 

problem for researchers because there is no single regression line that has the capability to 

accurately predict EE or time spent in different PA intensities, across a wide range of activities 

(31).  Bassett et al. were able to show that regression equations developed during walking and 

jogging slightly overestimated the energy cost of walking and light activities, whereas they 

greatly underestimated the energy cost of moderate intensity lifestyle type activities (7).  Thus, 

lifestyle regression equations have been developed that have been shown to provide more 

accurate estimates of EE for moderate intensity activities, but these equations have also been 

shown to overestimate the EE of sedentary and light activities and underestimate the EE of 

vigorous intensity activities (7).  The most current prediction equation is the two-regression 

model produced by Crouter et al (31).  This two-regression model is based on activity 
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counts/minute and variability in activity counts between 10-second epochs and has the 

capability to distinguish between walking, running, and other activities (31).  According to 

Crouter et al., this two-regression model provides better estimates of time spent in light, 

moderate, and vigorous intensity activities compared to the single-regression models (31).     

 

Statement of the Problem 

In order to have a complete understanding of the relationship between daily PA and 

health, it is essential to be able to accurately assess PA in free-living subjects (11,81).  As 

previously mentioned, there have been several methods—subjective and objective—developed 

that are capable of estimating EE and PA intensity levels.  These methods have been found to be 

accurate when used to measure EE and PA intensity levels during structured bouts of activity 

such as walking, running, and cycling (17,37,43).  However, researchers have been unable to 

determine a good method to estimate EE and PA intensity levels while individuals complete ADL.  

Movements during ADL can be quite variable in regards to intensity and sometimes complex 

causing the most currently used methods—HR monitoring and accelerometers—to be unable to 

capture accurate estimations of EE and PA intensity levels (7).  Therefore, the problem lies in not 

having a good method to accurately estimate EE and PA intensity levels while completing ADL in 

free-living situations.  

 

Purpose 

The purpose of this study was to use three ActiGraph GT3X+ accelerometers located on 

each subject’s dominant ankle, hip, and wrist and one Polar RS800CX HR Monitor to estimate EE 

compared to measured EE via indirect calorimetry while completing different ADL.    
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Hypothesis 

It was hypothesized that the simultaneous use of HR monitoring and multiple 

accelerometers located on the dominant ankle, hip, and wrist would provide an accurate 

estimation of EE compared to indirect calorimetry.  It was also hypothesized that utilizing 

multiple methods to estimate EE would provide a more accurate estimation compared to 

utilizing the Crouter equation.     

 

Delimitations 

Forty subjects, all between the ages of 20-60 years, completed a research study 

regarding the simultaneous use of HR monitoring and accelerometry to estimate EE while 

completing several different ADL.  Subjects were asked to complete 10 randomly chosen ADL 

during visit one.  Subjects then completed a seven day PA Assessment.  Subjects returned for a 

second visit that consisted of a resting metabolic rate measurement, a dual-energy x-ray 

absorptiometer (DXA) scan, and a submaximal exercise test.  Data was collected from all 

subjects and analyzed for statistical differences of EE between the simultaneous use of HR 

monitoring and accelerometry compared to indirect calorimetry while completing ADL. 

 

Significance 

Numerous methods (i.e. questionnaires, HR monitoring, motion sensors) have been 

utilized to estimate intensity and/or EE during ADL, but the extent to which these methods are 

accurate and reliable remains in question.  Precise estimates of PA are extremely important in 

understanding dose-response relationships, clarifying which dimension of activity is most 

strongly associated with a particular health outcome, improving the ability to monitor secular 
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trends in activity levels and the compliance to intervention programs, and cross-cultural 

comparisons (98,101).  However, there is still an inability to capture all aspects of PA due to 

numerous limitations with individual methods.  The significance of this study was to create a 

reliable methodology that would potentially capture all aspects of PA.  Thus, allowing 

researchers and clinicians to have a more accurate assessment of total daily activity and making 

individuals more aware of how active or inactive they are throughout the day.     

 

Definitions 

1. Physical Activity: Bodily movement that is produced by the contraction of skeletal muscle and 

that substantially increases energy expenditure (98). 

2. Accelerometer: an instrument or device for measuring acceleration forces. These forces may 

be static, like the constant force of gravity pulling at your feet, or they may be dynamic, which 

may be caused by moving or vibrating the accelerometer. 

3. Activities of Daily Living: The tasks of everyday life.  These activities include eating, dressing, 

getting into or out of a bed or chair, taking a bath or shower, and using the toilet.  Instrumental 

activities of daily living are activities related to independent living and include preparing meals, 

managing money, shopping, doing housework, and using a telephone.  

 

 

 

 

 

 
 



 
 

 

CHAPTER II 

 
 
 

Review of Literature 
 

 
Physical Activity and Associated Health Benefits 
 

Being physically active allows individuals the opportunity to accrue several health 

benefits.  PA promotes better health, improves physical functioning, and increases longevity 

(10).  However, more than 50% of the U.S. population does not meet current PA 

recommendations and approximately 250,000 or 12% of deaths per year in the U.S. are 

attributable to a lack of regular PA (39,63,76).  The Centers for Disease Control and Prevention 

(CDC) determined in 2005 that 23.7% of the U.S. population is completely sedentary (i.e. 

reporting no leisure-time PA) (25).   This high prevalence of physical inactivity can be attributed 

to technology incentives, economic incentives, lack of self-motivation, lack of social support, and 

lack of time (40).   

Physical inactivity acts as an independent risk factor in increasing the risk of developing 

coronary artery disease (CAD) which is the leading cause of death in the United States for both 

men and women and is also the most common form of heart disease in the United States.  An 

estimated 616,000 deaths were due to CAD in 2007 (76).  Roughly every 29 seconds an 

American will experience a coronary event, and approximately every minute an American will 

die from a coronary related event (19).  Mortality rates seem to be plateauing due to 

enhancements of both diagnostic and revascularization procedures, but morbidity rates still 
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appear to be on the rise (19).  Not only does CAD take a toll on the health of individuals, but also 

this epidemic disease presents problems from a financial standpoint.  A recent statement 

released by the American Heart Association (AHA) stated that high direct medical care and high 

indirect costs of cardiovascular disease are approaching $450 billion per year and are expected 

to rise over $1 trillion by the year 2030 (104).  The majority of these direct and indirect costs are 

related to short- and long-term care, not prevention, and the cost estimates do not include costs 

related to obesity, diabetes mellitus, and tobacco use (104).  CAD risk factors can be broken up 

into two groups: non-modifiable and modifiable.  Non-modifiable CAD risk factors include age, 

gender, and family history.  Whereas, modifiable CAD risk factors include tobacco use, 

dyslipidemia, hypertension, obesity, diabetes mellitus, psychosocial factors, and physical 

inactivity.  Physical inactivity is of major concern because it can act as an independent risk factor 

for not only CAD, but also for the development of other chronic diseases such as obesity, 

diabetes mellitus, dyslipidemia, and hypertension.        

There is strong evidence that confirms the effectiveness of being physically active.  This 

evidence was first observed in two classical studies—the Aerobics Center Longitudinal Study 

(ACLS) and the Harvard Alumni Study (71,90).  The ACLS was an observational study that 

observed PA, physical fitness, and health outcomes of both males and females who were 

receiving preventative medical examination (90).  The subjects were followed for eight years for 

all-cause mortality in relation to initial levels of cardiorespiratory fitness.  For both men and 

women there was a prominent inverse relationship between cardiorespiratory fitness and all-

cause mortality.  The Harvard Alumni Study was also an observational study of approximately 

17,000 men (71).  These men attended Harvard University between 1916 and 1950 and were 

followed for 16 years in order to determine the relationship between PA levels and all-cause 
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mortality.  The results revealed an inverse dose-response relationship and found men who had 

greater levels of PA at baseline to be associated with a lower risk of death from all causes.  The 

results also revealed men who expended >2,000 kcals/week had a 27% reduced risk of mortality 

compared with men who expended <2,000 kcals/week.  Paffenbarger et al. continued to define 

the relationship between PA levels and all-cause mortality with epidemiological studies 

throughout the 1980s (72). 

Being physically active reduces the risk of all-cause mortality specifically by decreasing 

HR and blood pressure measures, decreasing total cholesterol, triglycerides, and low density 

lipoproteins, increasing high-density lipoproteins, increasing VO2max and decreasing body mass 

index (BMI) and body fat percent.  Several research studies have also shown that individuals 

with higher activity and/or fitness levels are associated with lower incidence rates for combined 

cardiovascular diseases, CAD, stroke, type 2 diabetes, osteoporotic fractures, cancer of the colon 

and breast, and gallbladder disease (1,40,47,106). 

Based on the scientific evidence that has discovered an inverse relationship between PA 

levels and all-cause mortality, researchers, clinicians, and health organizations have developed 

numerous exercise prescriptions over the years to help address the high prevalence of physical 

inactivity.  There has been a continued debate as to how much, what type, how often, what 

intensity, and how long the PA dose should be in order to gain the aforementioned health 

benefits; thus, leading to different public health and clinical recommendations.  PA 

recommendations have evolved over time due to methodological differences in collecting and 

interpreting the data.  Early data of PA levels were usually assessed via questionnaires that 

relied on self-reports of the subject’s habitual level of PA.  As technology began to advance in 

the United States, scientists and researchers began to develop more sophisticated methods of 
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measuring habitual PA levels which have led to a better understanding of the dose-response 

relationship between PA and health.   

In 1990 the American College of Sports Medicine (ACSM) proposed specific exercise 

recommendations in order to help individuals develop and maintain their cardiorespiratory 

fitness, body composition, and muscular strength and endurance.  The ACSM recommended 

exercise be conducted three to five days/week at an intensity of 50-85% of maximal VO2 for 20-

60 minutes continuously (2).  The type of exercise recommended included any activity that 

involved the large muscle groups that could be maintained continuously, and was rhythmical 

and aerobic in nature.  Resistance training was recommended to be conducted at a moderate 

intensity for a minimum of two days/week.  Despite these recommendations, participation in 

exercise was still minimal.     

It was suggested that the current low participation rate for exercise may be due in part 

to the misconception that in order to reap health benefits one must engage in vigorous, 

continuous exercise (74).  However, the research clearly documents that regular, moderate-

intensity PA is able to provide substantial health benefits.  Thus, in 1995 members from the 

ACSM and CDC were organized to issue a public health statement on the types and amounts of 

PA needed for health promotion and disease prevention.  This recommendation was not 

intended to supersede previous exercise recommendations, but merely complement previous 

exercise recommendations.  Members from the ACSM and the CDC recommended individuals 

“accumulate 30 minutes of moderate intensity PA on most if not all days of the week” in order 

to obtain the health benefits associated with regular PA (74).  It was suggested that the 

recommended amount of 30 minutes could be accumulated in intermittent bouts of moderate-

intensity PA (i.e. walking up the stairs instead of taking the elevator, walking instead of driving 
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short distances, etc.).  The CDC and ACSM targeted health benefits such as improvements in 

CAD risk factors, blood lipid profile, body composition, and blood pressure.  This 1995 

recommendation was unique for two reasons: 1) it emphasized the health benefits associated 

with moderate-intensity PA and 2) intermittent, short bouts of PA was considered an 

appropriate approach to achieving the recommended amount of PA (74).     

In 1996 the first Surgeon General’s report was released addressing PA and health (10).  

The main message of this report was to inform all Americans of the dose-response relationship 

between PA and health.  This report stated that the effective threshold for level of intensity was 

moderate intensity.  Thus, vigorous intensity activity is not needed in order to gain 

improvements in health.  Essentially, health benefits appear to be proportional to the amount of 

activity and not necessarily the intensity of activity.  Thus, every increase in activity ultimately 

leads to some health benefit.  Due to the emphasis being placed on amount rather than 

intensity of PA, individuals have more options to select from and can vary their activities 

according to their personal preference when incorporating PA into their everyday lives.  This 

report really emphasized to Americans that while some is good, more is better.  It was hoped 

that this change in emphasis would encourage individuals to make PA a regular and sustainable 

part of their lives.  

Eleven years later the ACSM teamed up with the American Heart Association (AHA) to 

update the 1995 PA recommendations based on new scientific evidence.  The ACSM/AHA 

recommended individuals aged 18-65 years should accumulate 30 minutes of moderate 

intensity PA five days/week or 20 minutes of vigorous intensity PA three days/week or some 

combination of moderate and vigorous intensity activities (40).  These updated 

recommendations also stated that the recommended amount of aerobic activity is in addition to 
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routine ADLs (i.e. activities of light intensity or <10 minutes in duration) (40).  Muscle 

strengthening two days/week was also added to the recommendation.  Due to the dose-

response relationship between PA and health, individuals who wish to further enhance their 

physical fitness, reduce their risk for chronic diseases and disabilities or prevent unhealthy 

weight gain may benefit by exceeding the minimum recommended amount of PA (40).   

 In 2008, due to the vast majority (roughly 50%) of the U.S. adult population still being 

classified as inactive or sedentary, the U.S. Department of Health and Human Services (HHS) 

implemented new PA recommendations based on the most recent scientific evidence.  The 

federal government recommended individuals accumulate 150 minutes of moderate intensity 

PA/week or 75 minutes of vigorous intensity PA/week or some combination of the two in bouts 

of ≥10 minutes (1).  Muscle and bone strengthening activities were recommended at least two 

days/week.  These recommendations were focused on “reducing the risk of chronic disease and 

promoting health-related fitness, particularly cardiovascular and muscular fitness” (1).  These 

recommendations also specified frequency, intensity, time, and type for specific age groups (i.e. 

children & adolescents, adults, older adults, etc.).     

 

Physical Activity Monitoring 

Doubly Labeled Water 

 In 1949, Lifson et al. discovered that O2 in respiratory CO2 was in equilibrium with O2 in 

body water (58).  This became an imperative first step in the introduction of the DLW method.  

Lifson et al. in 1955 had success with the DLW method in mice, but despite these great 

achievements, the high cost of stable isotopes and lack of precise analytical instrumentation to 
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measure isotopic enrichments in bodily fluid halted further research until the 1980s (59).  The 

DLW method was then reintroduced in 1982 by Schoeller and van Santen.   

This method was introduced to potentially allow for accurate measurements of total 

daily EE in humans through the use of biological markers that reflect the rate of metabolism in 

the body.  The DLW method utilizes two stable isotopes—H2 and 18O—to measure total daily EE.  

Using an isotope-ratio mass spectrometer, urinary isotope elimination is generally followed for 7 

to 21 days.  There have been a few studies that have suggested the DLW method is the gold 

standard when measuring total EE due to its high precision of 2-8% when compared to 

continuous respiratory gas exchange (80,82).  This high precision is usually dependent upon the 

dose of the isotope, the length of the elimination period, and the number of samples within the 

study (80).  Due to its high precision the DLW method has been used in numerous studies to 

validate the precision of other methods of measuring PA (i.e. questionnaires, accelerometry, 

and HR monitoring) (55,87,88).     

When the DLW method is combined with the individual’s resting metabolic rate (RMR) 

and thermic effect of food (TEF), activity-related EE can be calculated.   However, the DLW 

method does not have the capability to measure EE for a specific activity nor does this method 

have the capability to measure intensity, frequency, and duration for a given activity (22).  Due 

to this major shortcoming, PA patterns and dose-response relationships cannot be assessed via 

the DLW method.  DLW is also very expensive and lack of availability of the H2 
18O isotope can 

also pose a problem when wanting to assess large populations.         
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Self-Report Methods 

Self-report methods have been around for numerous years and are the most commonly 

used measures of PA due to their low financial cost and low participant burden.  There are a 

variety of self-report methods which include PA diaries, interview-administered questionnaires, 

self-administered questionnaires, and reports by proxy.  These self-report methods require 

individuals to record and/or recall all PA that was performed throughout the day or previous 

days and even PA that was performed throughout the past weeks, months, or years.  Typically 

subjects are asked to report on the types of activities they performed as well as the intensity, 

frequency, and duration of the activities.  Self-report methods can vary in regards to their 

complexity, characteristics, and type of activity that is being assessed (i.e. ADL, light-, moderate-, 

vigorous-intensity activity).  

The complexity of questionnaires can vary from global, single-item questionnaires to 

quantitative history questionnaires that may estimate PA throughout a lifetime.  Global 

questionnaires are capable of providing specific types and patterns of PA and are able to provide 

simple classifications of an individual’s activity level.  Global questionnaires may be self-

administered (89) or given as a phone interview (62).  The precision and reproducibility of global 

questionnaires has been adequate, however; misclassification in regards to the current level of 

activity has often occurred (62) and lack of detail makes it hard to investigate proper PA 

dimensions and patterns.  Recall questionnaires are slightly more complex and inquire about an 

individual’s frequency, duration, and type of activities being performed during a defined recall 

period (i.e. days, months, weeks, years).  Quantitative histories record both the frequency and 

duration of occupational, leisure, and other physical activities over the past year (66,96).  This 

type of questionnaire is useful for researchers and clinicians who are investigating PA patterns 
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over long periods of time and the associations PA is assumed to have in relation to the 

development of chronic diseases (51).   

Other characteristics of questionnaires that may potentially affect estimates of PA 

include how PA is defined, how the questions are worded, and how the response sets and scales 

are scored and analyzed (10,85).  A fourth characteristic—converting the activity data to EE—

may also pose a problem.  It is common to use published data tables (i.e. Compendium of 

Physical Activities) to convert the activity data to EE; however, most of these published data 

tables are based on male adults which may not reflect the energy costs of activities for other 

populations (i.e. women, children, older adult population, and the diseased population) (67).   

The type of activity that is being assessed also draws concern for researchers when 

looking to accurately quantify PA.  Numerous comprehensive reviews have been published 

describing the reliability and validity for several of the self-report methods in regards to types of 

activities being performed (6,49,52,79,102).  However, most of these self-report methods have 

focused on vigorous intensity PA (50,68).  Individuals within the general population usually 

perform activities that are in the light to moderate intensity ranges and there is evidence that 

shows PA surveys and questionnaires are less accurate at the light and moderate intensity 

activities compared to vigorous intensity activities (77,105).  It is suggested this reduced 

accuracy may be due in large part to recall error by the subject since less intense activities (i.e. 

walking throughout the day, activities of daily living) are more spread throughout the day, 

compared to high-intensity activities, which are generally performed in structured bouts (i.e. 

playing basketball, swimming, running) (8).  Thus, self-report methods may not be suitable 

methods to quantify PA levels in the adult, older adult and/or diseased populations since they 

generally perform their activities in the light to moderate intensity ranges.  Given these 
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limitations and the fact that greater accuracy is needed when assessing PA, other methods of 

measurement have been developed. 

 

Indirect Calorimetry 

Indirect calorimetry is another method that is used to measure EE during activities, but 

for many years this method was only utilized within the laboratory setting due to the large size 

of most metabolic carts.  This created problems for measuring EE for activities such as 

occupational, housework, yard work, and recreational activities.  Due to the need to quantify an 

individual’s total daily PA and EE to determine dose-response relationships and PA patterns, 

portable metabolic measurement systems were developed.  Some of the first portable 

systems—Oxylog and Cosmed K2—were capable of measuring ventilation and VO2 (73).  As 

technology advancements were made, the portable metabolic measurement systems were able 

to measure both VO2 and carbon dioxide production (VCO2).  Being able to measure both VO2 

and VCO2 enabled the respiratory exchange ratio (RER) to be calculated and substrate utilization 

to be determined.  The Cosmed K4 became one of the first portable metabolic measurement 

systems that included a CO2 analyzer allowing both VO2 and VCO2 to be measured in the field 

setting.  The most recent portable indirect calorimeter—the Cosmed K4b2—was developed with 

a unique breath-by-breath measurement capability while maintaining the capability to measure 

VO2 and VCO2. 

The Cosmed K4b2 is a lightweight (1.5 kg) unit that is battery operated and self-

contained.  It measures VO2 and VCO2 on a breath-by-breath basis as well as ventilation (VE), 

fraction of expired oxygen (FEO2), fraction of expired carbon dioxide (FECO2), and HR (64).  Data 

can be stored in memory and later downloaded to a PC or it can be transmitted to a Windows-
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based PC by telemetry.  A valid portable metabolic measurement system is essential in order to 

assess the energy cost of a wide range of activities for use in clinical, educational, and field 

settings.     

McLaughlin et al. conducted one of the first studies to validate the Cosmed K4b2 

portable metabolic measurement system (64).  Ten healthy males volunteered to perform two 

exercise trials, one using the Cosmed K4b2 and one using the Douglas Bag (DB) method which 

served as the criterion measure.  In order to control for diurnal variation, the trials were 

performed on consecutive days at roughly the same time of day.  There was a ten minute rest 

period at the beginning of each trial with data collection occurring in the last five minutes.  The 

subjects were then required to pedal on a cycle ergometer for five minutes at five different 

power outputs: 50, 100, 150, 200, and 250 Watts (W).  Measurements were collected during the 

final two minutes of each power output when gas exchange was being measured with the DB.  

The Cosmed K4b2 was connected to each subject throughout the entire protocol.  The Cosmed 

K4b2 demonstrated significantly higher VO2 (L/min) values compared to the DB method at 50W 

(1.03±0.02 vs. 0.94±0.04), 100W (1.63±0.03 vs. 1.53±0.02), 150W (2.24±0.03 vs. 2.14±0.01), and 

200W (2.87±0.04 vs. 2.79±0.03), respectively.  McLaughlin et al. claimed this statistical 

significance was due to extremely small standard errors (64).  As a percent of the measured VO2, 

these differences ranged from 9.6% at 50W to less than 3% at 200W.  The Cosmed K4b2 

produced significantly lower VCO2 and VE values at power outputs of 200W and 250W (p<0.05) 

while producing no significant difference from rest through 150W.  The significantly lower VCO2 

values are directly correlated with the differences in VE values since FECO2 values were not 

statistically different at 200W and 250W.  FEO2 values were significantly lower at every power 

output compared to the DB method.  Lastly, the RER value was significantly lower at every 
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power output when measured with the Cosmed K4b2 as compared to measures from the DB 

method.  This difference was due in part to the slight overestimation of VO2 at power outputs of 

50W through 200W combined with an underestimation of VCO2 values at 200W and 250W.  The 

mean exercise EE was not found to be significantly different between the two metabolic systems 

(11.0 kcals/min for the K4b2, and 10.8 kcals/min with DB) suggesting the Cosmed K4b2 provides 

accurate measures of EE throughout a wide range of exercise intensities.  Overall these findings 

support the Cosmed K4b2 portable metabolic measurement system to be an acceptable method 

of measuring VO2 over a wide range of exercise intensities.  However, it is suggested that this 

method be validated using different modes of exercise and under various environmental 

conditions (64).    

Parr et al. performed a similar study to McLaughlin et al. and did so due to updated 

software and the addition of a more stable CO2 analyzer (64,73).  The purpose of this study was 

to examine the accuracy of the Cosmed K4b2 for the measurement of VE, FEO2, FECO2, VO2, VCO2, 

and RER at rest and during incremental exercise.  Seven healthy male volunteers performed two 

graded exercise tests on a calibrated cycle ergometer on different days, separated by a time 

period of one week.  For half of the subjects, metabolic measurements were collected utilizing 

the Cosmed K4b2 during the first test and the other half used the DB method.  During the second 

exercise test, subjects were measured with the system they had not previously been measured 

with.  Before each session, subjects were required to refrain from exercise two days prior to 

testing to help reduce any likelihood of glycogen depletion potentially effecting substrate 

utilization during the exercise test (73).  Diet was also controlled for in order to combat any 

effects on substrate utilization.  Subjects were asked to maintain the same diet three days prior 

to their scheduled session and were asked to record all dietary intakes.  Nutritionist Five 
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software (Version 2.2, First Data Bank, Inc., San Bruno, CA) was used to confirm that the 

composition of each subject’s diet was similar prior to each testing session.  Subjects were 

required to rest for ten minutes prior to beginning the exercise test with metabolic 

measurements being collected in the last five minutes of the rest period.  Subjects were then 

required to pedal for five minutes at five different power outputs: 50W, 100W, 150W, 200W, 

and 250W.  During each power output, metabolic measurements were made in the final two 

minutes to ensure that a steady-state had been reached.  At power outputs between 50-200W 

FEO2 (P < 0.01) and FECO2 (P < 0.05) values were found to be significantly different when 

comparing values between the Cosmed K4b2 and DB method.  At power outputs of 50-150W 

there were small (between 1.0-1.6 L/min.), but no significant differences in measures of VE 

between the Cosmed K4b2 and the DB method.  At 200W and 250W, the differences were 

slightly higher (5.6 L/min. and 8.5 L/min., respectively), but were not statistically significant for 

measures of VE.  The difference in mean VO2 between the two systems was less than 60 ml/min. 

for all workloads except at 250W (difference was 106 ml/min.) and were not statistically 

significant.  Significant differences, however, were found between the Cosmed K4b2 and the DB 

method at a power output of 250W for both VCO2 values (P < 0.01) and RER values (P < 0.05).  It 

should be noted that only four of the seven subjects were able to pedal for five minutes at a 

power output of 250W.  When analyzing this data there are a few considerations to be made.  

Despite the Cosmed K4b2 producing similar VE values, significantly underestimating FEO2 and 

overestimating FECO2 values compared to the DB method, there were no significant differences 

in VO2 values at any power output and only small differences in VCO2 at a power output of 

250W.  These differences are due in large part to the special characteristics of the Cosmed K4b2 

breath-by-breath system (73).  In contrast to the previous validation study (64), these findings 
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produced no significant differences in VO2, VCO2, and VE.  Based on the results of this study, 

there was an improvement in the accuracy of the Cosmed K4b2 after the changes had been 

made.  Overall, it can still be concluded that the Cosmed K4b2 is an accurate method of 

measuring EE at rest and through high power outputs and can be utilized to assess the energy 

cost of a wide range of activities.                             

Schrack et al. compared the average VO2 and VCO2  measured between the Cosmed 

K4b2 and the Medgraphics D-series gas exchange system in 19 healthy men and women (nine 

women, ten men) during steady-state submaximal walking exercise (83).  Each subject was 

required to perform two identical treadmill tests within the same session in order to compare 

VO2 and VCO2 values from each metabolic system.  Subjects were able to self-select their pace 

on the treadmill (between 2.7-4.6 mph at 0% grade) and were instructed to use that speed for 

both submaximal exercise tests.  The exercise test was completed once each subject had walked 

one quarter mile.  Data was continuously collected during each test and for an additional two 

minutes upon completion of the walking exercise followed by a ten minute washout period in 

between the two submaximal exercise tests.  Utilizing the same protocol in the first exercise 

test, a second exercise test was conducted with the alternate metabolic measurement system.  

VO2 normalized for body weight (ml/kg/min), VO2 (ml/min), and VCO2 (ml/min) were highly 

correlated with one another with Pearson coefficients of 0.96, 0.97, and 0.97, respectively.  The 

average VO2 (ml/kg/min) for all subjects as measured by the Cosmed K4b2 was 16.9 ± 4.5 

ml/kg/min and as measured by the Medgraphics D-series gas exchange system was 17.3 ± 4.0 

ml/kg/min.  The Cosmed K4b2 demonstrated lower VO2 values and higher VCO2 values overall, 

however; this difference was not statistically significant (P > 0.05).  It should be noted that this 

study did not compare the Cosmed K4b2 to the DB method (83).  Another limitation to this study 
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is the fact that a narrow range of intensities was utilized.  However, the main purpose of this 

study was to conclude the accuracy of the Cosmed K4b2 portable metabolic measurement 

system at intensities that mimic the energy cost of ADL (i.e. low to moderate intensity activities).  

Based on these results, it can be concluded that the Cosmed K4b2 portable metabolic 

measurement system produces accurate measures for both VO2 and VCO2 and is an acceptable 

method of measurement for steady-state, low to moderate intensity exercise.  

Eisenmann et al. compared measures of VE, VO2, and VCO2 production between the 

Cosmed K4b2 portable metabolic measurement system and its laboratory counterpart—the 

Cosmed Quark b2 (34).  Twenty-one normal, healthy male and female subjects volunteered to 

attend one exercise session to complete study requirements.  The session consisted of each 

subject exercising for three minutes at three different workloads; 1) 3.0 mph, 0% grade; 2) 3.0 

mph, 5% grade; 3) 3.0 mph, 10% grade.  Each workload was performed twice in order to have 

measures of VE, VO2, and VCO2 with both metabolic systems for the same workload.  Each 

subject walked for three minutes at the first workload (3.0 mph, 0% grade) and then the 

treadmill was stopped for approximately 15-30 seconds to switch metabolic systems, 

specifically, exchanging the optoelectronic reader that contains the turbine and the gas 

sampling plug.  The first workload was then repeated for another three minutes with the 

alternate metabolic system.  This same protocol was continued for the last two workloads.  The 

order, in which subjects wore the metabolic systems, either first or second, was randomized.  

The results showed a significantly higher VO2 value produced by the Cosmed K4b2 when walking 

at 3.0 mph, 0% grade and 3.0 mph, 10% grade (P  < 0.01).  The mean difference between the 

two metabolic systems was 0.5-1.0 ml/kg/min representing a 5% systematic error.  This 

systematic error, however, is physiologically not significant.  The measurement differences 
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appear to be due to the oxygen analysis methods (i.e. FEO2) rather than the measurement of gas 

volumes (34).  The Cosmed K4b2 produced significantly lower fractional concentrations of 

oxygen in expired air (FEO2) when walking at 3.0 mph, 0% grade (P < 0.01) and 3.0 mph, 10% 

grade (P < 0.05).  Conversely, the Cosmed K4b2 produced significantly higher fractional 

concentrations of carbon dioxide in expired air (FECO2) when walking at 3.0 mph, 5% grade (P > 

0.05).  Mean differences between the two systems for VCO2 were not significantly different and 

were highly correlated across all workloads (r = 0.97).  The Cosmed Quark b2 produced 

significantly higher RER values for each workload (P < 0.01) with a coefficient correlation value 

of 0.82.  The experimental design of this study would not have been the main limitation if the 

gas sampling between systems had been done simultaneously during each workload (75).  It also 

may have been beneficial to use two consecutive days to assess the different metabolic systems 

at the same workloads.  However, the setup of this present study avoided any day-to-day bio 

variability that may have occurred and there was no significant difference in heart rates during 

the 1st and 2nd phase of each workload suggesting there was a similar physiological response.  

From the results, it can be concluded once again that the Cosmed K4b2 provides accurate 

measures of VE, VO2, and VCO2 during low to moderate intensity exercise.   

The aforementioned papers conclude that the Cosmed K4b2 is a reliable and accurate 

portable metabolic measurement system and is able to assess activities throughout a wide 

range of intensities.  Despite indirect calorimetry being an accurate method of measuring EE 

throughout a wide range of activities, it is too cumbersome to be used in free-living situations.  

Thus, researchers needed to develop more applicable methods of measuring EE for the general 

population during free-living situations. 
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Heart Rate Monitoring  

The concept of utilizing HR as a way to measure PA and EE was first recognized in the 

early 1950s by Berggren and Christensen (9).  They determined that the acute response of HR to 

increasing levels of PA is directly proportional to the intensity of movement and is driven by an 

increased need to deliver oxygen to skeletal muscles (9).  HR measures were not utilized for 

practical applications until the 1970s when portable HR monitors were developed.  These 

portable HR monitors allowed for the assessment of day-to-day variation within subjects, but 

prevented precise estimates of PA and EE (3,67).  During the 1980s and 1990s technology made 

great advancements that enabled the production of ambulatory HR monitoring.  These HR 

monitors had the capabilities to record HR continuously, thus; allowing for improvements in the 

precision of estimating PA and EE (4).  

 There are several confounding factors that may disrupt the linear relationship between 

HR and VO2 making it more challenging to accurately assess PA and EE utilizing the HR method 

during free-living situations.  One major confounding factor is the amount of skeletal muscle 

mass utilized for the activities.  There is a linear relationship for HR and VO2 during both upper- 

and lower-body dynamic exercises, but upper-body dynamic exercise produces a HR that is 

approximately 10% higher at any given submaximal workload compared to lower-body dynamic 

exercise (70).  This difference would ultimately result in a prediction error of EE for subjects who 

engage in primarily upper- or primarily lower-body PA.   

A second major confounding factor is the type of activity being performed.  HR is higher 

during static exercise compared to dynamic exercise at any given submaximal workload due to 

HR being directly related to the active muscle mass and the percentage of maximum ventilatory 



27 
 

 

ventilation rather than VO2 (70).  This could potentially create a source of error during field 

settings when the type of activity being performed cannot easily be determined.   

A third major confounding factor that may affect the linear relationship between HR and 

VO2 is an individual’s level of physical fitness.  Nieman et al. discovered that physically fit 

individuals will have a lower HR at any given submaximal workload compared to unfit individuals 

due to a greater stroke volume (70).  HR also has a tendency to remain elevated after activity 

has ceased and lags behind when there are changes in activity type compared to that of VO2 

(70).  Other confounding factors include ambient temperature, altitude, emotion, mental stress, 

and hydration status (93,105).  Despite all of these confounding variables that could potentially 

affect HR, this physiological parameter has been validated against the DLW method and indirect 

calorimetry to accept its applicability for use in estimating EE at certain intensity levels (61,86).  

Bradfield et al. was one of the first to describe the technique used to determine the 

linear relationship between HR and VO2 discovered by Berggren and Christensen (16).  In order 

to establish the individual regression equations, measurements of VO2 and HR had to be taken 

simultaneously at rest and at several different levels of activity.  The measurements were taken 

at various HR ranges: 75-90 bpm (rest); 120-130 bpm; 140-150 bpm; and >160 bpm.  VO2 was 

measured using Darex meteorological balloons (similar to Douglas Bags), HR was obtained 

through telemetry, and the Weir formula was used to calculate EE.  Combining the Weir 

regression equation with mean 24-hour HR, estimates of 24-hour EE were obtained.  The 

researchers of this study wanted to focus on the external and internal validity of HR monitoring 

in estimating EE.  External validity was defined as the effect of total environment upon the 

individual, including the effect of the equipment used on the subject’s behavior.  Internal 

validity was defined as physiological validity.  This study found there to be an internal validity of 
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±5 to 15%, dependent upon the number of sedentary activities that were involved for each 

subject throughout the 24-hour monitoring period.  The techniques and equipment employed in 

this study did not interfere with the usual behavior of the subject suggesting the external 

validity is higher compared to other methods of measurement (i.e. DB method, indirect 

calorimetry).  The results of this study suggest that the utilization of HR in everyday living to 

determine EE is accurate for moderate and vigorous intensity activities, but may be questioned 

during sedentary and light intensity activities. This may be problematic when wanting to 

determine accurate estimates of an individual’s overall PA level and establish the most accurate 

dose-response relationship between PA and health benefits.   

Dauncey et al. performed a similar study comparing measures of EE via HR to measures 

of EE via heat production while eight subjects lived in a whole-body calorimeter for 27-hours on 

at least two occasions (32).  A linear relationship has been shown between HR and EE; however, 

Booyens and Harvey found that during sedentary activities the relationship between HR and EE 

shows more variation than during moderate and vigorous intensity exercise (12).  Therefore, 

upon completion of each session in the calorimeter, subjects were individually calibrated using 

standard techniques to determine HR and heat production over periods of 10-15 minutes at 

several levels of activity.  Utilizing five different methods, EE in the calorimeter was predicted 

from the mean HR in the calorimeter.  The five methods were as follows: 1) calibration points 

obtained while lying still and while cycling; 2) calibration points obtained for sitting still and for 

cycling; 3) calibration points while the subject was lying, sitting, and standing still; 4) calibration 

points which were representative of the subject’s activity while in the calorimeter; and 5) this 

last method employed a logistic fit such that the curve was constrained to pass through the 

lower calibration points (32).  They found that standard methods of prediction utilizing one 
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calibration point at rest and several points during activity were extremely unreliable for 

predicting EE for a given individual over a 24-hour period.  They proposed that this discrepancy 

was because the relation between HR and heat production was linear using standard 

calibrations only when EE was >10 kJ/min.  The mean difference between the actual and 

predicted 24-hour heat production was +3 ± 10.5% for light activities and -3 ± 6.7% for moderate 

activities.   Again, based on these results, this calibration technique is not accurate during 

sedentary and light intensity activities suggesting that another method or additional methods 

are needed to gain the most accurate estimate of EE during free-living situations.   

Christensen et al. tested the reproducibility and reliability of the daily EE estimates 

obtained by the same method described by Bradfield et al. in five healthy subjects, five subjects 

with obesity, five subjects with untreated thyrotoxicosis, and two subjects with anorexia 

nervosa (29).  Subjects were required to report to the laboratory twice on consecutive days to 

obtain individual HR-VO2 regression lines.  VO2 and HR were recorded in the last four minutes 

during eight activities that varied in level of intensity.  The activities consisted of lying at rest, 

seated rest, three 10-minute bouts of cycling, and three 10-minute bouts of walking.  The 

subjects were instructed to carry around a two-channel ECG Holter recorder for the 

determination of HR over a 24-hour period.  Using these regression equations that were 

developed and the mean 24-hour HR, the energy that was expended over two 24-hour periods 

was estimated and these estimations were then compared to one another.  The results 

demonstrated high correlation coefficients of the regression lines, but showed fairly large 

differences between the slopes and intercepts of the duplicate regression lines which resulted in 

large discrepancies of EE between the duplicate estimates.  The authors proposed that 

variations in HR independent of VO2, at sedentary and light intensity activities, were responsible 
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for the disagreement and suggested that regression lines based on the specific HR-VO2 

relationship for different levels of activity may be more appropriate.  However, as mentioned 

before, such a procedure would consume large amounts of time (29).  Again, this study 

demonstrates a strong argument for use of this method during moderate and vigorous intensity 

activities, but questions the accuracy of this method during sedentary and light intensity 

activities.  Unfortunately, the majority of the population spends relatively large amounts of time 

in both sedentary and light intensity activities posing a major problem for use of this method 

within the general population during free living situations. 

Strath et al. examined the relationship between HR and VO2 during field- and 

laboratory-based moderate intensity activities (93).  A unique feature of this study was their 

secondary purpose to examine the validity of estimating EE from HR after adjusting for both age 

and fitness levels.  Adjustments were made by expressing the data as a percent of HR reserve 

(%HRR) and percent of VO2 reserve.  Sixty-one adults volunteered to participate in this study 

that required them to complete one to seven activities in both the laboratory and field settings.  

Activities that took place in the field included vacuuming, sweeping and mopping, laundry, 

ironing, washing dishes, cooking, light cleaning, grocery shopping with a cart, feeding and 

grooming animals, caring for small children, mowing the lawn, raking, trimming, general 

gardening, playing with children or animals in the yard, doubles tennis, golf while carrying clubs, 

golf while pulling clubs, and softball.  Activities conducted in the laboratory included walking at 

2.5 mph while carrying items of 6.8 kg, walking at 3.5 mph while carrying items of 6.8 kg, loading 

and unloading boxes of 6.8 kg, stretching and light calisthenics, a slow walk and a fast walk on 

an outdoor track.  Each activity was performed for 15 minutes with a five minute rest period 

prior to the start of each activity.  HR (Polar HR transmitter) and VO2 (indirect calorimetry—



31 
 

 

Cosmed K4b2) were measured continuously over the 15-minute activity period with the mean 

values from 5-15 minutes being used for linear regression analysis on HR versus VO2.  EE was 

estimated based on age-predicted HRmax and estimated VO2max.  A correlation of 0.68 was 

found between HR and VO2 with HR being accountable for 47% of the variance in VO2.  These 

results suggest that HR is an acceptable method of estimating EE during moderate intensity 

activity; however, when the data was adjusted for age and fitness level, HR became an even 

more accurate predictor of EE as compared to measured EE via indirect calorimetry with a 

correlation of 0.87.  The one major limitation to this study is that measured values of HRmax 

and VO2max were not used to estimate EE which may in fact increase the accuracy of this 

method even further.  Also, the activities were all focused on one intensity range limiting these 

accurate estimations to moderate intensity activity only.  The activities represented free-living 

situations, but those activities are only performed for short periods of time and may not be 

performed on a daily basis; whereas, sedentary and light intensity activities occur more often in 

free-living situations and are an important component to developing the most accurate dose-

response relationship between PA and health benefits.           

Despite the confounding variables that could potentially affect the relationship between 

HR and VO2, manufacturers of HR monitors have proceeded to incorporate this method into 

their devices based on refined regression equations over the years.  Polar Electro, Inc. has been 

the leading manufacturer of HR monitors for years.  These HR monitors have been validated 

against electrocardiogram (ECG) recordings by many researchers (56,99).  These HR monitors 

generally consist of a transmitter and a watch-like receiver.  The transmitter sends ECG signals 

to the receiver through a timing circuit that measures the interval between heart beats.  The 

values that are transmitted are then stored and processed by the receiver.  Polar HR monitors 
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allow for the information that is collected to be downloaded directly to a PC for data analysis 

purposes. 

 The most current Polar HR monitors (i.e. RS800CX utilized in the current study) are 

equipped with a specialized software program—OwnCalS—to calculate EE based on prediction 

equations that were developed and evaluated in a series of research projects.  OwnCalS 

estimates EE from exercise HR and either measured or predicted individual HRmax and VO2max 

values.  Predictions of HRmax and VO2max are based on a non-exercise prediction equation that 

takes into account the individual’s gender, age, height, weight, and activity HR.  Crouter et al. 

conducted a study to assess the accuracy of the OwnCalS program for estimating EE during 

exercise when using both predicted and measured VO2max and HRmax compared to indirect 

calorimetry (30).  Twenty male and female volunteers initially had their VO2max and HRmax 

values predicted by the Polar S410 HR Monitor and then they each performed a maximal 

treadmill test to determine actual values of their HRmax and VO2max.  Each participant was 

instructed to complete a total of nine submaximal exercise bouts with three being performed on 

a treadmill, three on a cycle ergometer, and three on a rowing ergometer.  During each 

submaximal bout of exercise, subjects were equipped with two Polar S410 HR monitors—one 

utilizing their predicted values and the other utilizing their measured values—and an indirect 

calorimetry system was attached to measure EE.  Subjects were asked to exercise for ten 

minutes at each stage.  The first five minutes at each stage allowed for the subject to reach a 

steady state and the last five minutes were used for data collection.  For males, no differences in 

EE were reported to be seen between actual values, predicted values, and indirect calorimetry 

for any mode of exercise.  However, predicted values for females significantly overestimated EE 

on the treadmill (by 2.4 kcal/min.), cycle (2.9 kcal/min.), and rower (1.9 kcal/min.) (p<0.05) 
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compared to indirect calorimetry.  The actual values of HRmax and VO2max significantly 

improved the EE for females during all modes of exercise, but the Polar S410 HR monitor still 

overestimated EE on the treadmill (0.6 kcal/min.) and the cycle (1.2 kcal/min.) as compared to 

indirect calorimetry.  The results of this study demonstrate acceptable use of the OwnCalS 

program to estimate EE during bouts of exercise; however, the most accurate measurements 

are produced when actual measures of HRmax and VO2max are utilized.  It should also be noted 

that no sedentary or light intensity activities were utilized in this validation study suggesting the 

results may vary if using the OwnCalS program to determine total daily EE in free-living 

situations.    

 HR is an acceptable objective method that is low in cost and is noninvasive, but lacks in 

its ability to accurately estimate EE at all levels of PA intensity and has many variables that could 

potentially affect HR measures for a given situation.  Due to this disparity, accurate 

determinations of the dose-response relationship between PA and health benefits cannot be 

fully understood utilizing this method alone.  With that being said, researchers needed to 

determine other methods of measuring EE in hopes of capturing areas of PA that the HR method 

cannot accurately capture.     

              

Accelerometry 

Accelerometry has been used to study gait and other human movements as well as for 

the measurement of tremor and motor activity in neurological patients for several years.  One of 

the earliest accelerometers was created in 1961 by Cavagna and colleagues (24).  This particular 

accelerometer consisted of strain gauges that were able to sense accelerations of the human 

body in the forward, lateral, and vertical directions (24).  In the 1970s the Large-Scale Integrated 
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(LSI) Motor activity monitor was developed to assess movement patterns in psychiatric patients 

(67).  This particular device utilized a mercury switch mechanism that was able to detect 

movement and contained a telemetry-based recorder that collected the data.  The LSI monitor 

was eventually applied to PA research as described by LaPorte et al. (52).  Accelerometers have 

now progressed to using either piezoelectric or piezoresistive sensors to detect the human 

motion during activity.   

Piezoelectric sensors contain a ceramic material with a brass core that produces a 

charge proportional to the force being exerted when acceleration of the human body occurs.  In 

1981, Wong et al. developed a piezoelectric portable accelerometer that was utilized to 

estimate EE of various activities—the Caltrac (13).  The Caltrac was attached to the waist and 

was capable of recording accelerations parallel to the vertical axis of the body (13).  

Piezoresistive motion sensors, on the other hand, are created with silicon resistors which 

change the electrical resistance in response to any applied mechanical load (13).  Piezoresistive 

accelerometers are smaller than piezoelectric accelerometers, but the piezoresistive 

accelerometers require an external power source in order to be utilized (13).  The characteristics 

of these two types of sensing elements are different, but it is unclear if there is any advantage or 

disadvantage to using one or the other.  Most all contemporary models use piezoresistive 

sensors as the basis for their accelerometry readings. 

Advantages of accelerometers include its small size, noninvasiveness and ability to 

record data over long periods of time.  Accelerometers can also be used to measure the 

frequency and duration of PA.  Specifically, accelerometers capture the accelerations and 

decelerations of human movement and these measurements are said to be linearly related to EE 

during walking (105).  This prompted researchers to hypothesize that the integral of the 



35 
 

 

modulus of acceleration measured on the human body—especially in the vertical direction—can 

be used to predict EE during PA (14).  With this proposed hypothesis, researchers began to 

develop accelerometers that measured human motion in the vertical direction.  These 

accelerometers became known as uniaxial or single plane accelerometers.  Some of the most 

common uniaxial accelerometers include the Caltrac, model 7164 Actigraph, MTI, and GT1M.  

These accelerometers are either worn on the low back, hip, wrist, or ankle dependent upon the 

type of activities being assessed.  Uniaxial accelerometers have been validated mainly within 

laboratory settings with much of the work being performed on a treadmill consisting of either 

walking or running (37,41,65).  Due to there being a direct relationship between total amount of 

PA and risk of CAD, there was a need for researchers to determine the validity of uniaxial 

accelerometers during free-living situations (7,35,68).  

 Several validation studies concluded uniaxial accelerometers underestimate EE during 

lifestyle type activities (7,35,68).  Bassett et al. and Eisenmann et al. postulated that the 

accuracy of estimating EE with uniaxial accelerometers could have improved if energy that was 

expended by the upper body had been taken into account when subjects performed activities 

such as vacuuming, ironing clothes, washing dishes, cooking, loading/unloading boxes, and 

taking care of children (7,35).  Interestingly, Swartz et al. found that wrist counts from the MTI 

accelerometer would provide very little addition to the accuracy of estimating EE during lifestyle 

type activities (94).  Montoye et al. also noted that differences in EE between accelerometers 

and indirect calorimetry were due to accelerometers being unable to detect changes in level of 

terrain, such as when subjects walked up an incline or walked up/down stairs (68).  

Accelerometers have also been shown to provide inaccurate estimates of EE during static 

exercise or when the individual’s weight is partially supported during non-ambulatory activities 
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(i.e. cycling and rowing).  Lastly, researchers have found that the type of regression equation 

used plays a role in determining accurate estimates of EE.  Most regression equations have been 

developed from treadmill walking and running (7,35).  The development of regression equations 

that are activity specific may provide more accurate estimates of EE.   

Triaxial accelerometers are capable of capturing human movement in multiple 

directions (i.e. vertical, mediolateral, and anterior-posterior directions).  Just like uniaxial 

accelerometers, triaxial accelerometers are capable of assessing frequency and duration of PA.  

Most triaxial accelerometers are worn on the waist, but can also be worn on the low back, wrist, 

and ankle.  Bouten et al. utilized a triaxial accelerometer to evaluate the relationship between 

EE due to PA and body acceleration during sedentary activities and walking in 11 male subjects 

(15).  Energy that was expended during the activities was calculated from total EE and sleeping 

metabolic rate.  The triaxial accelerometer was placed on the low back of each subject in order 

to measure the accelerations and decelerations of the human body.  Sedentary and walking 

activities were chosen for this study due to their resemblance of normal daily activities and the 

fact that together they represent a large portion of normal daily PA in today’s Western society.  

Subjects were asked to perform nine different activities for three minutes/activity that included 

1) sitting relaxed; 2) sitting and writing; 3) sitting with arm work; 4) alternately sitting and 

standing for 10 seconds each; and 5-9) walking at five different speeds (1.9, 2.5, 3.1, 3.7, 4.4 

mph) on a motor driven treadmill.  A linear relationship was seen during sedentary activities 

between EE and the sum of the integrals of the absolute value of accelerometer output from all 

three measurement directions (r = 0.82, p<0.001).  It should be noted that this linear 

relationship may be due to the fact that movement in all three planes were incorporated into 

the activities.  For instance, the major acceleration component during sitting with arm work was 
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in the medio-lateral direction and during sitting and standing the major acceleration component 

was in the anterior-posterior direction.  Thus, the linear relationship that was found may be 

biased based on the types of activities that were chosen for this study and may not be 

representative of all sedentary activities.  Interestingly, EE during walking in this study was 

highly correlated with the integral of the absolute accelerometer output in the anterior-

posterior direction (r = 0.96, p<0.001) despite the major acceleration component during each 

stage of walking being in the vertical direction.  This study suggests that more accurate 

measures of EE may be obtained during activities like walking when the anterior-posterior plane 

is utilized.  When all activities were included in a regression analysis, a strong linear relationship 

was found between EE and the sum of the integrals of the absolute value of accelerometer 

output from all three measurement directions (r = 0.95, p<0.001).  According to Bouten et al., 

utilizing this relationship during sedentary activities as well as walking will provide estimates of 

EE with an accuracy of about 15% (15).  Despite these results, a few limitations of this study 

should be taken into consideration.  First, there were relatively large differences in EE between 

individuals during the sedentary activities.  Bouten et al. suggested these differences were due 

to 1) difficulty measuring EE at low levels of activity, 2) variations in EE corresponding to the 

variations in the level and performance of PA, and 3) the fact that diet induced thermogenesis 

was not considered (15).  Bouten et al. also proposed that the relationship between EE and 

output from the triaxial accelerometer may be dependent on age, sex, and body composition 

(15).  In the current study, these characteristics were not well represented suggesting these 

results may not be applicable to the general population during free living situations.  Overall, 

this study suggests that triaxial accelerometers are useful to determine EE in well controlled 

laboratory settings, but further investigation may be warranted during free-living situations.   
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  Campbell et al. conducted a similar study utilizing triaxial accelerometers (Tritrac-R3D) 

to measure EE of various activities in 20 females (22).  Each subject was instructed to complete a 

choreographed routine of six different activities for five minutes/activity (walking, jogging, stair 

climbing, walking on an incline, stationary cycling, and arm ergometry) while wearing a Tritrac-

R3D accelerometer and the Cosmed K4b2 portable metabolic measurement system.  When 

comparing the mean error scores (K4b2 - Tritrac-R3D), the Tritrac-R3D overestimated the EE 

(kcals/min) of walking (-1.45) and jogging (-1.75); whereas, the Tritrac-R3D underestimated the 

EE of stair climbing (2.76), stationary cycling (2.75), and arm ergometry (1.20).  The lowest mean 

error score was seen while subjects were asked to walk on an incline (-0.11).  Moderate 

correlations were demonstrated for walking (r = 0.57, P < 0.05), jogging (r = 0.67, P < 0.05), and 

stairs (r = 0.50, P < 0.05).  For all other activities the correlations were poor and ranged from r = 

0.29 (P < 0.05) to r = 0.48 (P < 0.05).  A nonlinear regression model was applied to the raw data 

from the Tritrac-R3D and significantly improved the estimates of EE for walking (adjusted mean 

difference = -1.11, P < 0.05), jogging (adjusted mean difference = 0.26, P < 0.05), and walking on 

an incline (adjusted mean difference = 0.31, P < 0.05).  The homogeneity of the participants in 

this study limits these results being applied to the general population and some of the activities 

that were chosen may not accurately simulate lifestyle type situations.  Also, these results 

indicate that there are limitations associated with triaxial accelerometers that are similar to 

uniaxial accelerometers which include estimating energy that is expended from upper-body 

movement and EE that is related to working with a load or force production in a stationary or 

isometric condition.  Campbell et al. simulated upper body work by having subjects use the arm 

ergometer and found EE to be underestimated by 43% compared to indirect calorimetry (22).  

Stationary cycling was also significantly underestimated due to minimal movement of the hip 



39 
 

 

during this activity (22).  The Tritrac-R3D underestimated EE during stair climbing by 33% due to 

an inability to distinguish change in vertical displacement.  These results suggest that the use of 

multiple accelerometers (located at the wrist and/or ankle) or multiple methods to estimate EE 

may be more beneficial during lifestyle type activities to gain the most accurate estimation of 

EE.  It should also be noted that improvements were seen with estimates of EE when a nonlinear 

regression model was applied to the raw data produced by the Tritrac-R3D, but these 

improvements were only seen with certain activities suggesting activity-specific regression 

equations may produce more accurate estimates of EE.  However, determining regression 

equations in free-living situations may be extremely challenging.  Overall, this study suggests the 

use of triaxial accelerometers during a controlled setting to be applicable, but use of a triaxial 

accelerometer located at the hip during free-living situations may not be able to provide the 

most accurate estimation of EE.  

Hendelman et al. took the use of accelerometry a step further and assessed the validity 

of accelerometry for the estimation of EE during moderate intensity PA in a field setting (43).  

Twenty-five male and female subjects were asked to complete four bouts of over ground 

walking at a range of self-selected speeds, play two holes of golf, and perform both indoor 

(window washing, dusting, vacuuming) and outdoor (lawn mowing, planting shrubs) household 

tasks.  Indirect calorimetry was used to measure EE and body movement was captured using a 

Yamax Digiwalker pedometer (walking only), a Computer Science and Application, Inc. (CSA) 

accelerometer (uniaxial), and a Tritrac accelerometer (triaxial).  The researchers of this study 

examined the correlations between accelerometer counts and energy cost as well as developed 

individual regression equations to predict METs from the accelerometer counts.  These 

equations were developed from the walking data and then applied to the other activities to 
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compare the relationship between counts and EE.  The results of this study showed strong 

correlations between accelerometer counts and EE during the walking trials for both 

accelerometers.  The correlation between CSA counts and measured EE was r = 0.77, whereas 

the Tritrac yielded a higher correlation of r = 0.89.  These results indicate that triaxial 

accelerometers produce more accurate estimates of EE compared to that of uniaxial 

accelerometers during walking.  One could speculate that this may be due to the addition of the 

triaxial accelerometers being able to capture movement in the anterior-posterior direction, 

which has been shown to produce the most accurate estimation of EE during activities such as 

walking (15).  However, Hendelman et al. found that the anterior-posterior plane showed very 

little association with overall energy costs for walking (r = 0.17) and for all other activities (r = 

0.24) (43).  When all activities were combined, the correlation between accelerometer counts 

and EE were reduced for both the CSA accelerometer (r = 0.59) and the Tritrac accelerometer (r 

= 0.62).  This again suggests that accelerometers, whether uniaxial or triaxial, have limitations in 

capturing all movement that occurs within different lifestyle type activities.  The individual 

regression equations were then applied to the indoor and outdoor household activities to 

predict energy cost which was underestimated by 30-60% implying that at similar intensity 

levels, the activity counts were much lower compared to walking.  This study along with several 

other studies concluded that the relationship between EE and accelerometer counts is 

dependent on the type of activity or movement performed.  Also, accelerometers (uniaxial and 

triaxial) located at the waist are incapable of capturing increases in EE from upper-body 

movement, load carriage, or changes in surface or terrain. 

The intended use of accelerometers is to measure PA and EE over extended periods of 

time in free-living situations in order to define the specific amount, type, and pattern of activity 



41 
 

 

that are conducive to optimal health and disease prevention.  However, individuals generally 

perform a wide variety of different types of movement and activities throughout the day and 

several studies have discovered limitations with accelerometers in regards to capturing all forms 

of movement in free-living situations (i.e. upper-body movement, stationary or isometric 

movement, changes in level of terrain).  Researchers have developed regression equations from 

specific laboratory activities, but these equations have generally been derived from walking or 

jogging on a treadmill and cannot necessarily be applied to free-living activities.  Despite these 

limitations, the accelerometer is the most promising method of measurement in estimating EE 

and researchers are trying to utilize the advantages of this unique measuring device to increase 

their accuracy and make them applicable within the general population during free-living 

situations.      

 

Simultaneous Use of Multiple Methods to Estimate EE 

 HR monitors and accelerometers have been used by researchers for several years to 

estimate EE during PA.  Both methods of measurement have their strengths as well as their 

weaknesses.  More recently, researchers have tried to determine if utilizing multiple 

accelerometers or simultaneously utilizing both a HR monitor and multiple accelerometers will 

improve the estimations of EE during PA especially during free-living situations. 

 Swartz et al. assessed the estimation of EE utilizing CSA accelerometers at the hip and 

wrist sites in 70 subjects while they completed anywhere from one to six different activities (94).  

The activities that were chosen for this study fell within one of five categories: yard work, 

housework, family care, occupation, recreation, and conditioning.  Each subject was equipped 

with the Cosmed K4b2 to measure EE and two CSA accelerometers (one located on the wrist and 
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one located on the hip) to capture human movement during different activities.  Each activity 

was performed for a total of 15 minutes.  Mean VO2 and mean CSA counts for the hip and wrist 

were calculated for each subject from the last 10 minutes of each activity that was performed.  

Regression equations were developed in order to predict EE from CSA accelerometer counts and 

to be able to compare these results to that obtained by indirect calorimetry.  The regression 

equation for the wrist and the hip alone accounted for 3.3% and 31.7% of the variation in EE, 

respectively.  When the wrist and hip data were combined the regression equation accounted 

for 34.3% of the variation in EE.  Despite there being a statistically significant increase in percent 

of variation in EE when the wrist accelerometer data was added to the hip accelerometer data, 

the overall improvement in prediction of EE was rather small.  Melanson and Freedson looked at 

the relationship between the CSA model 5032 accelerometer counts from the hip, wrist, and 

ankle and the measured EE for three different speeds of walking and jogging, and found that the 

counts were significantly correlated with EE (r = 0.66-0.81) regardless of the location of the 

accelerometer (65).  They found that the CSA accelerometer located on the wrist accounted for 

86% of the variance in EE for both walking and jogging.  With the addition of either the hip or 

the ankle the prediction of EE improved yielding an R2 value of 0.89.  This is in major contrast to 

the current study by Swartz et al. where the combined hip and wrist counts predicted EE with an 

R2 value of 0.34.  It is suggested that this large discrepancy may be due to the different types of 

activity and activity modes in which the regression equations were based on.  Despite the 

difference, both studies showed improvements in estimating EE when multiple accelerometers 

were utilized.  

 Chen et al. performed a similar study using hip- and wrist-worn accelerometers to 

predict EE during a 24-hour period in 60 sedentary normal female volunteers (27).  Subjects 
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were required to perform different activities that ranged from sedentary desk work to walking 

and stepping at different intensities in a whole-room indirect calorimeter.  Each subject was 

equipped with a triaxial accelerometer located on their hip and a uniaxial accelerometer located 

on their dominant wrist to assess human movement during the 24-hour period.  Both 

accelerometers were set to record data in 60-second epochs.  Data from the accelerometers 

was used to develop nonlinear regression equations to estimate EE during the different 

activities that were performed.  The results of this study showed that EE was accurately 

estimated when the hip- and wrist-worn accelerometers were combined in the regression 

equation (97.7 ± 3.2% of the measured values, P = 0.781).  This result was in comparison to 

using the wrist-worn accelerometer (86.0 ± 4.7%, P < 0.001) or the hip-worn accelerometer 

(90.0 ± 4.6%, P < 0.001) individually.  These results are not generalizable to all individuals 

because only women participated in this study and these women were also sedentary with a 

very high body mass index.  It should also be noted that a triaxial accelerometer was worn on 

the hip, but was not worn on the wrist suggesting that a greater accuracy could have been 

obtained in the combined model had the wrist-worn accelerometer been able to capture human 

movement in more than one direction.  The activities in this study were chosen to simulate a 

free-living situation; however, the results of this study may only be applicable to the activities 

that were performed.  Regardless of these limitations, this study provides promising data for 

accurately estimating EE utilizing multiple accelerometers.   

Researchers have opted to also try utilizing multiple methods such as the simultaneous 

use of HR monitoring and accelerometry to estimate EE during free-living situations.  Eston et al. 

assessed the relationship between HR, pedometry, uniaxial accelerometry, and triaxial 

accelerometry for predicting EE while 30 children walked at two speeds (2.5 and 3.7 mph), ran 
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on a treadmill (5.0 and 6.2 mph), played catch, played hopscotch, and sat and crayoned for four 

minutes/activity (36).  Data obtained from HR, pedometry, and accelerometry were all 

compared to measures obtained from indirect calorimetry.  In this study, VO2 was expressed as 

a ratio of body mass raised to the power of 0.75 [scaled oxygen uptake (sVo2)] in order to be 

able to compare the results of this study from children to that of adults.  All activity measures 

that were studied showed a strong linear relationship with the criterion measure of sVo2.  Eston 

et al. found that the triaxial accelerometer was the best single measure (r = 0.91) compared to 

pedometry, uniaxial accelerometry, and HR monitoring and accounted for 82.5% of the variance 

(36).  A multiple regression analysis was used to establish the efficacy of using two measures 

simultaneously.  The best predictor of sVo2 compared to any other measure alone was the 

combination of HR and triaxial accelerometer counts (r2 = 0.85).  HR added 2.0% (p<0.01) of 

variance to that already explained by the triaxial accelerometer.  Based on these results, one can 

conclude that the simultaneous use of a HR monitor and a triaxial accelerometer will slightly 

increase the estimations of EE during a number of different activities.  However, these results 

may be specific to the activities that were performed and specific to the population that was 

assessed.   

 Strath et al. conducted a similar study specifically looking at the simultaneous HR-

motion sensor technique to estimate EE in 30 men (16) and women (14) (91).  Each subject was 

asked to perform arm and leg work in the laboratory in order to develop individualized HR-VO2 

regression equations.  Subjects were then asked to complete different lifestyle type activities 

while HR, VO2, and motion sensor activity were being recorded simultaneously.  Each activity 

was performed for 15 minutes.  Eleven subjects completed housework activities, nine subjects 

completed yard work activities, and ten subjects completed conditioning activities.  Each subject 
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was equipped with the Cosmed K4b2, the Polar Vantage XL, a Yamax SW-701 pedometer, and 

three CSA accelerometers (one located on the dominant wrist, hip, and right thigh).  The mean 

MET range for all activities was 2.1 to 6.1.  The results showed that the Yamax SW-701 

pedometer significantly underestimated the measured EE by an average of 1.2 METs or 59.2% (P 

< 0.001).  The relationship between predicted METs from the pedometer and the measured 

METs from the Cosmed K4b2 was r2 = 0.36 for all subjects.  The CSA accelerometer located on 

the hip also significantly underestimated the measured MET values by an average of 1.1 METs or 

29.5% (p<0.001).  The relationship for all subjects between predicted MET values from the CSA 

accelerometer on the hip compared to measured MET values from the Cosmed K4b2 was r2 = 

0.54.  The individual HR-VO2 relationship was used to predict METs from HR.  The relationship 

between the HR method and measured METs from the Cosmed K4b2 for all subjects was 

somewhat higher compared to the pedometer and CSA-accelerometer located on the hip (r2 = 

0.67).  Unfortunately, the HR method significantly overestimated the measured EE by an 

average of 0.4 METs or 11.1% (P < 0.001).  When assessing the simultaneous use of HR and 

motion sensors a ratio between arm work and leg work was used to determine which regression 

equation would be used for each activity.  A ratio of ≥25 was used to reflect arm work and a 

ratio <25 represented leg work.  There was a strong relationship for all subjects between 

predicted MET values and measured MET values from the Cosmed K4b2 of r2 = 0.81.  The 

relationship between the simultaneous HR-motion sensor technique and VO2 was significantly 

higher for all subjects compared to HR alone (P < 0.001), the hip-mounted CSA accelerometer (P 

< 0.001), and the Yamax pedometer (P < 0.001).  It should be noted that this study found similar 

results in regards to the limitations utilizing accelerometry and HR monitoring independently.  

For instance, when accelerometry is used independent of any other method and the 
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accelerometer is worn on the hip, there is an inability of the accelerometer to differentiate 

between walking on a flat surface versus walking up or down hill.  Hip-worn accelerometers also 

fail to capture upper-body movement.  HR slightly overestimated EE due to there being a 

different relationship between HR and VO2 when upper body movement was incorporated into 

the activities.  Due to this limitation with accelerometry the investigators of this study opted to 

use both an arm and leg accelerometer to help differentiate between upper and lower body 

activity.  This allowed the investigators to predict EE utilizing individualized arm or leg HR-VO2 

regression equations to make the predictions activity specific and more accurate.  One limitation 

of this study regards the activities that were chosen and the short period of time in which the 

activities were performed. 

 In a similar study, Strath et al. assessed the validity of the simultaneous HR-motion 

sensor technique and the Flex HR method for measuring EE compared to indirect calorimetry 

while subjects completed several different lifestyle type activities (92).  The Flex HR method has 

been described as an individually determined HR, measured in conjunction with VO2 that can be 

used to distinguish between resting EE and activity EE (60).  In this study, each subject was asked 

to lay supine, sit, and stand for ten, five, and five minutes, respectively while HR and VO2 were 

measured continuously.  The Flex HR point was determined by taking the highest HR during rest 

and the lowest HR during incremental exercise during the submaximal treadmill test.  Arm and 

leg work were performed in all ten subjects to develop individual HR-VO2 regression equations.  

HR, VO2, and motion sensor data were collected on a continuous basis for six hours while the 

subjects completed their normal daily routine either at the subject’s work place or at their 

home.  Some of the activities that were done during this time period included, but were not 

limited to, watching television, general office work, reading, resistance training, walking, 
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jogging, cooking, light cleaning, vacuuming, washing dishes, grocery shopping, and yard work.  

During the continuous six-hour monitoring period each subject was equipped with the Cosmed 

K4b2 portable metabolic measurement system, the Polar Vantage NV HR Monitor, and two CSA 

accelerometers—one located on the subject’s dominant wrist and the other located on the 

subject’s dominant thigh.  The specific placement of the CSA accelerometers was to help 

determine if the activity performed was primarily an upper- or lower-body activity.  In this study, 

a CSA threshold of 500 counts/min. reflected a change between rest and activity.  Therefore, if 

both the leg and arm CSA counts produced less than 500 counts/min., the individual was 

considered to be at rest (1 MET).  If the leg CSA counts were <500 counts/min. and the arm CSA 

counts were >500 counts/min. then measured HR was used to predict EE from the 

corresponding arm regression equation and vice versa.  A ratio was used if both the arm and leg 

CSA counts were >500 counts/min.  In the earlier study presented by Strath et al. a ratio >25 

between arm and leg activity accurately reflected measured EE when using the simultaneous 

HR-motion sensor technique (91).  Thus, in this study a ratio of >25 between arm and leg 

counts/min. was considered to represent arm activity and the arm regression equation was 

utilized to determine EE.  If the ratio was <25 the activity was considered to be a predominantly 

lower body activity and the leg regression equation was utilized to determine EE.  For this 

particular subject population the Flex HR ranged from 83 to 101 bpm.  During the six hour data 

collection time period, any HR below an individual’s Flex HR point, EE was assumed to be one 

MET.  For HR values above the individual’s Flex HR point, EE was predicted utilizing the 

individuals HR-VO2 leg regression equation.  There was a significantly stronger relationship 

between the HR-motion sensor technique (r2 = 0.81, SEE = 0.55 METs) and VO2 compared to the 

Flex HR method (r2 = 0.63, SEE = 0.76 METs) and VO2 (P < 0.001).  The simultaneous HR-motion 
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sensor technique did not under or overestimate EE on a minute-by-minute basis, whereas the 

Flex HR method had a tendency to overestimate measured minute-by-minute EE (P < 0.001).  

The results of this study also showed that the HR-motion sensor technique has the capability to 

accurately reflect time spent in resting/light, moderate, and high intensity activity.  The Flex HR 

method was unable to differentiate between intensities and had a tendency to under predict 

time spent in resting/light activity (P = 0.02) and over predict time spent in moderate intensity 

activity (P = 0.02).  Total EE over the six hour data collection period was accurately assessed by 

the HR-motion sensor technique.  The results of this study are in agreement with the results of a 

previous study conducted by Strath et al. in that using both arm and leg regression equations 

significantly improves the prediction of EE compared to using only a leg regression equation 

(91).  When only a leg regression equation was used predictions of EE via HR overestimated 

measured EE by 11%.  Thus, it is important to be able to incorporate upper- and lower-body 

regression equations into the prediction of EE.  The strength of this study is that the 

measurements were taken in a field setting and in the comfort of either the subject’s work place 

or their own home.  It should be noted, however, that the type and time spent in different free-

living activities were not recorded.  The investigators of this study suggested the use of a PA log 

may have enhanced the simultaneous HR-motion sensor technique by allowing different types 

of activities to be evaluated.  It should be noted that even though the HR-motion sensor 

technique has promising applicability to estimating EE in free-living situations, researchers need 

to consider whether the increased time, cost, and effort required to manage the data are worth 

the small improvements in accuracy of estimating EE during free-living situations.  Despite these 

limitations, the HR-motion sensor technique is more accurate compared to either method alone 
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and will currently provide individuals within the general population the most accurate estimates 

of EE during free-living situations.



 
 

 

CHAPTER III 

 
 
 

Methodology 
 

The purpose of this study was to analyze the simultaneous use of HR monitoring and 

multiple accelerometers to estimate EE compared to indirect calorimetry while completing ADL.  

It was hypothesized that the simultaneous use of HR monitoring and multiple accelerometers 

located on the dominant hip, wrist, and ankle would provide an accurate estimation compared 

to indirect calorimetry.  It was also hypothesized that utilizing multiple methods to estimate EE 

would provide a more accurate estimation compared to the Crouter equation. 

 

Subjects 

 Fourteen male and 26 female volunteers from Ball State University’s Adult Physical 

Fitness Program, Ball State University Faculty/Staff & Students, as well as individuals from the 

Muncie community participated in this study.  Subjects were required to meet all inclusion and 

exclusion criteria.  Subjects were to have been 20-60 years of age, male or female, and of any 

ethnicity.  Subjects were excluded from the research study if they had any uncontrolled 

cardiovascular and/or metabolic disease, a fracture of the lower extremity within the last three 

months, history of severe arthritis, and/or an orthopedic condition precluding PA.  Women who 

were pregnant and individuals who started or altered a medication that would
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 have impacted outcome variables examined within the study period (i.e. medications affecting 

heart rate) were excluded from the research study as well.  Subjects also had to have sufficient 

physical function that enabled them to walk without assistance and were able to perform 

routine ADL (i.e. sedentary; housework; yard work; locomotion; and recreation).  All subjects 

were required to read through, understand, and sign an informed consent which was approved 

by the Ball State University Institutional Review Board.  The informed consent thoroughly 

explained study procedures, benefits and associated risks with participation, confidentiality of 

information obtained throughout the study, total time commitment, and participation in the 

research study was strictly voluntary.  

 

Visit One 

The first visit included a review of the subject’s health history questionnaire (HHQ).  

Upon completion and review of the subject’s HHQ, each subject had two resting blood pressure 

measurements and resting HR, height, weight, and waist/hip circumference measured.  Once 

the measurements were completed, each subject was instructed to perform 10 ADL.  

 

Resting Heart Rate and Resting Blood Pressure  

Each subject remained seated for five minutes in a quiet environment prior to having 

their resting HR and resting blood pressure measured.  Two blood pressure measurements were 

obtained by a trained technician using an aneroid sphygmomanometer and a stethoscope as the 

subject was seated quietly in a chair with their feet flat on the floor and left arm supported at 

heart level.  The lowest recorded blood pressure was utilized for data analysis purposes.  Resting 
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HR was then measured by palpating the radial pulse of the left wrist for 30 seconds while the 

subject was seated with their feet flat on the floor. 

 

Height and Weight Measurements 

The height and weight of each subject was measured using a stadiometer and a 

calibrated digital scale, respectively.  Subjects removed their shoes, heavy jewelry and/or extra 

clothing such as hats, jackets, sweatshirts as well as emptied their pockets in an effort to 

prevent measurement error.  For height measurements, subjects stood erect with their feet flat 

on the floor and their heels, mid-body, and upper body touching the wall (46).  The subject took 

a normal breath in and held it while looking straight ahead (46).     

 

Waist and Hip Circumference Measurements 

Both waist and hip circumferences were measured using a cloth tape measure that had 

a spring-loaded handle.  Both measurements were made on bare skin.  With the subject 

standing, arms at their sides, feet together, and their abdomen relaxed, a horizontal measure 

was taken at the narrowest part of the torso for each subject’s waist circumference (98).  The 

hip circumference was taken at the maximal circumference of the buttocks with each subject 

standing upright and their feet together (98). 

 

Activities of Daily Living  

Subjects completed two activities from each of the following categories: (a) sedentary; (b) 

housework; (c) yard work; (d) locomotion; and (e) recreational for a total of 10 activities.  Each 

activity was completed for seven minutes and done continuously.  Subjects were instructed to 
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complete all of the activities at their own pace.  The total time for the completion of the ADL 

routine was approximately 70 minutes.  The activities included: 

 Sedentary: watching television, reading in a chair, browsing the internet, playing cards  

 Housework: sweeping with a broom, doing laundry, light cleaning, washing windows 

 Yard Work: gardening, pulling weeds, watering plants, raking the lawn 

 Locomotion: walking at a normal pace, pushing a load, carrying boxes of different 

weight, walking up/down stairs 

 Recreational: playing with a basketball, playing with a soccer ball, stationary cycling, and 

dancing.    

The aforementioned activities were separated into four blocks.  Each block consisted of 

five activities that were representative of the five different categories chosen for the study.  

Each subject was randomized to complete two of the four blocks. The activities were completed 

in order of increasing intensity with no rest period between each activity.  Activities were 

completed both indoors and outdoors and in the event of any inclement weather all activities, 

except pulling weeds, were able to be completed indoors.  While completing the ADL routine, 

each subject wore the Cosmed K4b2 portable metabolic measurement system, three ActiGraph 

GT3X+ accelerometers, and one Polar RS800CX HR Monitor.   

 

Indirect Calorimetry 

 The weight of the Cosmed K4b2 is 1.5 kilograms (kg).  The Cosmed K4b2 was calibrated 

according to manufacturer’s instructions.  This consisted of performing a room air calibration 

and a reference gas calibration prior to each test using 16.01% oxygen and 5.01% carbon 

dioxide.  The turbine was calibrated prior to each test using a 3.00-liter syringe (Hans-Rudolph, 
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Kansas City, Missouri).  Lastly, a delay calibration was performed weekly and/or when anything 

was replaced on the Cosmed K4b2 to adjust for lag time that occurs between the expiratory flow 

measurement and the gas analyzers (31).   

The Cosmed K4b2 was fixed onto a chest harness that was worn by the subject.  The 

subject was then equipped with a facemask (Hans-Rudolph, Kansas City, Missouri) that covered 

both their nose and mouth and was then connected to a flowmeter.  In order to secure the 

facemask to the subjects face a nylon mesh hairnet and Velcro straps were connected to the 

facemask.  The Cosmed K4b2 was used to analyze VO2, VCO2, and RER continuously throughout 

the activities.  The Cosmed K4b2 was used as the criterion method for the measurement of EE 

during all activities.  All data from the Cosmed K4b2 was downloaded to a computer at the 

conclusion of each test for subsequent data analysis using the Cosmed K4b2 Software Version 

8.0b.    

 

Actigraph Accelerometers   

The ActiGraph GT3X+ accelerometer (ActiGraph, Pensacola, Florida) is a small (4.6cm x 

3.3cm x 1.5cm) and lightweight (0.019 kg) triaxial accelerometer that is capable of measuring 

accelerations in the range of +/- 6 g’s.  The GT3X+ accelerometer has a frequency range (0.25 to 

2.5 Hertz (Hz)) that is able to detect normal human motion and reject changing accelerations 

outside the pass band.  All GT3X+ accelerometers were initialized to record data at a sampling 

rate of 100 Hz.  The raw accelerations were stored in a non-volatile flash memory for future 

analysis.  Each subject wore one ActiGraph GT3X+ accelerometer on their dominant hip (located 

on the mid-thigh line), wrist (located just above the end of the ulna), and ankle (located just 

above the lateral malleolus).  At the conclusion of each test, the ActiGraph GT3X+ 
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accelerometers were downloaded to a computer for subsequent data analysis using the ActiLife 

Software Version 5.10.0.      

  

Polar Heart Rate Monitor   

The Polar RS800CX HR Monitor (Polar Electro Oy., Kempele, Finland) was used to 

measure each subject’s HR while completing each activity.  Each subject’s height, weight, birth 

date, and gender were entered into the HR monitor prior to beginning the activities.  Water was 

applied to the electrode areas of the strap in order to maximize transmission.  The strap was 

placed directly on the subject’s bare skin on the lower part of their chest.  The Polar RS800CX HR 

Monitor watch was worn on the subject’s non-dominant wrist.  Data from the Polar RS800CX HR 

Monitor was downloaded to a computer using the Polar Pro Trainer 5 Software.   

 

Seven-Day Physical Activity Assessment  

Prior to leaving the first visit, subjects were given one ActiGraph GT3X+ accelerometer 

or one ActiGraph GT3X accelerometer (ActiGraph, Pensacola, Florida) to wear for one week (7 

days).  The GT3X+ accelerometer was initialized at a sampling rate of 100 Hz and the GT3X was 

initialized utilizing a 60-second epoch.  Subjects were instructed on how to properly use and 

wear the accelerometer.  The GT3X+ accelerometers were downloaded in raw data form and 

then converted to 60-second epochs.  The accelerometer was worn on a belt or waistband on 

the right hip.  If the subject did not wear clothing with a belt or thick waistband, an elastic band 

for use was supplied.  Each subject was asked to wear the monitor upon awakening with 

removal of the monitor at bedtime and during any activity involving water or high risk for 

damage for a total of seven days.  All subjects record any daytime periods the PA monitor was 
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not worn and/or to record any non-ambulatory activities (ex. swimming, cycling, and 

housework) performed during the day.  Subjects were also asked to record any unusual or 

atypical activities that were performed while wearing the activity monitor.  The information that 

was recorded on the PA log form was included with the actual data from the accelerometer to 

better estimate each subject’s current level of PA.  The data was downloaded to a computer for 

subsequent data analysis using ActiLife Software Version 5.10.0. 

 

Visit Two 

Visit two was scheduled within one-two weeks of visit one.  Subjects began their second 

visit with a resting metabolic rate (RMR) measurement to assess their resting VO2 as well as 

resting EE.  That measurement was followed by a dual energy x-ray absorptiometer (DXA) scan 

to assess body fat percent as well as bone mineral density.  Lastly, each subject performed a 

submaximal exercise test to assess each subject’s level of fitness.    

 

Resting Metabolic Rate 

Subjects were asked to avoid food and drinks (except water) 3-4 hours prior to their 

scheduled test time as well as avoid tobacco, caffeine, and medications.  Subjects were also 

asked to not engage in any strenuous PA the day prior to their scheduled test time.  Subjects 

were asked to lie as still as possible on a padded surface in the supine position for 30 minutes in 

a quiet room with low lighting.  After 30 minutes, a clear plastic hood was placed over the 

subjects head and shoulders while the subject remained as still as possible in the supine position 

on the padded surface.  A clear plastic tube was then connected to the hood, with the other end 

of the tube being connected to the TrueOne 2400 metabolic measurement system (Parvo 
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Medics, Sandy, UT).  This tube allowed the measurement of each subjects resting VO2 while lying 

in the supine position in a well-rested state.  The clear plastic tube pulled normal room air into 

the hood allowing the subject to breathe normal room air throughout the entire test.  Data was 

collected for approximately 15-30 minutes depending on the amount of time it took to stabilize 

the FeCO2% values (0.8-1.2) for each subject. 

 

Dual Energy X-Ray Absorptiometer (DXA) Scan   

Subjects underwent a body composition measurement of total body adiposity and bone 

mineral density using the Lunar intelligent dual energy x-ray absorptiometer (iDXA) (GE 

Healthcare, Chicago, IL).  The Lunar iDXA is a non-invasive procedure that sends a thin, invisible 

beam of low dose x-rays through the body and is used to quantify bone mineral density, total fat 

mass and fat-free body mass (33).  Subjects were asked to remove their shoes, any metal they 

were wearing or had in their pockets, any belts, watches, and glasses (if possible).  Subjects had 

to be still in the supine position on the Lunar iDXA platform for approximately 7-13 minutes 

depending on body size. 

 

Submaximal Exercise Test 

The submaximal treadmill test was conducted utilizing the Bruce Protocol which is 

described elsewhere (20).  Metabolic measurements such as ventilation, VO2, and respiratory 

exchange ratio were continuously assessed utilizing the TrueOne 2400 Metabolic Measurement 

System (Parvo Medics, Sandy, UT).   Blood pressure measurements were obtained every three 

minutes and a rating of perceived exertion (RPE) was obtained every minute throughout the 

test.  Heart rate and ECG were continuously assessed through the General Electric Case Stress 
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System (Chicago, IL).  The submaximal exercise test was terminated when the subject reached 

85% of their age-predicted maximal HR or when the subject completed the fourth stage of the 

Bruce protocol.  The submaximal treadmill test was used to estimate each subject’s aerobic 

capacity.  From the test, data points for both HR and VO2 were plotted on a graph.  Each 

subject’s age-predicted HR max was used as the final HR point and a linear trendline was used to 

determine the estimated VO2 value.         

 

Data Analysis 

An external time piece was used to synchronize the start time of the Cosmed K4b2, the 

three ActiGraph GT3X+ accelerometers, and the Polar RS800CX HR Monitor.  An annotation 

sheet was utilized to record the start and stop time of each activity.  For data analysis purposes, 

minutes 4-7 of each activity were averaged to obtain mean HR, VO2, and activity counts from 

each accelerometer.   

Comparisons were made between actual EE (Cosmed K4b2), the multiple regression 

equation developed in the current study, the Polar RS800CX HR Monitor, and the two-regression 

model developed by Crouter et al. (31).  EE from the Polar RS800CX HR Monitor was calculated 

through the OwnCalS program that is built into the HR monitor.  The OwnCalS program uses 

each subject’s age, gender, height, weight, and ADL HR to determine EE.  Crouter’s et al. two-

regression model was calculated using the ActiLife Software Version 5.10.0.  The average METs 

was then converted to EE two different ways.  Crouter1 was converted from METs to VO2 

(ml/kg/min) by dividing 3.5 and then converting to EE (kcals/min).  Crouter2 was converted from 

METs to VO2 (ml/kg/min) by dividing each subject’s resting VO2 and then converting to EE 

(kcals/min).    
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Statistical Analysis 

Statistical analyses were carried out using IBM SPSS Statistics 19.0 for windows (SPSS, 

Chicago, IL).  For all analyses, an alpha value of 0.05 was used to indicate statistical significance.  

All values are reported as means ± standard deviation.  Independent t-tests were used to 

compare mean values for descriptive characteristics between male and female as well as 

differences between different age groups.  A forward stepwise regression model was employed 

in order to evaluate the relationship between measured EE, HR, type of activity, and ankle-, hip-, 

and wrist-worn accelerometer activity counts.  Lastly, a one-way repeated-measures ANOVA 

was used to compare differences in EE between the Cosmed K4b2, the regression equation, the 

Polar RS800CX HR monitor, and the two-regression model developed by Crouter et al (31).  

Pairwise comparisons with Bonferroni adjustments were performed to locate significant 

differences for each activity category between the Cosmed K4b2, the multiple regression 

equation developed in the current study, the Polar RS800CX HR Monitor, and the two-regression 

model developed by Crouter et al. (31).       
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ABSTRACT 
 
 

Assessment of Energy Expenditure and Physical Activity Intensity through Simultaneous Use of 
Heart Rate Monitoring and Accelerometry 

 
Human Performance Laboratory, Ball State University, Muncie, IN 

 
 
 
Purpose: In order to have a complete understanding of the relationship between daily PA and 
health, it is essential to be able to accurately assess PA in free-living subjects. The purpose of 
this study was to analyze the method of using three accelerometers located on the subjects 
dominant ankle, hip, and wrist and a HR monitor to estimate EE compared to measured EE via 
indirect calorimetry while completing ADL.  Methods: Forty subjects, aged 20-60 years, 
completed two activities from each of the following general activity categories: sedentary, 
housework, yard work, locomotion, and recreational.  During each activity, EE was measured 
using a portable metabolic measurement system (Cosmed K4b2).  Subjects also wore three 
ActiGraph GT3X+ accelerometers and one Polar RS800CX HR monitor.  Correlations between EE 
measured by the Cosmed K4b2, activity counts recorded by the Actigraph GT3x+ accelerometers 
and HR recorded by the Polar RS800CX HR monitor were calculated, and a regression equation 
was developed to predict EE from the multi-method approach.  Results: The regression equation 
showed a significant relationship (r2 = 0.84; P < 0.05) with EE.  Together, HR and the hip-worn 
accelerometer explained 73.4% of the variance in EE with HR accounting for 59.3% (P < 0.05).  
Type of activity explained an additional 5% of the variance in EE (r2 = 0.78; P < 0.05).  Both the 
wrist- and ankle-worn accelerometers each explained an additional 3% of the variance in EE (r2 = 
0.81; r2 = 0.84, respectively) (P < 0.05). When cross-validated, the regression equation 
significantly overestimated sedentary activities by 0.22 ± 0.08 kcals/min (P < 0.004) and 
underestimated housework activities by 0.20 ± 0.08 kcals/min (P < 0.01).  Conclusion: The 
regression equation developed is a good predictor of EE during selected ADL, and allows 
researchers to more accurately quantify free-living PA. Key Words: PHYSICAL ACTIVITY, 
INDIRECT CALORIMETRY, HEART RATE, ACCELEROMETER         
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Introduction  

 Various physical activity (PA) recommendations have been issued in order to combat the 

high prevalence of physical inactivity and to promote healthier lifestyles.  The most current PA 

recommendations were provided in 2008 by the U.S. Department of Health and Human 

Services.  These recommendations suggest individual’s should accumulate either 150 minutes of 

moderate intensity PA per week, 75 minutes of vigorous intensity PA per week or an equivalent 

combination of moderate and vigorous intensity PA in bouts ≥10 minutes (1).  Muscle 

strengthening exercises were also recommended to be completed on at least two days/week.  

These recommendations were focused on “reducing the risk of chronic disease and promoting 

health-related fitness, particularly cardiovascular and muscular fitness” (1).       

 Assessment of PA is important; however, accurate and reliable methods are lacking.  

Researchers have primarily focused on subjective methods such as surveys, logs, and 

questionnaires to quantify energy expenditure (EE).  There is evidence that shows PA surveys 

and questionnaires are less accurate during light and moderate intensity activities compared to 

vigorous intensity activities due in large part to recall error (22,29).  Researchers have also found 

that subjects have a tendency to misinterpret the questions being asked (29).    

The potential use of objective methods—heart rate (HR) and motion sensors—to assess 

EE during free-living situations has been discussed elsewhere (3,7,8,10,12,13,25).  Each method 

is capable of providing an estimate of EE; however, there are several limitations when each 

method is used individually.  HR is a physiological variable that reflects change in PA intensity; 

unfortunately, it is influenced by several factors such as mental stress, ambient temperature, 

hydration status, emotion, activity mode, posture, and quantity of muscle mass involved in the 

activity, thus limiting its applicability (15,18,25,28).  Motion sensors (i.e. accelerometers) are 
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generally worn on the hip and are growing in popularity, but are unable to capture non-

ambulatory activities (i.e. cycling, swimming, resistance training, etc.), upper-body movements, 

and the external work done when lifting or pushing objects (2).  Due to the limitations of each 

individual method, researchers have proposed that the method of utilizing HR and motion 

sensors simultaneously will improve the accuracy of estimating EE during free-living situations 

(11,23,24).                

Several regression equations have been developed relating accelerometer activity 

counts and EE.  Regression equations for estimating EE are generally developed during walking 

or running using hip-worn accelerometer counts (5,12,14,17,30).  Other regression equations 

have been developed to predict EE during walking and jogging based on activity counts from 

ankle-, hip-, and wrist-worn accelerometers combined (19).  Lifestyle regression equations have 

also been developed to estimate EE during moderate intensity lifestyle type activities from hip-

worn accelerometer counts (14) as well as the combination of hip- and wrist-worn 

accelerometer counts (26).  According to Crouter et al., these different regression equations 

pose a problem for researchers during free-living situations because there is no single regression 

line that has the capability to accurately predict EE or time spent in different PA intensities 

across a wide range of activities (9). The most current regression approach is the two-regression 

model developed by Crouter et al. based on activity counts/minute and variability in activity 

counts between 10-second epochs which give the equation the capability to distinguish 

between walking, running, and other lifestyle type activities (9).  In the study conducted by 

Crouter et al., the two-regression model was not significantly different (within 0.75 METs) for 

each of the 17 activities and all activities combined as compared to measured METs (9).      
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Accurate estimates of total PA are extremely important in understanding dose-response 

relationships, clarifying which dimension of activity is most strongly associated with a particular 

health outcome, improving the ability to monitor secular trends in activity levels and the 

compliance to intervention programs, and cross-cultural comparisons.  The purpose of this study 

was to analyze the method of using three ActiGraph GT3X+ accelerometers located on the 

subjects dominant ankle, hip, and wrist and a Polar RS800CX HR monitor to estimate EE 

compared to measured EE via indirect calorimetry while completing different activities of daily 

living (ADL).     

 

Methods          

Subjects 

Subjects were 20-60 years of age, male or female, and were of any ethnicity.  There 

were 10 subjects within each 10 year age group.  The goal was to have equal gender distribution 

in each 10 year age group (5 male, 5 female); however, this did not occur due to limited 

recruitment time.  Individuals were excluded from the study if they did not meet the following 

criteria: 1) have any uncontrolled cardiovascular and/or metabolic disease, 2) have a fracture of 

the lower extremity within the last three months, 3) have a history of arthritis, 4) have any 

orthopedic condition precluding PA, 5) women who were pregnant, and 6) individuals who 

started or altered a medication that would have impacted outcome variables examined within 

the study period (i.e. medications affecting HR).  Subjects were also required to have sufficient 

physical function that enabled them to walk without assistance and were able to perform 

routine ADL (i.e. sedentary; housework; yard work; locomotion; and recreational activities).  All 

subjects provided a written informed consent at the time of their first visit which was approved 
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by the Ball State University Institutional Review Board.  The physical characteristics of the 

participants included in this study are listed in Table 1.  

 

Procedures 

The first visit included a review of the subject’s health history questionnaire (HHQ).  

Upon completion and review of the subject’s HHQ, each subject had two resting blood pressure 

measurements and resting HR, height, weight, and waist/hip circumference measured.  Once 

the measurements were completed, each subject was monitored while they completed 10 ADL.  

Each subject was then either given one ActiGraph GT3X+ accelerometer or one ActiGraph GT3X 

accelerometer (ActiGraph, Pensacola, Florida) to assess each subject’s PA level for one week (7 

days).  Subjects then returned to the Ball State Human Performance Laboratory for a second 

visit within one-two weeks of their first visit.  Visit two required subjects to undergo a resting 

metabolic rate measurement, a dual energy x-ray absorptiometer scan (DXA), and a submaximal 

exercise test.   

 

Visit One 

Resting Heart Rate and Resting Blood Pressure  

Each subject remained seated for five minutes in a quiet environment prior to having 

their resting HR and resting blood pressure measured.  Two blood pressure measurements were 

obtained by a trained technician using an aneroid sphygmomanometer and a stethoscope as the 

subject was seated quietly in a chair with their feet flat on the floor and left arm supported at 

heart level.  The lowest recorded blood pressure was utilized for data analysis purposes.  
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Resting HR was then measured by palpating the radial pulse of the left wrist for 30 seconds 

while the subject was seated with their feet flat on the floor. 

 

Height and Weight Measurements 

The height and weight of each subject was measured using a stadiometer and a 

calibrated digital scale, respectively.  Subjects removed their shoes, heavy jewelry and/or extra 

clothing such as hats, jackets, sweatshirts as well as emptied their pockets in an effort to 

prevent measurement error.  For height measurements, subjects stood erect with their feet flat 

on the floor and their heels, mid-body, and upper body touching the wall (16).  The subject took 

a normal breath in and held it while looking straight ahead (16).     

 

Waist and Hip Circumference Measurements 

Both waist and hip circumferences were measured using a cloth tape measure that had 

a spring-loaded handle.  Both measurements were made on bare skin.  With the subject 

standing, arms at their sides, feet together, and their abdomen relaxed, a horizontal measure 

was taken at the narrowest part of the torso for each subject’s waist circumference (27).  The 

hip circumference was taken at the maximal circumference of the buttocks with each subject 

standing upright and their feet together (27). 

 

Activities of Daily Living 

Subjects completed two activities from each of the following categories: (a) sedentary; (b) 

housework; (c) yard work; (d) locomotion; and (e) recreational for a total of 10 activities.  Each 

activity was completed for seven minutes and done continuously.  Subjects were instructed to 
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complete all of the activities at their own pace.  The total time for the completion of the ADL 

routine was approximately 70 minutes.  The activities included: 

 Sedentary: watching television, reading in a chair, browsing the internet, playing cards  

 Housework: sweeping with a broom, doing laundry, light cleaning, washing windows 

 Yard Work: gardening, pulling weeds, watering plants, raking the lawn 

 Locomotion: walking at a normal pace, pushing a load, carrying boxes of different 

weight, walking up/down stairs 

 Recreational: playing with a basketball, playing with a soccer ball, stationary cycling, and 

dancing.    

The aforementioned activities were separated into four blocks.  Each block consisted of 

five activities that were representative of the five different categories chosen for the study.  

Each subject was randomized to complete two of the four blocks. The activities were completed 

in order of increasing intensity with no rest period between each activity.  While completing the 

ADL routine, each subject wore the Cosmed K4b2 portable metabolic measurement system, 

three ActiGraph GT3X+ accelerometers, and one Polar RS800CX HR Monitor.   

 

Indirect Calorimetry 

The weight of the Cosmed K4b2 (Cosmed, Rome, Italy) is 1.5 kilograms (kg).  The Cosmed 

K4b2 was calibrated according to manufacturer’s instructions.  This consisted of performing a 

room air calibration and a reference gas calibration prior to each test using 16.01% oxygen and 

5.01% carbon dioxide.  The turbine was also calibrated prior to each test using a 3.00-liter 

syringe (Hans-Rudolph, Kansas City, Missouri).  Lastly, a delay calibration was performed weekly 
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and/or when anything was replaced on the Cosmed K4b2 to adjust for lag time that occurs 

between the expiratory flow measurement and the gas analyzers (9).   

The Cosmed K4b2 was fixed onto a chest harness that was worn by each subject.  The 

subject was then equipped with a facemask (Hans-Rudolph, Kansas City, Missouri) that covered 

both their nose and mouth and was then connected to a flowmeter.  In order to secure the 

facemask to the subject’s face a nylon mesh hairnet and Velcro straps were connected to the 

facemask.  The Cosmed K4b2 analyzed VO2, VCO2, and RER continuously throughout the 

activities.  The Cosmed K4b2 was used as the criterion method for the measurement of EE during 

all activities.  All data from the Cosmed K4b2 was downloaded to a computer at the conclusion 

of each test for subsequent data analysis using the Cosmed K4b2 Software Version 8.0b.    

 

ActiGraph Accelerometers 

The ActiGraph GT3X+ accelerometer (ActiGraph, Pensacola, Florida) is a small (4.6cm x 

3.3cm x 1.5cm), lightweight (0.019 kg) triaxial accelerometer that is capable of measuring 

accelerations in the range of +/- 6 g’s.  The GT3X+ accelerometer has a frequency range (0.25 to 

2.5 Hertz) that is able to detect normal human motion and reject changing accelerations outside 

the pass band.  All three GT3X+ accelerometers were initialized to record data at a sampling rate 

of 100 Hz/second.  The raw accelerations were stored in a non-volatile flash memory for future 

analysis.  Each subject wore one ActiGraph GT3X+ accelerometer on their dominant ankle 

(located just above the lateral malleolus), hip (located on the mid-thigh line), and wrist (located 

just above the end of the ulna).  At the conclusion of each test, the ActiGraph GT3X+ 

accelerometers were downloaded to a computer for subsequent data analysis using the ActiLife 

Software Version 5.10.0.       
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Polar RS800CX Heart Rate Monitor 

The Polar RS800CX HR Monitor (Polar Electro Oy., Kempele, Finland) was used to 

measure each subject’s HR while completing each activity.  Each subject’s height, weight, birth 

date, and gender were entered into the HR monitor prior to beginning the activities.  Water was 

applied to the electrode areas of the strap in order to maximize signal transmission.  The strap 

was placed directly on the subject’s bare skin on the lower part of the chest.  The Polar RS800CX 

HR Monitor watch was worn on the subject’s non-dominant wrist.  Data from the Polar RS800CX 

HR Monitor was downloaded to a computer using the Polar Pro Trainer 5 Software.   

 

Seven-Day Physical Activity Assessment  

Prior to leaving the first visit, subjects were given one ActiGraph GT3X+ accelerometer 

or one ActiGraph GT3X accelerometer (ActiGraph, Pensacola, Florida) to wear for one week (7 

days).  The GT3X+ accelerometer was initialized at a sampling rate of 100 Hz and the GT3X was 

initialized utilizing a 60-second epoch.  The GT3X+ accelerometers were downloaded in raw data 

form and then converted to 60-second epochs.  The accelerometer was worn on a belt or 

waistband on the right hip.  If the subject did not wear clothing with a belt or thick waistband, 

an elastic band for use was supplied.  Each subject was asked to wear the monitor upon 

awakening with removal of the monitor at bedtime and during any activity involving water or 

high risk for damage for a total of seven days.  All subjects recorded any daytime periods the PA 

monitor was not worn and/or recorded any non-ambulatory activities (ex. swimming, cycling, 

and housework) performed during the day.  Subjects recorded any unusual or atypical activities 

performed while wearing the activity monitor.  The information that was recorded on the PA log 

form was included with the actual data from the accelerometer to better estimate each 
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subject’s current level of PA.  The data was downloaded to a computer for subsequent data 

analysis using ActiLife Software Version 5.10.0.  

  

Visit Two 

Visit two was scheduled within one-two weeks of visit one.  Subjects began their second 

visit with a resting metabolic rate (RMR) measurement to assess their resting VO2.  That 

measurement was followed by a dual energy x-ray absorptiometer (DXA) scan to assess body fat 

percent as well as bone mineral density.  Lastly, each subject performed a submaximal exercise 

test to assess each subject’s fitness level.    

 

Resting Metabolic Rate 

Subjects avoided food and drinks (except water) 3-4 hours prior to their scheduled test 

time as well as avoided tobacco, caffeine, and medications.  Subjects did not engage in any 

strenuous PA the day prior to their scheduled test time.  Subjects lied as still as possible on a 

padded surface in the supine position for 30 minutes in a quiet room with low lighting.  After 30 

minutes, a clear plastic hood was placed over the subject’s head and shoulders while the subject 

remained as still as possible in the supine position on the padded surface.  A clear plastic tube 

was then connected to the hood, with the other end of the tube being connected to the 

TrueOne 2400 metabolic measurement system (Parvo Medics, Sandy, UT).  This tube allowed for 

the measurement of each subjects resting VO2 while lying in the supine position in a well-rested 

state.  The clear plastic tube pulled normal room air into the hood allowing the subject to 

breathe normal room air throughout the entire test.  Data was collected for approximately 15-
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30 minutes depending on the amount of time it took to stabilize the FeCO2% values (0.8-1.2) for 

each subject. 

 

Dual Energy X-Ray Absorptiometer (DXA) Scan   

Subjects underwent a body composition measurement of total body adiposity and bone 

mineral density using the Lunar intelligent dual energy x-ray absorptiometer (iDXA) (GE 

Healthcare, Chicago, IL).  Subjects removed their shoes, any metal they were wearing or had in 

their pockets, any belts, watches, and glasses (if possible).  Subjects had to be still in the supine 

position on the Lunar iDXA platform for approximately 7-13 minutes depending on body size. 

 

Submaximal Exercise Test 

The submaximal treadmill test was conducted with the Bruce Protocol which is 

described elsewhere (6).  Metabolic measurements such as ventilation, oxygen uptake, and 

respiratory exchange ratio were continuously assessed utilizing the TrueOne 2400 Metabolic 

Measurement System (Parvo Medics, Sandy, UT).   Blood pressure measurements were obtained 

every three minutes and a rating of perceived exertion was obtained every minute throughout 

the test.  HR and ECG were continuously assessed through the General Electric Case Stress 

System (Chicago, IL).  The submaximal exercise test was terminated when the subject reached 

85% of their age-predicted maximal HR or when the subject completed the fourth stage of the 

Bruce protocol.  The submaximal treadmill test was used to estimate each subject’s aerobic 

capacity.  From the test, data points for both HR and VO2 were plotted on a graph.  Each 

subject’s age-predicted HR max was used as the final point for HR and a linear trendline was 

used to determine the estimated VO2 value.    



72 
 

 

Data Analysis 

An external time piece was used to synchronize the start time of the Cosmed K4b2, the 

three ActiGraph GT3X+ accelerometers, and the Polar RS800CX HR Monitor precisely at a 60-

second epoch.  An annotation sheet was utilized to record the start and stop time of each 

activity.  For data analysis purposes, minutes 4-7 of each activity were averaged to obtain mean 

HR, VO2, and activity counts from each accelerometer.   

Comparisons were made between actual EE (Cosmed K4b2), the multiple regression 

equation developed in the current study, the Polar RS800CX HR Monitor, and the two-regression 

model developed by Crouter et al. (9).  EE from the Polar RS800CX HR Monitor was calculated 

through the OwnCalS program that is built into the HR monitor.  The OwnCalS program uses 

each subject’s age, gender, height, weight, and ADL HR to determine EE.  Crouter’s et al. two-

regression model was calculated using the ActiLife Software Version 5.10.0.  The average MET 

values were then converted to EE two different ways.  Crouter1 was converted from METs to 

VO2 (ml/kg/min) by dividing 3.5 and then converting to EE (kcals/min).  Crouter2 was converted 

from METs to VO2 (ml/kg/min) by dividing each subject’s resting VO2 and then converting to EE 

(kcals/min).    

    

Statistical Analysis  

Statistical analyses were carried out using IBM SPSS Statistics 19.0 for windows (SPSS, 

Chicago, IL).  For all analyses, an alpha value of 0.05 was used to indicate statistical significance.  

All values are reported as means ± standard deviation.  Independent t-tests were used to 

compare mean values for descriptive characteristics between male and female as well as 

differences between different age groups.  A forward stepwise regression model was employed 
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in order to evaluate the relationship between measured EE, HR, type of activity, and ankle-, hip-, 

and wrist-worn accelerometer activity counts.  Lastly, a one-way repeated-measures ANOVA 

was used to compare differences in EE between the Cosmed K4b2, the regression equation, the 

Polar RS800CX HR monitor, and the two-regression model developed by Crouter et al (9).  

Pairwise comparisons with Bonferroni adjustments were performed to locate significant 

differences for each activity category between the Cosmed K4b2, the multiple regression 

equation developed in the current study, the Polar RS800CX HR Monitor, and the two-regression 

model developed by Crouter et al. (9).       

 

 Results 

Subject Characteristics 

 The study cohort consisted of 26 female and 14 male subjects.  Descriptive 

characteristics, by gender, for resting variables are displayed in Table 1.  Independent t-tests 

revealed no significant differences between gender for age (P = 0.85), resting HR (P = 0.56), and 

resting VO2 (P = 0.59).  Men significantly weighed more, had significantly higher BMI’s and had 

significantly higher resting EE values compared to that of women (P < 0.05).  No comparisons 

were made between age groups due to an uneven distribution of male and female subjects in 

each 10 year age group.    

 

Indirect Calorimetry 

 As shown in Table 2, playing cards resulted in a significantly higher average VO2 

compared to watching TV, computer, and reading in a chair (P < 0.05).  The average VO2 for 

washing windows was significantly higher compared to all other housework activities including 
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sweeping, doing laundry, and light cleaning (P < 0.05) (Table 3).  Raking produced the highest 

average VO2 for yard work activities, but was only significantly different from that of general 

gardening and watering plants (P < 0.05) (Table 4).  As shown in Table 5, walking up and down 

stairs produced a significantly higher average VO2 compared to all other locomotive activities (P 

< 0.05).  Lastly, playing basketball produced a significantly higher average VO2 compared to 

playing soccer, stationary cycling, and dancing (P < 0.05) (Table 6).   

 

Predicted Energy Expenditure 

 Heart Rate. The average HR for all sedentary, housework, yard work, locomotion, and 

recreational activities was 69, 86, 91, 98, and 110 bpm, respectively.  The relationship between 

EE and average HR was statistically significant (r2 = 0.59; P < 0.05).  Moreover, these findings 

indicate that the variance in EE explained by HR alone accounts for 59.3%.  

Hip-Worn Accelerometer. The average counts/min. produced by the hip-worn 

accelerometer for all sedentary, housework, yard work, locomotion, and recreational activities 

were 4, 352, 561, 2601, and 1526 counts/min., respectively.  Accounting for the hip in addition 

to average HR improved the relationship (r2 = 0.73, P < 0.05) with EE compared to HR alone and 

remained significant.  The hip-worn accelerometer explained an additional 14.1% of variance in 

EE compared to HR alone.   

Type of Activity. Furthermore, when accounting for type of activity being performed 

there was an even greater improvement in the relationship with EE as compared to HR alone 

and the combination of HR and a hip-worn accelerometer (r2 = 0.78; P < 0.05).  This relationship 

indicates that an additional 5% of the variance in EE can be explained by type of activity. 



75 
 

 

Wrist-Worn Accelerometer. The average counts/min. for the wrist-worn accelerometer 

for all sedentary, housework, yard work, locomotion, and recreational activities was 546, 5638, 

4185, 2733, and 5284 counts/min., respectively.  Accounting for the wrist—in addition to 

average HR, the hip-worn accelerometer, and type of activity—showed further improvements in 

the relationship between EE (r2 = 0.81, P < 0.05)  and remained significant.  Despite this 

significant improvement, the wrist-worn accelerometer only provided an additional 3% of 

variance in EE.   

Ankle-Worn Accelerometer. The last independent variable accounted for in the forward 

regression model was the ankle-worn accelerometer.  The average counts/min for the ankle-

worn accelerometer for all sedentary, housework, yard work, locomotion, and recreational 

activities were 8, 679, 1024, 6719, and 8346 counts/min., respectively.  The addition of the 

ankle-worn accelerometer further improved the relationship with EE (r2 = 0.84, P < 0.05) and 

remained significant.  However, the ankle-worn accelerometer only explained an additional 3% 

of variance in EE.   

The relationship from all variables can be predicted from a regression line of y = -1.372 + 

0.065x + 0.001x2 + 0.491x3 + 0.00042x4 + 0.00024x5, where x = HR; x2 = hip-worn accelerometer; 

x3 = type of activity; x4 = wrist-worn accelerometer; x5 = ankle-worn accelerometer.    

 

Comparisons of Predicted Energy Expenditure  

Comparisons were made between the Cosmed K4b2, the multiple regression equation, 

the two-regression model developed by Crouter et al. (9), and the EE predicted from the Polar 

RS800CX HR monitor.   
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Sedentary Activities. As shown in Figure 1, EE during sedentary activities as measured 

by the Cosmed K4b2 was significantly different compared to estimated EE from the multiple 

regression equation (-0.22 ± 0.08 kcals/min) and HR (1.03 ± 0.28 kcals/min) (P < 0.05).  

Furthermore, HR (1.26 ± 0.28 kcals/min) and Crouter2 (0.28 ± 0.13 kcals/min) (P < 0.05) 

significantly underestimated EE compared to the multiple regression equation.   

Housework Activities. For housework activities (Figure 2), EE predicted by the multiple 

regression equation (0.20 ± 0.08 kcals/min), HR (1.18 ± 0.28 kcals/min), and Crouter2 (0.58 ± 

0.14 kcals/min) significantly underestimated EE compared to the Cosmed K4b2 (P < 0.05).  

Predicted EE from the multiple regression equation was significantly different compared to HR 

(0.98 ± 0.28 kcals/min) and Crouter2 (0.38 ± 0.13 kcals/min) (P < 0.05).  There was no significant 

difference between EE predicted from the multiple regression equation to that predicted from 

Crouter1 (-0.06 ± 0.14 kcals/min) (P = 0.67).  

Yard Work Activities. EE predicted by the multiple regression equation (0.07 ± 0.08 

kcals/min), HR (0.43 ± 0.28 kcals/min), and Crouter1 (-0.67 ± 0.14 kcals/min) were not 

significantly different compared to EE measured by the Cosmed K4b2 (P = 0.38, P = 0.13, P = 

0.65, respectively) for yard work activities (Figure 3).  However, EE predicted from Crouter2 was 

significantly different compared to EE measured by the Cosmed K4b2 (0.41 ± 0.14 kcals/min) (P < 

0.05).  Furthermore, the multiple regression equation was not significantly different from EE 

predicted by HR (0.36 ± 0.28 kcals/min) (P = 0.20) and Crouter1 (-0.13 ± 0.14 kcals/min) (P = 

0.34).  When compared to the multiple regression equation, Crouter2 significantly 

underestimated EE (0.35 ± 0.13 kcals/min) (P < 0.05).   

Locomotive Activities. As displayed in Figure 4, the multiple regression equation 

significantly underestimated EE compared to Crouter1 (-1.87 ± 0.14 kcals/min) and Crouter2 (-
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0.96 ± 0.13 kcals/min) (P < 0.05) during locomotive activities.  When compared to the multiple 

regression equation, predicted EE from HR significantly underestimated EE (-0.56 ± 0.28 

kcals/min) (P < 0.05).  Additionally, there were no differences in EE between the multiple 

regression equation and the Cosmed K4b2 (-0.07 ± 0.08 kcals/min) (P = 0.35).  Crouter1 

significantly overestimate EE compared to the Cosmed K4b2 (1.80 ± 0.14 kcals/min), HR (2.43 ± 

0.32 kcals/min), and Crouter2 (0.92 ± 0.07 kcals/min) (P < 0.05).   

 Recreational Activities. The average kcals/min expended during recreational activities 

for the Cosmed K4b2, the multiple regression equation, HR, Crouter1, and Crouter2 are 

displayed in Figure 5.  EE predicted from the multiple regression equation was not significantly 

different compared to the Cosmed K4b2 (0.06 ± 0.08 kcals/min) (P = 0.47) and Crouter1 (0.02 ± 

0.14 kcals/min) (P = 0.91).  Significant differences, however, were observed between the 

multiple regression equation and HR (-0.78 ± 0.28 kcals/min) (P <0.05) as well as Crouter2 (0.76 

± 0.14 kcals/min) (P < 0.05).  The Cosmed K4b2 was significantly different compared to predicted 

EE from HR (-0.84 ± 0.28 kcals/min) and Crouter2 (0.70 ± 0.14 kcals/min) (P < 0.05).   

 

Discussion 

This study describes an approach to estimating EE using multiple methods by combining 

HR, type of activity, ankle-, hip-, and wrist-worn accelerometer counts.  With this approach the 

estimations of EE are substantially improved compared to using any of the methods 

independently.  The multiple regression equation developed in the current study was 

significantly correlated with EE (r = 0.92) (P < 0.05).   

When considering the individual variables that make up the multiple regression 

equation, HR explained the majority of the variance in EE accounting for 59.3%.  This result is 
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similar to that found by Strath et al. who found a correlation of 0.68 between HR and VO2 with 

HR explaining 47% of the variance in VO2 (25).  The current study had subjects perform 

sedentary, light, and moderate intensity activities; whereas, Strath et al. only analyzed 

correlations between EE and moderate intensity activities.  When Strath et al. adjusted for age 

and fitness level, HR became an even more accurate predictor of EE as compared to measured 

EE via indirect calorimetry with a correlation of 0.87.  These results are similar to the current 

study which found a correlation of 0.92 between the multiple method approach and EE. 

In the current study, the hip-worn accelerometer explained an additional 14.1% of the 

variance in EE (r2 = 0.73; P < 0.05) to that already explained by HR alone.  The results of the 

current study are similar to that found by Eston et al. who predicted EE while 30 children walked 

at two speeds (2.5 and 3.7 mph), ran on a treadmill (5.0 and 6.2 mph), played catch, played 

hopscotch, and sat and crayoned for four minutes per activity (11).  In this study, VO2 was 

expressed as a ratio of body mass raised to the power of 0.75 [scaled oxygen uptake (sVo2)] in 

order to be able to compare the results of this study from children to that of adults.  A multiple 

regression analysis was used to establish the efficacy of using two measures simultaneously.  

The best predictor of sVo2 compared to any other measure alone was the combination of HR 

and a hip-mounted triaxial accelerometer (r2 = 0.85).  HR added 2.0% (P < 0.01) of variance to 

that already explained by the hip-mounted triaxial accelerometer.  These results are similar to 

the present study which showed that the combination of HR and activity counts from the hip-

worn accelerometer accounted for 73.4% of the variance in EE.  However, in the current study 

HR accounted for 59.3% of the variance in EE and the hip-worn accelerometer accounted for an 

additional 14.1% of the variance in EE to that already explained by HR which is in contrast to the 

study by Eston et al. (11).  One possible reason for the variation in the results of these two 
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studies may be attributed to the type of activities performed.  In the current study, subjects 

completed more upper body activities compared to the subjects in the study by Eston et al. (11).  

There is a linear relationship for HR and VO2 during both upper- and lower-body dynamic 

exercises, but upper-body dynamic exercise produces a HR that is approximately 10% higher at 

any given submaximal workload compared to lower-body dynamic exercise (20).  A second 

possible reason for the variation in the results of the two studies can be attributed to the 

different subject populations.  In the current study, subjects ranged in age from 20-60 years; 

whereas, Eston et al. analyzed children aged 8-10 years (11).  It is well-known that there is an 

age-related effect on HR, children have smaller hearts, and physically fit individuals will have a 

lower HR at any given submaximal workload compared to unfit individuals due to a greater 

stroke volume (20).   

The strength of the relationship between HR and activity counts from the hip-worn 

accelerometer compared to EE (r2 = 0.73) found in the present study is similar to that found by 

Strath et al. (23).  Strath et al. assessed the accuracy of the HR-motion sensor technique to 

estimate EE for a variety of different activities in 30 volunteers (23).  Some of the activities 

included vacuuming, washing windows, light cleaning, raking, general gardening, slow walking, 

and walking up/down stairs intermittently.  The relationship for all subjects between predicted 

MET values from the hip-worn CSA accelerometer compared to measured MET values from the 

Cosmed K4b2 was r2 = 0.54.  The relationship between the HR method and measured METs from 

the Cosmed K4b2 for all subjects was somewhat higher compared to the hip-worn CSA 

accelerometer (r2 = 0.67) which is similar to the results found for HR in the current study (r2 = 

0.59).  When combined, the HR-motion sensor technique was significantly related to measured 

METs (r2 = 0.81).  It should be noted that the results of the study conducted by Strath et al. may 
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only be applicable to the activities performed.  Also, Strath et al. did not account for activity 

counts from the ankle and/or wrist accelerometers which provide significant improvements in 

the accuracy of estimating EE as shown in the current study.   

Lifestyle type activities may include components that increase EE that are not accurately 

assessed by HR or accurately captured by the hip-worn accelerometer, such as upper-body 

movements and any lifting or carrying of objects.  In order to address these limitations an 

accelerometer was placed on each subject’s dominant wrist during all activities in the current 

study.  The wrist-worn accelerometer explained an additional 3% of the variance in EE for all 

activities combined.  This small increase may be due to the fact that some activities had little to 

no arm movement (i.e. stationary cycling, walking, playing soccer, etc.).  Theoretically, the wrist-

worn accelerometer may explain more of the variance in EE for activities that produce higher 

activity counts such as washing windows, gardening, playing cards, etc.  It may be beneficial for 

researchers to determine a threshold for activity counts to determine whether or not the wrist-

worn accelerometer should be used to estimate EE.         

The results of the current study are similar to that found by Swartz et al. who assessed 

the estimation of EE utilizing CSA accelerometers at the hip and wrist sites in 70 subjects while 

they completed anywhere from one to six different activities within six different categories: yard 

work, housework, family care, occupation, recreation, and conditioning (26).  The regression 

equation for the wrist and the hip alone accounted for 3.3% and 31.7% of the variance in EE, 

respectively.  When the wrist and hip data were combined, the regression equation accounted 

for 34.3% of the variance in EE.  Indicating that the wrist-worn accelerometer explained an 

additional 2.6% of the variance in EE to that already explained by the hip-worn accelerometer, 

which is similar to the findings in the current study.  



81 
 

 

Another point to consider is that hip- and wrist-worn accelerometers are unable to 

detect changes in level of terrain as well as some non-ambulatory activities such as stationary 

cycling and swimming.  Due to this inability an accelerometer was placed on each subject’s 

dominant ankle to determine the relationship between activity counts and EE while subjects 

completed the ADL routine in the current study.  The ankle-worn accelerometer explained an 

additional 3% of the variance in EE (r2 = 0.84; P < 0.05).  This low variance in EE may be due to 

the fact that some activities produced little or no activity counts for the ankle-worn 

accelerometer (i.e. watching TV, surfing the internet, doing laundry, etc.); whereas, other 

activities produced very high activity counts (i.e. stationary cycling, dancing, sweeping, etc.).  

Again, it may be beneficial for researchers to determine a threshold for activity counts in order 

to determine whether or not the ankle-worn accelerometer should be used to estimate EE.         

 Melanson and Freedson conducted a study assessing the validity of the CSA 

accelerometer in 28 volunteers while walking and jogging at different speeds (19).  The CSA 

ankle, wrist, and hip counts were significantly correlated with EE (r = 0.66, r = 0.81, r = 0.80, 

respectively, P < 0.01).  The best single accelerometer model used data from the CSA wrist-worn 

accelerometer, which accounted for 86% of the variance in EE.  This result is in contrast to the 

current study which did not find the wrist-worn accelerometer to be the best single method to 

estimate EE and only explained an additional 3% of the variance in EE to that already explained 

by several other methods.  Melanson and Freedson found that both the CSA ankle- and hip-

worn accelerometers explained an additional 3% of variance in EE when either one was 

combined with the wrist-worn accelerometer (r2 = 0.89).  In the current study, the ankle- and 

hip-worn accelerometers produced an additional 3% and 14.1% of the variance in EE, 

respectively.  The differences between the two studies may be attributed to the type of 
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activities used to develop the regression equations.  Melanson and Freedson analyzed treadmill 

walking and jogging; whereas, the equation developed in the current study was based on a wide 

variety of activities, including both indoor and outdoor activities.  However, it can be speculated 

that regardless of the type of activity, the ankle-worn accelerometer may only produce a 

minimal, but significant improvement in the variance of EE.   

Rawson et al. estimated EE during resistance exercise using accelerometry in 30 men 

and women (21).  Participants wore accelerometers (ActiGraph GT1M) on the ankle, hip, and 

wrist, and a portable metabolic measurement system (Cosmed K4b2).  Significant correlations 

were found for both the ankle (r = 0.50, P < 0.01) and waist (r = 0.77, P < 0.001) accelerometer 

counts with only a trend for an association between wrist accelerometer counts (r = 0.31, P = 

0.10).  A forward stepwise regression analysis determined that fat-free mass explained the 

greatest percentage of the variance in EE (r2 = 0.85).  The addition of sex and hip accelerometer 

counts improved the relationship (r2 = 0.90).  Including counts from both the ankle and wrist, did 

not significantly improve the prediction of EE during resistance exercise.  These results are in 

slight contrast to the current study which found that the ankle- and wrist-worn accelerometers 

each explained an additional 3% of the variance in EE.   

In the past, regression equations have been developed for walking and jogging (12,14).  

These regression equations are very accurate for these specific activities; however, they tend to 

underestimate the energy cost of most other activities (2,12,14).  In the current study, a novel 

approach was taken by including type of activity within the regression equation.  Type of activity 

explained an additional 5% of the variance in EE.  This is significant because the multiple 

regression analysis developed in the current study was based on five different activity categories 

making the current multiple regression equation applicable to a broad range of activities.     
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The results of this study are in contrast to those found by Hendelman et al. who 

developed a regression equation from hip-worn accelerometer counts while 25 subjects 

completed different lifestyle type activities (14).  Activity counts from the Tritrac accelerometer 

were highly correlated with EE (r = 0.89) during walking.  However, the correlation was reduced 

when all activities were combined (r = 0.62).  The multiple regression equation developed in the 

current study was highly correlated with EE (r = 0.92) during all activities.  It can be speculated 

that the addition of HR as well as the ankle- and wrist-worn accelerometers were able to 

capture movements of the different ADL that the hip-worn accelerometer could not capture 

alone. Thus, the multiple regression equation from the current study provides a substantial 

improvement in the estimations of EE for lifestyle type activities compared to the regression 

equation developed by Hendelman et al (14).  

The most recent regression equation developed to estimate EE during several lifestyle 

type activities is a two-regression model produced by Crouter et al. (9).  Similar to the current 

study, forty-eight subjects were asked to perform various activities (i.e. doing computer work, 

walking up/down stairs at a self-selected speed, cycling at a self-selected speed, washing 

windows, washing dishes, etc.) chosen to represent sedentary, light, moderate, and vigorous 

intensity activities.  For each activity, the coefficient of variation (CV) for the counts per 10 

seconds was calculated to determine whether the activity was walking/running or some other 

type of activity.  A walk/run regression was used if the CV was ≤10; whereas, a lifestyle/leisure 

regression was used if the CV was >10 (9).  The correlation between the two-regression model 

and measured METs was r = 0.96 (P < 0.001).  This result is similar to that found in the current 

study which showed that the correlation between the multiple regression equation and EE was r 

= 0.92 (P < 0.05).  Crouter et al. suggested that no single linear model is able to predict EE for 
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lifestyle type activities; however, with the combination of multiple methods the current study 

was able to accurately predict EE using a single linear regression.         

Despite the multiple regression equation having a strong correlation with EE (r = 0.92, P 

< 0.05), sedentary and light intensity activities were significantly different compared to actual 

EE.  The multiple regression equation overestimated sedentary activities by 0.22 ± 0.08 

kcals/min (P < 0.004) and underestimated housework activities by 0.20 ± 0.08 kcals/min (P < 

0.01).  One could argue that even though these differences are statistically significant, their 

clinical significance may be negligible.  However, sedentary and light intensity activities are 

generally performed for long periods of time which could significantly affect total EE.  For 

instance, the multiple regression equation predicted that one subject burned 1.25 kcals/min 

while watching TV.  If the individual watched TV for eight hours the total energy expended 

would be 600 kcals.  However, the Cosmed K4b2 showed that this same individual expended 

0.94 kcals/min while watching TV, which for eight hours would equate to 451 kcals.  This results 

in a substantial difference of approximately 150 kcals between the Cosmed K4b2 and the 

multiple regression equation.  If the individual watched TV for eight hours every day, that would 

result in an overestimation of 1,050 kcals/week when using the multiple regression equation.  

These results are similar to several other research studies who have found significant 

differences during sedentary and light intensity activities between actual EE and predicted EE 

when either HR or the hip-worn accelerometer were used independently (4,7,8,10,14).   

When Hendelman et al. used regression equations developed from walking data only, 

the metabolic costs for the lifestyle type activities were underestimated by 30-60% (14).  

Hendelman et al. concluded that the relationship between counts versus METs was dependent 

on the type of activity performed, which may be due to the inability of hip-worn accelerometers 
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to detect changes in energy costs from upper-body movement, load carriage, or changes in 

surface or terrain (14).  The regression equation developed from the current study 

overestimated EE by 18% for sedentary activities, underestimated EE by 6% for housework 

activities, and did not under- or overestimate EE for yard work, locomotion, or recreational 

activities.  The results from the current study demonstrate a considerable improvement in 

predicted EE during lifestyle type activities when a lifestyle regression equation is utilized.         

As previously mentioned, Crouter et al. developed a two-regression model based on the 

hip-worn accelerometer (9).  When compared to actual EE and our multiple regression equation, 

the Crouter1 equation significantly overestimated EE for locomotive activities by 28-29% (Figure 

4).  This is in contrast to the results found by Crouter et al. (9) which produced no significant 

differences between the two-regression model and measured METs for all activities.  The reason 

for this difference may be due to the different types of locomotive activities performed in the 

two studies.  In the current study, more locomotive activities were performed (i.e. walking 

up/down stairs, carrying boxes, pushing a cart) compared to the study conducted by Crouter et 

al. (9).  It should be noted that using each subject’s resting VO2 (Crouter2) to predict EE from the 

two-regression model by Crouter et al. did not improve the estimations of EE for any of the 

activity categories as compared to actual EE (Cosmed K4b2) and the multiple regression equation 

developed in the current study. 

Using the OwnCalS program, the Polar RS800CX HR Monitor was able to estimate EE for 

each activity.  Interestingly, EE estimated from HR in the current study was significantly different 

compared to that of the Cosmed K4b2 and the multiple regression equation developed in the 

current study.  HR overestimated EE for recreational activities; whereas, HR underestimated EE 

for sedentary, housework, and locomotion activities.  As previously mentioned, type of activity 



86 
 

 

and fitness level of each subject could have played a pertinent role in the accuracy of estimating 

EE via HR.  Fitness level was not accounted for in the current study when predicting EE from HR 

and as previously mentioned, Strath et al. demonstrated a significant improvement in the 

correlation between HR and VO2 when age and fitness level were taken into account (r = 0.87) 

(25).  Studies have shown that EE predicted from HR during sedentary and light intensity 

activities can be significantly different compared to measured EE (4,8,10).  

In regards to the type of activity being performed, more accurate estimates of EE via HR 

have been found when both arm and leg regression equations are used.  Strath et al. conducted 

two studies that utilized a ratio between arm and leg activity counts to reflect predicted EE 

(23,24).  If the ratio between arm and leg counts was >25 the activity was considered an upper-

body activity and the arm regression equation was used to predict EE.  If the ratio was <25 the 

activity was considered a lower body activity and the leg regression equation was used to 

predict EE.  In both studies conducted by Strath et al. the relationship was highly correlated (r = 

0.81, SEE = 0.55 METs) (23,24).  Strath et al. concluded that using both an arm and leg regression 

equation significantly improves the prediction of EE compared to using only a leg regression 

equation (23,24).  Unfortunately, developing individual HR-VO2 regression equations for both 

upper- and lower-body activities can be limiting and very time consuming preventing the use of 

this technique within the general population.  The current study did not utilize individual HR-VO2 

arm and leg regression equations to estimate EE via HR; however, the data from Strath et al. 

suggests the estimates of EE could have been greatly improved if this method was applied 

(23,24).            

In summary, the multiple regression equation developed in the current study is 

significantly correlated with EE (r = 0.92; P < 0.05).  HR explained the majority of the variance in 
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EE accounting for 59.3%.  The hip-worn accelerometer explained an additional 14.1% of the 

variance in EE.  Type of activity, the ankle-, and wrist-worn accelerometers all provided minimal, 

but significant improvements in the relationship with EE (5%, 3%, and 3%, respectively).  When 

comparing the multiple regression equation to the Cosmed K4b2, there were significant 

differences for sedentary and housework activities when compared to actual EE (Cosmed K4b2).  

The multiple regression equation developed in the current study provides researchers with an 

accurate methodology to estimate EE in free-living situations and to better determine the dose-

response relationship between PA and health.   
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Table 1. Descriptive Characteristics of Study Participants by Gender. 
 

 
 
 
 
 
 
 
 
 

Data presented are mean ± SD.  
*Significantly different (P < 0.05) between men and women. 
 

 
Table 2.  Measured VO2 (ml/kg/min) for Sedentary Activities.  
 

Activity Mean VO2 (±SD) Mean kcals/min. (±SD) 

Computer 3.2 (0.6) 1.08 (0.28) 
Reading 3.2 (0.4) 1.18 (0.33) 
Watching TV 2.9 (0.5) 1.12 (0.34) 
Playing Cards 3.8 (0.6)*    1.39 (0.26)* 

Data presented are mean ± SD. 
*Statistically different (P < 0.05) compared to Watching TV, Reading, and Computer. 
 
 
 
 
Table 3. Measured VO2 (ml/kg/min) for Housework Activities.  
 

Activity Mean (±SD) Mean kcals/min. (±SD) 

Laundry 6.5 (0.9) 2.42 (0.79) 
Light Cleaning 8.1 (1.6) 2.72 (0.80) 
Sweeping 9.3 (1.3) 3.51 (0.83) 
Washing Windows 10.9 (1.9)*   4.07 (1.06)* 

Data presented are mean ± SD. 
*Statistically different (P < 0.05) compared to Sweeping, Light Cleaning, Laundry.  
 
 
 
 
 
 
 
 

 Men (n = 14) Women (n = 26) 

Age (yrs.) 39 ± 13 40 ± 11 
Height (m) 1.83 ± 0.1* 1.66 ± 0.1* 
Weight (kg) 91.8 ± 10.5* 64.4 ± 11.1* 
BMI (kg/m2) 27.5 ± 3.5* 23.4 ± 3.5* 
Resting HR (bpm) 67 ± 12 65 ± 12 
Resting VO2 (ml/kg/min) 3.0 ± 0.3 3.1 ± 0.4 
Resting EE (kcals) 1879 ± 203* 1343 ± 202* 
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Table 4. Measured VO2 (ml/kg/min) for Yard Work Activities.  
 

Activity Mean (±SD) Mean kcals/min. (±SD) 

General Gardening 8.2 (2.3) 3.18 (1.08) 
Pulling Weeds 9.8 (1.6) 3.58 (1.19) 
Watering Plants 7.7 (1.4) 2.53 (1.01) 
Raking 10.0 (2.5)*    3.73 (0.61)* 

Data presented are mean ± SD. 
*Statistically different (P < 0.05) compared to General Gardening and Watering Plants. 
 
 
 
Table 5. Measured VO2 (ml/kg/min) for Locomotion Activities.  
 

Activity Mean (±SD) Mean kcals/min. (±SD) 

Pushing a Cart 11.9 (1.8) 4.47 (1.32) 
Walking-Normal Pace 11.1 (1.8) 4.28 (1.91) 
Up/Down Stairs 15.1 (2.8)*    5.79 (1.35)* 
Carrying Boxes 11.8 (2.2) 4.01 (1.17) 

Data presented are mean ± SD. 
*Statistically different (P < 0.05) compared to Pushing a Cart, Walking-Normal Pace, and 
Carrying Boxes. 
 
 
 
Table 6. Measured VO2 (ml/kg/min) for Recreational Activities. 
 

Activity Mean (±SD) Mean kcals/min. (±SD) 

Basketball 20.5 (6.8)*    8.01 (2.98)* 
Soccer 12.7 (4.5) 4.81 (1.93) 
Dancing 12.2 (3.9) 4.16 (1.33) 
Stationary Cycling 12.5 (3.5) 4.96 (2.05) 

Data presented are mean ± SD. 
*Statistically different (P < 0.05) compared to Soccer, Dancing, and Stationary Cycling. 
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Figure 1.  Comparison of Measured Energy Expenditure (Mean ± SD) during Sedentary Activities 
to a 3-accelerometer + HR Method and to Previously Developed Methods. 
 

 
 
*Significantly different from the Cosmed K4b2 (P < 0.05). 
†Significantly different from the Multiple Regression Equation (P < 0.05). 
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Figure 2. Comparison of Measured Energy Expenditure (Mean ± SD) during Housework Activities 
to a 3-accelerometer + HR Method and to Previously Developed Methods. 
 

 
 
*Significantly different from the Cosmed K4b2 (P < 0.05). 
†Significantly different from the Multiple Regression Equation (P < 0.05). 
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Figure 3. Comparison of Measured Energy Expenditure (Mean ± SD) during Yard Work Activities 
to a 3-accelerometer + HR Method and to Previously Developed Methods. 
 

 
 
*Significantly different from the Cosmed K4b2 (P < 0.05). 
†Significantly different from the Multiple Regression Equation (P < 0.05). 
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Figure 4. Comparison of Measured Energy Expenditure (Mean ± SD) during Locomotion 
Activities to a 3-accelerometer + HR Method and to Previously Developed Methods. 
 

 
 
*Significantly different from the Cosmed K4b2 (P < 0.05). 
†Significantly different from the Multiple Regression Equation (P < 0.05) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

1

2

3

4

5

6

7

8

Cosmed K4b2 Multiple
Regression

Heart Rate Crouter 1 Crouter 2

En
e

rg
y 

Ex
p

e
n

d
it

u
re

 (k
ca

ls
/m

in
) 

Locomotion Activities 

* 

† 

† 

† 

* 

* 



94 
 

 

Figure 5. Comparison of Measured Energy Expenditure (Mean ± SD) during Recreational 
Activities to a 3-accelerometer + HR Method and to Previously Developed Methods. 
 

 
 
*Significantly different from the Cosmed K4b2 (P < 0.05). 
†Significantly different from the Multiple Regression Equation (P < 0.05). 
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Chapter V 
 
 
 

Summary and Conclusions 
Recommendations for Future Research 

 
 

Summary 

 The current study analyzed the method of using multiple accelerometers and a HR 

monitor to estimate EE while subjects completed different lifestyle type activities.  Specifically, 

each subject wore three ActiGraph GT3X+ Accelerometers, one Polar RS800CX HR Monitor, and 

the Cosmed K4b2 portable metabolic measurement system.  One accelerometer was worn on 

each subject’s dominant ankle, hip, and wrist.  The Cosmed K4b2 was used as the criterion 

method for the measurement of EE during all activities.  Activities were divided into five 

different categories: sedentary, housework, yard work, locomotion, and recreational activities.  

Each subject was randomly assigned to perform two activities from each of the five categories 

for a total of ten activities.  Each activity was performed for seven minutes and done 

continuously.  Subjects were instructed to complete all of the activities at their own pace and 

the activities were completed in order of increasing intensity with no rest period in between 

each activity.   

All devices were synchronized to an external time piece to ensure that data from the 

Cosmed K4b2, data from the ActiGraph GT3X+ accelerometers, and data from the Polar RS800CX 

HR Monitor were collected simultaneously.  An annotation sheet was used to record the start 

and stop time of each activity.  HR (bpm), accelerometer counts/minute, and VO2 (ml/kg/min) 
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for minutes 4-7 of each activity were averaged and used for data analysis purposes.  A forward 

stepwise regression model was employed in order to evaluate the relationship between 

measured EE, HR, type of activity, and ankle-, hip-, and wrist-worn accelerometer activity 

counts.   

HR demonstrated the strongest relationship explaining 59.3% of the variance in EE (r2 = 

0.59) (P < 0.05).  The hip worn-accelerometer significantly improved the correlation between EE 

(r2 = 0.73) (P < 0.05) and explained an additional 14.1% of the variance in EE.  The current study 

accounted for type of activity performed and found there to be a significant improvement in the 

correlation with EE (r2 = 0.78) (P < 0.05).  Type of activity explained an additional 5% of the 

variance in EE to that already explained by HR and the hip-worn accelerometer.  Both the wrist- 

and ankle-worn accelerometers explained an additional 3% of the variance in EE.  The 

relationship can be predicted from a regression line of y = -1.372 +0.065x + 0.001x2 + 0.491x3 + 

0.00042x4 + 0.00042x5, where x = HR; x2 = hip-worn accelerometer; x3 = type of activity; x4 = 

wrist-worn accelerometer; and x5 = ankle-worn accelerometer.  

The multiple regression equation significantly overestimated sedentary activities (-0.22 

± 0.08 kcals/min) and significantly underestimated housework activities (0.20 ± 0.08 kcals/min) 

(P < 0.05) as compared to actual EE (Cosmed K4b2).  The differences were statistically significant, 

but their clinical significance may be negligible.  However, sedentary and light intensity activities 

are generally performed for long periods of time which could significantly affect total EE.  For 

instance, the multiple regression equation predicted that one subject expended 1.25 kcals/min 

while watching TV.  If the individual watched TV for eight hours the total energy expended 

would be 600 kcals.  The Cosmed K4b2 showed that this same individual expended 0.94 

kcals/min while watching TV, which for eight hours would equate to 451 kcals.  This results in a 
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substantial difference of approximately 150 kcals between the Cosmed K4b2 and the multiple 

regression equation.  No significant differences were found between actual (Cosmed K4b2) and 

predicted EE from the multiple regression equation for yard work, locomotion, and recreational 

activities.   

When compared to the recently developed two-regression model by Crouter et al., the 

multiple regression equation significantly underestimated locomotion activities (1.87 kcals/min) 

(P < 0.05) (31).  It should be noted that the Crouter et al. equation was also significantly 

different compared to actual EE for locomotion activities (1.80 kcals/min) (P < 0.05) suggesting 

the multiple regression equation is more accurate for those specific activities (i.e. walking at a 

normal pace, walking up/down stairs, carrying boxes of different weight, and pushing a cart).  

No significant differences were found for all other activity categories between the multiple 

regression equation and Crouter1.   

Crouter2 significantly underestimated EE (kcals/min) for housework (0.58), yard work 

(0.41), and recreational activities (0.70); whereas, it significantly overestimated EE (kcals/min) 

for locomotion (0.89) activities as compared to the Cosmed K4b2 (P < 0.05).  As compared to the 

multiple regression equation, Crouter2 significantly underestimated EE (kcals/min) for sedentary 

(0.28), housework (0.38), yard work (0.35), and recreational activities (0.76); whereas, it 

significantly overestimated EE (kcals/min) for locomotion (0.96) activities (P < 0.05).   

The Polar RS800CX HR Monitor OwnCalS program significantly underestimated EE 

(kcals/min) for sedentary (1.26 and 1.03), housework (0.98 and 1.18), and locomotion (0.56 and 

0.63) activities, and significantly overestimated EE for recreational (0.78 and 0.84) (P < 0.05) 

activities as compared to the multiple regression equation and the Cosmed K4b2, respectively.  
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No significant differences were found for EE (kcals/min) predicted via HR for yard work activities 

as compared to the Cosmed K4b2 (0.43) and the multiple regression equation (0.36). 

 

Conclusion 

The multiple method approach analyzed in the current study is a valid method for 

estimating EE during free-living situations.  The combination of HR, type of activity and activity 

counts from the hip-, ankle-, and wrist-worn accelerometers was strongly correlated (r = 0.92; P 

< 0.05) to measured EE.  There was a small, but significant increase in the explained variance of 

EE for both the wrist-worn (3%) and ankle-worn accelerometers (3%).  This low variance in EE 

may be due to the fact that some activities produced little or no activity counts for the wrist-

worn (i.e. stationary cycling, walking, playing soccer) and ankle-worn accelerometers (i.e. 

watching TV, surfing the internet, doing laundry, etc.).  It may be beneficial for researchers to 

determine a threshold for activity counts in order to determine whether or not the ankle- 

and/or wrist-worn accelerometers should be used to estimate EE.  While this small increase may 

be statistically significant, the clinical and practical significance may not outweigh the cost of the 

accelerometers, the increased time and effort it will take to download and manage the data, 

and the burden of requiring subjects to wear two more accelerometers.  However, the current 

study has developed a regression equation that can be utilized in research studies to help better 

define the amount of PA needed in order to gain certain health benefits.     

 

Future Research 

There is a well-known association that exists between PA and health, and the 

measurement of PA behavior is central in defining the dose-response relationship.  Additionally, 
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PA assessments are beneficial in providing individual feedback as well as assessing the 

effectiveness of programs and interventions.  Valid and reliable methods are an integral part in 

understanding the dose-response relationship.  Currently, both subjective and objective 

methods are being used to estimate EE in free-living situations.  Unfortunately, limitations exist 

with each method and with different combinations of these methods that are driving 

researchers to consider other avenues of estimating EE in free-living situations.  Future research 

recommendations include: 

 Refining Regression Models: Linear regression models have been proven to be 

accurate for specific activities such as walking and running, but researchers suggest 

these linear regression models are not applicable for lifestyle type activities.  Thus, 

two-regression and non-linear regression models have been developed to overcome 

the limitation of linear regression models; however, more research is needed to 

determine the accuracy of these models with several different lifestyle type activities 

and for longer periods of time in free-living situations.  It also may be beneficial for 

researchers to determine specific cut-points to help differentiate between upper- and 

lower-boy activities, as well as to help differentiate between sedentary, light-, 

moderate-, and vigorous-intensity activities.   

 PA Pattern Recognition: Accelerometers are unable to detect two activities that 

produce similar total acceleration counts, but expend different amounts of energy 

(21).  Knowing the different types of activities individuals are performing and the 

energy costs for specific activities will enable researchers to better define individual 

PA patterns.  Probabilistic artificial neural networks and quadratic discriminant 

analyses have been used to classify PA patterns as well as duration and intensity for 
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specific activities (48,108,109); however, further research is warranted for free-living 

situations. 

 Global Positioning Systems (GPS): These systems would be beneficial because they 

can provide information in regards to the context of PA.  The GPS unit is able to 

provide accurate assessments of speed during walking and fast running as well as 

other biomechanical parameters (84,97).  The drawbacks to the GPS unit would be the 

inability to capture stationary exercise and exercises performed indoors.  Studies 

should analyze the use of the GPS unit to estimate total PA in free-living situations as 

well as utilizing this method in combination with other methods such as 

accelerometry and/or HR monitoring. 

  Wearable Digital Cameras: In combination with accelerometry and/or HR monitoring, 

a wearable digital camera could provide a better understanding of an individual’s 

physical activities throughout the day (42).  Studies should analyze the effectiveness 

of these digital cameras in determining PA patterns and the ability of these digital 

cameras to increase the accuracy of estimating EE in free-living situations. 
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