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ABSTRACT 

 

Purpose.  To investigate the validity of the Sense Wear Pro Armband (SWA) to 

measure energy expenditure (EE) in healthy participants using wheelchair 

ergometry as an exercise modality. 

Method. Minute by minute EE was measured simultaneously using the SWA and 

indirect calorimetry during three different wheeling speeds including self-selected 

speed (0.81 m/s), moderate speed (1.11 m/s), and fast speed (1.73 m/s).   

Results. Twenty healthy community-dwelling volunteers (age = 34.0 (5.8) years 

and BMI = 23.6 (3.8) kg/m
2
) participated.  An intraclass correlation coefficient 

(ICC) was used to assess agreement between two EE measurement methods.  The 

ICCs were 0.50 (p=0.010), 0.59 (p=0.003), and 0.68 (p=0.000) for the self-

selected speed, moderate speed, and fast speed wheeling, respectively.  The SWA 

overestimated EE observed from indirect calorimetry by 57.8%, 57.4 %, and 

63.7% for self-selected speed, moderate speed, and fast speed, respectively. 

Conclusions. The SWA failed to provide an accurate estimate of EE as measured 

by indirect calorimetry for wheelchair ergometry exercise in healthy subjects.  

The SWA overestimated EE for all exercise intensities.  Exercise-specific 

algorithms need to be developed to improve the estimate of EE in wheelchair 

related activities. 
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CHAPTER ONE 

INTRODUCTION 

 

Sedentary and hypoactive lifestyles as well as imbalance in energy 

expenditure (EE) cause serious health-related problems in all populations (1).  

However, research shows that people with disabilities are more inactive and obese 

than people without disabilities (PWD) (2-11).  Thus, the measurement of EE in 

real life for all populations, perhaps especially for PWD, is increasingly 

important.  Measurement of EE is the most accurate method for determining 

energy requirements (12-14), which is necessary for the development of 

individualised nutritional interventions (15).  Accurate measurement of EE can 

provide information about the relationships between physical activity (PA) and 

health (16,17), as well as provide objective data regarding the success of 

interventions aimed at increasing PA levels (18).  

Measuring EE may be more challenging with PWD than with the non-

disabled population (19).  Disabling conditions limit the amount of active muscle 

mass available during activity (20), and locomotor activity may be performed 

differently and use different muscles (i.e., arms vs. legs) compared to non-

disabled populations. 

Hand-rim-propelled manual wheelchairs are the most commonly used type 

of assistive device for mobility in people with mobility impairments (21,22).  As 

manual wheelchair propulsion is an important mode of mobility, studies that test 



2 

 

the validity of EE measurement devices during upper extremity (UE) work are 

necessary with disabled populations (19).  

EE can be measured in a variety of ways.  Although doubly labeled water 

(DLW) and indirect calorimetry (IC) techniques are considered the gold standard 

measurement of EE (23), they are expensive and require specialized personnel and 

lab facilities.  Heart rate (HR) monitors have been widely used to quantify 

physiological stress, but their efficiency at low intensity PA has been questioned 

due to the potential interference of environmental conditions and emotional stress 

(11,24-26).  Furthermore, for PWD who have sympathetic nervous system 

dysfunctions, HR responses to exercise may be abnormal and thus affect the 

utility of HR monitors for EE estimation (27).  

 Motion detectors such as pedometers and accelerometers have also been 

used to measure PA and EE in both non-disabled and able-bodied populations.  

Pedometers are generally small and inexpensive.  Some pedometers have an 

algorithm to estimate EE, based on steps and body weight.  Their characteristics, 

size, cost, and self-monitoring capability allow pedometers to play a key role in 

health promotion campaigns and walking intervention studies (28).  Although 

they produce accurate step counts in selected populations, pedometers do not 

provide information during non-ambulatory activities (e.g., cycling, weight 

training, and swimming), isometric exercises, and activities that involve the upper 

body, so they are less feasible in the assessment of EE (28,29).
 

Accelerometers have been used to assess PA and EE in free-living 

individuals.  They provide objective data regarding frequency, duration, intensity, 
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level, and total amount of PA (30,31) and have been shown to be a valid and 

reliable device for measuring PA in both non-disabled and able-bodied 

populations (32-37).  Previous studies reported that accelerometers provided the 

most accurate estimate of EE during periods of level walking (38,39).  However, 

they are inaccurate to quantify many low- and high-intensity activities, such as 

standing, childcare, house and yard work, occupational activities, swimming, 

weight lifting, upper body activities, static work, or activities where the body 

weight is partially supported, as in bicycling or rowing (40-42). 

Several studies have investigated the possibility of using accelerometers to 

objectively measure PA and EE in people with mobility impairments, including 

those in manual wheelchair users (32,33,43-45).  Warms et al. (45) reported a 

60% increase in PA as measured by a wrist-worn actigraph (Actiwatch) after 

individuals with spinal cord injury (SCI) participated in 6-week health promotion 

program aimed at improving PA health behaviors.  In validity studies, Postma et 

al. (43) indicated that the ADXL202 piezo-resistive accelerometers (each sensor 

attached to the skin at thighs, wrists, and sternum) effectively measured activity 

levels for wheelchair propulsion activities in individuals with SCI, using video 

recording as a reference method.  Warms et al. (33) reported an association of EE 

data measured with a wrist-worn Actigraph and the Physical Activity Scale for 

Individuals with Physical Disabilities (PASIPD) in adult wheelchair users.  

Another study by Warms (44) presented strong inter-unit reliability and 

concurrent validity between EE measured by a wrist-worn Actiwatch 

accelerometer and a self-report survey in wheelchair users.
 
 However, this 
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evidence should be interpreted with caution because of the use a subjective 

measure (self-report measure) to validate an objective measure (Actiwatch 

accelerometer).  This study also revealed that the Actiwatch accelerometer 

registered spasticity as activity counts, which may be a major problem with the 

use of this device for populations in which spasticity is common (44).  Washburn 

and Copay’s (32) study to validate  wrist-worn Computer Science and Application 

accelerometers (CSA)  using an Aerosport TEEM 100 Total Metabolic Analysis 

System as a criterion method reported significant associations between CSA’s 

data and  Aerosport TEEM 100’s  EE data during three wheelchair pushing speeds 

in manual wheelchair users.  

The SenseWear Pro Armband (SWA) is a newer device worn on the right 

upper arm to capture and store minute-by-minute physiological data.  This device 

incorporates an accelerometer as well as multiple sensors, including heat flux 

sensors, skin temperature sensors, near-body temperature sensors, and galvanic 

skin response sensors to provide a measure of EE (46).  Incorporating a 2-axis 

accelerometer with other heat- related sensors may improve the performance of 

SWA to estimate EE compared to traditional accelerometers.  Most studies with 

non-disabled populations reported moderate to good agreement between EE as 

measured by the SWA and gold standard measures of EE such as IC and DLW 

(47-56).  However, some studies reported a low agreement between a SWA and 

IC in measuring of EE (57-61).  Because the SWA is designed to be worn on the 

upper extremity (UE), it is device that should be tested to determine if it can 
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accurately measure EE during UE activities.  The SWA may be an appropriate 

device to quantify EE during arm exercise. 

To our knowledge, there are only three studies that have examined the 

validity of SWA for measuring EE during arm exercise (53,62,63).  These 

investigators reported that when the general proprietary algorithm was used, the 

SWA provided an accurate estimate of EE compared to IC during arm ergometry 

exercise in healthy subjects (63) and in cardiac rehabilitation patients (53).  In 

people who use wheelchairs, Hiremath et al. (62)  reported a high degree of 

agreement (ICC=0.79) between EE estimated by the SWA and measured by IC 

during wheelchair-related activities, including wheelchair propulsion, arm 

ergometer exercise, and deskwork.  The SWA overestimated EE for all activities 

in this study.  Because the study sample was a small group of subjects, further 

validity studies need to be done to confirm the validity of SWA for measurement 

of EE in wheelchair-related activities. 

 To this point, no studies have tested the validity of the SWA during 

wheelchair ergometry exercise in healthy subjects.  The primary purpose of this 

investigation is to examine the criterion validity of the SWA version 6.1 to 

estimate the EE during wheelchair ergometry exercise with healthy non-disabled 

participants.  The use of healthy participants in this initial study with wheelchair 

ergometry reduces the potential confounding of EE measurement that may result 

from pathology (i.e., autonomic dysfunction).  If our findings reveal that the SWA 

is a valid measure of EE during wheelchair ergometry exercise in healthy 

subjects, future studies may test its validity with disabled populations. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

 

The measurement of EE in free-living conditions is important for health 

care.  Information from accurate measurement of EE can help in nutritional 

management for weight management programs (1) and evaluation of health 

promotion intervention programs aimed at increasing PA (2).  It also helps in 

monitoring physiologic and metabolic responses to illness (3).  As an outcome 

measure, EE can inform health care professionals about the success of therapy, 

treatments, and counseling (1).  The accurate measurement of EE in PWD has 

been a challenge to researchers because disabling conditions  limit the amount of 

active muscle mass available during activity (4), and locomotor activity may be 

performed differently and use different muscles (i.e., arms vs. legs) than non-

disabled populations.  Therefore, selecting the best method for measuring EE in 

PWD requires knowledge of capabilities and limitations of each EE measurement 

method as well as knowledge of the characteristics of the population studied (5). 

 

2.1 DEFINITION AND COMPONENTS OF ENERGY EXPENDITUTE 

Energy expenditure refers to the loss of thermal energy from the body as a 

by-product of human metabolism (6) or the amount of energy in calories, that a 

person uses for respiration, blood circulation, food digestion, and performing 

physical activity.  Total energy expenditure (TEE) refers to the total number of 

calories a person expends over a period of time.  TEE is composed of three 
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components: resting energy expenditure (REE), physical activity energy 

expenditure (PAEE), and thermic effect of food (TEF) (7,8).  REE is the EE 

during a period of rest and accounts for 60-75% of TEE (7,9).
  
 It represents the 

minimum rate of EE needed to support human vital functions for maintaining 

body temperature and autonomic muscular contraction for functions such as 

circulation and respiration.  PAEE is the amount of energy expended in 

performing PA.  It is the most variable component of TEE and accounts for 25-

30% of TEE (10).  PAEE measurement is used to assess the energy cost of a 

specific exercise task or it may be used to estimate the average of EE of human 

being during PA periods.  TEF represents the energy needed for eating, digesting, 

absorbing, transporting, metabolizing, and storing useable forms of energy 

derived from food.  It accounts for approximately 3-10 % of TEE (11). 

EE is influenced by body weight, body composition (7,12),
 
and other 

factors such as age, gender, fitness level, and health condition (13-15).  Previous 

study has shown that weight gain can increase REE (16) and REE is significantly 

higher in obese than in non-obese individuals (17).
 
  

Fat-free mass (FFM) accounts for 70-85 % of the variation in REE.  

Higher FFM is associated with higher REE (11,18-20).
 
  Both TEE and REE 

progressively decrease as a result of ageing (21), mostly due to concomitant 

decreases in fat- free mass (FFM) (22-24).  Men exhibit greater REE values than 

women (25).  A single bout of resistance and aerobic exercise can increase REE 

(26,27).  Athletes have higher TEE and PAEE compared to sedentary individuals 

(28).  Research studies indicate that EE is lower in PWD, especially in people 
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with lower extremity impairments, than in non-disabled people as a result of a 

reduction in fat-free mass and PA level (15,29-31). 

 

2.2 ENERGY EXPENDITURE MEASUREMENT METHODS 

The measurement of EE uses different methods, including self-report 

methods, predictive equations, and objective methods.  Each method has 

advantages and limitations when used to assess EE in free-living individuals.  

This literature review aims to provide a summary of available techniques for 

measuring EE in able-bodied persons and in PWD focusing on advantages and 

limitations of each technique in assessing EE.  In this review, both direct and 

indirect methods that have been accepted among researchers and clinicians will be 

discussed. 

 

2.2.1 Self-report methods  

 Self-report methods typically involve the assignment of a score or value 

to a reported PA, which are then summed over the measurement period and 

converted to EE (32).  Self-report methods have been used to assess PA and EE in 

epidemiological research studies.  Examples include PA records (diaries and 

logs), PA questionnaires, and interviews (32,33).  The advantages of self-report 

methods are that they are easy and inexpensive to administer and can be 

administered to large population groups (34).
 
 Type, frequency, intensity, and 

duration of PA can be assessed.  Given these advantages, self-report surveys have 

played an important role in generating the epidemiological data used to formulate 
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PA prescriptions and guidelines for the general population (34).  However, there 

are some limitations, including misinterpretation of instructions and questions by 

responders and inaccurate recall of PA performed in the past in detail (35), 

especially in children and the elderly who have cognitive problems (36).   

 In addition, some kinds of self-report surveys such as PA diaries need more 

intensive effort, cooperation and motivation by the participants (36). 

Most self-report surveys have been developed and evaluated for their 

validity and reliability in able-bodied populations.  They generally aim at 

measuring PA and EE focusing on participation in intense leisure time sport and 

recreational activities that require independent ambulation.  Therefore, they may 

not be sufficiently sensitive for measuring PA and EE in PWD (37) who mostly 

use wheelchair for locomotion in everyday activities (38,39).  However, several 

studies have developed, evaluated, and applied self-report surveys for measuring 

PA and EE in PWD.  Validity and reliability studies of self-report surveys in 

PWD mostly used accelerometers as a criterion measure.  One previous study 

reported moderate correlation between self-report activities using every 30-minute 

activity log and Actigraph data (r=0.57 for ankle and r=0.59 for wrist) in 

ambulatory multiple sclerosis (MS) patients (40).  Another study used a 7-day 

self-reported recall questionnaire developed and evaluated validity and reliability 

in able-bodied populations and reported that this questionnaire was less sensitive 

than a three-dimensional accelerometer (TriTrac-R3D) (worn on the waist) for 

detecting differences of PA in ambulatory MS  patients (41).   
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 The Physical Activity and Disability Survey (PADS) is a self-reported 

measure that has been developed and tested for its validity and reliability in PWD.  

Previous study reported significant correlations between PADS subscales and 

peak VO2 in PWD (42).  The Physical Activity Scale for Individuals with 

Physical Disabilities (PASIPD) has also been tested for its validity in PWD.  This 

7-day self-reported recall questionnaire gather information regarding the number 

of days a week and hours of daily participation in recreational, household, and 

occupational activities.  Previous studies   reported no statistically significant 

correlation between PASIPD scores and Actigraph data (r=0.19) (43) in 

wheelchair users and one study reported low criterion validity (r=0.30) and high 

test-retest reliability(r=0.77) in non-wheelchair dependent subjects including 

those with stroke, SCI, whiplash, neurological disorders, and orthopedic or back 

disorders (44).  The PASIPD showed a significant negative correlation  with age , 

objective neighborhood environment, and obesity-related risk factors(43,45) but a 

significant positive correlation with stage of change, self-rated health, healthcare 

visits in which exercise was discussed , and  social support for exercise in PWD 

(43).  A construct validity study by Washburn et al. (46) also reported significant 

correlations between each survey item of PASIPD and the PASIPD total score 

with Cronbach α coefficient ranged from 0.37 to 0.65, indicating low to moderate 

internal consistency within factors (46).  However, the authors stated that 

additional validation studies using an external criterion should be employed. 

  In individuals with SCI who use manual wheelchairs as their primary 

mode of mobility, a Physical Activity Recall Assessment for People with SCI 
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(PARA-SCI) was developed (47) to measure type, frequency, duration, and 

intensity of PA.  Results from validity studies revealed significant correlations 

between PARA-SCI scores and indirect calorimetry (IC) estimates of PA (r= 

0.27-0.88) (47) and between scores from the leisure time PA (LTPA) and 

cumulative activity categories of PARA-SCI and objective parameters of aerobic 

fitness (r=0.26-0.35) and muscular strength(r=0.21-0.36) (48). 

 

2.2.2 Predictive equations for the estimation of energy expenditure  

To estimate REE for the general population, prediction equations were 

developed using EE obtained via gold standard techniques as the outcome 

variable and using factors such as age, gender, body weight, and height as the 

predictors (49-52).  Most previous studies reported overestimation from predictive 

equations to estimate REE in various populations, including those with mobility 

impairments.  The Harris-Benedict Equations (HBE), the most widely used 

predictive equations for REE (53), overestimated measured REE by 7-24% in 

healthy men and women (54-56).  These studies also demonstrated that body 

weight and fat-free mass (FFM) were highly correlated with REE.  In children, 

Molnar (57) reported overestimation by 7.5% to 18.1% of five predictive 

equations to estimate REE compared to the IC method in 10-16 year-old children. 

Additionally, Kaplan et al. (58) reported a significant difference between 

measured basal metabolic rate (BMR) and estimated BMR calculated by the 

World Health Organization (WHO) equation in obese children.  However, no 
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significant difference was found between the measured BMR and estimated BMR 

by the HBE and Schofield (SCF) height/weight equations (58).  

 In children with disabilities, Havalad et al. (59) reported a significant 

difference (>10%) between estimated REE using the HBE and measured REE in 

children with head injury, and Patt et al. (60) reported overestimation of 

prediction equations to estimate REE in children with SCI using a portable IC as a 

criterion measure.  Results also showed that height and level of injury were the 

only variables that correlated with REE in this population (60).  In adults with 

SCI,  research findings from various studies revealed that equations validated in 

able-bodied populations to predict REE overestimated  energy requirements  in  

individuals with chronic SCI by 5-32% (4,49-52), most obviously in individuals 

with tetraplegia (4,49).
 
 Rodriguez et al. (61) also indicated that predicted EE by 

multiplying the HBE by an activity factor of 1.2 (an activity factor for bed rest) 

and then by an injury factor of 1.6 (an injury factor for major trauma) (62) 

overestimated energy requirements in 12 individuals with varying levels of acute 

SCI. 

 

2.2.3 Room calorimetry 

Room calorimetry or direct calorimetry measures EE by measuring the 

total heat released by the body at rest or during exercise in a confined 

environment over a given period of time.  Measuring EE by using direct 

calorimetry is considered the gold standard for EE assessment in the laboratory or 

controlled environment (23).
  
This is a non-invasive technique that provides data 
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with excellent accuracy with an error of less than 1% (63)
 
.  Consequently, it is 

useful as a criterion method in validation of TEE measured by using other EE 

measurement methods (64).  However, this method is a technically complex, 

expensive and time-consuming method for measuring EE.  In this method, only 

one individual can be monitored at a time.  In addition, its equipment is not 

transportable, so it does not allow the person to perform lifestyle activities.  

Therefore, this method is used primarily in small research studies.  It is 

impractical for validating other EE measurement methods for lifestyle activities of 

a large population group, including those with mobility impairments (47). 

 

2.2.4 Doubly-labeled water method (DLW) 

 The DLW technique is a non-invasive method of measuring TEE in free-

living individuals (7).  This method is typically considered a gold standard to 

evaluate validity of other EE measurement methods in free-living individuals 

(65).  This technique is performed over longer periods than with other EE 

measurement techniques and therefore it is more likely to provide an accurate 

estimate of TEE without influencing subject’s normal activity patterns (66). 

The DLW technique requires the administration of a standardized amount 

of two stable isotopes, deuterium (
2
H) and 

18
oxygen (

18
O).  These two isotopes 

mix with the normal hydrogen and oxygen in the body water within a few hours 

of ingestion.  As energy is expended in the body, the 
2
H is eliminated from the 

body as water, whereas 
18

O is eliminated as water and carbon dioxide.  Urine is 

measured over a 7-to-14 day period to determine the elimination rates of these 
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two isotopes.  The difference between the isotope elimination rates reflects the 

rates of CO2 production and O2 consumption, which are used to calculate TEE 

(7,67,68). 

The DLW technique provides the most accurate measure of free-living 

TEE, with a reported precision of ± 5% in humans compared to room calorimetry 

(67,69,70).  Although the DLW technique is an accurate technique for measuring 

EE in a free-living environment, there are disadvantages that limit its wide use in 

research and clinical situations (71,72).  DLW cannot be used to differentiate the 

duration, frequency, intensity, or type of PA, and it can provide only a 

representation of the average TEE per day during the measuring period.  

Therefore, precise energy costs of PAs are not acquired (2).
 
  Calculating PAEE 

involves subtracting EE due to food, rest, and perhaps growth, from TEE, which 

increases the error involved and decreases the advantages DLW methods have 

over other methods for assessing EE (73).  Furthermore, its relatively high price 

of administrating per subject for each measurement period,  the need for mass 

spectrometry instrumentation, and the required specialized personnel and lab 

facilities have limited its widespread application in epidemiological research 

(71,74). 

The DLW technique is also considered a gold standard method of EE 

measurement in PWD including in disabled older women with coronary heart 

disease (75), in Parkinson’s disease patients (76), and in wheelchair users (77).  

However, this method exhibits similar limitations as in the non-disabled 

population.  Additionally, this method requires collection of complete urine 
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samples that may limit its usefulness for measuring EE in people who may have 

incontinence or use urinary-collection equipment (5,78) such as  those with SCI. 

 

2.2.5 Indirect calorimetry (IC) 

The IC technique provides an indirect assessment of calories expended 

during specific activities.  The IC method is useful for clinical application in 

healthy and obese individuals, for guiding daily nutrition support in critical 

illnesses, and for evaluating validity of other EE measurement methods (47,60,79-

89).  The IC method is based on the principle that foods are oxidized to produce 

heat in the body.  O2 is consumed and CO2 is produced in proportion to the heat 

produced (64).
 
 Requiring a hood, a face mask and/or mouthpiece and nose clip, 

this method estimates EE by measuring the oxygen and carbon dioxide that a 

person inhales and exhales and then indirectly computes the calories burned 

during the period of measurement.  This technique is widely accepted as a gold 

standard in the research community (1,7,89).  IC uses a closed-circuit method or 

an open-circuit method.  In the closed-circuit method, the study participant is 

isolated from outside air and inhales pure O2.  Expired air goes back to the gas 

container and passes a special CO2   absorber.  CO2 produced by the participant is 

continuously removed by the absorber.  As the participant consumes O2 the 

volume of gas in the container gradually decreases (90), and the rate of decrease is 

a measure of the rate of O2 consumption.  The closed-circuit method is suitable 

for measuring BMR (91) 
 
but cannot estimate the energy expended through PA 

performed under free-living conditions.  This system is rarely used at present (92). 
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The open-circuit method is the most widely used for measuring EE.  The 

method uses the ventilated hood system, the Douglas bag or other modern 

laboratory electronic equipment, and portable calorimeters.  In the ventilated-hood 

system for measuring REE, a large volume of air equivalent to outside air passes 

through a hood worn by the subject.  The subject inhales and exhales into the air 

stream flowing through the hood.  Air flow and percentage of O2 and CO2 are 

precisely measured to calculate VO2   that will be used to calculate EE.  For the 

Douglas-bag procedure, the subject wears a nose clip and a mouthpiece, or a 

facemask.  In this method, the subject breathes through a non-rebreathing valve 

that separates inhaled from exhaled air and directs all exhaled air into a plastic 

bag or other analysis system for gas analyses (7,63,89).
 

  
    

 
The IC method has been widely used and accepted as a gold standard 

for measuring EE in both able-bodied and in PWD population.   In PWD 

populations,  a comparison study by Monroe et al. (15) using respiratory chamber, 

one of IC method  for measuring EE(92) indicated that both REE and TEE was 

lower in individuals with SCI compared to age-matched controls.  van den Berg-

Emons et al. (93) reported that the ratio between the total daily energy 

expenditure (TDEE) and sleeping metabolic rate (SMR) as measured by IC which 

was used as an index for the level of daily PA in the children with cerebral palsy 

(CP) was significantly lower (p < 0.05) than in their healthy peers. 

Although the IC method is accurate in measuring EE under various 

conditions, this method exhibits some limitations in measuring EE in 

epidemiological research.  Most metabolic carts are rather large and bulky; 
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therefore they are not suitable for monitoring EE outside the laboratory setting 

(81,94).  Expense is also a major prohibitive factor in the use of these devices for 

individual health monitoring. 

  Currently, there are commercially available IC systems called “portable 

metabolic carts,” designed to measure gas exchange on a true breath-by-breath 

basis during various kinds of activities outside laboratory setting.  They are 

appropriate for measuring EE under field conditions (68).  Portable metabolic 

carts are able to monitor a wider set of activities compared to stationary metabolic 

carts.  While measuring EE, the subject wears analyzer modules comfortably on 

the chest or on the back and breathes through a mouthpiece or face mask.  Several 

previous studies have utilized the portable IC as a criterion measure for validity 

studies in PWD.   Example includes the use of a COSMED K4b
2 

portable gas 

exchange system to examine the validity of SWA and RT3 for measuring EE 

during wheelchair-related activities (82) and to examine the validity of heart rate 

monitoring during rest and activities of daily living (ADL) in individuals with SCI 

(87).  A MedGraphics portable metabolic unit has been utilized to examine the 

criterion validity of the PARA-SCI questionnaires (47).  A  MedGem handheld, 

portable IC has also been used to measure REE, to determine variables that are 

correlated to REE, and to develop a regression equation to estimate REE in 

children with SCI (60). 

  Although portable metabolic carts are able to monitor a wider set of 

activities for a reasonably short period of time, these devices are expensive and 

have higher error rates than stationary metabolic carts (64,94).  Furthermore, EE 
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measured by using portable ICs is valid only for activities in which steady-state is 

achieved (2).  Additionally, their technical complexities limit their use for 

measuring EE outside of a laboratory (63). 

 

2.2.6 Heart-rate monitoring (HRM) 

HRM has been used to measure EE because of its ability to measure 

different intensities of PA, and its relationship with EE during aerobic PA (95).
 
 

HRM is a relatively inexpensive and easy method for assessing free-living PA 

patterns and EE (12,68,71,96,97).  It provides information about duration, 

frequency, and intensity of activity (98).
   

However, there are numerous 

disadvantages.  For example, the HR–EE relationship is linear only for high PA 

intensities (97).  This is because factors other than PA such as emotional stress, 

high environmental temperature, high humidity, dehydration, total amount of 

muscle work, type of muscle group, type of muscle contraction, fatigue, physical 

fitness, caffeine, posture and illness can all cause changes in HR without 

associated changes in VO2.  Previous studies reported that HR and VO2 are 

linearly related only during dynamic work up to about 85% of maximum heart 

rate, and particularly between heart rates of 110 to 150 bpm (97,99-102).    

HRM alone may not provide an accurate estimation of EE or 

classifications of exercise intensity, so researchers have tried to develop methods 

to improve the estimation of PAEE using HRM.  Studies have shown that the 

simultaneous use of HRM and motion sensors such as accelerometers can provide 

accurate estimation of EE during free-living activities (74,103-106).  However, 
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this technique requires the participant to do multiple activities for development of 

individual HR-VO2 equations.  In addition, data management and data analysis is 

time-consuming (107,108).   Previous study reported that a minimum of 2 hours 

per subject was needed for checking and editing data (108).  For this reason, it 

increases the burden on the participant and researcher, thus limiting the feasibility 

of this technique for epidemiological studies (107,108).   

Previous studies also reported that the FLEX-HR method can improve the 

accuracy of HRM to estimate PAEE (2,109).  The assumption of this method is 

that, above a given intensity threshold, there is a linear relationship between HR 

and oxygen consumption (VO2).  Below this threshold, the relationship is more 

variable.  Therefore, to estimate VO2 or EE from HR, the linear prediction is used 

above the HR FLEX point, a point defined as the average of the lowest HR during 

exercise and the highest HR during rest.  In this method, each individual needs to 

be monitored for HR and VO2 simultaneously while lying down, sitting, standing, 

and performing various intensities of PA to develop calibration curves (110,111).  

This process is time-consuming and costly.  In addition, activities the subject 

performed under controlled laboratory conditions to establish HR vs.VO2 

calibration curves may not accuracy reflect EE during free-living  activities 

(2,65,97).  These may limit the application of this method for measuring EE in 

large population studies (109). 

HRM has also been used to estimate EE in PWD.  A study investigating 

the use of the HR version of the EE index (EEIHR) as a proxy for measurement of 

VO2 during treadmill walking in children with CP revealed no association 



26 

 

between net VO2 and EEIHR at slow walking speed (0.67 and 0.89 m/s), but a 

moderate association (r=0.64; p<0.05) was found for fast walking speed (1.12 

m/s) (112).  Examination of individual data revealed that most participants 

displayed an unmatched pattern of response between net VO2 and EEIHR.  The 

investigators in this study suggested that caution should be applied when using 

EEIHR to estimate walking EE in children with CP. 

In individuals with SCI, Sawatzky et al. (113)  reported limitations of HR 

for estimating EE in 8-minute constant self-selected speed wheeling.  HR was 

shown to have a good correlation with VO2 only in individuals with lesions below 

T5.  In individuals with tetraplegia, Valent et al. (114)  similarly reported that the 

HR-VO2 relationship appeared linear in only 8 out of 18 subjects during a 

discontinuous graded exercise hand cycle test.  Because individuals with 

tetraplegia have abnormal HR response to exercise due to autonomic nervous 

system dysfunctions, the use of HR to prescribe training intensity should be 

considered in this population (115).   Conversely, a preliminary study by Hayes 

revealed that HR, when derived from an individualized regression equation based 

on maximum exercise tests, can accurately estimate EE during ADL activities in 

individuals with tetraplegia and paraplegia (87).  The estimation was more 

accurate for higher intensity activities, but HR alone, without individual 

calibration from a maximum exercise test, poorly estimated EE.  However, EE 

estimated with calibrated HR overestimated EE at rest and for all five activities of 

daily living (ADL) by 5 to 48 percent (87). 
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2.2.7 Motion detectors  

When a human moves, the body is accelerated in relation to the muscular 

forces responsible for the acceleration. The movement can be converted into EE 

by using prediction equations (116).
 
 Motion detectors are mounted on the body in 

order to quantify ambulation or motion during various activities.  Motion 

detectors include the pedometer and the accelerometer. 

2.2.7.1 Pedometers 

            Pedometers are small, belt-mounted devices primarily used for 

quantifying the daily number of steps accumulated (97,117).  Most pedometers 

contain a horizontal, spring-suspended lever arm that moves up and down with 

each step.  This action opens and closes an electrical circuit response to the hip’s 

vertical accelerations, and the accumulated step count is then shown on a digital 

display.  Some pedometers have an algorithm to estimate EE, based on steps and 

body weight.  These devices serve as motivational tools for promoting PA (97).  

Their size, cost, and self-monitoring capability allow them to play a key role in 

health promotion campaigns and walking intervention studies (97).  The 

limitations of pedometers are that they do not provide information during non-

ambulatory activities (i.e., cycling, weight training, and swimming) or isometric 

exercises or activities that involve the upper body, so they are less feasible in the 

assessment of EE (97,117).  A major issue regarding the use of pedometer for 

PWD is that they may underestimate steps taken at slow gait speeds (118-120) or 

with irregular or unsteady gait patterns (119,120).
 
  Previous studies revealed that 

a Walk4Life Duo pedometer placed at five positions around the waist exhibited 
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low levels of agreement for step counting using video tape record as a criterion 

measure in youth with developmental disabilities (121).  Study to examine the 

relationship among various measures of walking ability and the outputs from 

StepWatch Activity Monitor reported moderate to high correlations(rho=0.51-

0.73)  between data  from the six-minute walk test (6MWT) and ten-meter walk 

test (10MWT) and StepWatch outputs in individuals with stroke (122).  Previous 

study reported that the Yamax digi-walker pedometer underestimated steps during 

self-selected walking speeds in adults with neurological conditions including 

those with stroke, MS, muscular dystrophy, SCI, and traumatic brain injury using 

manual counting as a criterion measure (123). 

 

2.2.7.2 Accelerometers 

           An accelerometer, which uses electronic sensors to measure the 

quantity and intensity of movement,
 
can vary in size, weight, sensitivity, cost, 

memory, and software capabilities.  This device measures segment or limb 

acceleration rather than overall body acceleration.  Data recorded by an 

accelerometer can be easily retrieved and downloaded on a computer (124,125).  

This method of assessing EE is a convenient and non-invasive procedure (18) that 

involves minimal burden to the participant (126).  

 Classification of accelerometers depends on the number of planes in 

which movement is monitored.  Uniaxial accelerometers measure acceleration in 

one plane (usually vertical), whereas triaxial accelerometers measure acceleration 

in three directions (127) capturing more detailed information about free-living 
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activities (2,97).  Studies have shown that the accuracy of accelerometers varies 

with different brands (8).  The accelerometers provided the most accurate estimate 

of EE during periods of level walking (128,129).  Errors of accelerometers are 

associated with many low- and high-intensity activities, such as standing, 

childcare, house and yard work, occupational activities, swimming, weight lifting, 

upper body activities, static work, or activities where the body weight is partially 

supported, as in bicycling or rowing (74,130,131).  The Caltrac uniaxial 

accelerometer overestimated EE during horizontal walking (88,129) but 

underestimated EE for 24-h TEE, sedentary daily EE, and waking EE (132).  

Triaxial accelerometers overestimated EE during sedentary activities and 

underestimated PAEE of low-, moderate-, and vigorous-intensity activities 

(97,125,133).    

Several studies have investigated the use of accelerometers to objectively 

measure PA and EE in people with mobility impairments, including manual 

wheelchair users (43,134-137).  A novel microprocessor-linked Step Watch 

Activity Monitor (SAM) (worn on the ankle) showed high test-retest reliability 

(r=.96, p<.001) in people with stroke (138).  A uniaxial accelerometer (MTI 

Actigraph), worn on the waist, provided a valid index of PA in ambulatory 

patients with acquired brain injury (ABI) using a portable IC as a criterion 

measure (139).  A TriTrac RT3, worn on the waist, appeared to distinguish levels 

of PA better than the 7-day recall questionnaire in measuring free-living PA in 

adults with neurologic dysfunctions, including those with stroke, Parkinson’s 

disease, and MS (140).  For people who use wheelchairs, previous study (135) 
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reported significant associations between the Computer Science Application 

(CSA) accelerometer (worn on both wrists) data and EE as measured by 

metabolic system.  The ADXL202 piezo-resistive accelerometer data was 

correlated to PA data as recorded by video camera (134).  Significant associations 

have also been reported between EE as measured by the Actigraph and PASIPD 

(43).  Moreover, the wrist-worn accelerometer (Actiwatch) showed strong inter-

unit reliability and concurrent validity with a self-report measure of PA (136).  

However, the same study revealed that the Actiwatch accelerometer registered 

spasticity as activity counts, which may be a major problem with the use of this 

device for populations in which spasticity is common (136). 

For able-bodied people in a free-living environment, movement of the UEs 

accounts for only a small part of total EE (141).  A large proportion of PWD use 

wheelchairs for locomotion and UE movement accounts for a greater portion of 

total EE in this population.  Therefore, quantifying UE movement is necessary for 

an adequate measure of EE in wheelchair users (5,136). 

Previous studies in PWD used accelerometers to measure PA or activity 

counts, which may be surrogates of EE.  However, none of the studies used 

accelerometers to directly measure of EE.  From those studies, accelerometers 

have been worn on different parts of body such as on the wrist (43,135,136), ankle 

(138), and waist (139,140).  Wrist-mounted accelerometers may be more 

appropriate than waist-mounted accelerometers for measuring EE in wheelchair 

users (136).
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2.2.8 SenseWear Pro Armband™ (SWA) 

 The SenseWear Pro Armband™ (SWA) (Figure 2-1) is a newly 

developed commercially available device that gathers physiological information 

from the body to estimate EE in free living environments utilizing proprietary 

equations developed by the manufacturer.  The SWA can be worn on the right 

upper arm over the belly of the triceps muscle, capturing and storing minute-by-

minute physiological data.  The SWA is composed of multiple sensors including a 

2-axis accelerometer that monitors the movement of the upper arm and provides 

information about body position,  heat-flux sensors that measure the amount of 

heat being dissipated by the body, thermistor-based sensors that measure skin 

temperature and near-armband  temperature, and galvanic skin response sensors 

that measure electrical conductivity between two points on the wearer’s arm (1).  

Data from each of these sensors, in addition to demographic characteristics (age, 

gender, weight, height, handedness, and smoking habit), are used in proprietary 

algorithms to estimate EE (1,142). 

      
 

Figure 2-1 SenseWear Pro Armband™(SWA) 
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The SWA can be worn comfortably for almost all types of activities and 

environmental conditions, and as a result it may overcome the limitations of other 

EE measurement devices.  The SWA can be an alternative method for measuring 

PA and EE (1,142) that may help health care professionals and individuals 

monitoring PA and EE in everyday activity.  Incorporating a 2-axis accelerometer 

with other heat-related sensors in the SWA may improve accuracy in estimating 

EE compared to traditional accelerometers.  It is worn on the UE and for PWD 

who use wheelchairs; this positioning may provide the most accurate estimate of 

PAEE.  Many studies have investigated the validity and reliability of the SWA as 

an EE measurement device.  Most studies with various populations reported good 

agreement between REE as measured by the SWA and gold standard measures of 

EE such as DLW and IC (82,143-146).  Several studies have investigated the 

validity and reliability of the SWA during various kinds of exercise.  Examples of 

these studies and their findings in various populations are provided below. 

 

2.2.8.1 Validity and reliability studies of SWA in leg exercise 

                        There were several modes of leg exercise reported in previous 

SWA validity studies including treadmill walking, stepping, cycling, six-minute 

walking, and incremental shuttle-walking.  Studies in healthy subjects using 

treadmill as the mode of exercise have demonstrated both high correlation 

coefficients (83,144) and moderate correlation coefficient between EE as 

measured by IC and estimated by the SWA (81).  In clinical populations, previous 

studies have reported low agreement between EE as measured by IC and 
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estimated by the SWA in obese individuals (147)  but strong agreement in patients 

with cystic fibrosis (80) and in cardiac rehabilitation patents (79).  Most studies 

reported overestimation of the SWA (80,81,83,84,147-149) but some studies 

reported underestimation of the SWA during treadmill walking(79,81,83,150) 

             Previous studies reported strong agreement between EE estimated by the 

SWA and measured by IC during stair stepping exercise in healthy subjects 

(83,146) but poor agreement in obese population (147).  The SWA 

underestimated EE in healthy subjects (83,146,150) but overestimated EE in 

obese population (147). 

All studies have indicated poor agreement between EE as measured by IC 

and estimated by the SWA (81,83,146,147) for cycling exercise when the general 

algorithms were applied to the data.  Most studies reported underestimation of the 

SWA (81,83,146,148) but one study in obese population reported overestimation 

of the SWA during this mode of exercise (147).  A possible explanation for the 

poor agreement during cycling exercise is that the SWA is designed to be worn on 

the upper arm to detect arm movement during exercise (142).  There is a small 

degree of arm movement for cycling exercise, so that the SWA was less accurate 

to measure EE during this mode of exercise. 

For other modes of leg exercise such as six-minute walking tests and 

incremental shuttle-walking tests,   Patel et al. (85) reported that EE estimated  

from the SWA correlated well to EE as measured by IC, with very high session 

correlations (r=0.93) during six-minute walking tests and incremental shuttle-

walking tests  in patients with chronic obstructive pulmonary disorder (COPD).  
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The test-retest reproducibility was also high for both types of tests (ICC=0.84 and 

0.86).  The SWA underestimated EE 15.5 % and 4.7 % for six-minute walking 

tests and incremental shuttle-walking tests, respectively. 

 

2.2.8.2 Validity and reliability studies of SWA in arm exercise 

            To our knowledge, there are only three studies that have examined 

the validity of SWA for measuring EE during arm exercise using IC as a criterion 

measure (79,82,83).  Hiremath et al. (82) indicated strong agreement (ICC=0.79) 

between EE as measured by IC and estimated by SWA for wheelchair related 

activities in manual wheelchair users.  In spite of strong agreement, the SWA 

overestimated EE by 46.2-138.2% for wheelchair ergometry exercise, 26.9-55.1% 

for arm ergometry exercise, and 13.1% for deskwork.  Jakicic et al. (83) reported 

ICC=0.74 when the general algorithm was applied and ICC=0.66 when an 

exercise-specific algorithm was applied to estimate EE for arm ergometry exercise 

in healthy subjects.  The SWA overestimated EE by 29.3 % for the general 

algorithm but underestimated EE 3.8 % for the exercise-specific algorithm.  Cole 

et al. (79) reported a higher level of correlation between EE as measured by IC 

and estimated by the SWA during arm ergometry exercise in cardiac rehabilitation 

patients.  The correlation coefficients were (r) = 0.9, 0.85, and 0.9 for software 

version 2.2, 4.0, and preliminary cardiac software, respectively. The SWA 

underestimated EE 2.3% for SWA’s software version 2.2 and 0.04% for 

preliminary cardiac software but overestimated EE 5.6 % for SWA’s software 

version 4.0. 
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In summary, the SWA appeared to provide more accurate measurement of 

EE during arm ergometry exercise than cycling exercise.  Poor agreement 

between EE as measured by the IC and estimated by the SWA during cycling 

exercise has been reported in healthy subjects (81,83,146,148,150) and in 

individuals with obesity(r=0.18)(147), whereas strong agreement between EE as 

measured by the IC and estimated by the SWA during  arm ergometry exercise  

has been reported in healthy subjects (83), in cardiac rehabilitation patents (79), 

and in wheelchair users (82).  A possible explanation for the difference of 

correlation coefficients between arm ergometry exercise and cycling exercise is 

that the SWA was designed to be worn on the upper arm; therefore it is more 

likely to detect arm movement during arm exercise (142).  There is a small degree 

of arm movement during cycling exercise, so that the SWA appeared to be less 

accurate to estimate EE during cycling exercise.  Previous studies also reported 

significant relationship between EE as measured by IC and  estimated by the 

SWA for activities that incorporated movement of the arm in those activities such 

as during treadmill walking (79-81,83,84,144), stair stepping (83,146), six-minute 

walking tests,  and incremental shuttle-walking tests(85). 

 

2.2.8.3 Summary of results of SWA studies for estimation of 

energy expenditure 

            Most studies with various non-disabled populations and clinical 

populations reported moderate to good agreement between EE as measured by the 

SWA and gold standard measures of EE such as IC and DLW method.  However, 
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some studies reported low agreement between the SWA and IC in measuring EE.
 
 

From our knowledge, there were only 3 studies (79,82,83) that examined the 

validity of SWA for measuring EE during arm exercise.  No study has been 

published in the scientific literature concerning the validity of the SWA during 

wheelchair ergometry exercise in healthy subjects.  Therefore, this investigation 

aims to examine the criterion validity of the SWA (version 6.1) to estimate EE 

during wheelchair ergometry exercise with healthy, non-disabled participants.  

The use of healthy participants in this initial study with wheelchair ergometry 

reduces potential confounding of EE measurement that may result from pathology 

(i.e., autonomic dysfunction).  If our findings reveal that the SWA is a valid 

measure of EE during wheelchair ergometry exercise in healthy subjects, future 

studies may test its validity with disabled populations.    
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CHAPTER THREE 
 

WHEELCHAIR ERGOMETRY EXERCISE AND SENSEWEAR PRO 

ARMBAND (SWA): A PRELIMINARY STUDY WITH HEALTHY 

CONTROLS 

 

3.1 INTRODUCTION 

Obesity affects all subgroups of the population but is more prevalent 

among people with disabilities (PWD), especially those with lower extremity 

impairments (1-5).  Obesity is a health-related concern because it is linked with an 

increased risk for developing many kinds of chronic diseases, such as coronary 

heart disease, hypertension, and diabetes (6-8).  It occurs when there is an 

imbalance between energy intake and energy expenditure (EE), which suggests 

that knowledge of EE may be crucial to achieving energy balance and body 

weight control.  However, measurement of EE is challenging in PWD (9).  The 

amount of active muscle mass may be limited and locomotor activity may be 

performed differently, using different muscles (i.e., arms vs. legs), than in people 

without disabilities.  Hand-rim-propelled manual wheelchairs are the most 

common type of assistive device to enhance mobility for PWD, especially for 

those with lower extremity disabilities (10).  As such, studies that test the validity 

of field devices to measure EE during upper extremity (UE) movement are needed 

(11). 

Several previous studies have tested field devices such as pedometers and 

accelerometers to measure physical activity (PA) specifically in PWD (11-15) .  
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Hale et al. (16) reported that a triaxial accelerometer (TriTrac RT3), worn on the 

waist,  distinguished levels of activity better than a 7-day recall questionnaire in 

ambulatory adults with stroke, Parkinson’s disease, and multiple sclerosis.  In 

people with stroke, the Step Watch Activity Monitor (SAM) (worn on the ankle) 

had high test-retest reliability across monitoring periods (r=0.96, p<.001), 

whereas for the Caltrac accelerometer (worn on the waist) reliability was poor 

(r=0.04) (17).  In people who use wheelchairs, Washburn and Copay (13) reported 

significant associations between the Computer Science and Application 

accelerometers (CSA) (worn on both wrists) and EE as measured using indirect 

calorimetry (IC) at three wheelchair pushing speeds.  Warms et al.(14) reported 

significant associations between the accelerometer counts (wrist-worn Actiwatch) 

and Physical Activity Scale for Individuals with Physical Disabilities (PASIPD) 

data.   Moreover, Actiwatch showed strong inter-unit reliability and concurrent 

validity with a self-report measure of activity (11).  However, the same study 

revealed that the Actiwatch accelerometer registered spasticity as activity counts, 

which may be a problem with the use of this device for populations in which 

spasticity is common (11). 

In these previous studies, accelerometers were used to measure PA or activity 

counts, which may be used as surrogates for EE (11,13-18).  However, none of 

the studies directly measured EE.  The SWA is a newer device that incorporates a 

2-axis accelerometer as well as heat flux sensors, skin temperature sensors, a 

near-body temperature sensor, and galvanic skin response sensors to provide a 

measure of EE (19).  The accelerator in the SWA utilizes a micro-electro-
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mechanical sensor (NEMS) device to detect motion in two planes (longitudinal 

and transverse).  Wheelchair related activities have a large degree of movement 

in these planes (20), therefore incorporating a 2-axis accelerometer with other 

heat-related sensors in the SWA may improve EE estimates during wheelchair-

related activities compared to traditional accelerometers.  The sensitivity of the 

SWA’s accelerometer was set by the manufacturer. When a person moves, the 

motion can be mapped to forces exerted on the body or can be mapped to energy 

expended by the muscles that generate these forces.  This physical energy can be 

then used as parts of the EE calculations by using the Body Media software(21-

23).  The SWA can provide information about EE (calories burned), duration and 

level of physical activity, sleep/wake states, and number of steps taken(21-23).  

The SWA is worn on the UE and for PWD who use wheelchairs, this positioning 

may provide a more accurate estimate of PAEE.    

Most SWA studies with healthy populations report moderate to good 

agreement between EE as estimated by the SWA in comparison with IC or 

doubly-labeled water (DLW) (24-33).  To date, three studies have examined the 

validity of the SWA for measuring EE during arm exercise (30,34,35), though 

only one used wheelchair ergometry (34).  When the general proprietary 

algorithm was used, the SWA provided an accurate estimate of EE compared to 

IC during arm ergometry exercise in healthy subjects (35) and in cardiac 

rehabilitation patients (30). 

The only one study assessing validity of the SWA using wheelchair ergometry 

exercise in 6 manual wheelchair users (34) reported strong agreement (ICC=0.79).  
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However, the SWA overestimated EE for this mode of exercise (34).  Further 

validity studies with larger sample sizes are needed to confirm the validity of 

SWA for the measurement of EE during wheelchair-related activities. 

The primary purpose of this investigation was to examine the criterion validity 

of the SWA (version 6.1) to estimate the EE during wheelchair ergometry 

exercise in healthy non-disabled participants.  The secondary purpose of this 

study was to examine the validity of SWA to estimate the number of pushes 

compared to manual counting.  The use of healthy participants in this initial study 

with wheelchair ergometry reduces potential confounding of EE measurement that 

may result from pathology (e.g., autonomic dysfunction).   If our findings reveal 

that the SWA is a valid measure of EE during wheelchair ergometry exercise in 

healthy subjects, future studies may test its validity with disabled populations. 

 

3.2 MOTHODS 

 

3.2.1 Study design and participants 

 This study used an observational design and involved 20 healthy 

community-dwelling volunteers, aged 18-42, recruited from several sites.  The 

sample size was determined using Intraclass Correlation Coefficient (ICC) 

information from a previous SWA study (34).  With a desired statistical power of 

0.80, and a significance level of p < 0.05, it was determined that a sample size of 

15 participants was adequate (36,37) 
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3.2.2 Instrumentation and measurement tools 

 

3.2.2.1 Wheelchair ergometer 

            A customized wheelchair ergometer was used in this study.  It 

consisted of two steel tubular rollers, one for each wheel. Total rolling resistance 

of the wheelchair ergometer without external resistance was 32.4 N.  Rear wheels 

of a standard wheelchair (Quickie GP, Motion Design Corporation, Fresno, CA) 

were attached to the rollers of wheelchair ergometer.  Two tachometers attached 

to the rollers measured rolling speed and visual feedback regarding speed was 

provided with a television screen in front of the participant. 

 

3.2.2.2 Manual step counter 

           The manual step counter was utilized as the criterion method to 

measure number of pushes to compare the result from the number of step acquired 

from the SWA.  A research assistant who helped in data collection was trained 

about using of the manual step counter before helping in data collection.   

 

 3.2.2.3 SenseWear Pro Armband™ 

                        The SWA (Body Media, Pittsburgh, PA) version 6.1 was used as 

the experimental method for estimating EE.  Utilizing proprietary equations 

developed by the manufacturer, EE is estimated by integrating acquired sensor 

data with participant’s demographic characteristics including gender, age, 

smoking habit, handedness, height, and body weight. The SWA purports to 
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measure steps, not to measure pushes.  However, the SWA is designed to be worn 

on the right upper arm; therefore it may be an appropriate device to quantify the 

number of pushes during wheelchair ergometry exercise. We wanted to test if the 

variable derived as steps would be comparable to pushes; therefore the number of 

steps estimated by the SWA was equated to the number of pushes for data 

analyses. 

 

3.2.2.4 Indirect calorimetry or metabolic cart 

                        The TrueOne® 2400 Metabolic Measurement 

System(Parvomedics Inc., Salt Lake City, UT) was utilized for measuring EE 

during wheelchair ergometry exercise.  The TrueOne® 2400 Metabolic 

Measurement System is a mixing chamber system that has been validated against 

the criterion Douglas bag system (38).  The participant’s respiratory rate, minute-

by-minute oxygen uptake, carbon dioxide production, and respiratory exchange 

ratio (RER) were monitored continuously.  Because one MET equates to one kcal 

per kg of body weight per hour, the EE in kilocalories per minute (kcal/min) was 

computed by multiplying the MET value (ml/kg/min) by participants’ body 

weight (kg) and dividing by 60(39). 

 

3.2.3 Data collection 

Participants were asked to come to the laboratory for one 90-minute 

session.  They refrained from strenuous exercise for 24 hours prior to testing and 

arrived in the laboratory at least 2 hours after eating.  Upon entering the 
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laboratory, all participants completed a physical activity readiness questionnaire 

(PAR-Q) (40) and medical history.  Participants were excluded if they were PAR-

Q positive or if they identified a medical condition on the medical history 

questionnaire that contraindicated moderate to vigorous exercise.  All participants 

provided written informed consent approved by the University of Alberta health 

research ethics board.  

After obtaining consent and demographic information, the participants’ 

body weight, height, resting heart rate, and blood pressure were measured.  

Participants were then trained to propel the wheelchair on the wheelchair 

ergometer by using a semicircular stroke pattern.  They were also trained to 

control 3 different speeds of wheeling: self-selected speed, moderate speed, and 

fast speed.  The target speeds for moderate and fast speed were 0.9 m/s and 1.5 

m/s, respectively.  The training session took approximately 15 minutes. 

After participants became familiar with the wheelchair and wheeling, 

electrodes were placed to collect electrocardiograph (ECG) data throughout the 

test period.  Heart rate was measured continuously, utilizing the standard 5-lead 

ECG.  The SWA armband was strapped on each subject’s right arm over the 

triceps muscle at the midpoint between the acromion and olecranon processes.  

After SWA application, we waited 15 minutes to allow for acclimation of skin 

temperature before data collection. 

Prior to each testing session the TrueOne® 2400 Metabolic Measurement 

System was calibrated according to the manufacturer’s recommendations.  This 

consisted of two-point calibration including a room air auto-calibration routine 
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(20.94% O2, 0.03% CO2) and a standard gas calibration with a single gas tank 

(16.11% O2, 4.05% CO2).  In addition, the flow meter was calibrated using a 

3.0 liters Hans Rudolf 5530 series syringe involved a five stroke calibration using 

different flow rates for each stroke.  After the TrueOne 2400 was calibrated, 

participants were fitted with a mouthpiece while sitting in the customized 

wheelchair.  

The testing was composed of three continuous speed wheeling stages 

including 5 minutes each at self-selected and moderate speed and 3 minutes at fast 

speed.  Participants were allowed to rest at least 2 minutes between stages.  Blood 

pressure was measured by sphynomanometer before and after each wheeling 

speed.  During each wheeling speed, a research assistant who was trained and 

competent in using the manual step counter, manually counted participant’s 

pushes every push.  

 

3.2.4 Statistical analyses 

All statistical analyses were performed using SPSS software (version 16.0; 

SPSS Inc, Chicago, IL).  EE data from IC and the SWA were imported into 

Microsoft Excel® and synchronized for further analysis.  All EE data from the 

metabolic cart and the SWA were computed at one minute intervals.  Data were 

analyzed separately for each wheeling speed.  The average of all minute EE data 

and the total number of pushes for each wheeling speed trial were utilized in the 

statistical analyses.  Agreement between the EE measurements using IC versus 

the SWA estimate and agreement between the total number of pushes measured 
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by manual step counter  versus the  number of steps estimated by the SWA were 

assessed using intraclass correlation (ICC) analyses for single measures, using the 

two-way mixed effects model.  Bland Altman plots were constructed to diagram 

the level of agreement between measurements of EE by IC versus SWA (41).  

This plot is useful when a new method (e.g., SWA) is compared with an 

established one (IC) (41).  Data are presented as mean and standard deviation and 

significance was set at the p<0.05 level. 

 

3.3 RESULTS 

Twenty volunteers participated in the study.  Participants were 

predominantly men, non-smokers, and right-handed.  Based on BMI, 25% of the 

participants were overweight and 5% were characterized as obese.  Baseline 

characteristics of the study participants are shown in Table 3-1.  Participants had 

normal blood pressure.  The mean (SD) of systolic blood pressure (SBP), and 

diastolic blood pressure (DBP) measured while sitting at rest was 119.9(13.5) 

mmHg and 81.7(9.2) mmHg, respectively.  Heart rate, oxygen consumption, 

carbon dioxide production, and respiratory exchange ratio for each wheeling 

speed are shown in Table 3-2. 
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Table 3-1 Baseline characteristics of study participants  

________________________________________________________________ 

Demographic variables 

__________________________________________________________________ 
Gender (Male/Female) 17/3 

 
Smoking habit (Non Smokers/Smokers)                                            18/2 

 
Handedness (Right/Left) 18/2 

 
Age (years)                                                                                                   34.0 (5.8) 

 
Body weight (kg) 64.8 (10.5) 

 
Height(cm) 167.3 (6.8) 

 
BMI (kg/m

2
)                                                                                                       23.6 (3.8) 

__________________________________________________________________ 

Values for age, body weight, height, and BMI are means (SD). 

 

 

Table 3-2 Heart rate, oxygen consumption, carbon dioxide production, and 

respiratory exchange ratio for each wheeling speed  

Variables  

                                                                                                       

Speed                        HR                   VO2                   VCO2                    RER 

                                 (bpm)              (ml/min)            (ml/min) 

 

Self-selected         99.6(12.0) 572.5(101.1) 528.5(99.6) 0.92(0.08) 

 

Moderate 111.5(13.2) 648.0(107.8)  645.0(111.4) 1.00(0.05) 

 

Fast 143.6(18.7) 833.5(197.3)  902.0(246.3) 1.07(0.06) 

HR, Heart rate; VO2, Oxygen consumption; VCO2, Carbon dioxide production; 

RER, Respiratory exchange ratio. 

Values are means (SD) of last minute HR and means (SD) of all minutes VO2, 

VCO2, and RER. 
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The mean actual speeds achieved during the 3 different pushing protocols 

were 0.81(Range 0. 57-1.16) m/s, 1.11 (Range 0.94-1.41) m/s, and 1.73 (Range 

1.25- 1.99) m/s for self-selected speed, moderate speed, and fast speed, 

respectively. 

The measured EE by IC and estimated SWA EE for each wheeling speed 

are shown in Table 3-3.  For both measurement techniques EE increased as the 

speed of wheeling increased, indicating that both methods were able to detect the 

change of exercise intensity.  The ICCs, assessing agreement between EE as 

measured from IC and estimated from the SWA, were 0.50 (p=0.010), 0.59 

(p=0.003), and 0.68 (p=0.000) for self-selected, moderate, and fast
 
speeds, 

respectively (Table 3-3, Figure 3- 1).  The relationship between the IC EE 

measures and the SWA estimates is presented in Figure 3-1.  The SWA EE 

overestimated the measured IC EE by 57.8%, 57.4 %, and 63.7 % for self-selected 

speed, moderate speed, and fast
 
speed, respectively. 

 

Table 3-3 Comparison of EE between indirect calorimetry and SWA for each 

wheeling speed   

                                                Energy expenditure (kcal/min)                                  

                                                                                                          Agreement 

Speed                         Measured (IC)       Estimated (SWA)     ICC         p-value 
__________________________________________________________________ 

Self-selected          2.71(0.48) 4.28 (1.22) 0.50           0.010*            

 

Moderate               

   

3.05 (0.51) 

 

4.80 (1.19) 

 

0.59           

 

0.003*             

     

Fast                         3.9 (0.86) 6.46 (1.80) 0.68           0.000*            

__________________________________________________________________          
IC, indirect calorimetry; SWA, SenseWear Pro Armband™; ICC, intraclass 

correlation coefficient. Values are means (SD). 
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Energy expenditure by indirect calorimetry (kcal/min)
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Figure 3-1 Scatter plots of energy expenditure between indirect calorimetry and 

SenseWear Pro Armband 

Bland Altman plots (Figure 3- 2A-C) were constructed to diagram the 

level of agreement between measurements of EE by IC versus the SWA estimates.  

These results demonstrate that 95% of participants (19 of 20 participants) were 

within two standard deviations of the difference between the IC measured EE and 

the SWA estimated EE for each wheeling speed.  The mean difference between 

the two methods of assessing EE (IC and SWA) increased as the speed of 

wheeling increased.  As can be seen in Figure 3- 2A-C, the greatest dispersion of 

the data was during the fast wheeling speed, indicating that the greatest degree of 
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overestimation of EE was for this wheeling speed compared to self-selected speed 

and moderate speed (Figure 3-2A-C).  

 

Figure 3-2A Bland-Altman plot between indirect calorimetry (IC) and SenseWear 

Pro Armband (SWA) energy expenditure for self- selected speed 

 

 

 

 
Figure 3-2B Bland-Altman plot between indirect calorimetry (IC) and SenseWear 

Pro Armband (SWA) energy expenditure for moderate speed  
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Figure 3-2C Bland-Altman plot between indirect calorimetry (IC) and SenseWear 

Pro Armband (SWA) energy expenditure for fast speed  

 

Figure 3-2A-C Bland-Altman plot between indirect calorimetry (IC) and 

SenseWear Pro Armband (SWA) energy expenditure for self- selected speed 

(Figure 3-2A), moderate speed (Figure 3-2 B), and fast speed (Figure 3-2C).  The 

middle horizontal line corresponds to the mean difference between both EE 

measurement methods, and the upper and lower dotted horizontal lines represents 

the 95% limits of agreement given by the mean difference plus or minus 2 x 

standard deviation of difference. 

 

The mean total number of pushes as measured by manual counter and the 

mean total number of steps as estimated by the SWA is shown in Table 3-4.  The 

ICCs, assessing agreement between the number of pushes as measured by manual 

counts and estimated from the SWA, were 0.38 (p=0.066), 0.42 (p=0.049), and 

0.19 (p=0.231) for self-selected, moderate, and fast
 
speeds, respectively (Table 3-



65 

 

4).  Compared to simultaneous manual counts using step counter, the SWA 

overestimated the number of pushes by 8.2 %, 37.2 %, and 38.4 % for self-

selected speed, moderate speed, and fast speed, respectively. 

 

Table 3-4 Comparison of number of pushes as measured by manual counts and 

        step counts by SWA
   

for each wheeling speed 

                                             Number of pushes  

                                                                                                         Agreement 

Speed                      Manual counts    SWA step counts             ICC      p-value 

__________________________________________________________________                            
Self-selected                                           213.38(45.03) 230.81(120.72) 0.38 0.066 

 

Moderate               227.06 (47.69) 311.50(150.07) 0.42 0.049* 

 

Fast                         183.81 (41.99) 254.44(98.72) 0.19 0.231 

__________________________________________________________________        
SWA, SenseWear Pro Armband™; ICC, intraclass correlation coefficient. Values  

are means (SD). 

 

3.4 DISCUSSION 

 

3.4.1 Validity of the SenseWear Pro Armband for measuring energy 

expenditure 

To our knowledge, this is the first study to investigate the validity of the 

SWA to estimate EE during wheelchair ergometry exercise in healthy subjects by 

using open-circuit IC as the criterion measure.  This study provides preliminary 

evidence that the SWA failed to provide an accurate measure of EE for this 

exercise modality.  The SWA overestimated EE for all exercise intensities in the 

current study.   Results from the present study are contrary to the findings of 

Jakicic et al. (35) who reported higher degree of agreement (ICC =0.74) for arm 
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ergometry exercise in healthy subjects.  Similarly, Hiremath et al. (34)  reported 

strong agreement (ICC=0.79) between EE measured by IC versus SWA estimated 

EE in manual wheelchair users using wheelchair ergometry and arm ergometry as 

an exercise modality.  Cole et al. (30) reported an even higher correlation 

coefficient (r=0.9) between EE measured by IC and EE estimated by SWA for 

arm ergometry exercise in cardiac rehabilitation patients.  However, Cole et al. 

applied different statistical analyses for their study. 

 The ICC differences among various studies may be partly due to the 

differences in the nature of samples, mode of exercise, and SWA version.  

Hiremath et al. studied individuals with SCI who used manual wheelchairs in their 

daily activities, Cole et al. (30) studied cardiac rehabilitation patients, whereas the 

present study and Jakicic’s study (35) used healthy controls.  Participants in 

Hiremath’s study were individuals with SCI who may experience numerous 

changes in body composition as a result of injury.  Those changes likely included 

a reduction in lean tissue mass and bone mineral density and an increase in fat 

mass and may result in a reduction of PA and EE (42,43).  Previous studies have 

reported that individuals with SCI had lower levels of PA and EE compared to 

able-bodied controls (42,44-46).  The difference of ICC between the present study 

and Hiremath’s study may be partly due to the difference in the characteristics of 

the samples.  

The ICC differences between the current study, Jakicic’s study, and Cole’s 

study may be partly due to the difference in mode of exercise (21).  Although all 

three studies evaluated validity of the SWA during arm exercise, the current study 
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used wheelchair ergometry as an exercise modality, whereas Jakicic’s study and 

Cole’s study used arm ergometry as an exercise modality.  These two modes of 

exercise used different movement patterns and biomechanical parameters.  These 

may result in the difference in research findings among these studies. 

Over time, the SWA manufacturer has tried to improve the SWA’s 

algorithms to provide more accurate and reliable estimations of EE encompassing 

all activity contexts for various populations (21).  Previous studies have reported 

that the accuracy of the SWA EE estimates were dependent on SWA version (25-

28,31-35,47-49) and the percent overestimation of  the SWA newer version  was 

lowered than  the SWA  previous version for  the same activity context(50).   

Hiremath used software version 4.2, Jakicic used version 3.2, Cole used version 

2.2 and 4.0, and the present study used version 6.1. The difference of ICC among 

these studies may partly reflect differences in the SWA software version.    

  We also found that the SWA significantly overestimated EE for all 

wheeling speeds.  This result is consistent with the findings of Hiremath et al.  

Hiremath (29) reported overestimation of SWA by 88.2 % for 0.89 m/s wheeling 

speed and 46.2% for 1.34 m/s wheeling speed during wheelchair ergometry 

exercise, whereas Jakicic reported overestimation of SWA by 29.3 % during arm 

ergometry exercise in healthy subjects.  However, these findings were in contrast 

to the finding of Cole et al. (30) who reported underestimation of SWA by 2.3% 

during 8-minute steady state arm ergometry exercise in cardiac patients. 

Unfortunately, Cole et al. haven’t reported exercise intensity in detail.  
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The overestimation of EE by SWA in the current study may have been due 

to an ability of the SWA sensors to detect wheelchair ergometry exercise context. 

The SWA incorporates data from a 2-axis accelerometer into the proprietary 

algorithm to estimate EE (19,21,22).  A 2-axis accelerometer of the SWA purports 

to track the movement of upper arm and provides information about body 

position.  This accelerometer can measure arm movements in two different 

planes; longitudinal and transverse planes.  Wheelchair ergometry exercise has a 

large degree of movement in these planes (20).   The overestimation of SWA in 

Hiremath’s study and in the current study may have been attributed to the error of 

a 2-axis accelerometer to detect the movement of upper arm. 

The SWA has been designed to measure steps.  Evidences from our pilot 

study (27) indicated that ability of the SWA to count the steps was dependent on  

magnitude of arm movement.  From the raw data in our pilot study, the SWA 

failed to count steps during cycling exercise but had ability to count the steps 

during stair stepping  exercise (27).  Result from the current study indicated that 

the SWA overestimated number of pushes compared to manual counts for all 

wheeling speeds.  It is possible that an overestimation of the SWA for measuring 

EE in wheelchair ergometry exercise in the current study may be partly due to an 

overestimation of SWA in counting number of pushes. 
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3.4.2 Improve accuracy of the SenseWear Pro Armband for 

measuring energy expenditure 

Because results from the present study revealed that the SWA is not an 

interchangeable method of indirect calorimetry to accurately measure EE during 

wheelchair ergometry exercise, exercise-specific algorithms may need to be 

developed to improve the estimate of EE in wheelchair-related activities (34,35).   

Previous study by Hiremath et al. (34)  reported that when an exercise -specific 

software was used, excellent agreement (ICC=0.94) was found between the EE 

measured by IC and estimated by the SWA.  Jakicic et al. (35) also reported that 

when exercise-specific algorithms were used, the SWA improved its accuracy in 

measuring EE during exercise periods examined in their study.  The ICCs 

improved from 0.77 to 0.87, 0.28 to 0.89, and 0.63 to 0.82 for treadmill walking, 

cycling exercise, and stepping, respectively, compared to using the general 

algorithm.  Surprisingly, the ICC decreased from 0.74 to 0.66 for arm ergometry 

exercise.  In a cardiac patient group, Cole et al. (30) reported that when the 

preliminary cardiac software was used, all correlation coefficients were improved.  

Because there were only few studies  developing exercise-specific algorithm to 

improve the accuracy of SWA for measuring EE in arm exercise, further validity 

studies  need to be done to confirm the ability of SWA’s exercise-specific 

algorithms to calculate EE for this mode of exercise. 

This investigation has limitations.  We evaluated the criterion validity of 

the SWA in laboratory setting that may not reflect every day activities of 

wheelchair users.  Future studies need to be done in community settings to assess 
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validity of the SWA during wheelchair related activities.  An additional limitation 

of this study is that the validity of the SWA was examined during specific 

wheelchair-related activity (wheelchair ergometry exercise) and specific 

intensities.  The results from the current study can only be generalized to this 

specific mode of activity and exercise intensities.  Moreover, this study used 

stationary IC as the criterion measure of EE.  Future studies should consider using 

DLW or portable IC as the gold standard measures of EE in free-living 

conditions. 

 

3.5 CONCLUSION  

This study indicated that the SWA failed to provide an accurate measure 

of EE for wheelchair ergometry exercise.  The SWA overestimated EE for all 

exercise intensities.  Exercise-specific algorithms need to be developed to 

improve the estimate of EE in wheelchair-related activities.  Future studies should 

consider examining EE during other modes of activities in wheelchair users. 
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CHAPTER FOUR 

 

GENERAL DISCUSSION AND CONCLUSION 

 

 

4.1 GENERAL DISCUSSION 

The prevalence of overweight and obesity is increasing at alarming rates 

and reaching epidemic proportions in Canada.  Approximately 36.1 % of 

Canadian adult ages 18 years and over were categorized as overweight, and an 

additional 23.1 %were categorized as obesity (1).  Obesity affects almost all 

subgroups of the population and is more prevalent among PWD compared to 

general population (2).  Successful management of obesity involves both accurate 

assessment and effective treatment (3). 

Overweight and obesity occur when there is positive energy balance, i.e., 

more calories consumed than calories expended.  Because EE is a crucial 

component for achieving energy balance and body weight control, the 

measurement of EE in real life has become increasingly important for health care.  

However, the accurate measurement of PAEE has been and still remains a 

challenge to researchers.  Measuring PAEE in PWD may be more complicate and 

difficult than measuring PAEE in able-bodied population (4).  PWD may 

experience numerous changes in body composition (5), sympathetic nervous 

system function (6), locomotion activity, and physical activity level as a result of 

pathology.  As manual wheelchair is a primary mode of locomotion for people 

with mobility impairments, EE studies during upper extremity movement is 

necessary for this population (4).  Wheelchair ergometry exercise mimics the 
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daily locomotor tasks of wheelchair users closely; therefore measurement of EE 

during this mode of exercise is very important (4).
 
  

There are numerous techniques available to quantify PA and EE.  

Unfortunately, each technique has limitations that affect its ability to accurately 

measure PAEE, so that the valid, reliable and cost efficient ways of EE 

measurement are needed for able-bodied and for people with disability 

populations.  The SWA is a portable device designed to be worn on the right 

upper arm to estimate EE.  It is more likely to accurately measure EE during 

upper extremity exercise (7).  The SWA may be an appropriate device to quantify 

EE during wheelchair ergometry exercise. 

Results from the current study indicated that the SWA failed to provide an 

accurate estimate of EE during this mode of exercise with intraclass correlation 

coefficients (ICC) between 0.50-0.68.  These correlation coefficients appear to be 

weaker than what have reported in previous studies (8-10).  The difference of 

correlation coefficients among these studies could have been a result of the 

differences in mode and intensity of PA, sample characteristics, and SWA 

version. 

Consistent with previous study (9), we have found that the SWA 

overestimated EE during wheelchair ergometry exercise.  The overestimation of 

EE by SWA for wheelchair ergometry exercise may be attributed to the sensitivity 

of the sensors, or the accuracy of the algorithm used to estimate EE during arm 

exercise (11).  The SWA incorporates the use of a 2-axis accelerometer to 

measure movement in the transverse and longitudinal planes in combination with 



78 

 

other heat- related sensors to estimate EE.  The 2-axis accelerometer incorporated 

in SWA may be hypersensitive in detecting arm movement in wheelchair-related 

activities.  At the beginning, we hypothesized that the use of a 2-axis 

accelerometer in combination with data derived from other heat-related sensors 

would improve the ability of SWA to predict EE in wheelchair ergometry 

exercise.  Contrary to our hypothesis, the result from the present study indicated 

that the SWA failed to provide an accurate measure of EE.  The SWA 

overestimated EE for all wheeling speeds. We attribute this finding to the fact that 

wheelchair ergometry exercise has a large degree of arm movement in the planes 

represented by the SWA (8,12); therefore the 2-axis accelerometer may lack of 

ability to accurately detect arm movement. 

 

4.2 CONCLUSION AND FUTURE STUDIES 

The present study indicated that the SWA did not accurately assess the 

energy cost of wheelchair ergometry exercise. The SWA overestimated EE for all 

exercise intensities.  According to the manufacturer, there is no specific algorithm 

for wheelchair ergometry exercise.  We strongly suggest that the SWA 

manufacturer develop predictive equations or exercise-specific algorithms to 

improve the estimate of EE in this mode of exercise.  Previous studies reported 

that when predictive equations were developed or specific exercise algorithms 

were used, the SWA improved its ability to provide a more accurate estimate of 

EE (8-10,13).  We suggest that further validity studies need to be done to confirm 

the validity of SWA general and exercise-specific algorithms in various modes of 
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activities, especially for wheelchair-related activities to clarify the sources of 

errors of the SWA. 
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APPENDIX B INFORMATION LETTER 

 

UNIVERSITY OF ALBERTA 
 

Information letter 

 
 

Title of Study: Wheelchair Ergometry Exercise and the SenseWear Pro 

Armband (SWA): A preliminary study with healthy controls 
 

Principal Investigator and Contact Information:   
Trish Manns Ph.D.  Telephone 780-492-7274 or Email: trish.manns@ualberta.ca 

 

You are being asked to take part in a research study.  This letter provides 

information about the study.  Please read the information below and ask questions 

about anything you don’t understand.  Participation is entirely voluntary.     

 

What is the purpose of this study?   
 

This study will compare two methods of measuring energy expenditure 

(EE) during rest and wheelchair exercise. The SenseWear device (pictured below) 

measures energy expenditure and is worn as an armband.  Results from 

SenseWear will be compared with laboratory measurements of EE. 
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What will happen if you take part in this research study?   
 

You will be asked to come to the Wheelchair Biomechanics Laboratory 

one time, for a session of approximately 90 minutes in length.  You will be asked 

to refrain from strenuous exercise for 24 hours prior to testing and to arrive in the 

laboratory at least 2 hours after eating the meal.  Upon arriving at the Wheelchair 

Biomechanics Laboratory of the Faculty of Rehabilitation Medicine, the 

University of Alberta, your basic physical and background demographic 

information (height, weight, blood pressure, heart rate, age, gender, smoking 

habits, and handedness will be recorded. Five ECG electrodes will be placed on 

your chest wall to continuously measure your heart rate.   

  

The testing session will consist of 2 conditions including EE during rest 

and EE during wheelchair exercise. For each testing condition, you will wear the 

SenseWear Pro Armband
TM

 and be monitored by the metabolic cart. To measure 

energy expenditure using the metabolic cart, you will be fitted with a mouthpiece 

and a nose clip so that expired gases can be measured to calculate energy 

expenditure.  Blood pressure will be measured before and after each testing 

session.  If we notice anything abnormal in your heart rate or your blood pressure, 

we’ll ask you to stop exercising.  For example if your blood pressure is higher 

than the accepted standard (220/105) we will stop.   

  

Energy expenditure during rest (REE):  The test will be carried out 

while you are awake, resting, and sitting quietly on a standard wheelchair.  You 

will be instructed to sit as still and as relaxed as possible for 5 minutes.  

 
Wheelchair exercise energy expenditure (WEE):  After completion of the 

resting session, you will rest for 5 minutes.  After that you will be asked to perform an 

exercise test on a wheelchair ergometer for 30 minutes in the upright seated position. The 

test will consist  of  three separate continuous speed wheeling stages of 5-minute 

self-selected speed, 5-minute 0.9 m/s speed, and 3-minute 1.5 m/s speed for men 

or 3-minute 1.3 m/s speed for women.  Participants will be monitored for a 5 

minute resting period following highest speed wheeling.  Participants will rest for 

at least 2 minutes between stages.  

                             
What are the possible discomforts and risks of participation? 
 

This is a low-risk study using well-documented research procedures.  

There are no adverse effects to be expected from participation.  You may 

experience arm muscle soreness from wheeling wheelchair on wheelchair 

ergometry. 

 

What are the possible benefits to you or to others?  
 

The benefit for you is the opportunity to receive information about energy 

expenditure during rest and exercise. 
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How will your privacy and the confidentiality of your research records be 

protected? 
 

Personal records relating to this study will be kept confidentially by the 
study coordinator in a locked cabinet at the Physical Activity & Disability 
Laboratory at Corbett Hall, the University of Alberta.  Only the researchers will 
have access to the confidential data.  All data collected about you will not identify 
your name, only initials and a coded number. Your name will not be disclosed 
outside the research office.  Any report published as a result of this study will not 
identify your name.  Study data will be retained for at least 5 years. 

 
Can you withdraw from this study? 

 

If you decide to take part in the research project, you may discontinue 

participation at any time without penalty or the need to provide an explanation, in 

which case any information pertaining to you will be deleted from the analysis. 

 

  What if you do not want to answer a particular question? 
 

You do not have to answer every question asked of you.   

 

Whom may you contact if you have concerns about this research study? 
 

If you have questions about your rights as a research participant, please 

contact the Health Research Ethics Board (HREB) at 780- 492-0302.  

 

IF YOU ARE INTERESTED IN PARTICIPATING, PLEASE CONTACT 
THE STUDY COORDINATOR, Jutikarn Charoensuk  at 780-492-7885, or e-

mail at jutikarn@ualberta.ca 
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APPENDIX C CONSENT FORM 

UNIVERSITY OF ALBERTA 

Consent form 

 
Wheelchair Ergometry Exercise and the SenseWear Pro Armband (SWA): A 

preliminary study with healthy controls 

 
Name of Principal Investigator:  Dr. Trish Manns 

Contact Information: Phone: 780-492-7274,  Email: trish.manns@ualberta.ca                                  

Name of Study Coordinator:   Jutikarn Charoensuk 

Contact Information: Phone:  780-492-7889,  Email: jutikarn@ualberta.ca    

 

                                                                                                                             

                                                                                                                            Yes      No 
Do you understand that you have been asked to participate in a research study? 

 
  

Have you received and read a copy of the attached Information Sheet? 

 
  

Do you understand the benefits and risks involved in taking part in this research study?  

 
  

Have you had an opportunity to ask questions and discuss this study? 

 
  

Do you understand that you are free to refuse to participate or withdraw from the study at 

any time, without having to give reason, and that your information will be withdrawn at 

your request? 

 

  

Has the issue of confidentiality been explained to you?  Do you understand who will have 

access to your records information? 

 

  

 

This study was explained to me by:    _____________________________ 

 

I agree to take part in this study.         Yes  �                        No �     

      

____________________________   _________________________     ______________________ 

Signature of Research Participant   Date               Witness 
 

___________________________                                                     _________________________                                                                                                     

 

Printed Name                Printed Name 

 

I believe that the person signing this form understands what is involved in the study and 

voluntarily agrees to participate. 

__________________________________  __________________ 

Signature of Investigator or Designee                         Date 
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APPENDIX D DEMOGRAPHIC INFORMATION 

UNIVERSITY OF ALBERTA 

 

Demographic Information 
 

 

Date of Birth:___________________                 

                                                      

                            Year/Mo/Day 

 

Age:_________________years 

 
Height:_____________inches          or ____________centimeters                                 

Weight:____________ pounds         or____________ kilograms   

 

 

Gender: 
 

Male  Female    

Handedness: 
     

Right Handed  Left  Handed  

Smoker:           Smoker  Non Smoker 

 

 

 

 

Resting blood pressure:_______________mmHg 

Resting  heart rate: __________________(beats/min) 
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APPENDIX E PHYSICAL ACTIVITY READINESS QUESTIONAIRE 

((PAR-Q) 
 

 
 

 

We won’t collect your Signature on the PAR-Q. 

No Need to Sign Your Name in this Part. 
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APPENDIX F MEDICAL HISTORY QUESTIONAIRE 

 

 
 

 

UNIVERSITY OF ALBERTA 

 

Medical history Questionnaire 

 

Do you have any of these medical conditions?  

 

Yes No 

                       Pregnancy 

 

  

                       Eating disorders 

 

  

                       Asthma 

 

  

                       Chronic or acute bronchitis 

 

  

                       Diabetes 

 

  

                       Exercise-induced wheezing 

 

  

                       Pulmonary diseases (pnuemonia, COPD, etc.)   

                      Seizure disorders    

    
  

                      Major surgery within the past year   

                                                                                          

 

  

 

                        
 

 

 

 

 

 

 

 

 

 

 

Particpant #:____________  
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APPENDIX G RECRUITMENT LETTER 

                                                                                                                                             

UNIVERSITY OF ALBERTA 
                                                      

Recruitment letter 

 

Dear Volunteer: 
 

We wish to invite you to participate in a research project titled 

 

Wheelchair Ergometry Exercise and the SenseWear Pro Armband (SWA): A 

preliminary study with healthy controls 

 
 This study is being conducted by Dr. Trish Manns at the Department of Physical 

Therapy, the University of Alberta. 

 

The primary purpose of this investigation is to examine the validity of the 

SenseWear Pro Armband
 TM

 to estimate the energy expenditure (EE) during rest and 

wheelchair exercise in healthy subjects.  

   Participants SHOULD be healthy, and 18 years of ages and older. 

 

  Participants with ANY of the following are NOT eligible: high blood 

pressure, heart  disease, pregnancy, eating disorders, asthma, diabetes, lung disease, 

seizure disorders, major surgery within past year. 

 

 
Participants will be asked to come to the Wheelchair Biomechanics Laboratory 

only once, for a session of approximately 90 minutes.    Participants will participate in 2 

testing conditions including rest and wheelchair exercise.  An information letter 

describing the study is attached.  

  

If you would like additional information or you are interested in participating, 

please contact the Study Coordinator, Jutikarn Charoensuk at 780-492-7885, or e-mail at 

jutikarn@ualberta.ca 

 

Thank you for your consideration. Your participation is greatly appreciated. 

 

Jutikarn Charoensuk, 

 

Study Coordinator 
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APPENDIX G RECRUITMENT POSTER 

 

UNIVERSITY OF ALBERTA 

Recruitment poster 

 

SEEKING  HEATHY VOLUNTEERS FOR ENERGY EXPENDITURE MEASUREMENT 

STUDY 

 

University of  Alberta researchers are seeking  healthy volunteers for a  study on research 

project: 

 

Wheelchair Ergometry Exercise and the SenseWear Pro Armband (SWA): A preliminary 

study with healthy controls 

The primary purpose of this investigation is to examine the validity of the SenseWear Pro 

Armband
 TM

 to estimate the energy expenditure (EE) during rest and wheelchair exercise in 

healthy subjects.  

 

 
 

Participants SHOULD be healthy, and18 years of ages and older.  Participants with 

ANY of the following are NOT eligible: high blood pressure, heart  disease,  pregnancy, 

eating disorders, asthma, diabetes, lung disease, seizure disorders, major surgery within past 

year. 

 
Participants will be asked to come to the Wheelchair Biomechanics Laboratory only 

once, for a session of approximately 90 minutes.  Participants will participate in 2 testing 

conditions including rest and wheelchair  exercise.   

 

If you would like additional information or you are interested in participating, please contact 

the Study Coordinator, Jutikarn Charoensuk at 780-492-7885, or e-mail at jutikarn@ualberta.ca 

 

Thank you for your consideration. Your participation is greatly appreciated. 

 

Jutikarn Charoensuk, 

 

Study Coordinator 


