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Nomendature 

Frequently used symbols and abbreviations 

24hEE 
A 
ADMR 
a 

BMI 
BMR 
co2 

DC 
DIT 
EE 

fo 
G 
g 
2H2Iso 

h 
IMA 
k 
min 
n 

02 
PAL 
p 
ppm 
r 

rps 
SD 
SMR 

sy,x 

T 

yr 

24 hour energy expenditure* 
uniaxial accelerometer 
average daily metabolic rate* 
accelerometer output 
body mass index (body mass·heighC2, kg·m -2) 

basal metabolic rate* 
carbon dioxide 
direct current 
diet induced thermogenesis* 
energy expenditure* 
resonance frequency 
sensitivity of accelerometer along measurement direction 
gravitational acceleration 
doubly labelled water 
hour 
time integral of the modulus of accelerometer output 
transverse sensitivity of accelerometer 
minute 
number 
oxygen 
physical activity level (ADMR/SMR) 
probability 
parts per miJlion 
Pearson product moment correlation 
revolutions per second 
standard deviation 
sleeping metabolic rate* 
standard error of estimate 
time period for inlegration 
time 
start of integration period 
offset of accelerometer output 
angle between body-fixed unit vector and gravitational acceleration 
vector 

year 

* Measures on energy metabolism are expressed m Watt (W) to indicate the energy 
expenditure per unit of time. 

i x 
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Notation 

a 
ä 

la I 
à 

ä 

(ë,,~.e)) 

(ëx, ëy, ë 2) 

Subscripts 
1, 2, 3 
act 
cor 

meas 
tot 
X, y, Z 

scalar 
vector 
modulus of a 

time derivative of a 

second time derivative of a 

local, body-fixed reference system 

Nomendature 

global reference system or local, body-fixed reference system 

along ë1 , ~ or e) direction. 
referring to physical activity 
corrected for the gravitational component of accelerometer output 
referring to the i-th accelerometer (i = 1 ,2,3) 
measured 
total 
along ëx, ëy or ë 2 direction 



Summary 

The assessment of daily physical activity is a central factor in understanding the 
interactions between daily physical activity and the functional health status in humans. 
Although a wide range of methods for the measurement of physical activity has been 
developed, only few techniques offer possibilities to objectively assess physical activity 
in free-living subjects. The research described in this thesis was aimed at impravement 
and evaluation of a method for physical activity assessment under daily living conditions. 
This method is based on the registration of body movement with a body-fixed triaxial 
accelerometer at the low back and a data processing technique to quantify accelerometer 
output as a function of physical activity. During two Iabaratory and one field experiment, 
the method was evaluated against metabolic energy expenditure due to physical activity. 

Initia! steps were aimed at the development of a triaxial accelerometer (50 x 30 
x 8 mrn, 16 gram), consisring of three separate uniaxial piezoresistive accelerometers. 
From mechanical testing in the Iabaratory it was concluded that the triaxial accelerometer 
was reliable and valid for the measurement of accelerations within the amplitude range 
( -6 g to +6 g) and frequency range (~ 20 Hz) of voluntary human movement The 
relative contribution of the separate measurement directions of the triaxial accelerometer 
to the estimation of energy expenditure for physical activity (EEact> defined as total 
energy expenditure minus sleeping metabolic rate) was deterrnined during strictly defined 
sedentary activities and walking in the laboratory. In addition, accelerometer output was 
analyzed in different ways to find the best data processing technique for physical activity 
assessment. Results demonstrated that EEact was better predicted from three-directional 
than from unidirectional accelerometer output when different types of activity were 
combined. The best way of processing accelerometer output was calculation of the sum 
of the time integrals of the moduli of accelerometer output from the separate 
measurement directions (IMA101) . A strong linear relationship between IM~01 and EEact 
was found for the pooled data of all activities (r = 0.95). 

Except from body acceleration, the output of a body-fixed accelerometer - and 
hence IMA101 - originates from sourees outside the body, like gravitational acceleration 
and accelerations produced by vehicles. The influence of gravitational acceleration is a 
function of the orientation of the accelerometer within the field of gravity. Furthermore, 
body-fixed accelerometer output is dependent on the place of attachment on the human 
body. The influence of orientation and placement of body-fixed accelerometers was 

x i 



xii Summary 

studied during walking. In a two-dimensional approach, IMA101 - with and without 
correction for gravitational acceleration - was determined from simulated accelerometer 
output at different locations on the body, using kinematic data from video recordings. 
Although orientation and placement significantly influenced IMA1w these factors did not 
affect the accuracy of the prediction of EEact· The use of multiple accelerometers at 
different locations on the human body did not further improve the prediction of EEact 
during walking. 

To study the relationship between movement registration and energy expenditure 
under normal daily living conditions, a portable data unit for on-line acquisition, 
processing and storage of accelerometer output over I min intervals was developed. This 
data unit ( 110 x 70 x 35 mm, 250 gram including batteries) can be wom at a waistbelt 
and is connected to the triaxial accelerometer via a flexible cable. Data unit and triaxial 
accelerometer, together referred to as the Tracmor, operate for 8 days on two 9V 
batteries. A prototype of the Tracmor was evaluated during a standardized activity 
protocol in a respiration chamber. 13 Y oung male subjects performed a range of 
prescribed activities over 30 min intervals while synchronous measurements of body 
movement and EEact were made. Strong individual (r = 0.87-0.98) and pooled 
correlations (r = 0.89) between movement registration and EEact were observed. 

The final version of the Tracmor was evaluated under normal daily living 
conditions in 30 free-living young adults over a 7-day period. Average weekly Tracmor 
output was significantly correlated with the overall level of daily physical activity, 
expressed as the average daily metabolic rate (measured with doubly labelled water) as 
a multiple of sleeping roetabolie rate (measured in a respiration chamber; r = 0.58). After 
elimination ofTracmor values that resulted from accelerations produced by transportation 
means rather than from body accelerations, this correlation was improved to 0.73. 
However, there was still a considerable variation in the ratio between average daily 
roetabolie rate and sleeping roetabolie rate that could not be explained from Tracmor 
output. This variation was mainly attributed to the inability to measure postures and 
static exercise with the Tracmor. Nevertheless, the Tracmor was found to be highly 
suitable to distinguish between different levels of daily physical activity both within and 
between subjects. Moreover, the possibility to provide information about physical activity 
over adjustable short term intervals (e.g. I min) opens the way to study pattems of 
physical activity in time. 

The applicability of the Tracmor for the assessment of daily physical activity in 
patients with expected abnormalities in daily physical activity was investigated over l 
or 2 week periods under normal daily living conditions in women with anorexia nervosa 
and in elderly men with a pacemaker. Anorexia nervosa is often associated with 
excessive physical activity, whereas pacemaker patients have Iow levels of daily physical 
activity. From measurements on daily physical activity in women with anorexia nervosa 
(n = 11), it was concluded that daily physical activity, quantified by Tracmor output, was 
related to the body mass index (body mass·height-2, in kg·m-2) of these subjects (r = 
0.84). Higher than normallevels of daily physical activity were found in subjects with 
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a body mass index of 17 kg·m-2 and above. This overactivity, which results from a 
strong motivation to be physically active, was considered to be facilitated by an 
improving physical capacity and the benefits of a low body mass during weight-bearing 
activities. In subjects with a body mass index below 17 kg·m -2 lower than normallevels 
of daily physical activity were observed. Here, high or even normal levels of daily 
physical activity are not feasible anymore, due to a declining physical capacity. 

In the second patient study the Tracmor was used to delermine possible 
advantages of dual chamber cardiac pacing over single chamber cardiac pacing on the 
level of daily physical activity in six male subjects with complete atrioventricular block. 
Results demonstrate that the additional casts and complexity of dual chamber pacemakers 
are only justified by improvements in daily physical activity in subjects with a relatively 
active lifestyle. 

Although the described experiments cannot explain the underlying processes with 
respect to the relationship between Tracmor output and energy measures of physical 
activity, they do reveal the considerable contribution of the Tracmor to the field of 
physical activity assessment. Considering casts, reliability, ease of use, and overall 
applicability, the method seems superior to other techniques of daily physical activity 
assessment described in the literature and may be a helpful tooi for research purposes, 
for assessing the response to therapeutic treatments or activity interventions, and for 
diagnostic purposes. 
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1 
Introduetion and outline of the thesis 

Daily physical activity 

Physical activity is present throughout all aspects and stages of daily life. It is intentional 
behaviour over which the human individual has a large measure of voluntary controL 
Daily physical activity camprises occupational, household, and leisure activities, as well 
as personal care, transportation and home and garden maintenance. Depending on 
research aims and settings, daily physical activity (or a specific part of it) is studied from 
different points of view and disciplines (Aaron et al., 1993; Mayer et al., 1992; Massey 
et al., 1971; Shephard et al., 1980). This thesis will focus on daily physical activity in 
terms of metabolic energy expenditure and body movement 

Daily physical activity is generally considered to be a central factor in the 
etiology, prevention, and treatrnent of various diseases. Low levels of physical activity 
have been associated with the onset of cardiovascular disorders, obesity, and osteoporosis 
(Powell et al., 1987; Snow-Harter & Marcus, 1991; Thompson et al. , 1982), while 
excessive physical activity has been related to musculo-skeletal injuries and behaviaral 
and eating disorders (Epling & Pierce, 1988; Herring & Nilson, 1987). Furthermore, 
physical activity plays an important role in learning and in the prevention of disabilities 
during growth and development (Kemper et al., 1975; Mack & Kleinhenz, 1974) as well 
as during ageing (Buchner et al., 1992; Dallasso et al., 1988). The optima! level of daily 
physical activity to rnaintaio or imprave the functional health status and quality of life 
in individuals, however, remains to be elucidated. In order to get more insight into the 
interactions between daily physical activity and health or disease, an objective and 
reliable methad for the assessment of physical activity in free-living subjects is required. 
The major purpose of this thesis, therefore, is the development and experimental 
evaluation of a methad for the assessment of daily physical activity. This methad should 
be suitable to measure physical activity in large populations, over periods long enough 
to be representative for normal daily life, and with minimal discomfort to subjects. 
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Assessment of daily physical activity 

Over 50 different techniques have been developed for the assessment of physical activity. 
(Laporte et al. , 1985; Montoye & Taylor, 1984). These techniques may be grouped into 
five general categories: behavioral observations, questionnaires (including dietary intake 
records, activity diaries, and reeall questionnaires), physiological markers (e.g. heart 
rate), calorimetry (direct and indirect), and mechanica! and electrooie motion sensors. In 
physiologically based studies most techniques refer to the energy cost of physical 
activity, which is the standard reference for physical activity in this area of research. 
Considering the above mentioned demands, only few techniques wil! be appropriate for 
the objective assessment of physical activity in free-living subjects. Two proruising 
techniques in this respect are the doubly labelled water method and the use of body-fixed 
accelerometers. These techniques measure different· aspects of daily physical activity: 
energy expenditure and body movement, which are reviewed below. 

Daily physical activity and energy expenditure 
The average daily roetabolie rate (ADMR) is often divided into four components: 1) the 
sleeping roetabolie rate (SMR), 2) the energy cost of arousal , 3) the themtic effect of 
food or diet induced thennogenesis (DIT), and 4) the energy cost of physical activity 
(EEact). SMR and arousal together detemtine the basal metabolic rate (BMR), which 
covers the energetic costs of the processes essential for life. BMR is usually 5% higher 
than SMR (Goldberg et al., 1988). The contribution of the different components to 
ADMR in a 'standard', moderately active male is indicated in Figure l.I. Under most 
circumstances BMR accounts for the largest proportion of the ADMR (60-75%, 
Bogardus et al., 1986). Individual BMR over time is relatively stable, although, if 
corrected for fat-free body mass it does show a small decrease with age (Pannemans & 
Westerterp, 1995). DIT results from the digestion, absorption, and conversion of food 
and is about 10% of ADMR in subjects consurning an average mixed diet (Westerterp, 
1994 ). EEact is the most variabie component of total energy expenditure. Depending on 
physical fitness, a five- to twenty-fold increase of roetabolie rate can be sustained for a 
few rninutes, while a healthy young adult can, if necessary, develop five to eight times 
the BMR over an eight hour working day (Bouchard et al., 1993). In proportions of 
ADMR, EEact varies from about 15% in inactive, sedentary humans to about 30% or 
even more in active subjects who are regularly engaged in exercise. Nowadays methods 
are available to accurately assess ADMR and its constitutive energy components. 

Measurement of energy expenditure 
The measurement of energy expenditure is done by direct or indirect calorimetry. 
Cal01imetry is the measurement of heat production. Direct calorimetry measures heat 
output per se, whereas indirect ca1orimetry measures the gas exchange associated with 
the oxidation of energy substrates and calculates heat production from the oxygen (02) 

consumption and carbon dioxide (C02) production. Various techniques can be used to 
assess energy ex penditure via indirect calorimetry, the major difference being the time 
intervals over which energy expenditure is deterrnined. 
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Figure 1.1 Average daily roetabolie rate (ADMR) and its eonstituents sleeping 
roetabolie rate (SMR), arousal, basal roetabolie rate (BMR), diet indueed 
thermogenesis (DIT) and energy ex penditure for physieal aetivity (EE.c1) . Adapted 
froro Westerterp (1994). 
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- Continuous measurement of 0 2 and C02 allows an accurate detennination of energy 
expenditure in time under Iabaratory conditions. Douglas bags or fully automated 
respiratory gas exchange monitors may be used for this purpose (Ástrand & Rodahl, 
1986). In general these techniques require that subjects wear a face mask or 
mouthpiece and nose clip, obviously lirniting the performance of activity. The method, 
however, is suitable for the detennination of total energy expenditure during specific 
controlled activities in the Iabaratory, like walking on a treadrnill or cycling on an 
ergometer. EEact is calculated from total energy expenditure minus BMR, assurning 
DIT and arousal to be constant fractions of total energy expenditure which add little 

to the variation in EEact· 
- Portable respiratory gas exchange monitors have been developed to deterrnine total 

energy ex penditure outside the Iabaratory (McNeill et al. , 1982; Tarnura et al., 1992). 
Although these instruments show equal accuracy compared to Iabaratory monitors, the 
method clearly lirnits the performance of free-living activities due to the mouthpiece 
and the weight (2-3 kg) of the equipment. 
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- Ventilated hood systems can be used to detennine BMR and DIT in the resting 
subject over intervals of 30 min to several hours (Fredrix et al., 1990). During the 
measurements the head of the subject is enclosed by a transparent canopy. Air flow 
through the canopy and 0 2 and C02 concentrations in- and outflowing air are 
registered to calculate energy expenditure. 

- The carefully controlled assessment of total energy expenditure and its components 
over intervals of 24 h or Jonger is carried out in a respiration chamber. The 
measurement principle of these chambers, also referred to as whoie-body calorimeters, 
is the same as that of the ventilated hood. They have excellent reliability (1 %) and an 
accuracy of 2-3% (Schoeller & Racette, 1990). Yet, the limited environment of the 
chambers wil! alter or inhibit normal physical activity. Consequently, values fortotal 
energy expenditure are usually lower than in normal daily life. 

- The doubly labelled water method is an innovative method of indirect calcrimetry that 
has only recently been validated for human use (Schoeller et al., 1986; Westerterp et 
al., 1988). Validation studies in four laboratories have resulted in an accuracy of 1-3% 
when compared with respirometry (Schoeller, 1988). The principle of the method is 
that aftera loading dose of water, labelled with the stabie isotopes 2H and 180, 2H is 
eliminated from the body as water, while 180 is eliminated as water and C02. The 
difference between the two eliminatien rates, measured by mass speetrometry of 
samples of blood, saliva or urine, is therefore a measure of C02 production. In 
combination with the energy equivalent of C02 production for the macronutrient 
composition of the diet, the method can be used to calculate ADMR over periods of 
1 to 3 weeks under free-living conditions. EEact in daily life is established by 
calculating the difference between ADMR and measures of BMR ( or SMR), obtained 
from Iaberatory measurements. Altemately, ADMR is expressedas a multiple ofBMR 
(or SMR) to indicate the overall daily physical activity level (PAL). This measure is 
now favoured by the World Health Organization (1985) and can be used for 
comparisons between subjects with different active cell mass (i.e. fat-free mass) which 
is reflected in the SMR (Meijer et al., 1992b). In a sedentary elderly person values for 
ADMR, as measured with doubly labelled water may be as low as 8 MJ.day- 1 (95 W, 
Goran & Poehlman, 1992), whereas in the highly active endurance athlete ADMR can 
reach values over 30 MJ·day-1 (350 W, Westerterp et al., 1986). Corresponding PALs 
range from 1.5 in the sedentary elderly to 3.5-4.5 in the endurance athletes, although 
PAL in normal daily life usually not exceeds a value of 2.2 (Westerterp, 1994). Since 
the doubly labelled water method requires only the periodic collee ti on of urine, blood, 
or saliva samples, it is non-restrictive and ideally suited to use in free-living subjects. 
lts application, however, is limited to small populations due to the need for 
sophisticated equipment and the high cost of the isotopes. Nevertheless, the method 
is often used as a reference technique to evaluate other methods for daily physical 
activity assessment. 
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Daily physical activity and body movement 
The basis for physical activity is provided by skeletal musde contractions. Since the 
direct measurement of muscle contraction in daily life is impossible, information about 
its outcome in movement or posture may be helpful for the assessment of physical 
activity and the energy ex penditure resulting from it. During muscle contraction chemica! 
energy is converted into mechanica! energy and heat. The mechanica! energy is used to 
produce force. If force production is accompanied by changes in total musde length, the 
muscle perfarms work resulting in movement of the bones it is attached to. If no changes 
in total musde length occur, as in isometrie contraction, the muscle is not used to 
produce movement, but to actively maintain the position of the bones. This is the case 
in postures. Under these conditions there is a continuous conversion of chemica! energy 
within the muscle. However, as determined with usual measurement techniques, no 
physically measurable work is done. During physical activity different muscles co
operate to perform more or less complex (i.e. multi-joint) movements and postures. 
These musdes may have antagonistic or synergistic functions and may be involved in 
isometrie, concentric, or eccentric contractions. Furthermore, storage of mechanica! 
energy as elastic energy and contractions of multi-articular musdes may complicate the 
performance of physical activity. Regarding the amount of musdes crossing the joints 
in the hu man body, as well as their functional aspects, the number of degrees of freedom 
to perfarm a certain activity is considerable. Yet, certain complex activities are always 
performed in the same stereotypical way (Bobbert & Ingen Schenau, 1988; Zajac, 1993). 
There seem to be pattems of muscle activation that co-ordinate the various muscle 
actions, based on the ultimate goal of the activity and anatomical and geometrical 
constraints that occur during performance. These pattems reduce the number of degrees 
of freedom and the complexity of the relationship between musde contracrions and 
resulting movements or postures. 

Under Iabaratory conditions movements and postures can beregistered with film 
or video or with mechanica! devices like goniometers. Under daily living conditions 
continuous registration of body movement is relatively easy to accomplish with body
fixed motion sensors, whereas the registration of postures is practically impossible. 
Motion sensors can be used to provide a measure of body movement in free-living 
subjects over prolonged periods of time. When equipped with a data memory to store 
information on body movement over prescribed intervals, they can also be used to study 
pattems of physical activity in time. Motion sensors are cheap, easy to use, and have 
minimal interference with the performance of daily activities. Often the output of motion 
sensors is correlated against measures of energy expenditure to evaluate their value for 
the assessment of physical activity. Obviously, motion sensors cannot provide 
information about the static properties of physical activity, as in postures or isometrie 
exercise. The contribution of major whole body movements and postures to the daily 
physical activity pattem is shown in Figure 1.2. Data are expressed as the percentage of 
time spent on the activities and the relative energy expenditure during the activities. 
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Figure 1.2 Average percentage of time and energy ex penditure during whole body 
movements and postures in normal daily life. Data represent values for a young 
male adult, engaged in sedentary occupational activities. (Data deduced from 
Àstrand & Rodahl, 1986). 

The data in Figure 1.2 demonstrate that the contribution of postures like standing or 
sitting to the 24 hour time use and 24 hour energy ex penditure is considerable. Although 
there is always some degree of movement during such activities, due to fidgeting or 
postural sway, an inadequate registration of these activities by using motion sensors will 
probably cause inaccurate estimations of the total level of daily physical activity. 

Registration of body movement with motion sensors 
Various mechanica! and electrical motion sensors have been developed for the 
registration of body movement in humans. The first known motion sensor was described 
by Leonardo da Vinci (Gibbs-Srnidt, 1978), who designed a mechanica! pedometer to 
measure walking distance by counting the number of steps with a pendulum resting on 
the thigh. Stunkard ( 1960) and Kernper et al. (1975) used ankle- or waist-mounted 
pedometers to count the steps during walking or running. The amount of steps in time 
was used as a measure of physical activity. However, as the pedometer is designed for 
walking and running activities, its use for the assessment of daily physical activity is 
lirnited (Saris & Binkhorst, 1977a). Another mechanica! motion sensor, the actometer, 
was developed by Schulman and Reisman ( 1959). They removed the escape mechanism 
of a selfwinding wristwatch and connected the rotor directly to the di al. In this way, the 
cumulative amount of motions of the actometer wom on the human body was displayed 
on the watch. The actometer registers a combination of frequency and amplitude of body 
movement, since a larger amplitude will result in a larger momenturn of the rotor. 
Eventually designed for the assessment of hyperactivity or motility in patients, the 
actometer can also give a fairly good estimate of EEact during walking and running when 
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wom at the ankle ortheupper leg (Groenewegen, 1979; Laporteet al., 1985; Saris & 
Binkhorst, 1977a). Under daily living conditions, less accurate predictions of EEact can 
be made (Avons et al., 1988), although the actometer can be used to distinguish between 
different physical activity levels in population studies (Saris, 1986). The major 
drawbacks of mechanica! motion sensors are the low reliability and the complicated 
calibration of the instruments (Saris & Binkhorst, 1977a). In the late seventies the 
electronic large-scale integrated motor activity monitor (LSI) was developed (Laporte et 
al., 1979; MePartland et al., 1976). The LSI is slightly larger than a wristwatch and can 
be worn at several places on the human body. The sensor of the LSI consists of one or 
more cylinders with a ball of mercury in it. Tilting of the instrument results in closing 
of mercury switches at the endsof the cylinders. The amount of closed switches in time 
is an estimate of physical activity. Although the LSI is sensitive to individual differences 
in physical activity and more reliable than pedometer and actometer, the correlation of 
counted movements with EEact is poor (r = 0.69 for trunk-mounted LSI, r = 0.43 for 
ankle-mounted LSI, Montoye & Taylor, 1984). Again, the calibration of the instruments 
is rather complicated. 

The most proruising motion sensors for the assessment of daily physical activity 
are electronic accelerometers. These sensors measure both frequency and amplitude of 
accelerations produced during body movement Due to the current knowledge in 
miniature computer technology there is also opportunity to build very small and light 
instruments that can be wom for several days or weeks. Accelerometers have been used 
for several decades to study walking and other movements (Currie et al., 1992; Morris, 
1973; Smidt et al., 1977) or for the measurement of tremor and motor activity in 
neurological patients (Frost, 1978; HiJten et al., 1991; Sälzer, 1972). The rationale for 
the use of accelerometers to assess daily physical activity is based on studies on gait 
analysis (Cotes & Meade, 1960; Is mail et al., 1971; Reswick et al., 1978) and lifting 
movements in industrial workers (Brouha, 1960). Data from these studies have 
demonstrared a relationship between the integra1 of the modulus of body acce1eration and 
energy expenditure or oxygen consumption. This has led to the development of portable 
accelerometer devices for the assessment of energy expenditure during physical activity. 
These devices calculate the integral of the modulus of accelerometer output (IMA), as 
measured on the hu man body. In general the accelerometers are attached to the hu man 
body at waist level and measure accelerations along the longitudinal axis of the trunk. 
Initially, these uniaxial accelerometers were used under laboratory conditions to assess 
the energy expenditure during strictly defined activities, like walking and running 
(Montoye et al., 1983; Servais et al., 1984). In later years accelerometers were also used 
for the estimation of energy expenditure under daily living conditions (Balogun et al., 
1986; Montoye et al., 1984). 

From numerous evaluation studies during walking on the level (Balogun et al, 
1989; Kiesges et al., 1985; Montoye et al., 1983; Pambianco et al., 1990; Washbum et 
al., 1989) it can be concluded that uniaxial accelerometer output (IMA) shows better 
correlation with EEact (r = 0.68-0.92) than the output of a pedometer or a mercury switch 
(r = 0.36-0.60). Although uniaxial accelerometers are now frequent1y used for the 
assessment of daily physical activity, evaluation studies under free-living conditions are 
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relatively scarce. Comparisons with whole body calorimetry or doubly labelled water 
show that uniaxial accelerometers can be used to indicate individual differences in EEact 
during daily activity (r = 0.55-0.87), but tend to systematically underestimate the EEact 
(Gretebeck et al., 1991; Heyman et al., 1991; Schutzet al., 1988). This underestimation 
of EEact in daily life may be explained from the afore-mentioned inadequate registration 
of postures and from the fact that the contri bution of movements in antero-posterior and 
medio-lateral direction to the level of daily physical activity cannot be deterrnined with 
the uniaxial accelerometers. 

Meijer et al. (1991 b) were the first to develop an accelerometer based u pon a 
three-directional sensor. In the Iabaratory a linear relationship was found between 
accelerometer output (IMA) and energy expenditure for pooled data of 16 subjects 
perforrning specified exercises resembling activities of daily living (Meijer et al., 1989). 
Comparison with energy ex penditure determined with doubly labelled water in free-living 
subjects resulted in a correlation of 0.88 when accelerometer output was corrected for 
a personal calibration factor (Meijer, 1990). This correlation is better than found for 
uniaxial accelerometers under daily living conditions, but was achieved after exclusion 
of 50% of the accelerometers due to bad performance. Furthermore, the three-directional 
device used by Meijer et al. ( 1991 b) could not provide information from the separate 
measurement directions. Therefore, no conclusive statement about the contribution of 
different uniaxial measurement directions to the assessment of physical activity could be 
made. 

In condusion it can be stated that the use of body-fixed accelerometers is an 
attractive and frequently applied method for the assessment of daily physical activity. 
Many researchers have described a significant relationship between accelerometer output 
and EEact' mainly during standardized activities. No attempt, however, has been made 
to explain this relationship between the measured mechanica! (acceleration) and 
roetabolie variables during physical activity. Furthermore, it is unclear whether this 
relationship holds for different measurement conditions (laboratory versus field) and for 
different subjects groups (e.g. men, women, patients). The output of body-fixed 
accelerometers results from body acceleration, gravitational acceleration and noise from 
sourees outside the body. Therefore, accelerometer output is dependent on the location 
of the accelerometer on the human body, the orientation of the accelerometer with 
respect to the gravitational acceleration vector, and vibrations of extemal sources. In 
addition, it may be affected by measurement direction and varying techniques of data 
processing. Until now, the possible influence of these factors on accelerometer output 
and the prediction of EEact has never been studied. 

Outline of the thesis 

The studies described in this thesis were intended to evaluate the use of movement 
registration with body-fixed accelerometers for the assessment of daily physical activity 
in relation to energy expenditure. In separate experimental settings the relationship 
between accelerometer output and energy expenditure is systematically described during 
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more or less standardized activities using a black-box approach. That is, no underlying 
models or theories with respect to the relationship between the mechanica! and metabolic 
aspects of physical activity were used. Furthermore, the influence of above mentioned 
factors like measurement direction or placement of accelerometers, on the relationship 
between accelerometer output and energy expenditure is investigated. Evaluations were 
started during strictly defined conditions in the Iabaratory, foliowed by evaluations under 
daily living conditions in normal healthy adults and in patients with expected 
abnormalities in daily physical activity. Initia! steps were aimed at the development of 
a lightweight triaxial accelerometer, based on three separate uniaxial accelerometers to 
study the contribution of separate measurement directions to the estimation of EEact 
(Chapter 2). This triaxial accelerometer can be connected to a portable data unit for on
line acquisition, processing, and storage of accelerometer output in free-living subjects. 
The study in Chapter 3 was carried out to study whether EEact during strictly defined 
sedentary activities and walking in the laboratory was better predicted from uniaxial than 
from triaxial accelerometer output. In actdition the optima! way of data processing for the 
assessment of EEact was determined. Subsequently, the effects of placement and 
orientation of accelerometers on accelerometer output and the prediction of EEact were 
exarnined during walking (Chapter 4). Chapter 5 deals with physical activity 
assessment duringa standardized activity protocol resembling normal daily activity. This 
study was conducted in the controlled environment of a respiration chamber. Chapter 
6 describes the assessment of physical activity during a 7-day period in 30 free-living 
subjects. Comparisons were made between movement registration with the triaxial 
accelerometer and portable data unit and energy expenditure determined with doubly 
labelled water. In order to investigate the usefulness of movement registration for the 
assessment of daily physical activity in patient groups with expected abnormal daily 
activity levels, the method was evaluated in women with anorexia nervosa (n = ll, 
Chapter 7) and elderly men with a pacemaker (n = 6, Chapter 8). The first group is 
often associated with excessive physical activity, whereas the latter is characterized by 
low levels of daily physical activity due to cardiac impairment In both studies 
comparisons with the doubly labelled water technique were made. Finally, Chapter 9 
combines and discusses the results of the experimental studies and postulales a theory 
for the relationship between movement registration and energy ex penditure during human 
movement 
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A triaxial accelerometer and portable data processing unit 
for the assessment of daily physical activity * 

Abstract The study describes the design and development of a portable system, 
consisting of a triaxial accelerometer and a data processing unit, for the assessment of 
daily physical activity. The triaxial accelerometer is based on three orthogonally 
mounted uniaxial piezoresistive accelerometers. From laboratory experiments it was 
concluded that the triaxial accelerometer can be used for the registration of 
accelerations within the amplitude and frequency range of accelerations involved in 
human movement. Inter-instrument and test-retest experiments showed that offset and 
sensitivity were equal for each measurement direction of the triaxial accelerometer 
and remained constant on two separate measurement days. Transverse sensitivity was 
significantly different for each measurement direction, but did not influence 
accelerometer output ( < 3% of the sensitivity along the main axis) and remained 
constant on both measurement days. The data unit (110 x 70 x 35 mm, 250 gram 
including batteries) enables the on-line processing of accelerometer output to a 
reliable estimator of physical activity over a period of 8 days. Preliminary evaluation 
of the portable system in 13 male subjects during standardized physical activity in the 
Iabaratory resulted in a significant correlation between processed accelerometer 
output and energy expenditure due to physical activity, the widely accepted standard 
reference for physical activity (r = 0.89). The usefulness of the system for the 
assessment of physical activity under normal daily living conditions, however, should 
be studied in free-living subjects. 

* IEEE Trans. Biomed. Eng. In press. Co-authors: K.T.M. Koekkoek, M. Verduin, L. Kodde 
and J.D. Janssen, Department of Computational and Experimental Mechanics, Eindhoven 
University of Technology. 
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Introduetion 

Quantitative measurement of the level of daily physical activity in humans requires an 
objective and reliable technique to be used under free-living conditions. Numerous 
body-fixed motion sensors have been designed for this purpose, ranging from 
mechanica! pedometers ( Kernper et al., 1977) and actorneters (A vons et al., 1988; 
Saris & Binkhorst, 1977a, 1977b) to electrooie accelerometers (Meijer et al., 1991b; 
Montoye et al., 1983; Wong et al., 1981). Their use is basedon the measurement of 
body movement during physical activity. Motion sensors cannot be used to determine 
the static characteristics of physical activity, as in weight lifting or carrying loads. It 
is assumed, however, that the effect of static exercise on the total level of physical 
activity is negligible under normal daily living conditions (Saris & Binkhorst, 1977b; 
Verschuur & Kemper, 1980). 

The present study is aimed at the development of a motion sensor for the 
assessment of daily physical activity in relation to its physiological strain, i.e. the 
metabolic energy expenditure for physical activity. The use of body-fixed acceler
ometers seems promising for this purpose (Laporte et al., 1985). Due to the current 
state of art in integrated circuit technology there is opportunity to build very small 
and light instruments that can be worn for days or even weeks. Accelerometers have 
been used for several decades to study the kinematics of human gait and other 
movements (Currie et al., 1992; Morris, 1973) or for the measurement of tremor and 
motor activity in neurological patients (Frost, 1978; Sälzer, 1972). The use of 
accelerometers for the assessment of energy expenditure during physical activity is 
based on studies on gait analysis and ergonomics. In studying the vertical forces 
resulting from body movement in industrial workers with a force platform, Brouha 
( 1960) found a significant correlation between the integral of the rectified force-time 
curve and oxygen consumption (r = 0.83-0.96). lsmail et al. (1971) measured forces 
during walicing in three orthogonal planes using a force platform placed under the belt 
of a treadmill. By integration of the rectified force-time curves it was possible to 
predict the required energy expenditure from each measurement direction (r == 0.73-
0.92). The best prediction of energy expenditure, however, was achieved by 
sununation of the magnitudes of the three orthogonal forces. Reswick et al. ( 1978) 
used a head-mounted accelerometer during walk.ing on a large walkway. They 
concluded that the integral of the modulus of accelerometer output, measured along 
the longitudinal axis through the head, was linearly related to the energy expenditure 
during walking. These results have led several researchers to hypothesize that the 
integral of the modulus of acceleration measured on the human body - especially in 
longitudinal direction - could predict energy expenditure in various activities. In 1981 
Wong et al. (1981) developed a portable motion sensor with a piezo-electric 
accelerometer to assess energy expenditure due to daily physical activity. The sensor, 
named Caltrac, could be wom at the waist and registered accelerations parallel to the 
longitudinal axis of the body. The absolute value of accelerometer output was 
integrated and sununed for the total time it was worn. This measure was called 
'acceleration count'. Reproducibility of acceleration counts at the low back during 
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standardized activities was good (r = 0.94) and a correlation of 0.74 was found for 
the relationship between acceleration counts and oxygen consumption (Montoye et 
al., 1983). From more recent studies it can be concluded that during level walking 
Caltrac output shows good correlation with measured energy expenditure (r = 0.68-
0.94), but generally overestimates energy expenditure (Balogun et al., 1989; Haymes 
& Byrnes, 1993). Under daily living conditions one waist-mounted uniaxial Caltrac 
seems adequate to indicate differences in energy expenditure between individuals, but 
tencts to systematically underestimate the energy requirements when compared to 
whole body indirect calcrimetry (Schutz et al., 1988) or the doubly labelled water 
method (Gretebeck et al., 1991; Heyman et al., 1991 ). It is obvious that the uniaxial 
Caltrac limits the registration of multidirectional body movement and hence the 
predietien of energy expenditure. A yen and Montoye ( 1988) showed that energy 
expenditure during exercises like walking, running, and squat-thrusts is better 
predicted using three separate Caltracs, mounted at right angles at the waist (r = 
0.75), than by a single Caltrac (r = 0.65). 

Meijer et al. (1991b) developed a portable accelerometer based upon a bended 
piezo-electric plate. This plate was sensitive to accelerations in three directions, 
although the longitudinal axis was more sensitive than the other axes. A data unit 
with solid state memory was used for !ow-pass filtering, amplification, rectification 
and inlegration of the resulting acceleration signa] over 1 min time intervals. 
Accelerometer output cou1d be stored for 11 days, enabling the investigation of 
patterns of daily physical activity. In a Iaberatory study a linear relationship was 
found between accelerometer output and energy expenditure for the pooled data of 16 
subjects perforrning specified activities resembling normal daily activities (Meijer et 
al., 1989). However, at high levels of energy expenditure, especially in running, the 
accelerometer output systematically underestimated energy expenditure. Another 
shortcoming of the device used by Meijer et al. (1989, 1991b) is the Jack of 
information from separate measuremeht directions. 

In order to systematically exarnine the relationship between measured body 
acceleration and energy expenditure due to physical activity (EEacl) under various 
circumstances, an electronic triaxial accelerometer was developed. To study the 
relative contribution of different measurement directions to the estimation of EEacl' 

this accelerometer was based on three separate uniaxial accelerometers. Initia! 
investigation was aimed at specifying the type of accelerometers to be used. For this 
purpose the aspects of human body acceleration that wil! deterrnine the technica! 
specifications of the accelerometers were described. Next, the triaxial accelerometer 
was designed and the uniaxial sensors in the accelerometer were evaluated concerning 
their inter-instrument and test-retest variability. A portable data unit for acquisition, 
processing and storage of accelerometer output over prolonged periods of time was 
developed to study patterns of daily physical activity. Preliminary evaluation of the 
triaxial accelerometer and the data unit against measurements of EEacl was perforrned 
during a standardized activity protocol in a respiration chamber. 
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Development of a triaxial accelerometer 

The selection of an appropriate accelerometer for the assessment of da!ly physical 
activity is dependent on the characteristics of the various electronic accelerometers as 
wel! as the aspects of human movement that detennine the output of a body-fixed 
accelerometer. These aspects are described below. 

Electronic accelerometers 
Electronic accelerometers are based on piezo-electric or piezoresistive properties. 
Piezo-electric accelerometers can be considered as damped rnass-spring systems, in 
which a piezo-electric element acts as spring and damper. This element generates an 
electrical charge in response to the mechanica! force, and hence the acceleration, 
applied to it by a smal! mass. In piezoresistive accelerometers 'spring and damper' 
are replaced by silicon resistors which change electrical resistance in response to the 
applied mechanica! load. The resistors are electrically connected in a Wheatstone 
bridge to produce a voltage proportional to the amplitude and frequency of the 
acceleration of the small mass in the sensor. Piezoresistive accelerometers are smaller 
than piezo-electric accelerometers, but require an external power source. Furthermore, 
piezoresistive accelerometers have DC response, while piezo-electric accelerometers 
do not respond to constant acceleration. 

Sourees of accelerometer output 
The output of an accelerometer worn on the human body or1gmates from several 
sources: 1) accelerations due to movementsof the body, 2) gravitational acceleration, 
3) accelerations produced by external sources, like vehicles), and 4) accelerations due 
to bouncing of the sensor against ether objects or jolting of the sensor on the body 
due to loose attachment, eventually resulting in mechanica! resonance (Redmond & 
Hegge, 1985). 

Of these, only the first two are directly related to voluntary body movement 
Gravitatienat acceleration may vary between -1 g and 1 g, depending on the 
orientation of the measurement direction of the sensor in the gravitational field. This 
souree of accelerometer output is often described as the 'gravitational component'. 
The output due to body acceleration, often referred to as the 'kinematic component', 
is dependent on the type of activity performed, the part of the body where 
accelerations are measured, and the measurement direction (antero-posterior, medio
lateral, or cranio-caudal (longitudinal)), as is discussed below. Sourees 3 and 4 - the 
'noise' on accelerometer output - may be attenuated, respectively, by filtering of the 
data (when the frequency range of the noise is outside the frequency range of human 
body acceleration) and adequate altachment of the sensor. 

Human body acceleration 
Accelerometers used for the assessment of physical activity in humans must provide 
an accurate registration of the frequency and amplitude of the accelerations involved 
in human movement Once the broadest possible spectra of frequencies and 
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amplitudes is known, the right sensor can be chosen. In genera!, frequencies and 
amplitudes of accelerations produced during human movement are relatively low. The 
largest accelerations with the highest frequencies can be expected during running and 
jumping. 
- Frequency: During locomotion, frequencies are generally higher in the longitudinal 

than in the medio-lateral or the antero-posterior directions and the frequency 
spectrum shifts towards higher frequencies from cranial to more eaudal body parts. 
In walking at natura! velocity the bulk of acceleration power in the upper body 
ranges from 0.75 to 5 Hz, while the most abrupt accelerations occur at the foot in 
longitudinal direction during heelstrike and sametimes mount up to 60 Hz 
(Cappozzo, 1982). By measuring these "worst case" accelerations at heelstrike, 
Antonnson and Mann (1985) demonstrated that 99% of the acceleration power in 
gait is concentraled below 15 Hz. Higher frequencies are caused by the impact 
between foot and walicing surface and are not produced by intentional muscular 
work. In running frequencies at the ankle in longitudinal direction vary between 1 
and 18 Hz, depending on running speed. At the low back and at the head the 
frequency content of acceleration profiles is smaller. During trampoline jumping, 
when the impact between foot and 'jumping' surface is less pronounced than in 
running, the frequency content in longitudinal direction at the ankle, the low back 
and the head are approximately equal, ranging from 0.78 to 4 Hz (Bhattacharya et 
al., 1980). The frequency content of daily activities was recently studied by Sun 
and Hili (1993). Fast Fourier analysis of daily activities performed on a force 
platform revealed the major energy band to be between 0.3 and 3.5 Hz. 
Amplitude: Like the frequency characteristics, amplitudes of accelerations during 
locomotion are higher in longitudinal than in the other directions and become 
larger towards eaudal body parts. During walicing accelerations along the 
longitudinal axis of the body vary from -0.3 to 0.8 g in the upper body to about 
-1 .7 to 3.3 g at the tibia. In the other directions accelerations range from -0.2 to 
0.2 g at the head, from -0.3 to 0.4 g at the low back, and from -2.1 to 2.3 g at the 
tibia (Cappozzo, 1982; Lafortune, 1991 ). During running peak accelerations vary 
between 0.8 and 4.0 g at the head, 0.9 and 5.0 g at the low back and 3.0 and 12.0 
g at the ankle. In trampoline jumping the differences in longitudinal peak accelera
tion, measured at the head, the low back and the ankle were found to be smaller 
than in running: 3.0 to 5.6 g at the head, 3.9 to 6.0 g at the low back, and 3.0 to 
7.0 g at the ankle (Bhattacharya et al., 1980). 

- Desirabie frequency and amplitude ranges: In order to measure accelerations during 
various activities, at any given place on the body, and in an arbitrary measurement 
direction, accelerometers must register amplitudes within the range of -12 g to + 12 
g and frequencies up to 20 Hz. For the assessment of daily physical activity 
accelerometers are usually placed at waist level (Meijer et al., 199lb; Servais et 
al., 1984). At this site an amplitude range of -6 g to +6 g wil! suffice. Using these 
amplitude and frequency ranges, accelerations during activities with low intensity, 
like sedentary activities or walking, as wel! as during more intensive exercises, like 
running and jumping, can be measured. Although the major kinematic acceleration 
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component during human movement is in the longitudinal direction, accelerations 
from movements in other directions do contribute to the total, complex movement 
pattem. Thus to obtain information about the multidirectional characteristics of 
human movement, accelerations should be measured in three directions. 
Furthermore, to investigate the influence of separate measurement directions on the 
estimation of EEact' it must be possible to analyze the output of different 
measurement directions independently. 

The triaxial accelerometer 
An accurate registration of the relatively low frequencies in human movement is 
dependent on the type of accelerometer used. As is mentioned above, piezoresistive 
accelerometers yield a DC response, while piezo-electric accelerometers do not. This 
DC response can be used to calibrate the piezoresistive accelerometers, for instanee 
by rotation within the gravitational field. Human movement, however, will never 
correspond to a DC response. Therefore, is was decided to use a piezoresistive sensor 
with the possibility to elîminate any resulting DC-component durîng the registration 
of human movement with a high-pass filter, while retaînîng a very low frequency cut 
off (about 0.1 Hz). A number of different unîaxial piezoresistive accelerometers was 
investigated and a smal!, lightweight accelerometer (ICSensors, type 3031-010, size: 4 
x 4 x 3 mm; weight 0.3 gram; range: -10 g to + 10 g, frequency response: 0-600 Hz; 
f0: 1200Hz) was selected for further research. Three uniaxial accelerometers (A 1, A2, 

A3) were mounted orthogonally onto a 12 x 12 x 12 mm cube made of Celeron to 
accomplish a triaxial accelerometer with independent measurement directions. 

Evaluation of the triaxial accelerometer 

In order to assess the usefulness of the triaxial accelerometer for the measurement of 
accelerations învolved in human movement, the device was tested in a Iabaratory 
experiment. The output of the three uniaxial accelerometers A1, A2, and A3 as a 
consequence of mechanically applied accelerations, comparable to accelerations 
occurring during voluntary human movement, was studied under various conditions. 
Inter-instrument and test-retest comparisons were made to test whether the output of 
A1, A2, and A3 was si mi lar under the same experimental conditions and on different 
occasions. 

Methods 
The experimental set-up is illustrated in Figure 2.1. The trîaxial accelerometer was 
mounted onto a counterweighted arm at distances of 25 mm (R25) or 100 rrun (R100) 

from the central shaft. After mounting, the positive measurement directîons of the 
accelerometer were parallel to the axes of the local system of reference ( ë1 , ~ , ë3 ). 
By turning the triaxial accelerometer over angles of 90° the uniaxial accelerometers in 
the device could be tested in different directions. Bridge amplifiers (PMI, OP90GS) 
for the accelerometers were attached to the counterweighted arm at the other side of 
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the central shaft. Conneetiens between the amplifiers and the accelerometers were 
established via a 12 conductor shielded cable. The central shaft of the ann was 
attached to the electric motor of a lathe (Laagland Rotterdam, Celtic 14) with an 
adjustable number of revolutions per second (rps) to cause a rotational motion of the 
arm with constant angular velocity (accuracy < 0.1 rps). A slip ring assembly 
(Hottinger Baldwin Messtechnik, SK12) on the ann was used for the transmission of 
output voltages of the three separate accelerometers to a computer for data 
acquisition. The supply voltage to the accelerometers and amplifiers was also 
provided by means of the slip ring assembly. 

motor 

\ 

, : · 

counterweight jampüfl..., 

1 
shaft 

~~~<-
~ 

slip ring assembly 

~01 
triaxial accelerometer 
with measurement 
directions 

Figure 2.1 Experimental system to evaluate inter-instrument and test-retest 
variability of accelerometer characteristics. Left side: Lateral view of equipment (<!> 

= 0). Right side: Frontal view of the rotational motion applied to a triaxial 
accelerometer (<!> -:1- 0). System-fixed measurement directions ( ë1, ~, ë3) are 
indicated. The radius R represents the distance between the triaxial accelerometer 
and the centre of rotation, g the gravitational acceleration vector, and <!> the angle 
between Rand g. R25 and R100 refer to radii of 25 mrn and 100 mrn, respectively. 

The rotational movement of the ann resulted in a constant radial acceleration in~ 
direction and gravitational components along ë1 and ~, varying sinusoidally between 
-I g and 1 g • with a basic frequency equal to the applied rps of the rotational 
movement No accelerations were applied in ë3 direction. Besides the radial 
(kinematic) and gravitational components, accelerometer output during the experiment 

* g = 9.812 m·s -2 at the ex perimental site. 
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results from the overall offset of the accelerometer and the experimental system, and -
since the accelerometers we re assumed to be non-ideal - from transverse sens i ti vity. 
This last component is defined as the sensitivity of the accelerometers to accelerations 
from directions other than the measurement direction. Thus, accelerometer outputs a1 

and ~ in e1 and ~ direction, including offset and transverse sensitivity, can be 
described by: 

· 2 
al.i = V0,; + G;( -gsin(<)>)) + k;(R<)J -gcos(<J>)), [2.1] 

[2.2] 

with the index i (i = 1, 2, 3) denoting the number of the uniaxial accelerometer tested 
in the defined measurement direction. V O,i represents the offset, G; the sensitivity 
along the main axis, and Js the transverse sensitivity of the i-th accelerometer. <)> 
Represents the angle between radius R and the gravitational vector of the earth ( g), ~ 
the time derivative of <)>, and R~2 the radial acceleration. Accelerometer output is 
measured in mV, G; is expressed as mV·g- 1, and Js is expressed as Mv·g- 1 or as a 
percentage of G; (%G;). Note that along the e1 and ~ directions transverse 
sensitivity due to output from the e) direction was neglected, since no accelerations 
were applied in e3 direction. Accelerometer output along e) results only from offset 
and transverse sensitivity due to accelerations in e1 and ~ direction: 

· 2 
a3,; = V0,; + k;(-gsin(<)J)) + k;'(R<)J -gcos(<)J)), [2.3] 

where Js, the transverse sensitivity due to acceleration along e1, and Js', the 
transverse sensitivity due to acceleration along ~, are assumed to be equal. 

Using ll combinations of 1 to 10 rps with the two radii R25 and R100, the constant 
acceleration along e; was varied from 0.12 to 15.56 g (1.18-152.67 m·s-2). 

Combinations of R25 with rps > 10 and R100 with rps > 6 could not be measured, 
since the output voltage exceeded the maximal allowed output voltage of the 
amplifiers (±15 V). The total amplitude range of human body acceleration, however, 
was included in the experiments. For each trial outputs from A1, A2, A3 were 
sampled and analyzed synchronously using a data acquisition board (DIFA Measuring 
Systems). Signals were sampled at 800 Hz to produce a representation of the 
accelerometer output in time. A typical example of accelerometer output in time 
along e1 , ~, and e) is shown in Figure 2.2 for rotatien at 4 rps at a radius of 100 
mm. Next, for each trial the amplitude spectrum of the signals was determined. The 
average spectrum of four subsequent measurements of 2048 samples, sampled at 25 
Hz, was used for further calculations. The frequency of the measured accelerations 
could be deterrnined with an accuracy of 0.01 Hz. 
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Figure 2.2 Typical example of triaxial accelerometer output in time in ê1 (- ) , e; 
(-·), and ëJ ( ···) direction during rotational motion at 4 rps with a radius of 
IOOmm. 
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The DC-components of the amplitude spectra were used to detennine V O,i plus output 
due to the constant radial acceleration in e; direction. The difference between 
accelerometer output from trials perfonned at the same angular velocity but at 
different radii was taken to eliminate Vo,i and to deterrnine the sensitivity due to the 
radial acceleration. In the same way the transverse sensitivities due to the radial 
acceleration in ë1 and ë) direction were detennined. Frequency components of the 
amplitude spectra were windowed with a flat-top window before they were used to 
compute the sensitivity and transverse sensitivity due to gravitational acceleration in 
ë1 and e; direction, and the transverse sensitivity due to gravitational acceleration in 
ëJ direction. Besides the determination of V0 i• Gi, and Js, it was investigated whether 
accelerometer output along e; was proportional to the applied radial acceleration 
within the amplitude range of human body acceleration. The experimental protocol of 
11 trials was repeated three times on day I, with the triaxial accelerometer turned to 
another orientation on each repetition. Thus, 33 combinations of R, rps, and 
orientation of the triaxial accelerometer were perfonned to calculate V0 i• Gi, and Js 
under different conditions. Data are presented as mean and standard deviation (mean 
± SD). Inter-instrument variability in Yo,i• Gi, and Js was statistically analyzed with a 
repeated measures ANOV A, foliowed by a post-hoc test (Scheffé F-test) to indicate 
significant differences. A level of 5% (p ~ 0.05) was taken as level of significance. 
Part of the experimental protocol was performed on two separate occasions (day I 
and day 2) to determine test-retest variability in VO,i• Gi, and Js. Only trials at 2, 4, 
and 6 rps were included is this analysis. Statistica! comparisons between the measured 
parameters at day l and day 2 were made using a paired t-test. 
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Accelerations with frequencies above 10 Hz were not included in the experiments. It 
was assumed however, that frequencies within the range of human body movement 
(up to 20 Hz) could be measured accurately with the uniaxial accelerometers which 
have a frequency response of 0-600 Hz. To verify this assumption, one of the uniaxial 

accelerometers (A 1) was tested using a vibration excitator (Ling Dynamic Systems, 
type: 201) at frequencies between 0-35 Hz and amplitudes of 0.50-1.25 mm. The 
amplification of accelerometer output was the same as during the inter-instrument and 

test-retest experiments. 

Results 
Values for Yo,i• G;. and k; on day 1 are given in Table 2.1. V0.i and G; were equal for 
A1, A2, and A3. The absolute values of k;. as wel! as k; expressed as a percentage of 
G;, were significantly different for A1, A2, and A3. However, in all three 

accelerometers k; did not significantly influence accelerometer output ( < 5% of the 
sensitivity along the main axis) and did not exceed the maximal value for k; given by 
the manufacturer (3% GJ No differences in parameter values were found for the 
separate measurement directions. For instance, the transverse sensitivity of 
accelerometer A1 was similar when A 1 was tested in ë1, ~, or ë) direction. 

Table 2.1 Offset (V0,;). sensitivity (Gi), and transverse sensitivity (kt, given as absolute value 
and as a percentage of Gi) for each of the three uniaxial accelerometers (A1, A2, A3) in the 
triaxial accelerometer (mean ± SD from 33 observations). 

accelerometer v0,; (mV) G; (mV·g-1) k; (mV·g- 1) 

#: 

A, 186 ± 47 581 ± 17 6.9 ± 0.3* 

A2 180 ± 31 575 ± 9 3.0 ± 0.2* 

A3 186 ± 51 577 ± 13 13.8 ± 9.9* 

p < 0.001, Significant difference between absolute values for kt· 
p < 0.00 I, Significant difference between kt (%G;). 

1.2 ± 0.4# 

0.5 ± 0.1# 

2.6 ± 1.7# 

Figure 2.3 shows the DC-components of the accelerometer output resulting from 
constant angular velocity along ~ for accelerometers A1, A2, and A3 plotted against 
the applied constant radial acceleration. Accelerometer output was corrected for offset 
values. The figures show that, within the amplitude range of human body acceleration 
( - 12 g to + 12 g), the DC-component of the accelerometer output is linearly related to 
the applied radial acceleration. The sensitivity of the accelerometers, as deterrnined 
from the slope of the regression lines in Figure 2.3, was 583 mV·g- 1 in A1, 573 
mV·g- 1 in A2, and 578 mV·g- 1 in A3. 

Values for Yo,i• G;. and k; (mean ± SD) on day 1 and day 2 are indicated in 
Table 2.2. Note that average val u es on day 1 may differ from those in Table 2.1 , 
since only 18 observations were used for test-retest analysis, while 33 observations 
were included in the inter-instrument analysis. 
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Figure 2.3 Accelerometer output (DC-component), corrected for offset, as a 
function of the applied radial acceleration in the three uniaxial accelerometers: Al, 
A2, and A3. 
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Table 2.2 Offset (V0), sensitivity (Gi), and transverse sensitivity (ki, given as absolute value 
and as a percentage of Gi) of the three uniaxial accelerometers (A1, A2, A3) in the triaxial 
accelerometer on day 1 and day 2 (mean ± SD from 18 observations). 

#: 

Yo,t 

vo.2 

vo.J 

kl (%GI) 

k2 (%G2) 

k3 (%G3) 

(mV) 

(%) 

day 1 

181 ± 46 

178 ± 39 

180 ± 46 

589 ± 16 

587 ± 8 

584 ± 11 

6.9 ± 0.4* 

3.0 ± 0.4* 

4.7 ± 4.4* 

1.2 ± 0.3# 

0.5 ± 0.1# 

0.8 ± 0.6# 

day 2 

187 ± 44 

179 ± 32 

182 ± 40 

586 ± 11 

589 ± 7 

590 ± 13 

6.9 ± 0.4* 

3.0 ± 0.2* 

4.6 ± 3.1* 

1.2 ± 0.4# 

0.5 ± 0.1# 

0.8 ± 0.6# 

p < 0.01, Significant difference between kp k2, and k3 on day 1 and on day 2. 
p < 0.01, Significant difference between k1 (%G1), k2 (%G2), and k3 (%G3) on day 
and on day 2. 

No differences in parameter values were found between day 1 and day 2. Values for 
Js, expressedas mV·g-1 and expressed as %Gi, were significantly different from each 
ether on bath days. Again, in all three accelerometers Js was well below 5% of Gi. 

Accelerometer output as a function of the applied radial acceleration along ëi on day 
2 was camparabie to the data given in Figure 2.3. 

During vibrational motion with frequencies up to 35 Hz the amplitude of the 
output from A1 (average of three trials, corrected for offset) was linearly related to 
the amplitude of the applied acceleration (Figure 2.4). The sensitivity of A1 during 
the vibration experiments, as deterrnined from the slope of the regression line, was 
580 mV·g-1. From these results it was concluded that the uniaxial sensors in the 
triaxial accelerometer could be used for the registration of accelerations within the 
amplitude and frequency range of human body acceleration. The triaxial 
accelerometer was built in a flat housing of Celeron (measures: 50 x 30 x 8 mm, 
weight: 16 gram) with two slits for an elastic belt. Using this belt the accelerometer 
could be attached to the human body. 
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Figure 2.4 Amplitude of measured accelerations, corrected for offset, as a function 
of the amplitude of the applied acceleration in a uniaxial accelerometer (A1) during 
vibrational motion. 

Development of a data processing unit 
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In order to correlate analog accelerometer output to discrete data on energy 
expenditure, the output must be processed to a useful quantity. Recently Bouten et al. 
( 1994b) reported on the most optimal way of data processing for the estimation of 
EEact from accelerometer output. From synchronous recordings of EEact and acceler
ometer output, measured with the triaxial accelerometer attached to the low back, it 
was concluded that EEact was better predicted from three-directional than from 
unidirectional accelerometer output when different types of activity (sedentary 
activities, walking) were performed. The sum of the time integrals of the modulus of 
accelerometer output from the separate measurement directions (IMA101), resulted in 
the most accurate prediction of EEact· The data processing referred to is given by: 

t0 +T t0+T t0+T 

IMA101 J ia x i dt + J ia) dt + J laz I dt, [2.4] 

with T the time period for inlegration and ~· a,.. and az the accelerometer output in 
the body-fixed antero-posterior (x), medio-lateral (y), and longitudinal (z) directions, 
respectively. This data processing was superior to, for instance, inlegration of the total 
acceleratîon vector. For the assessment of daily physical activity IMA101 should be 
recorded in free-living subjects. The recordings, however, may not interfere with the 
physical activities of the subjects. Therefore, a portable data unit with minimal weight 
and dimensions for on-line acquisition, processing and storage of accelerometer data 
was required. The data unit must enable the amplification and filtering of acceleration 
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signals from the triaxial accelerometer as well as the storage of IMA101 over periods 
of days or weeks to study pattems of daily physical activity. Regarding these 
demands the prototype of a data unit was proposed, which was extensively tested in 
the laboratory. Finally, a free programmabie data unit was developed to be used in 
combination with the triaxial accelerometer for the assessment of physical activity 
under daily living conditions. 

The data processing unit 
The block diagram in Figure 2.5 shows the processing of accelerometer output from 
the triaxial accelerometer, which is implemenled in the data unit. The data unit is 
connected to the accelerometer with a 0.5 m flexible 12 conductor shielded cable. 
Outputs from the three measurement directions of the triaxial accelerometer are 
amplified and high-pass (0.11 Hz, 5.6 dB/octave) and !ow-pass (20 Hz, 9 dB/octave) 
filtered to attenuate DC-response and frequencies that cannot be expected to arise 
from voluntary human movement Next, acceleration signals are digitized (100 Hz) 
and further processed using a rniniaturized datalogger (Onset Computer Corporation, 
Tattletale 5F). This datalogger enables a programmabie data processing and is 
prograrnmed and started from a computer via a serial interface (Onset Computer 
Corporation, TC-1). For the assessment of daily physical activity the datalogger was 
prograrnmed to calculate IMA101 using its TX-Basic software package. The time 
period for integration is variabie and can be adjusted at the start of a measurement 
period. After processing, the data obtained are stored in a 512 kB, 16 bit data 
memory chip that can be read out via the serial interface to a computer. There is also 
the possibility to start the datalogger and to read out the memory chip by modem. 
The memory is reset by disconnecting the supply voltage to the triaxial accelerometer 
and the data unit, which is provided by batteries. Two 9 V, 1200 mAh batteries are 
required to register and process acceleration signals over a period of 8 days. For a 
measurement period of 3 days, two 9 V, 500 mAh batteries can be used. Batteries, 
datalogger and other electronic components for data processing are built in a housing 
of PVC. The housing can be opened by the investigator for replacement of batteries 
and calibration. Switches within the housing are used to ornit the high-pass filters. 
The DC responses of the uniaxial accelerometers can than be applied to deterrnine 
their sensitivity by altering the orientation of the triaxial accelerometer with respect to 
the gravitational vector of the earth. The gain of the accelerometers as well as the 
balance of the Wheatstone bridge in the accelerometers (zeroing) can be adjusted. In 
this way the separate measurement directions of the triaxial accelerometer can be 
calibrated equally. For the assessment of daily physical activity the gain is usually set 
to produce an accelerometer output of 1.5 V-g- 1, corresponding to an output count of 
1000 over an integration period of 1 second in the data unit. The data unit measures 
110 x 70 x 35 mm and weighs 170 gram without batteries (250 gram including 
batteries). It can be worn around the waist using a smal! bag (fanny pack). It can also 
be attached directly to a waist-belt using two slits on both sides of the PVC housing. 
A picture of the triaxial accelerometer and the data unit is shown in Figure 2.6 
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Figure 2.5 Bleek-diagram of the triaxial accelerometer and the data unit for 
acquisition, processing and storage of accelerometer output. The complete data 
processing is shown for one of the uniaxial accelerometers (A2) . 

Figure 2.6 The triaxial accelerometer (right; 50 x 30 x 8 mm, 16 gram) and 
portable data unit (left; 110 x 70 x 35 mm, 250 gram including batteries). 
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Evaluation of the triaxial accelerometer and data processing unit 
Preliminary evaluation of the triaxial and data processing unit was performed in 13 
young male subjects (age: 27 ± 4 yr, body mass: 77 ± 12 kg, height: 1.83 ± 0.07 m) 
during a standardized long-term activity protocol in a respiration chamber (Chapter 5, 
Bouten et al., 1995a). This charnber is provided with equipment for the determination 
of metabolic energy expenditure from respiratory gas exchanges (indirect 
calorimetry). Subjects stayed in the chamber for 36 h: two nights and the intervening 
day. During day-time they performed standardized activities, resembling normal daily 
activities (sedentary activities, household activities, walking) over periods of 30 min. 
EEact was determined from continuous measurements of total energy expenditure 
minus sleeping metabolic rate, which was measured over a 3 h interval between 2:30 
and 7:00 h when subjects showed the lowest activity (Doppler radar observations). 
EEact was expressed in Watt and corrected for body mass. While performing the 
activity protocol the triaxial accelerometer was attached to the low back of the 
subjects. The time interval for integration of accelerometer output was set to 1 min. 
IMA101 (counts·min- 1) and EEact (W·kg- 1) were averaged for each activity period of 
30 min. Individual correlations between IMA101 and EEact varied from 0.87 to 0.98. 
Using the pooled data of all subjects a correlation of 0.89 was found. The standard 
error of estimate was 0.4 W ·kg - 1. A typ i cal exarnple of IMA101 and EEact during the 
protocol for one of the subjects (age: 30 yr, body mass: 67 kg, height: 1.72 m) is 
shown in Figure 2.7. In this subject IMA101 was proportional to EEact' except for 
activities with static characteristics, as in carrying a load. During these activities 
physical activity cannot be assessed accurately with accelerometers and is 
underestimated in comparison with EEact· The relatively high EEact during dish 
washing, compared to IMA101' may result from the thermogenic effect of food 
consumption prior to this activity. The correlation between EEact and IMA101 in this 
subject was 0.92 (standard error of estimate: 0.3 W·kg- 1). 

Discussion 

The development of a triaxial accelerometer and data processing unit for the 
assessment of daily physical activity in relation to energy expenditure is described. 
The accelerometer is based on three orthogonally mounted uniaxial piezoresistive 
accelerometers. The output from the three accelerometers can be analyzed separately 
to investigate whether EEact is better predicted from unidirectional than from three
directional accelerometer output and to study the relative contribution of the three 
measurement directions to the estimation of EEact (Bouten et al., 1994b). In this way 
our triaxial accelerometer is superior to the only three-directional device described in 
the literature by Meijer et al. (l991b). This device consists of a single sensor, 
sensitive to multidirectional acceleration. Besides the Jack of information from 
separate measurement directions, the device of Meijer et al. (l99lb) is more sensitive 
in the longitudinal direction than in the other directions. 
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Figure 2.7 Accelerometer output (IM-\01) and energy expenditure for physical 
activity (EEact) during a standardized activity protocol in a male subject. 
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As detennined from inter-instrument experiments, the sensltlVlty (G;) of the triaxial 
accelerometer was similar for each measurement direction - i.e. for each uniaxial 
accelerometer. No differences in offset values (V 0) were found and the transverse 
sensitivity (k;), although significantly different for each measurement direction, did 
not influence accelerometer output. Test-retest experiments showed that values for G;, 
V0,;, and k; were similar on two consecutive measurement days. Furthermore, it was 
concluded that, within the amplitude range of human body acceleration, the output of 
all three uniaxial accelerometers was proportional to the applied acceleration. For one 
of the accelerometers (A1) it was shown that the output was proportional to the 
applied acceleration during vibrational motion at frequencies within the frequency 
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range of human body acceleration. It is assumed that this is also true for A2 and A3. 

As can be observed from Tables 2.1 and 2.2 large deviations in k3 were found. This 
is caused by an increase of k3 with the magnitude of the applied acceleration. During 
accelerations above 10 g, k3 reached values > 5% G3. However, as accelerations 
above 10 g are relatively scarce in human movement, it is assumed that k3 wil! not 
affect the assessment of daily physical activity. 

A major advantage of the piezoresistive accelerometers in the triaxial 
accelerometer is their DC response, which facilitates calibration. Yet, the output 
voltage of these accelerometers is influenced by offset. In order to avoid over- or 
underestimation of the measured acceleration, accelerometer output must be corrected 
for offset values. The offset may drift, however, as a consequence of temperature 
changes, resulting in a more complicated correction for offset values. In our 
laboratory experiments the overall offset consisred of accelerometer offset and the 
offset of the amplifiers. Significant offset drift, typically I% of the full scale over a 
temperature range of 0-50°C in reference to 25°C in the accelerometers and 1.2 
f.!V·°C- 1 in the amplifiers, was not observed during these 'short term' experiments, 
although relatively large standard deviations in offset values were found (Tables 2.1 
and 2.2), probably caused by mounting inaccuracies of the triaxial accelerometer in 
subsequent experiments. During the 'long term' assessment of daily physical activity 
the offset - and possible offset drift - is attenuated by the high-pass filter in the data 
unit. Nevertheless, offset and offset drift should be considered during calibration, 
when the high-pass filter is ornitted. The sensitivity of accelerometers may also drift 
due to temperature changes. Like the offset drift, the sensitivity drift of the 
piezoresistive accelerometers used is typically 1% of the full scale and may affect the 
assessment of physical activity. No drift in sensitivity was observed during the 
laboratory experiment. From calibration data before and after the long-term activity 
protocol in the respiration chamber, it was concluded that sensitivity and offset did 
not change as a result óf these measurements. 

Besides from the measurement of body acceleration, the output of body-fixed 
accelerometers results from gravitational acceleration and noise due to extemal 
vibrations or inadequate attachment of the accelerometer. The gravitational 
component is dependent on the orientation of the accelerometer with respect to the 
field of gravity. It may influence total accelerometer output considerably, especially 
when the angle <1> between the measurement direction and the gravitational 
acceleration vector is relatively large and the kinematic component of accelerometer 
output is relative1y smal!. Consequently, it may affect the assessment of EEact· 
Correction for the gravitational component under daily living conditions is practically 
impossible. In order to rninimize the effect of the gravitational component on 
accelerometer output, Servais et al. (1984) argue that the attachment of 
accelerometers at locations where (the variation in) <1> is small - e.g. the waist or the 
low back - is superior to locations where (variation in) <1> is large - e.g. the limbs. The 
precise effect of the gravitational component on IMA1w and hence the relationship 
between IMA101 and EEac!' however, is unknown and should be studied. 
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Accelerations from sourees outside the body may also considerably influence IMA101 

under daily living conditions. A !ow-pass filter (20 Hz) is built in the data unit to 
attenuate frequencies that do not arise from voluntary movement Yet, contact of the 
accelerometer - or the subject wearing it - with extemal sources, like vehicles or 
machinery, may pose a major problem when frequencies of the extemal souree are 
within the frequency range of human movement For instance, the vibration of a 
power lawn mower (about 5.5 Hz) or the vibration of ground vehicles (Redmond & 
Hegge, 1985, Radke, 1958) will affect accelerometer output and hence IMA101. 

The accelerometer should be fixed properly to the human body to avoid the 
sensor to move or jolt on the skin. Attachment directly to the skin is essential, since 
movements of clothes may cause artifacts in accelerometer output. The effect of soft 
tissue on the output from skin-mounted accelerometers was described by several 
researchers. Ziegert and Lewis (1979) studied the effect of soft tissue between bone 
and a preloaded surface accelerometer in vivo by camparing its output with the output 
of an accelerometer connected to the bone by a needie through the tissue. A 34 gram 
skin surface accelerometer gave an output with little resemblance to the bone 
accelerations, appearing to oscillate at its resonant frequency on the soft tissue. A 1.5 
gram accelerometer showed nearly identical output to the bone acceleration. The 
authors proposed a simplified model descrihing the effect of tissue stiffness and 
accelerometer mass on the resonant frequency of the accelerometer on the skin. 
According to this model, our 16 gram triaxial accelerometer would have a resonant 
frequency between 500-1100 Hz, depending on skin stiffness (17.6-52.9 N-m- 1), 

which is well above the frequency range of body acceleration (0-20 Hz). Voloshin 
and Simkin (1989) used bone and skin-mounted accelerometers to measure the shock 
wave resulting from heel strike in an amputated limb. The obtained data showed 
camparabie curves for bone and skin-mounted accelerometer output. Peak 
accelerations measured by the bone-mounted accelerometer were only 3-5% higher 
than measured by the skin-mounted accelerometer. It must be noted that all the 
experiments in this area have been performed at the human tibia, where the soft tissue 
layer is thin and muscle tissue is absent. Further research is required to assess the 
extent to which variation in soft tissue stiffness at other locations on the body 
influences accelerometer output and the prediction of EEact· 

The place of attachment of accelerometers on the human body is an important 
issue (Balogun et al., 1988; Washbum & Laporte, 1988). First, the accelerometer on 
the human body may not interfere with the subjeet's activities. Second, the kinematic 
and gravitational components of accelerometer output are dependent on the 
measurement location. We choose to attach the triaxial accelerometer at the trunk 
(low back) as this segment represents the major part of total body mass and is 
moving during most daily activities. Attachment of the accelerometer to the low back 
causes minimal discomfort to subjects. Furthermore, as discussed above, the effect of 
the gravitational component on total accelerometer output at this location is small. 
Nevertheless, further research must provide evidence about the most optima! place of 
altachment of accelerometers with respect to the estimation of EEact· 
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A portable data unit was developed for on-line acquisition, processing and storage of 
accelerometer output. Accelerometer output is processed to IMA10" a variabie that can 
be used to estimate the roetabolie energy expenditure for physical activity. A first 
evaluation of the system for the assessment of EEact was performed during a 
standardized activity protocol in the laboratory. The results indicate a high correlation 
between IMA101 and EEact (r = 0.89) using the pooled data of 13 young male subjects. 
However, the applicability and usefulness of the system for the assessment of EEact 
under normal daily living conditions should be studied outside the Iabaratory in free
living populations. 



3 
Assessment of energy expenditure for physical acti vity 
using a triaxial accelerometer * 

Abstract A triaxial accelerometer was used to evaluate the relationship between 
energy expenditure due to physical activity (EEact) and body acceleration during 
different types of activity. In a laboratory experiment 11 male subjects performed 
sedentary activities and walked on a motor driven treadrrilll (3-7 km·h- 1). EEact was 
calculated from total energy expenditure (EE101), as measured by indirect calorimetry, 
and sleeping metabolic rate (SMR): EEact = EE101 -SMR. Body accelerations were 
measured with a triaxial accelerometer at the low back. Special attention was paid to 
the analysis of unidirectional and three-directional accelerometer output. During 
sedentary activities a linear relationship between EEact and the sum of the integrals of 
the modulus of accelerometer output from all three measurement directions (IMA101) 

was found (r = 0.82, p < 0.001, Sy,x == 0.22 W·kg- 1) . During walking EEact was 
highly correlated with the inlegral of the modulus of accelerometer output in antero
posterior direction (lMAx; r = 0.96, p < 0.001, Sy,x == 0.53 W·kg- 1) . When all 
exarrilned activities were included in a regression analysis, a strong linear relationship 
between EEact and IMA101 was found (r = 0.95, p < 0.001, Sy,x = 0.70 W·kg- 1) . Using 
this relationship, EEact during sedentary activities as well as EEact during walking 
could be estimated with an accuracy of about 15%. Although sedentary activities and 
walking represent a large part of normal daily physical activity, the validity and 
usefulness of the triaxial accelerometer - measuring IMA101 - to predict EEact in daily 
life must be assessed under free-living conditions. 

* Med. Sci. Sports Exerc. 26, 1516-1523, 1994. Co-authors: K.R. Westerterp, M. Verduin 
and J.D. Janssen. Dept. of Computational and Experimental Mechanics, Eindhoven University 
of Technology & Dept. of Human Biology, University of Limburg, Maastricht. 
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Introduetion 

The assessment of physical act1v1ty in free-living subjects is central to a complete 
onderstanding of the relationship between daily physical activity and health (Blair et 
al., 1992; Schoeiier & Racette, 1990). Therefore, a wide range of methods for the 
measurement of physical activity has been developed, including questionnaires, diary 
techniques, heart rate recording, doubly labelled water, and mechanica! or electronic 
motion sensors. All of these methods have their own benefits and lirnitations under 
normal daily living conditions and focus on physical activity from different points of 
view (Laporte et al., 1985; Montoye & Taylor, 1984). In this study physical activity 
is regarded as body movement, produced by skeletal musdes and resulting in energy 
expenditure (Caspersen et al., 1985). 

During the last decade there has been a growing interest in the assessment of 
daily physical activity using electronic acceierometers (Laporte et al, 1985; Meijer et 
al., 1991 b; Montoye et al., 1983). These motion sensors register accelerations and 
decelerations of the body and, in this way, provide an objective and direct measure of 
the frequency and intensity (acceleration) of movements during physical activity. Data 
from studies on gait analysis and ergonornies have demonstrated a linear relationship 
between the integral of the modulus of body acceleration and oxygen consumption or 
energy ex penditure (Brouha, 1960; Cotes & Meade, 1960; Ismail et al., 1971; 
Reswick et al., 1978), initiating the development of accelerometers to estimate energy 
expenditure during physical activity. Wong et al. (1981) developed a uniaxial 
accelerometer that could be worn on the waist and measured accelerations along the 
longitudinal axis of the trunk. In this device absolute acceleration curves were 
integrated and summed for the time it was worn. A correlation of 0.74 between 
accelerometer output and oxygen consumption was reported in subjects perforrning 
different exercises under Iabaratory conditions (Montoye et al., 1983). In free-living 
subjects a correlation of 0.87 between accelerometer readings and total daily energy 
expenditure, as determined with doubly labelled water over a 10-day period, was 
found (Heyman et al., 1991). Meijer et al. (1989) developed a portable accelerometer 
device with a triaxial sensor. Acceleration signals from all directions were summed, 
rectified and integrated over time intervals of 1 min. Validation against doubly 
labelled water during a 7-day period showed a correlation of 0.64 between 
accelerometer output and the metabolic cost of physical activity (Meijer, 1990). 

Although significant correlations between energy expenditure and accelerometer 
readings are found in Iabaratory studies and under free-living conditions, the 
relationship between these parameters using uniaxial accelerometers varies between 
different types of activity (Servais et al., 1984). It is not known whether this is the 
same in triaxial accelerometers. Furthermore, consictering the basic laws of physics 
the lineacity of the relationship is unclear. The integral of the modulus of 
acceleration, has the dimensions of velocity (m·s - I). The mechanica] energy required 
to accelerate a frictionless body with mass mb from rest to velocity v is Y2mb v2. Since 
mechanica! energy estimates are directly related to the metabolic energy cost of 
movement (Williams, 1985), it can be argued that the relationship between energy 
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expenditure and the integral of the modulus of accelerometer output, expressed in 
units of velocity, is quadratic rather than linear (Appendix A: equations [All]-[A17]). 

The primary aim of the present study was to evaluate the relationship between 
body acceleration and energy expenditure due to physical activity (EEact) during 
sedentary activities and walking. EEact was calculated as total energy expenditure 
(EEtot) minus sleeping roetabolie rate (SMR), a measure that is frequently used for 
expressing physical activity. Body accelerations were measured with a triaxial 
accelerometer, developed at the Department of Mechanica! Engineering of the 
Eindhoven University of Technology. This accelerometer is based on three 
orthogonally mounted uniaxial accelerometers, to investigate the relative contribution 

of different measurement directions to the estimation of EEact· Acceleration signals 
were analyzed in different ways to find the most accurate and practical data 
processing technique for the assessment of physical activity under free-living 
conditions. 

Methods 

Subjects 
Eleven healthy male subjects, who all gave written informed consent, participated in 
the study. Physical characteristics of the subjects (mean, SD, range) are presented in 
Table 3.1. 

Table 3.1 Subject characteristics (n = ll ). 

mean SD range 

Age (yr) 23.5 1.8 21 - 27 

Height (m) 1.83 O.ü7 1.68 - 1.96 

Body mass (kg) 68.6 9.9 46.8- 80.5 

Body mass index (kg·m -2) 20.5 1.9 16.6-23.1 

Experimental protocol 
The relationship between accelerometry and energy expenditure was evaluated during 
sedentary activities and walk.ing. These activities were chosen for their resemblance 
with normal daily activities. Together they represent the major part of normal daily 
physical activity in the modem Western society (Alméras et al., 1991; Murgatroyd et 
al., 1988). Experiments were performed in the early moming or aftemoon and 
subjects were allowed to have a light meal before the measurements. After sitting 
relaxed for about 15 min to reach a stabilized oxygen consumption, subjects 
performed the following activities for 3 min each: 1) sitting relaxed, 2) sitting and 
writing, 3) sitting with arm work, 4) altemately sitting and standing for 10 s each, 
and 5-9) walk.ing at five different speeds (3, 4, 5, 6, 7 km·h- 1) on a motor driven 
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treadmill (Quinton). Arm work was done by moving an iron disk (1.1 kg) from a 

shelf (height: 50 cm) on one side of the subject to a table in front of the subject and 
then moving the disk to a shelf on the other side. This procedure was repeated in 
standardized pace. Before the experiments, subjects walked for approximately 5 min 
on the treadmill to get acquainted with this kind of exercise. To standardize the effect 
of foot-wear on acceleration levels all subjects wore sneakers. During the activities 

continuous measurements of EE101 and analog accelerometer output were made. In a 

separate experiment SMR was measured, permitting the calculation of EEact· 

Energy expenditure 
EE101 was calculated according to Weir (1949) from oxygen (02) consumption and 

carbon dioxide (C02) production, measured with an automated respiratory gas 
analyzer (Mijnhardt, Oxyconbeta). EE101 was calculated over the last min of each 

activity stage when 0 2 consumption had reached a steady state. SMR was determined 
during an ovemight stay in a respiration chamber (Schoffelen et al., 1984) over a 3 h 
interval between 2:00 h and 7:00 h with the lowest level of physical activity, as 

indicated with Doppier radar. The energy compartment EE101 -SMR consists of EEact 
and diet induced thermogenesis. As the experiments were performed at a standardized 

time interval after breakfast or lunch (1.5-2 h), the thermogenic effect of food was 
assumed to show only little variation between subjects (Sims & Danforth, 1987; 

Weststrate, 1993). Therefore, all variation in EE101 -SMR was ascribed to differences 

in EEact· To normalize the effect of body mass on energy expenditure EEact was 
expressedas W-kg- 1• 

Measurement of acceleration 
The triaxial accelerometer consisted of three uniaxial piezoresJstlve accelerometers 
(ICSensors, type 3031-010, size: 4 x 4 x 3 mm, weight: 0.3 gram, range: -10 g to 

+ 10 g, frequency response: 0-600 Hz, f0: 1200 Hz) mounted orthogonally onto a 12 x 
12 x 12 mm lightweight cube. Piezoresistive accelerometers are especially suited for 
detection of human movement due to their sensitivity to very low frequencies. The 
piezoresistive accelerometers used in this study were tested with a vibration excitator 
(Ling Dynamic Systems, type 201) and found to be valid and reliable for the 

measurement of accelerations corresponding to human body accelerations, usually 
smaller than 6 g (Bhattacharya et al., 1980) and with frequencies below 20 Hz 

(Antonsson & Mann, 1985; Sun & Hili, 1993). Transverse sensitivity of the 
accelerometers was less than 3% of the sensitivity along the main axis. Calibration of 
the separate uniaxial accelerometers in the triaxial sensor was performed by the so

called "tumover technique": due to the oe response of piezoresistive accelerometers, 

differences in accelerometer output up to 2 g were produced by altering the 
orientation of the triaxial accelerometer with respect to the gravitational vector of the 
earth. The triaxial accelerometer was placed on a plate with two slits for an elastic 
waist belt (Figure 3.1). With this belt the triaxial accelerometer was attached to the 
low back. Accelerations were measured in a body-fixed system of reference with 

measurement directions in antero-posterior (x), medio-lateral (y), and longitudinal (z) 
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direction. Bridge amplifiers and batteries for the three piezoresistive accelerometers 
were carried in separate units (200 gram and 310 gram, respectively) on both hips. 
Conneetiens between the triaxial accelerometer and the separate parts were 
established via a 12 conductor shielded cable. Amplifier gains were adjusted to 
produce an output of I Y·g- 1 for each measurement direction. After the sensor was 
placed in position on the !ow back, accelerometer output was set to zero with the 
subject standing motionless. Using a flexible cable leading from the amplifier unit to 
a 4-channel FM data recorder (Tandberg, TIR 115), accelerations from all three 
directions were continuously recorded and stored on tape for further analysis. 

z B 

A 

1 

c 
5 cm 

Figure 3.1 Schematic illustration of the triaxial accelerometer (rear view). Three 
piezoresistive accelerometers (x, y, and z) are mounted orthogonally onto a light
weight cube (A). This cube is conneeled to a plate (B) that can be attached to an 
elastic belt (C) by means of two slits. A flexible cable (D) runs from the triaxial 
accelerometer to amplifier and battery units. 

Analysis of accelerometer output 
Analog accelerometer output was digitized (100 Hz), converted to acceleration units 
(m·s -2), and read into a computer. Signals were filtered using a fourth order !ow-pass 
zero phase Butterworth filter with frequency cut-off at 20 Hz to attenuate the effect of 
frequencies that cannot be expected to arise from voluntary movement Subsequently, 
base line shifts in accelerometer output due to changes in DC response were 
eliminated from the signals. Corrected and filtered acceleration signals from a 30 s 
interval at the end of each activity stage were processed to various accelerometer 
output variables. The 30 s interval was always started at a standardized moment of 
the activity stage, e.g. at heelstrike during walking. Integrals of the moduli of 
accelerometer output from x, y, and z directions were obtained by rectification and 
inlegration of the signals over the 30 s time interval, resulting in the variables IMAx, 
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IMAY, IMAz. The sum of these variables was calculated to get IMA101. In order to test 
the hypothesis of a quadratic relationship between the integral of absolute 
accelerometer output and EEacl' the computed variables were squared (IMA/, IMA/. 
IMA/, and IMA10/). The magnitude of the total acceleration vector was obtained by 
squaring the output from each accelerometer and extracting the square root of the 
sum of these values. Next, the integral of the magnitude of the acceleration vector 
(IA V) was computed. This variabie was squared to obtain IA V 2. The last processing 
method involved the estimation of kinetic energy (KEx, KEY' KEz, KE101) and power 
(P) due to the rate of change of total kinetic energy at the point of attachment of the 
triaxial accelerometer. These variables are directly related to the roetabolie energy 
cost of movement and might be used to describe the relationship between metabolic 
(EEact) and mechanica! (acceleration) characteristics of physical activity. As 
accelerometers measure linear accelerations, only kinetic energy due to translational 
motion could be calculated from accelerometer output. Acceleration signals were 
integrated over time, resulting in instantaneous velocity. The signals thus obtained 
were squared and multiplied by Y2mb, with mb representing the subjeet's body mass, 
to calculate instantaneous kinetic energy curves for each measurement direction. 
Summation of these curves resulted in total kinetic energy. By taking the time 
derivative of the total energy curve, total instantaneous power due to the rate of 
change of kinetic energy was obtained. In order to correlate instantaneous energy and 
power curves against EEact it is necessary to calculate mean values for these parame
ters. This was done by inlegration of the curves over the 30 s time interval and 
dividing the result by 30. Power curves were first rectified before a mean value was 
derived, assuming metabolic energy cost of positive and negative work rates to be 
equal. Equations descrihing the accelerometer output variables may be found in 
appendix A. 

Stafistics 

All accelerometer variables were used separately in a simple regression analysis with 
EEact during sedentary activities, walking, and all activities together. For each of 
these activity conditions regression equations, correlation coefficients (Pearson's r), 
and standard errors of estimate (Sy.x) were calculated for individual as well as pooled 
data of all subjects. 

Results 

EEact (mean, SD, and range) for each actJVJty are shown in Table 3.2. During 
sedentary activities the highest correlations were found for the linear relationship 
between EEact and IM~01• Individual correlations ranged from 0.71 to 0.99 with a 
mean of 0.91. The mean standard error of estimate was 0.12 W·kg- 1, with a range of 
0.02-0.39 W-kg- 1. Using pooled data of all subjects the correlation between EEact and 
IMA101 was 0.82 (p < 0.001, Sy,x = 0.22 W-kg- 1). The contribution of the x, y, and z 
direction to IMA101 during the sedentary activities is illustrated in Figure 3.2. 
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Table 3.2 Mean, SD and range of energy expenditure due to physical activity (EEact) for 
separate act i vities (n = 11). 

EEact (W·kg-1) 

activity mean SD range 

sitting 0.17 0.10 0.02- 0.37 

writing 0.17 0.15 0.02- 0.49 

arm work 0.70 0.26 0.42- 1.29 

sitting/standing 0.87 0.23 0.39- 1.13 

walking, 3 km·h - 1 2.09 0.36 1.52 - 2.79 

walking, 4 km·h - 1 2.53 0.40 2.02- 3.19 

walking, 5 km·h -1 3.31 0.42 2.59- 3.90 

walking, 6 km·h- 1 4.69 0.55 3.66- 5.53 

walking, 7 km·h- 1 7.02 1.12 5.31-9.37 

During walking the most accurate predietor of EEact was IMAx. In each subject a 
strong linear relationship between EEact and IMAx was found. The average individual 
correlation was 0 .99 (range: 0.96-0.99). Mean individual Sy,x was 0.29 W·kg- 1 (range: 
0.06-0.88 W·kg- 1). A correlation of 0.96 was found for the entire group (p < 0.001, 
sy.x = 0.53 W·kg- 1). Figure 3.3 shows the integral of the modulus of accelerometer 
output in x, y, and z direction during walk.ing with different velocities . Although 
IMAx was the best predietor of EEact for each velocity stage, the major acceleration 
component during each stage was in the z direction. 
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Figure 3.2 Integral of the modulus of accelerometer output (IMA) in x, y, and z 
direction (mean and SD) during sedentary activities. 
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Figure 3.3 Integral of the modulus of accelerometer output (IMA) in x, y, and z 
direction (mean and SD) during walking at different velocities. 

IMAx and IMA101 were both highly correlated with EEact using regression analysis on 
data of all activities. lndividual correlations varied between 0.97 and 0.99 for EEact 

versus IMAX (0.15 s; sy,x s; 0.72, mean sy,x = 0.39 W·kg- 1). For EEact versus IMAtot 
correlations ranged from 0.96 to 0.99 (0.07 S: Sy,x S: 0.64, mean Sy,x = 0.30 W·kg - 1 ). 

Correlations for the entire group were 0.97 for IMAX (p < 0.001, sy,x = 0.51 W·kg- 1) 

and 0.95 for IMA101 (p < 0.001, Sy,x = 0.70 W·kg- 1). As individual calibration adds 
little to the accuracy for predicting EEact from IMAx or IMA1w pooled regression 
equations can be used to estimate individual EEact· For all activities together these 
regression equations are given by: 

EEact = -0.18 + 0.09 X IMAx, [3.1] 

EEact = 0.10 + 0.02 x IMA101• [3.2] 

Comparison between measured and estimated EEact showed that equation [3.1] 
underestimated individual EEact during sitting, writing and arm work by 35-140%, 
while EEact during sitting down/standing up was overestimated by 70%. On average 
EEact for all sedentary activities was underestimated by more than 60%. EEact during 
walking was estimated within 4% accuracy using regression equation [3.1]. Figure 3.4 
shows a scatter plot for EEact versus IMAx of the pooled data of all subjects and all 
actlvJtles. Separate regression lines between EEact and IMAx for each activity 
condition are indicated. As can be seen, the slopes of the regression lines for 
sedentary activities and walking are different, while the regression line for all 
activities is dominated by data obtained during walking. When regression equation 
[3.2] was used, individual EEact during sedentary activities as well as during walking 
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could be predicted with an accuracy of about 15%. The scatter plot and regression 

Iines for EEact versus IMA101 are shown in Figure 3.5. Here, more conformity between 

EEact versus IMA101 relationships for different activity conditions can be observed. 

Note that regression Iines for walking and all activities coincide. 
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Figure 3.4 Scatter plot for energy expenditure due to physical activity (EEact) 

versus the integral of the modulus of accelerometer output in antero-posterior 
direction (IMAx) of the paoled data of !I subjects during sedentary activities and 
walking. Regression lines for the relationship between EEact and IMAx are shown 
for sedentary activities ( .... , r = 0.76, Sy.x = 0.24 W·kg-1) , walking (-, r = 0.96, 
Sy.x = 0.53 W·kg- 1), and all activities tagether (---, r = 0.97, Sy.x = 0.51 W·kg-1). 
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Figure 3.5 Scatter plot and regression lines for energy expenditure due to physical 
activity (EEact) versus the sum of the integrals of the modulus of accelerometer 
output from 3 orthogonal measurement directions (IM~01) during sedentary 
activities and walking. Regression line for sedentary activities: .... (r = 0.82, Sy.x = 
0.22 W·kg- 1). Regression lines for walking (- , r = 0.88, Sy.x = 0.92 W·kg-1) and 
for all activities together (---, r = 0.95, Sy.x = 0.70 W·kg-1) coincide. 
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With respect to the other accelerometer output variables only IMAx 2 was found to 
show a clear relationship with EEact· This variabie was significantly correlated with 
EEact during walking (r = 0.90, p < 0.001, Sy,x = 1.03 W·kg- 1). However, no such 
relationship was found for sedentary activities. Furthermore, prediction of EEact using 
IMA/ was less accurate than with IMAx. Using both IMAx and IMA/ in a multiple 
regression with EEact during walking learned that the contri bution of IMAx 2 to the 
estimation of EEact was not significant (p = 0.20) in comparison with IMAx (p < 
0.001). No clear relationships between EEact and measures of kinetic energy or power 
were discovered. 

Discussion 

The present study was conducted to investigate the relationship between EEact and 
body acceleration, registered during sedentary activities and walking. Body 
accelerations in three orthogonal directions were measured at the Iow back and 
processed to various unidirectional and three-directional accelerometer output 
variables. Analog acceleration signals were comparable in each subject, although 
interindividual variations were observed due to differences in performance of activity, 
especially during sedentary activities (Figure 3.2). Relatively large differences in 
EEact between individuals were found during sedentary activities (Table 3.2). These 
differences rnight be explained by I) the difficulty of measuring energy ex penditure 
at these low levels of activity, 2) variations in energy expenditure corresponding to 
the aforementioned variations in the level and performance of physical activity, and 
3) the fact that diet induced thermogenesis (DIT) was not considered. Assurning DIT 
to vary between 7% and 14% of EE101 in our subjects (Sims & Danforth, 1987; 
Weststrate et al., 1993) the estimated effect of DIT on EEact during sedentary 
activities ranges from 16% during sitting/standing to airoost 100% during sitting 
relaxed. However, using the individual relationships between EEact and IM~01 for 
sedentary activities 50 to 98% of the variation in EEact can be explained from acceler
ometer output (0.50 ::;; r2 ::;; 0.98; mean r2 = 0.83). Using pooled data of all subjects, 
67% of the variation in EEact can be explained from accelerometer output. During 
walking interindividual differences in accelerometer output and EEact were smaller, 
resulting in stronger relationships between EEact and accelerometer output variables. 
Here, the estimated effect of DIT on EEact ranges from 8% during walking at 7 
km·h -I to about 20% at 3 km·h - I. When pooled data of the 11 subjects were used to 

predict EEact for the separate sedentary activities and walking velocities, the 
correlation coefficient between EEact and accelerometer output varied from 0.18 for 
sitting relaxed to 0.57 for sitting with arm work (IMA101) and from 0.48 for walking 
at 3 km·h- 1 to 0.71 for walking at 7 km·h- 1 (IMAx). Thus, the accelerometer output 
only explains 3 to 32% of the variation in EEact during the separate sedentary 
activities and 23 to 50% of the variation in EEact during the different walking 
velocities, implicating the low sensitivity of the method to estimate differences in 
EEact in the separate activities. 
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The best prediction of EEact was obtained by integration of the modulus of 
accelerometer output. Our results did not support the hypothesis of a quadratic 
relationship between EEact and IMA being superior to a linear relationship between 
these variables. Also, EEact could not be predicted from measures of kinetic energy or 
power. Using a force platform inside a whole-room inctirect calorimeter, Sun and Hill 
(1993) found a strong linear relationship between mechanica! work, performed on the 
body centre of mass, and metabolic energy expenditure during walking and stepping 
exercise in 33 subjects (mean r = 0.93). The reason why we did not find a similar 
relation might be that kinetic energy due to rotation or work against gravity could not 
be calculated. In addition the initia} velocity of the body could not be accounted for 
in the estimation of kinetic energy from accelerometer output. 

During sedentary activities the most accurate predietor of EEact was the sum of 
the integrals of the modulus of accelerometer output from all three measurement 
directions (IMA10J It is not surprising that the best prediction of EEact was obtained 
from a three-directional variable, as movements in three planes were incorporated in 
these activities. During walking the most accurate estimation of EEact was achieved 
by inlegrating the modulus of the unidirectional acceleration in antero-posterior 
direction (IMAx). In earlier studies the integral of the modulus of acceleration in 
longitudinal direction was used for the assessment of physical activity in exercises 
like walking and running, because the major acceleration component during these 
activities is in longitudinal direction (Haymes & Byrnes, 1991; Servais et al. , 1984; 
Wong et al., 1981). Although we agree that the major acceleration component during 
walking is in the longitudinal (z) direction (Figure 3.3), EEact during walking is better 
predieled using the inlegral of the modulus of accelerometer output in the antero
posterior (x) direction. The relatively high accelerometer output along the longitudinal 
direction can be explained by peak accelerations resulting from heel strike, which are 
more prominent in the z direction than in x and y directions. Peak accelerations are 
caused by impact forces between foot and walking surface and are not produced by 
voluntary movement itself. Therefore, EEact might not be proportional to IMAz. 

Figure 3.4 shows that different relationships between EEact and accelerometer 
output were found for the different types of activity performed, when EEact was 
correlated against the unidirectional variabie IMAx. Similar results were found when 
IMAY and IMAz were used in a regression with EEacc These findings correspond with 
Servais et al. (1984), who report that calibration of a uniaxial accelerometer, 
measuring the integral of the modulus of acceleration in longitudinal direction over a 
range of activities is different for each activity. The contribution of movement - and 
hence acceleration - to separate measurement directions varies for different activities. 
For instance, in our experiments the major acceleration component during sitting with 
arm work was in the y direction, during sitting and standing in the x direction, and 
during walking in the z direction. This might explain the discrepancies in relation
ships between EEact and accelerometer output for different activities using a uniaxial 
accelerometer. When the three-directional variabie IMA101 was used to estimate EEact• 
more similarity between EEact versus accelerometer output relationships for sedentary 
activities and walking were observed (Figure 3.5). 
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To our knowledge the contribution of different measurement directions to the 
estimation of EEact was never studied using one and the same accelerometer. Ayen 
and Montoye ( 1988) used three uniaxial accelerometers mounted at right angles on 
the waist to delermine whether energy expenditure during a range of exercises was 
better estimated with this 'simulated' triaxial accelerometer than with a single 
accelerometer. Their findings correspond to our conclusions in that IMAx was a better 
predietor of EEact (r = 0.74) than IMAz (r = 0.65) during walking, running and 
stepping exercise. Also, the estimation of energy expenditure using the output of three 
accelerometers (r = 0.78) was better than that using any of the uniaxial 
accelerometers. 

In the present study a correlation of 0.95 was found between EEact and IMA101 

for the paoled data of all subjects and all activities. The standard error of estimate 
was 0.70 W·kg- 1. This error is smaller than that reported by Meijer et al. (1989) who 
found a Sy,x of 1.32 W·kg- 1 for 16 subjects (13 males, 3 females) over a range of 
sedentary, walking, and running activities using a triaxial accelerometer. However, in 
the study of Meijer et al. energy expenditure was systematically underestimated 
during running. As we did not include running in our activity protocol, care should be 
taken in camparing the results. 

Our data demonstrate that the use of a triaxial accelerometer is an appropriate 
technique to quantify the multidirectional characteristics of human movement in 
relation to energy expenditure during sedentary activities and walking. A single 
regression equation between EEact and the sum of the integrals of the modulus of 
acceleration from three orthogonal measurement directions can be used to assess the 
roetabolie cost of these activities. Also, individually established relationships for EEact 
versus accelerometer output can be omitted as a paoled regression equation using data 
of several subjects can be used to estimate EEact in the individual. Although sedentary 
activities and walking represent a large part of normal daily physical activity 
(Alméras et al., 1991; Murgatroyd et al., 1988), activities performed under controlled 
Iabaratory conditions may differ considerably from activities performed under free
living conditions. The relationship between EEact and IMA101 is also likely to be 
dependent on personal characteristics, like age, sex and body composition. 
Furthermore, given that only 11 subjects were studied and all of them were male, the 
results may not be generalized to daily-living conditions. Therefore, the validity and 
usefulness of the triaxial accelerometer to estimate energy expenditure during daily 
physical activity should be studied in free-Iiving subjects. 

A shortcoming of accelerometers is the underestimation of energy expenditure in 
activities that involve static exercise. During static exercise the accelerometer output 
is not proportional to the increase in EEact· Saris and Binkhorst (l977b) and 
Verschuur and Kernper (1980) state that this is probably not a serious limitation 
under free living conditions, because the contribution of static exercise to daily 
physical activity is negligible. However, EEact during activities like walking upstairs, 
carrying a load, or cycling with head wind must be evaluated with caution. The 
registration of extemal vibrations, not produced by the subject, may also produce 
artifacts. The use of a built in !ow-pass filter, as in our triaxial accelerometer, will 
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reduce this effect. The DC response of piezoresistive accelerometers can cause serious 
errors in prediction of EEact when the orientation of the accelerometers with respect 
to the gravitational force vector is altered. We eliminated DC response by hand, but 
under normal daily conditions this is not possible. Under these circumstances DC 
response can be attenuated using a high-pass filter with low frequency cut-off ( < 0.1 
Hz). Future research should be aimed at the development of a portable accelerometer 
and data acquisition unit to evaluate the method under free-living conditions. 
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4 
Effects of placement and orientation of body-fixed 
accelerometers on the assessment of energy expenditure 
during walking * 

Abstract The use of body-fixed accelerometers is a promising technique for the 
indirect assessment of metabolic energy expendüure due to physical activity (EEact) . 

This method is based on the relationship between EEact and the time integral of the 
modulus of accelerometer output (IMA) as measured on the human body. 
Accelerometer output originates from kinematic and gravitational acceleration and is 
dependent on the place of attachment on the human body and the orientation of the 
accelerometer within the field of gravity. The present study investigates to what 
extent placement and orientation of body-fixed accelerometers affect IMA and the 
prediction of EEact during walking. IMA with and without correction for 
accelerometer orientation, was determined from simulated accelerometer output at 
various places on the human body, using kinematic data obtained from video 
recordings in two male subjects. For comparison, IMA was also determined from 
measured accelerometer output at the low back. Although the effects of placement 
and orientation on IMA were considerable, their influence on the accuracy of the 
prediction of EEact was negligible. No differences between measured and simulated 
IMA at the low back were found. It is concluded that for the prediction of EEact 

during walking, accelerometers may be attached to any examined place on the body, 
while improvement of tltis prediction by correcting for the orientation in the field of 
gravity, or by using multiple accelerometers at different locations on the body is not 
worth the effort. Since conclusions are drawn from standardized walking under 
laboratory conditions in only two subjects, care should be taken in generalizing the 
results to daily physical activity. 

* Accepted for publication in Med. & Biol. Eng. & Comput. Co-authors: A.A.H.J. Sauren, 
M. Verduin and J.D. Janssen. Department of Computational and Experimental Mechanics, 
Eindhoven University of Technology. 
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Introduetion 

lnvestigation of the relationship between daily physical activity and health requires an 
objective method to assess physical activity under daily living conditions with 
minimal discomfort to subjects. The last decade there is a wide interest in the use of 
accelerometers for the assessment of physical activity. When fixed to the human body 
these sensors can be used to assess the roetabolie energy expenditure for physical 
activity (EEac1). Several authors have reported on a linear relationship between EEact 
and the time integral of the modulus of accelerometer output (IMA) as measured on 
the human body during standardized walking activities in the laboratory (Bouten et 
al., 1994b; Montoye et al. , 1983) as well as during habitual physical activity under 
daily living conditions (Heyman et al., 1991; Meijer et al., 1992a). In order to restriet 
data acquisition and to minimize the discomfort to subjects, accelerations are 
generally measured with a single uniaxial or triaxial accelerometer, attached to the 
human body at waist level. The question arises whether this is the right number and 
location for the most accurate prediction of EEact· 1t is often assumed that 
accelerometers should be attached to the low back, near the body centre of mass, 
since movements of the centre of mass reflect movements of the total body (Farris, 
1987; Smidt et al., 1971). But it is also suggested that accelerometers should be 
attached to the location on the body were they would register the most activity, i.e. at 
the legs during walking (Laporte et al., 1979; Webster et al., 1982). Although the 
influence of measurement location on IMA has been studied (Balogun et al., 1988; 
W ashburn & Laporte, 1988), the effect on the prediction of EEact is unclear. 
Furthermore, it is unknown whether the use of multiple accelerometers at different 
locations on the body results in a better prediction of EEact than the use of a single 
accelerometer. 

Accelerometers are sensitive to gravity. Therefore, accelerometer output not only 
originates from kinematic acceleration, but also from gravitational acceleration. Due 
to changes in orientation, the gravitational component of accelerometer output may 
vary between -1 g and 1 g. Consictering the accelerations occurring during physical 
activity - ranging from -6 g to 6 g at waist level (Bhattacharya et al., 1980), this 
component can seriously influence accelerometer output. Consequently, it may 
influence the prediction of EEact· In order to correct accelerometer output for the 
gravitational component, information about the orientation of the measurement 
direction with respect to the field of gravity should be available throughout the 
measurement period. This requires the synchronous recording of the orientation, for 
instanee with inclinometers (Otun and Anderson, 1988; Tanaka et al ., 1994) or hall 
effect sensors (Kolen et al., 1993), or with film or video registrations (Lafortune and 
Hennig, 1991). Using a pair of accelerometers with parallel measurement directions at 
the tibia, Gage (1964) elirninated the effect of the gravitational component by looking 
only at the difference between the two accelerometer signals. This method, however, 
has the disadvantage of elirninating part of the kinematic component of accelerometer 
output as wel!. As reviewed by Ladin and Wu (1991), some researchers have tried to 
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use multiple accelerometers to obtain all six degrees of freedom that comprise rigid 
body motion and to calculate the spatial orientation of the rigid segment to which the 
accelerometers are attached by subsequent time integration. This approach requires 
the identification of an initia! orientation in space that can serve as the initia! 
condition for the integration process. 

The above mentioned techniques to correct for the orientation of accelerometers 
within the field of gravity have limited possibilities when accelerometers are to be 
used for physical activity assessment in free-living subjects. Therefore, in this area of 
research the gravitational component of accelerometer output - if recognized - is often 
taken for granted. Some authors argue that attachment to locations on the human 
body where (the variation in) the angle between the measurement direction of the 
accelerometers and the gravitational accelerometer vector is relatively smal!, e.g. the 
trunk or the head, is superior to measurement at the limbs, where (variation in) this 
angle is larger (Servais et al., 1984; Waters et al., 1973). However, no conclusive 
statement about the influence of accelerometer orientation on IMA and the prediction 

of EEact has been made. 
The present study was conducted to get more insight into the kinematic and 

gravitational components of accelerometer output and to determine the effects of 
placement and orientation of body-fixed accelerometers on IMA and the assessment 
of EEact during walking under laboratory conditions. As body movement during 
walking is almost completely restricted to the sagittal plane, a two-dimensional 
approach was used. Accelerations in body-fixed antero-posterior and longitudinal 
directions were measured at the low back and simulated at various locations on the 
human body using kinematic data obtained from video recordings of the walking 
movement and a linked segment model of the hu man body. At each location the 
combined and separate accelerometer outputs from the two measurement directions 
were studied, since accelerometer placement and orientation may affect these outputs 
in different ways. 

Accelerometer output: theory 

The equations in this section are given to interpret accelerometer output in terms of 
its kinematic and gravitational components. Consicter the rigid link in Figure 4.1, 
oscillating in the sagittal plane ( ex , ey plane) about point p with x ex and y ey the 
positions of P with respect to 0 and <1> the angular deflection of the link in time. 
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I 

Figure 4.1 A rigid link, oscillating in the sagittal plane about P, with xëx andyëy 
the positions of P with respect to 0, <!> the instantaneous deflection of the link with 
respect to the vector of gravity ( {f), I the distance of Q from P, and ij the spat ia I 
position of Q with respect to 0. 0 , ëx and ëy: fixed in space. ë1 and e; : body
fixed . 

The acceleration ij of an arbitrary point Q at distance I from P and at position ij 
with respect to the origin 0 of the inertial system of reference is given by: 

with 

qx = x + l~cos(<j>) - l<j>2 sin(<j>) 

~-Y = y + l~sin(<j>) + l<j>2 cos(4>). 

[ 4.1] 

[4.2] 

[4.3] 

To study the output of body-fixed accelerometers a local, body-fixed system of 

reference ( ë1 , e;) is introduced, where 

[4.4] 

and 

[4.5] 
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with the rotational transformation matrix 

[ cos(<!>) sin(<!>)] 

B. = -sin(<!>) cos(<!>) · 
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[4.6] 

In studying accelerations during human walking, <!> is assumed to be relatively smal!, 

especially when accelerometers are fixed at the trunk. 
The output aa of an ideal (i.e. no transverse sensitivity) body-fixed accelerometer 

at point Q on the rigid link, with body-fixed unit vector ma, denoting positive 
measurement .direction (Figure 4.2), consists of the component of kinematic 

acceleration ij along ma and the component of gravitational acceleration g along 

ma: 

[4.7] 

with the acceleration vector ij defined by [ 4.1], g = -g ëy and 

ma = [ë ë] [ cos(9)]. 
1 2 sin(S) 

[4.8] 

Figure 4.2 Definition of the measurement direction ma of a body-fixed linear 
accelerometer at point Q with respect to the body-fixed system of reference ë1 , ~. 

Using [4.5] and [4.8] equation [4.7] may be written as: 

[4.9] 
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The acceleration of a moving body is usually measured by separate linear acceler
ometers with positive measurement directions along the axes of the body-fixed system 
of reference. If the acceleration of the rigid link in Figure 4.1 is measured with two 
accelerometers with positive measurement directions parallel to e1 ( m6=0) and ~ 
(m lt ), the outputscan bedescribed using [4.2] and [4.3] according to: 

6=_ 
2 

xcos(~) + ysin(~) + l~ - gsin(~), [4.10] 

a2 =-xsin(~) + ycos(<jl) + l<jl2 - gcos(<jl). [ 4.11] 

During human locomotion, the output of an accelerometer with measurement 
direction along ~ is considerably influenced by the opposing gravitational 
acceleration. Therefore, in practice the output is often set to zero (adding 1 g to the 
output) when the measurement direction is parallel to the ëy axis, i.e. when the effect 
of gis maximal (Smidt et al., 1971; Servais et al., 1984). This will result in: 

a2 = -xsin(<jl) + ycos(<jl) + l<jl2 - gcos(<jl) + g. [4.12] 

Methods 

Experimental protocol 
Two healthy male subjects participated in the study. Their age, body mass, and height 
were 24 yr, 63.7 kg, and 1.78 m for subject 1 and 23 yr, 67.0 kg and 1.86 m for 
subject 2. The subjects walked at free-chosen step frequency on a motor-driven 
treadmill (Quinton) at veloeities of 3, 4, 5, 6, and 7 km·h - t. Both subjects were 
acquainted with this type of exercise. Reflective markers were applied to anatomical 
Iandmarks on the right side of their bocties to define a 9 segment model of the human 
body consisting of two lower leg + foot segments (LF), two upper leg (UL) segments, 
two lower arm+ hand (AH) segments, two upper arm (UA) segments, and a segment 
comprising the head and trunk (HT). The feet and hands were not incorporated 
separately in the model, as attachrnent of accelerometers to these segments during 
physical activity is impractical and unlikely. Each walking velocity stage lasted 3 
minutes. During the last minute of each velocity stage body movement in the sagittal 
plane was recorded with video to calculate body accelerations for simulation of 
accelerometer output. Synchronously, accelerations were measured at the low back. 
To standardize the effect of footwear on measured acceleration signals, both subjects 
wore the same type of shoes (sneakers). During all walking veloeities continuous 
measurements of oxygen (02) consumption and carbon dioxide (C02) production 
were made to calculate roetabolie energy expenditure. 
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Measured accelerometer output 

Accelerations were measured at the low back (lumbar level) with a triaxial 

accelerometer. This triaxial accelerometer consists of three uniaxial piezoresistive 
accelerometers (ICSensors, type 3031-01 0; range: -10 g to 10 g, frequency response: 

0-600 Hz; f0: 1200 Hz), with measurement directions in the antero-posterior, medio
lateral, and longitudinal direction. Only recordings in the antero-posterior ( e; ) and the 
longitudinal direction ( ~) were considered in the two-dimensional approach of the 
walking movement The triaxia1 accelerometer was attached to the skin of the low 

back using an elastic belt around the waist. This altachment was suftleient to prevent 
the accelerometer from moving on the skin. Bridge amplifiers and batteries for the 

accelerometers were carried in separate units on both hips. A 4-channel FM data 
recorder (TIR 115, Tandberg) was used for analog recording of acceleration signals. 
For each velocity stage acceleration signals from 5 subsequent stride periods were 
used for further analysis. One stride period was defined as the time period between 

initia! heel contact with the ground of the right foot until the next initia! heel contact 

of the same foot. Heel contact was characterized by a sharp peak in the acceleration 
signals and could also be deterrnined from the video recordings, which were 
synchronized in time with the registrations by the data recorder. Analogous to 

previous studies with the triaxial accelerometer, accelerometer output was digitized 
(100 Hz), !ow-pass filtered with a fourth order Butterworth filter (20 Hz), and 

rectified. Next the output was integrated over the complete measurement period of 

five stride periods (T) to obtain IMA for the prediction of EEact· Using equations 
[4.10] and [4.12] this data processing technique results in: 

r0+T 

IMA 1 = J I ;cos(<)>) + ysin(<j>) + l<)> - gsin(<j>) I dt, [ 4.13] 
t=t0 

r0 +T 

IMA2 J 1-;sin(<j>) + ycos(<)>) + 1<)>2 - gcos(<j>) + g I dt , [ 4.14] 
r=r0 

for the antero-posterior and the longitudinal measurement direction respectively. 
When acceleration is measured in more than one direction, the most optima! 
predietien of EEact is achieved by summation of IMA values from all measurement 
directions (Bouten et al., 1994b ). In the current two-dimensional approach this results 
in: 

[4.15] 

In general IMA is calculated over periods of one minute. For practical reasons and to 
ensure an equal number of complete movement cycles for each velocity stage in both 
subjects, this approach was not adopted here. IMA was averaged per second to enable 
comparisons between subjects and different walking veloei ties. Average IMA can 
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thus be expressed in units of acceleration (m·s -2). In the following sections the 

subscript 'meas' (IMAl,meas> IMA2,meas' IMAtot.meas) is used to indicate IMA, 
calculated from measured accelerometer output. 

Simuialed accelerometer output 
Accelerometer output was simulated at the centre of mass of each segment. For 
comparison with measured acceleration signals, accelerometer output was also 
simulated at the Iocation of the triaxial accelerometer on the low back (LB). Although 
in vivo the attachment of accelerometers to the centre of mass of body segments is 
impossible, computed accelerations at these locations may be used to approximate 
accelerations at arbitrary points on the segments, assuming the segments to be rigid. 
To determine the trajectories of the body segments, markers were placed on the right 
side of the body: at the lateral side of the shoe at the height of the fifth metatarsal 
head and the tuber calcanei, the ankle (lateral malleolus), the knee (at the height of 
the tibial plateau), the hip (greater trochanter), the shoulder (greater tuberele of the 
humerus), the elbow (lateral epicondyle of the humerus), the wrist (ulnar styloid), the 
hand (third metacarpophalangeal joint), and the C7ffl joint. Marker coordinates were 
collected with a video camera at a sample frequency of 25 Hz. Marker coordinates 
during the 5 stride periods that were also measured with the accelerometer, were 
digitized by determining the centraid of pixel clusters using an image processing 
package (TIM, TEA Measuring Systems) and a PC frame grabber (PCVisionPius, 
Imaging Technology Inc.). One pixel equalled 4.5 nun. In the subsequent analysis the 
marker coordinates were calibrated against a set of known coordinates in the field of 
view and converted to real two-dimensional coordinates in the ( ëx, ëy ) system of 
reference. The data were then smoothed with the GCVSPL algorithm of Weltring 
( 1986), using a cubic B-spline. Assuming the movements of the Ie ft si de of the body 
to be similar to those of the right side but shifted in time by a half stride period, 
trajectories of the left leg and arm segments were ebtairred from the smoothed 
positionltime data of the right leg and arm segments. The marker on the right hip was 
used as the point of rotatien for both right and left UL segments. The HT segment 
was assumed to be rigid. Locations of the segment eentres of mass, i.e. distances I 
from the axes of rotatien of the segments, were obtained using the standards of 
Dempster ( 1955). The positionltime data of the .. eentres of mass we re differentiated 
numerically twice to obtain linear accelerations x and y in time. The angles <!> of the 
individual body segments with the ëy axis were calculated from the smoothed marker 
p()sitions in time, and differentiated to obtain angular veloeities ( <!>) and accelerations 
( <!> ). Angular deflections of the lower leg and lower arm were used as values for <!> of 
the LF and AH segment, respectively. Next, simulated accelerometer output at the 
segment eentres of mass was rectified and integrated numerically to obtain IMA1 and 
IMA2 according to [4.13] and [4.14], and sununed to obtain IMA101 [4.15]. To 
elirninate the influence of accelerometer orientation, simulated IMA variables without 
gravitational component were computed using the following equations, marked with 
the subscript 'cor' , derroting correction for the gravitational component: 
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t0 +T 

IMAJ,cor= Jl;cos(<)>) +ysin(<)>) +l<!>ldt, [4.16] 
t~t0 

t0+T 

IMA2,cor J 1-;sin(<)>) + ;cos(<)>) + 1<!>2 1 dt, [4.17] 
t~t0 

and 

IMAtot,cor = IMAI,cor + IMA2,cor· [4.18] 

Simulated IMA variables were averaged per second and expressed in units of 
acceleration (m·s - 2). Figure 4.3 shows the location of the triaxial accelerometer and 

the segment eentres of mass where accelerometer output is simulated. Also, the local 

measurement directions at the separate locations are indicated. 

I 
~ 
g 

~ 
L-o e .. 

- --- UL 

Figure 4.3 Locations of the triaxial accelerometer at the low back and the segment eentres of 
mass where accelerometer output is simulated in the body-fixed ej and ~ directions during 
walking (•). Positions of the markers for definition of the linked segment model of the body 
are indicated (0). At the low back accelerations were also measured using a triaxial 
accelerometer. LB: low back, LF: leg + foot segment, UL: upper leg segment, HT: head + 
trunk segment, AH: lower arm+ hand segment, UA: upper arm segment. 
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Energy expenditure 
For each walking velocity total energy expenditure (EE101) was determined according 
to Weir (1949) from 0 2 consumption and C02 production, measured with an 
autornaled respiratory gas analyzer (Oxyconbeta, Mijnhardt). EE101 was determined for 
the last minute of each velocity stage, when 0 2 consumption had reached a steady 
state. EEact was calculated as EEtot minus energy expenditure at rest. The last 
parameter was measured by indirect calorimetry during an ovemight stay in a 
respiration chamber and was referred to as sleeping roetabolie rate (SMR). EEact was 
expressed in Watt (W). 

Data analysis 
Data analysis consisled of camparing the measured and simulated IMA values 
(including gravitational component) at LB, as well as their accuracy in predicting the 
measured EEact· Furthermore, differences between IMA values, calculated from 
simulated accelerometer output with and without gravitational component, were 
determined to assess the influence of this component at different locations on the 
human body and in different measurement directions. Simpte correlation coefficients 
(Pearson's r) between EEact and all measured or simulated IMA variables were 
calculated to delermine the effect of accelerometer placement, accelerometer 
orientation and measurement direction on the prediction of EEact during walking. 
Multiple regression analysis using simulated IMA variables at several body segments 
was performed to investigate wether EEact is better predieled from multiple 
accelerometers than from a single accelerometer. A probability ~ 0.05 was taken as 
level of signifîcance. Since kinematics of the left leg and arm segments of the body 
were similar to the phase shifted kinematics of the right leg and arms segments, only 
results from the left limbs wil! be presented. 

Results 

Data on energy expenditure and measured IMA variables are given in Table 4.1 for 
each walking velocity in both subjects. All measured variables increased with walking 
velocity. Values for SMR were 91.4 W for subject 1 and 88.4 W for subject 2. Using 
the pooled data of both subjects, correlations between EEact and measured IMA were 
0.97 for the ë1 direction, 0.92 for the ~ direction, and 0.96 using the summed IMA 
values of both measurement directions. No significant differences between measured 
and simulated IMA at the low back were found using a paired t-test. Pooled 
correlation coefficients for EEact versus simulated IMA at the low back were 0.87 for 
the ë1 direction, 0.92 for the ~ direction, and 0.92 for the summed IMA values. 
From these results it was concluded that the simuialed IMA variables may be used to 
study the influence of accelerometer placement and orientation on IMA and the 
prediction of EEact· 
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Table 4.1 Total energy expenditure (EE101), energy expenditure for physical activity (EEacr) 
and measured IMA values for each walking velocity stage in both subjects. Accelerometer 
output values are given as an average fora period of five step cycles. 

subject velocity EEIOI EEact IMAI,meas IMA2,meas IMAtot,meas 
(km·h- 1) (W) (W) (m·s-2) (m·s-2) (m·s-2) 

3 258.9 167.5 1.0 0.7 1.6 

4 294.7 203.3 1.3 1.1 2.4 

5 317.2 225.8 1.7 1.7 3.4 

6 420.0 328.6 2.3 2.6 4.9 

7 688.0 596.7 3.2 3.5 6.7 

2 3 229.8 141.4 0.8 0.0 1.7 

4 268.9 180.5 1.1 1.3 2.4 

5 336.9 248.5 1.5 2.0 3.5 

6 420.0 331.6 2.0 2.9 4 .9 

7 552.5 464.1 2.7 3.9 6.5 

In genera!, simulated IMA values including the gravitational component of 
accelerometer output were higher than IMA values corrected for this component. 
Table 4.2 shows the percentage difference between simulated IMA101 values with and 
without correction for the gravitational component for all modelled segments of the 
body and the Jow back. The largest influences of the gravitational component on 
IMA101 were found during walking at 3 km·h - I. Except for the UA segment, these 
influences decrease with increasing walk.ing velocity. The same findings were 
observed for IMA values in è1 and ~ direction. With respect to the piace of 
attachment, the largest influences of the gravitational component were found for the 
limbs, especially the AH segment, while relatively smal! influences were found for 
the HT segment and the low back. These findings were also true for the separate 
measurement directions, although for each place of attachment deviations in the è1 

direction were larger than in the ~ direction. 
With respect to the pooled relationships between EEact and simulated IMA 

variables, strong, significant correlations (r = 0.75-0.94) were found for each place of 
attachment and for values with and without correction for the gravitational component 
of accelerometer output. The highest correlations were observed for EEact versus IMA 
along the ~ direction at the LF segment. At this segment and at the iow back 
correction for the gravitationai component resulted in equal or higher correiations 
with EEact· At the other places of attachment correction for the gravitational 
component resulted in equal or lower correlations. Regarding the separate 
measurement directions, correlations between EEact and simuiated IMA variables -
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with or without gravitational component - were higher for the êi than for the ë1 

directions. The opposite was true for measured IMA: here, the correlation coefficient 
for measured IMA in the ë1 direction was higher than for the êi direction. In 
practice, however, IMA values from orthogonal measurement directions are summed 
(IMA101) to predict EEact· The fraction of the variation (~) in EEacP predicted from 
measured and simulated IMA101 at the various places of altachment is shown in Figure 
4.4, where simulated IMA variables with and without gravitational component are 
indicated separately. 94% of the variation in EEact could be predicted from measured 
IMA101• The predictability of the variation in EEact from simulated IMA101 at this 
location was 4% higher when corrected for the gravitational component, than when 
including this component (89% for IMA101,cor and 85% for IMA101) . Using a multiple 
regression analysis including the IMA101 variables of all places of attachment, 90% of 
the variation in EEact could be predicted (r = 0.95), while 88% of the variation in 
EEact was predicted, when the variables were corrected for the gravitational 
component (r = 0.94) (Figure 4.4). 

Table 4.2 Differences between simuialed IMA101 with and without gravitational component 

(IMA101 - IMA101,cor), expressed as a percentage of the value without gravitational component. 
Values are given for simulated places of altachment at the modelled segment eentres of mass 
and the low back. For legencts indicating the place of altachment see Figure 4.3. 

subject velocity IMAtot- IMAtot,cor (% IMAtot,cor) 

(km·h - 1) LB LF UL HT AH UA 

3 25.0 65.7 86.8 16.5 98.9 58.2 

4 20.2 47.7 36.2 8.4 91.8 52.8 

5 17.0 54.0 44.8 6.4 82.8 34.9 

6 3.2 48.3 38.8 3.5 72.2 30.8 

7 1.4 35.8 33.8 0.3 67.9 31.3 

2 3 47.8 59.3 110.5 50.2 233.9 148.5 

4 11.3 53.4 46.3 5.8 89.2 39.8 

5 8.2 45.5 41.7 4.1 88.9 45.3 

6 -0.1 37.5 32.0 4.0 75.4 28.2 

7 -0.3 29.7 22.4 2.4 55.8 38.3 
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Figure 4.4 Block diagram showing the explained percentage of the variation in EEact 
during walking, predieled from measured IMA and from simulated IMA at various 
locations on the body with and without correction for the gravitational component of 
accelerometer output. The predictability of EEact using the simulated IMA from all 
locations is included. For abbreviations see figure 4.3. 

Discussion 
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Although the effects of accelerometer placement and orientation on IMA are 
considerable, their influence on the prediction of EEact is relatively small. With 
respect to the place of attachment, IMA at all examined locations on the body may be 
used to predict EEact with high accuracy. The best prediction of EEact was obtained 
from the measured IMA variables at the low back (r = 0.92-0.97). These results are 
comparable to those reported by Balogun et al. (1989) and Haymes and Bymes 
(1993), who reported correlations of 0.92 and 0.94 respectively between energy 
expenditure and IMA measured in longitudinal direction with a body-fixed uniaxial 
accelerometer at waist level during walking. Consictering the simulated IMA 
variables, the highest correlations were found between EEact and IMA determined 
from the kinematics of the LF segment (r = 0.94), but differences with correlations 
found for the other segments were negligible. Impravement of the prediction of EEact 
using the output from all simulated accelerometers on the body (Figure 4.4), seems 
too smal! to compensate for the extra discomfort to subjects. 

Only little information on the effect of the place of altachment of accelerometers 
is available from the literature. Washbum and Laporte (1988) studied IMA calculated 
from uniaxial accelerometers with body-fixed longitudinal measurement direction at 
the non-dominant hip and the middle of the back during walking at normal and fast 
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pace in 17 subjects. No significant differences between IMA at the hip and IMA at 
the back were found. Balogun et al. ( 1988) reported significant higher IMA values 
calculated from accelerometer readings at waist level than from accelerometer 
readings at chest level during walking at 3.2 and 6.4 km·h -I in 20 subjects. However, 

no conclusive statement about the predierion of EEact from IMA was given in either 
of the studies. 

The influence of the gravitational component of accelerometer output on IMA 
was evident, especially at the limbs and during the lowest walking velocities. This is 
oot surprising, since the (change in) orientation, and therewith the gravitational 
component is larger at the limbs than at the HT segment. Furtherrnore, as the 
gravitational component of accelerometer output remains about the same with 
increasing walking velocities, while the kinematic component becomes larger, its 
influence on IMA decreases at higher walking veloeities (Table 4.2). The larger 
influence of the gravitational component in ë1 direction compared to the ~ direction 
might also have been expected, because of the preceding actdition of 1 g to the 
accelerometer output in ~ direction (equation [4.12]). The prediered variation in 
EEact from IMAtot at the low back - the place of attachment that is adopted in most 
studies on physical activity assessment - was 4% higher after correction for the 
gravitational component. Maximal differences in the prediered variation in EEact from 
accelerometer output with and without gravitational component were found for the 
upper leg, where the difference in predictability from IMAtot with and without 
gravitational component was 5% and the difference in predictability from IMA1 with 
and without gravitational component was 10%. In both cases the prediction of EEact 
becarne worse after correction for the gravitational component. Since the influence of 

the gravity on the predierion of EEact during walking is equivocal and relatively 
smal!, correction for the gravitational component of accelerometer output is 
outweighed by the complicated techniques required for this correction. 

A possible explanation for the smalt influences of placement and orientation of 
accelerometers on the predierion of EEact may be that measurement of any 
(increasing) aspect of the movement pattem - at any place on the human body - is 
representative for the (increasing) energy expenditure required for that movement 
This is emphasized by the fact that correlations between EEact and the integral of the 
modulus of the gravitational component alone ranged from r = 0.52 in ~ direction at 
the low back to r = 0.92 in ~ direction at the upper arm. Thus, even if no 
information about the intensity (acceleration) of the walking movement is available 
and there is only some indication about the (change in) orientation of body segments 
within the field of gravity, EEact can be predicted. 

EEact was better predicted from measured than from simuiared accelerometer 
output. This might be explained by the relatively low sample frequency (25 Hz), the 
double differentiation of position/time data, and again the integration of rectified 
simulated acceleration signals, while measured acceleration signals were digitized at 
100 Hz and only integrated once. Although we recognize that the applied data 
processing techniques may have introduced substantial errors in simuiared IMA 
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variables, no significant differences between measured and simulated IMA variables 
at the low back were found. To further verify our simulated IMA data at the other 

body segment, we calculated IMA variables at different locations on the human body 

during walkingat 6.8 km·h- 1 using kinematic data from Winter (1990), sampled with 

a high-speed film camera at a frame rate of 69.9 Hz. These data are compared to 

simulated IMA values from the present study during walking at 7 km·h - 1 in Tab ie 
4.3. IMA values from Winter's (1990) data were calculated using kinematics of the 

LF, UL, and HA T (head, arms, and trunk) segments. The kinematics of the HA T 

were determined from the position!time data of the hip (greater trochanter) and the 

base rib cage and compared to data on the HT segments of subject I and 2. From 

Table 4.3 it can be concluded that, except for IMA values in ëi direction at the UL 

segment, data from the present study are camparabie to those deterrnined from the 

study of Winter (1990). 

Table 4.3 Simulated IMA values with and without gravitational component, calculated from 
data of Winter (1990) in a male subject (weight: 56.7 kg, height: not given) during walking at 
6.8 km·h-1. Values for IMA during walking at a velocity of 7 km·h-1 for the two subjects 
described in the present study are given for comparison in the lower rows. Values from 
Winter (1990) are calculated over one stride period and averaged per second. V al u es for 
subjects I and 2 are averaged over five stride periods (T = 1.0 for data from Winter; T = 1.0 
for subject I; T = 0. 9 for subject 2). 

Winter (1990) 

subject I 

subject 2 

segment 

LF 

UL 

HAT• 

LF 

UL 

HT 

with gravitational 
component 

10.8 

6.8 

2.5 

9.3 

5.6 

1.8 

4.9 

2.4 

2.1 

5.3 

5.2 

4.0 

15.7 

9.2 

4.6 

14.6 

10.8 

5.8 

without gravitational 
component 

IMA1.cor IMA2.cor IMAror,cor 

7.7 3.9 11.5 

5.1 2.3 7.5 

2.0 2.1 4.1 

6.8 4.0 10.7 

3.5 4.6 8.1 

1.7 3.9 5.7 
·····~···· ................................... ·········-·· .............................. " .............. . ...................... 

LF 10.9 5.4 16.3 8.2 4.4 12.6 

UL 6.2 5.7 11.9 4.2 5.4 9.7 

HT 1.8 4.1 5.9 1.7 4.1 5.8 

•Movements of the HAT- i.e. the head, arms, and trunk- were detennined from movements 
of the segment running from the hip (greater trochanter) to the base rib cage. 

The above mentioned conclusions were based on experimental findings observed 
during walking under standardized Iabaratory conditions. Only two subjects 

participated in the study and a simplified, two-dimensional, model of their body was 
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used to obtain most of the results. Therefore, care should be taken in generalizing the 
results to normal daily living conditions. However, despite of its shortcomings, the 
present study has shown new aspects of the use of body-fixed accelerometers for the 
assessment of physical activity in relation to energy expenditure. lt has provided 
additional information to the studies of Balogun et al. (1988) and Washburn and 
Laporte ( 1988), who studied the effect of place of altachment on accelerometer output 
during walking, but did not include energy expenditure and/or gravitational 
accelerations in their investigations. Further research with more subjects and better 
simulations during a variety of physical activities is required to investigate the precise 
effects of the place of altachment and orientation of accelerometers on the assessment 
of daily physical activity. 
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5 
Physical activity assessment during standardized activity in 
a respiration chamber: cornparison between movement 
registration and energy ex penditure * 

Abstract The present study describes the evaluation of movement registration with a 
body-fixed triaxial accelerometer for the assessment of energy expenditure due to 
physical activity (EEact) under controlled conditions. 13 Male subjects stayed in a 
respiration chamber for 36 h: two nights and the intervening day. During daytime 
subjects performed an activity protocol, resembling normal daily activity. 7 Subjects 
performed a protocol with activities of moderate intensity, while the other 6 subjects 
performed a protocol with activities of light intensity. Each activity lasted for 30 min. 
During the activities accelerometer output was recorded and processed to the sum of the 
integrals of the modulus of the accelerations from all three directions (IMA101) using a 
portable data unit. IMA101 was correlated against EEact• calculated as total energy 
expenditure minus sleeping metabolic rate. Strong linear relationships were found 
between 30 min averages of EEact and IMA10 1 using data of all subjects participating in 
the moderate intensity protocol (r = 0.97) and the low intensity protocol (r = 0.96). To 
account for individual variation in EEact and IMA101' regression equations between these 
variables were deterrnined for each subject as well as the pooled data of all subjects 
within each protocol group. Individual (r = 0.87-0.98) and pooled correlations (r = 0.91, 
r = 0.88) were all significant and regression lines did not differ between subjects or 
protocol groups. It is concluded that movement registration by accelerometry can be used 
to provide an objective estimate of energy expenditure during standardized daily 
activities with minimal discomfort to subjects. However, additional investigation is 
required to deterrnine the validity and accuracy of the method in free-living subjects. 

* Submitted for publication. Co-authors: K.R. Westerterp, M. Verduin and J.D. Janssen, Dept. 
of Computational and Experimental Mechanics, Eindhoven University of Technology & Dept. 
of Human Biology, University of Limburg, Maastricht. 
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Introduetion 

In the field of physical activity assessment most research is aimed at measuring energy 
expenditure, since it gives a direct reflection of the physiological strain due to activity. 
Continuous calorimetry would give the most reliable results, but is not feasible for field 
studies in free-living individuals. Therefore, the interest for estimates of energy 
expenditure based on observations, questionnaires, heart rate recordings, or movement 
registration is growing (Laporte et al., 1985; Montoye & Taylor, 1984; Schoeller & 
Racette, 1990). At present, movement registration with body-fixed accelerometers seems 
to be the most proruising technique. It can provide an objective estimate of physical 
activity in relation to energy expenditure with minimal discomfort to subjects. 

Accelerometers are frequently used in epiderniological studies and clinical settings 
and have been evaluated against direct observation, questionnaires, diaries, and heart rate 
recording (Janz, 1994; Kiesges & Klesges, 1987; Milier et al., 1994). Others have tested 
accelerometer devices in relation to oxygen consumption or energy expenditure during 
separate standardized activities (Balogun et al., 1989; Meijer et al., 1989; Montoye et 
al., 1983; Pambianco et al., 1990) or under controlled conditions in a respiration 
chamber. A vons et al. ( 1988) used a uniaxial accelerometer to es ti mate energy 
expenditure during every day activities in a respiration chamber. The accelerometer was 
sensitive to movement in the vertical direction and, when attached to the body at waist 
level, could predict 52% of the variation in energy expenditure in a group of 12 young 
men. Bray et al. (1994) evaluated the use of a uniaxial Caltrac accelerometer for the 
assessment of energy expenditure in 40 girls during a 24 h stay in a respiration chamber. 
Significant correlations were found between 24 h energy expenditure and accelerometer 
readings, when accelerometer output was converted to energy values using the subjects 
age, height and body mass (r = 0.80). However, there was no relationship between 24 
h energy ex penditure and accelerometer readings per se (r = 0.11 ). Consictering the 
multidirectional characteristics of human movement, it is suggested that additional 
registration of accelerations in horizontal directions may imprave the predictions of 
energy expenditure (Ayen & Montoye, 1988; Bouten et al., 1994b; Nichols et al., 1992). 

Recently, triaxial accelerometers for the assessment of energy expenditure were 
developed. These accelerometers have been extensively tested against calorimetry during 
strictly defined activities in the Iabaratory (Bouten et al., 1994b; Meijer et al., 1989). 
However, calorimetrie validation oftriaxial accelerometers under conditions more sirnilar 
to those in normal daily life has not been perforrned yet. The present study was intended 
to evaluate the use of movement registration with a triaxial accelerometer for the 
assessment of energy expenditure due to physical activity under strictly controlled 
conditions in a respiration chamber. Thirteen young men perforrned a one-day 
standardized activity protocol, resembling a normal daily activity pattern. To simulate 
different daily activity patterns, seven subjects perforrned an activity protocol with 
moderate intensity, while the other subjects perforrned an activity protocol with light 
intensity. 
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Methods 

Subjects 
Subjects were 13 healthy young men, who all gave weitten informed consent to 
participate in the study after procedures were explained to them. The subjects were 
divided into two experimental groups, according to their assignment to the different 
activity protocols. Seven subjects were measured at an activity protocol with moderate 
intensity (protocol 1 ), while the other si x subjects were foliowed at an activity protocol 
with lower intensity (protocol 2). Age, body mass, height and body mass index of the 
subjects are given in Table 5.1. 

Table 5.1 Subject characteristics (mean ± SD). 

protocol I protocol 2 total 
(n = 7) (n = 6) (n = 13) 

age (yr) 28.1 ± 5.0 25.2 ± 3.0 26.8 ± 4.3 

height (m) 1.81 ± 0.08 1.85 ± 0.05 1.83 ± 0.07 

body mass (kg) 71.1 ± 10.1 82.9 ± 12.2 76.6 ± 12.3 

body mass index (kg·m -2) 21.7±1.4 24.2 ± 4.2 22.9 ± 3.2 

Experimental protocol 
The experiment consisted of a 36 h stay in a respiration chamber: two nights and the 
intervening day. A schematic representation of the complete protocol is shown in Figure 
5.1. The relationship between movement registration and the energy cost of physical 
activity was studied during daytime, when subjects performed standardized activities. 
During both nights sleeping metabolic rate (SMR) was measured. 24 h Energy 
expenditure (24hEE) was calculated from 8:00 h at day 2 to 8:00 h at day 3. 

21 :00 0:00 3:00 6:00 9:00 12:00 15:00 18:00 21 :00 0:00 3:00 6:00 9:00 

Time (h) 1-1---+--+--+---+---+--+--+---+--+--+--+----il 

Day 
2 3 

Protocol ~-~s~le~ep_in~g-~l~l ____ s_t~_d_M_d_ize_d_a_ct_iv~ity~~ sleeping 

Measurements SMR I EEact and movement registration I SMR 

24h energy ex penditure 

Figure 5.1 Schematic representation of the experimenta1 protocol. SMR represents sleeping 
metabolic rate and EEact represents energy expenditure for physical activity . 



64 Chapter 5 

From 8:30 to 22:00 h subjects performed either activity protocol 1 or activity protocol 
2. The protocols consistedof sedentary activities, some household activities, and walking 
or beneh-stepping exercise. All activities in the protocols were performed for 30 min and 
for each activity energy expenditure and body movement were measured (see below). 
The intensity of the protocols was calculated to be 1.55 times the estimated resting 
energy expenditure for protocol 1 and 1.45 times the estimated resting energy 
expenditure for protocol 2. Resting energy expenditure was estimated from age, height, 
and body mass of the subjects, according to Harris and Benedict (1919). Protocol 1 was 
defined as 'moderate' and protocol2 as having a 'light' intensity. A complete description 
of the protocols is given in Table 5.2. The activities 'bench-stepping exercise', 'walking 
with obstacles', and 'carrying loads' were performed at intervals, ma.inly 5 min exercise 
altemated with 5 min rest (sitting). 

Food intake in the respiration chamber comprised of three meals and three snacks. 
Breakfast and lunch were made by the subjects themselves, while diner was provided. 
Snacks consisted of fruit and candy bars. Total energy intake for maintenance of energy 
balance was based on the estimated activity levels of the protocols. The food provided 
14% of the total energy content from protein, 27% from fat, and 59% from carbohydrate. 

Energy expenditure 
Oxygen (02) consumption and carbon dioxide (C02) production were measured in a fully 
computerized respiration chamber. This chamber measures 14 m3 and is equipped with 
a bed, table, chair, freeze toilet, washing-bowl, radio, and television (Schoffelen et al., 
1984). The ventilation rate through the chamber was measured with a dry-gas meter 
(Schlumberger, G4) and analyzed by a paramagnetic 0 2 analyser (Hartmann & Braun, 
Magnos 6G) and an infrared C02 analyser (Hartmann & Braun, Uras 3G). Ingoing air 
was analyzed once every 15 min and outgoing air twice every 5 min. From the 
ventilation rate and 0 2 and C02 concentrations in in- and outgoing air, 0 2 consumption 
and C02 production were calculated on-line on a computer. Total energy expenditure 
(EEtot) was calculated at 5 min intervals from 0 2 consumption and C02 production, 
according to Weir (1949). During the activity protocol EEtot was averaged for the 
separate activities. As the response time of the chamber to peak changes in 0 2 and C02 

concentrations is 5 min, only the last 25 min of each 30 min activity period were used 
to calculate mean EEtor It was assumed that 0 2 consumption of the subjects had reached 
a steady state during the first 5 min of each activity period. Energy expenditure for the 
separate activities (EEact) was defined as the increase in energy expenditure over SMR: 
EEact = EEtot -SMR. SMR was determined over a 3 h interval between 2:30 h and 7:00 
h (8 h postprandial), with the lowest level of activity as indicated by a Doppier radar 
system in the chamber. EEact wasexpressedas Watt (W) and as W-kg- 1 to correct for 
the influence of body mass on energy expenditure during weightbearing activities like 
beneh-stepping exercise. To determine the overall level of physical activity (PAL), the 
ratio between 24hEE and SMR - the commonly accepted method to indicate the level of 
daily physical activity - was calculated (PAL= 24hEE/SMR). 
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Table 5.2 Standardized activity protocols. 

2 

4 

time period protocol 1 (moderate) protocol 2 (light) 

8:30- 9:00 dressing, personal care dressing, personal care 

9:00- 9:30 breakJast breakfast 

9:30-10:00 sitting sitting 

I 0:00-10:30 lying lying 

10:30-11:00 making the bed making the bed 

11 :00-11 :30 desk work, snack desk work, snack 

11:30-12:00 beneh-stepping exercise, light1 desk work 

12:00-12:30 standing and walicing standing and walicing 

12:30-13:00 lunch lunch 

13:00-13:30 desk work desk work 

13:30-14:00 lying lying 

14:00-14:30 sitting sitting 

14:30-15:00 walicing with obstacles2 desk work 

15:00-15:30 desk work desk work 

15:30-16:00 cleaning room cleaning room 

16:00-16:30 desk work, snack desk work, snack 

16:30-17:00 desk work desk work 

17:00-17:30 leisure time leisure time 

17:30-18:00 lying lying 

18:00-18:30 diner diner 

18:30-19:00 dish washing dish washing 

19:00-19:30 sitting sitting 

19:30-20:00 lying lying 

20:00-20:30 beneh-stepping exercise, heavy3 beneh-stepping exercise, light 1 

20:30-21:00 desk work, snack desk work, snack 

21:00-21:30 carrying loads4 leisure time 

21 :30-22:00 leisure time leisure time 

Stepping up and down a bench 33 cm high at 60 steps·min - I ; altemately 5 min exercise and 
5 min rest. 
Altemately 5 min walking, 5 min rest. Subject were asked to step over blocks 33 cm high 
during walking. 
Interval beneh-stepping exercise on a bench 40 cm high at 60 steps· min - I. 

Carrying I kg iron disks from one side of the room to the other for 3 x 5 minutes, 
altemated with 5 min rest. 
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Registration of body movement 
Body movement was registered with a triaxial accelerometer at the low back. Subjects 
wore the accelerometer on day 2 from getting up in the moming until bedtime. The 
accelerometer consists of three uniaxial piezoresistive accelerometers (ICSensors, type 
3031-010) and, when fixed to the body, is sensitive to accelerations in antero-posterior, 
medio-lateral, and longitudinal (cranio-caudal) direction. It is attached to the body using 
an elastic belt around the waist. A flexible 12-conductor cable runs from the 
accelerometer to the prototype of a portable data unit for on-line acquisition, processing 
and slorage of accelerometer output. The data unit measures 150 x 80 x 30 mm and 
weighs 340 gram. In the data unit acceleration signals from the three measurement 
directions are amplified, high- (0.11 Hz) and !ow-pass (20 Hz) filtered to attenuate DC 
response and frequencies outside the frequency-range of voluntary human movement 
Next, acceleration signals are rectified, integrated and summed to obtain the sum of the 
integrals of the modulus of acceleration from all three measurement directions (IMAtot), 
according to equation [5.1]. 

t0+T t0+T t0+T 

IMA 10 1 J laxldt + J layldt + J la , ldt [5.1] 

Integration is performed by a voltage-to-frequency converter. Each minute the output of 
the converter is determined with a counter and slored in a 2 kB, 8 bit data memory chip. 
Then the converter is reset and the memory address enhanced. The data memory can be 
read out via a parallel interface to a computer. Since IMAtot is counted at 1 min intervals 
in the voltage-to-frequency convertor, this finally obtained accelerometer output variabie 
is expressed as counts·min -l. The supply voltage for the triaxial accelerometer and data 
unit is provided by batteries. Two 9 V, 500 Mah batteries are required to register and 
process accelerometer output over a period of 3 days. Batteries and data unit are built 
in a housing of polyethylene. Switches on the outside of the housing can be used to 
switch off the data processing. The DC-response of the uniaxial accelerometers can then 
be used to calibrate the sensors by altering their orientation with respect to field of 
gravity. The data unit is wom around the waist in a small bag (fanny pack). It may also 
be attached directly to a waist belt using two slits on both sides of the housing. Neither 
the data unit nor the triaxial accelerometer hindered the subjects during the performance 
of activities. For each activity of the standardized activity protocol average IMAtot was 
calculated over the last 25 min of the 30 min periods. 

Stalistics 

Values are presenled as means with standard deviations (mean ± SD). Differences within 
subjects and between experimental groups were examined using Student' s t-tests. Linear 
regression analysis was used to assess associations between EEact and IMAtot· Correlation 
coefficients (Pearson's r) and standard errors of estimate (Sy,J were calculated in 
addition. Differences in regression lines between separate subjects or experimental 
groups were tested using analysis of covariance. 
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Results 

Data on 24hEE, SMR, PAL, and average EEact and IMA101 during the activity protoeals 

(8:30-22:00 h) are sununarized in Table 5.3. As detennined from 24hEE and energy 
intake, all subjects were in energy balance during the stay in the respiration chamber. 
Values for SMR were higher for the subjects performing protocol 2 than for the subjects 
performing protocol 1 (p < 0.05). This was mainly caused by the difference in body mass 
between groups (Table 5.1). When corrected for body mass no difference in SMR 
between groups were found. In both groups SMR during the second night tended to be 

higher than SMR during the first night, probably due to the performance of the activity 
protocol (protocol 1: p = 0.06; protocol 2: p = 0.054). For this reason SMR during night 
1 was taken as the true SMR in all subjects and used for further calculations. With 
respect to physical activity, no differences in PAL or average EEact between the two 
protoeals were found. However, when expressed per kg body mass, mean EEact was 
significantly higher for protocol 1 than for protocol 2 (p = 0.04). Also mean IMA101 was 

significantly higher for protocol 1 (p = 0.0007). 

Table 5.3 Average 24 h Energy expenditure (24hEE), sleeping metabolic rate (SMR), physical 
activity level (PAL), average energy expenditure for physical activity (EE3c1), and accelerometer 
output (IMA101) during the activity protocol (mean ± SD). EEact is expressedas Watt (W) and as 
W·kg-1• 

protocol 1 protocol 2 total 
(n = 7) (n = 6) (n = 13) 

24hEE (W) 130.4 ± 16.6 148.7 ± 16.2 138.8 ± 18.8 

SMR night I (W) 80.3 ± 8.9* 90.4 ± 10.8 84.9 ± 12.3 

SMR night 2 (W) 82.8 ± 7.7* 97.7 ± 8.6 89.1 ± 11.3 

PAL 1.62 ± 0.08 1.58±0.11 1.60±0.10 

EEact [8:30-22:00] (W) 81.8 ± 11.6 76.9 ± 12.9 79.5 ± 12.2 

EEact [8:30-22:00] (W·kg- 1) 1.2 ± 0.1* 0.9 ± 0.2 1.0 ± 0.1 

IMA101 [8:30-22:00] (counts·min - I) 3.68 ± 0.45** 1.93 ± 0.59 2.88 ± 1.02 

* p < 0.05; **: p = 0.0007: significant difference between groups. 

Figures 5.2 and 5.3 show the association between EEacr (W·kg- 1) and IM~01 for the 
separate activities of protocol l and protocol 2. Values for each activity are indicated as 
mean and standard deviation using the data of all subjects perfonning a specific activity. 
For both protoeals a significant relationship between mean values of EEact and IMA101 

was found (p < 0.001 ). However, as tested with analysis of covariance, the slopes of the 
regression Iines for protocol 1 and protocol 2 were different (p < 0.01). This difference 
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was caused by the activity 'carrying loads' in protocol 1 (number 2 in Figure 5.2). When 
data on 'carrying loads' were excluded from the results, regression lines for protocol 1 
and protocol 2 were similar. These regression lines are indicated by the dotted lines in 

the figures. Correlations between mean EEact and mean IM~ot were similar when EEact 
wasexpressedas W or as W·kg- 1 (protocol!: r = 0.97; protocol2: r = 0.96). 

As indicated by the standard deviations in the Figures 5.2 and 5.3, individual values 
for EEact and IMAtot varied considerably. This was particularly manifest during activities 
like 'bench-stepping', 'walking', 'cleaning', and 'making the bed'. To account for the 

variations in EEact and IM~ot' regression lines between these variables were determined 
for each subject as wel! as for the paoled data of all subjects and activities. lndividual 

and paoled relationships were all significant (p < 0.001) and regression lines did not 
differ between subjects or protocol groups when data on 'carrying loads' were excluded 
from the results. Correlations and standard errors of estimate for individual and pooled 
regression lines are given in Table 5.4. Note that these values were determined after 
correction for the activity 'carrying loads'. As can be observed, normalization for body 

mass resulted in an impravement of the pooled correlations. 

Table 5.4 lndividual (mean ± SD) and pooled correlation coefficients (r) and standard errors of 
estimate (Sy.x) between energy ex pendilUre for physical activity (EEact) and accelerometer output 
(IMAtot). Correlations are calculated for EEact expressed as W and as W·kg- 1. All correlations 
are significant. 

EEact (W) VS IMAtot EEact (W·kg- 1) VS IMAtot 

r sy,x sy,x 

protocol I 
individual regressions 0.95 ± 0.02 21.9 ± 6.8 0.95 ± 0.02 0.3 ± 0.1 

protocol 2 
individual regressions 0.92 ± 0.02 23.9 ± 3.4 0.92 ± 0.02 0.3 ± 0.1 

total 
individual regressions 0.94 ± 0.03 22.8 ± 5.6 0.94 ± 0.03 0.3 ± 0.1 

protocol l 
pooled regression (n = 7) 0.86 35.6 0.91 0.4 

protocol 2 
pooled regression (n = 6) 0.87 29.9 0.88 0.4 

total 
pooled regression (n = 13) 0.84 36.3 0.89 0.4 
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Figure 5.2 Relationship between average energy expenditure per activity (EEact) and 
average accelerometer output per activity (IMAtot) for protocol I. Several characteristic 
activities are labelled: 1 = beneh-stepping with high intensity, 2 = carrying loads, 3 = 
walking with obstacles, 4 = beneh-stepping with light intensity, 5 = cleaning the room, 
6 = making the bed. The dotled line represents the regression line for mean values of 

EEact versus mean values of IMAtot· Regression equation: EEact = 0.49 + 0.18 x IMAtot 
(r = 0.97; p < 0.001). Data on 'carrying loads' (activity 2) are excluded from 
regression analysis. 
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Figure 5.3 Relationship between average energy expenditure per activity (EEact) and 
average accelerometer output per activity (IMAtot) for protocol 2. Activity 4 = beneh
stepping with light intensity, activity 5 = cleaning, activity 6 = making the bed. The 
dotled line represems the regression line using mean values of EEact and IMAtot· 
Regression equation: EEact = 0.46 + 0.26 x IMAtot (r = 0.96; p < 0.001). 
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Individual relationships between EEact (W·kg- 1) and IMA101 were stronger than the 
pooled correlations. However, as indicated by the standard errors of estimate, the use of 
individual regression equations adds little to the accuracy of the prediction of EEact· 
Therefore, pooled regression equations may be used to predict EEact in the individual. 
Figure 5.4 shows the pooled data and regression line for all subjects and activities of 
both protocols. The regression equation is given by equation [5.2]. Using this equation, 
79% of the variation in EEact can be predieled from accelerometer output. 

EEact (W·kg- 1) = 0.60 + 0.16 x IM~oc [5.2] 

Figure 5.4 Pooled data and regression line for energy expenditure due to physical 
activity (EEact) versus accelerometer output (IMA101) using data of all subjects 
performing protocol I (e) and protocol2 (0). Data on the activity 'carrying loads' are 
excluded from the regression analysis. The regression equation is given by EEact = 
0.60 + 0.16 x IMA101 (r = 0.89, p < 0.001). 

To test the sensitivity of the accelerometer for the prediction of EEacr during separate 
activities, correlations between EEact (W·kg- 1) and IMA101 were calculated for each 
defined activity using data of all subjects performing that activity. As might be expected, 
correlations during 'lying', 'sitting' and 'desk work' were relatively low, ranging from 
0.08 to 0.58 (Sy,x = 0.12-0.62 W·kg- 1), while correlations during activities involving 
(more) body movement were higher. Correlations and standard errors of estimate for the 
activities indicated by the numbers in Figures 5.2 and 5.3 are sumrnarized in Table 5.5. 
Except for 'carrying loads' (p < 0.05), no differences between the regression lines for 
separate activities were found. 
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Tab1e 5.5 Correlation coefficients (r) and standard errors of es ti mate (Sy) for energy ex penditure 
due to physical activity (EEact' W·kg- 1) versus accelerometer output (IM~01) during separate 
defined activities. 

activity r sy.~ (W.kg- 1) 

(I) bench-stepping, high intensity 0.89 5.0 

(2) carrying loads 0.73 4.7 

(3) walking with obstacles 0.77 3.5 

( 4) bench-stepping, light intensity 0.81 1.6 

(5) cleaning room 0.97 2.0 

(6) making the bed 0.85 2.1 

Discussion 

The purpose of this study was to eva1uate the use of movement registration with a 
triaxial accelerometer and portable data unit for the assessment of physical activity in 
relation to energy expenditure under strictly controlled conditions. Body movement was 
quantified by the variabie IMA101' whi1e the energetic cost of physical activity was 
quantified by the variabie EEact· During a 36 h stay in a respiration chamber subjects 
performed one of two standardized activity protoco1s, resembling normal daily activity 
patterns. Despite the varying intensity of these protocols, no difference in overall activity 
level (PAL) was found. Values for PAL were in accordance with criteria for sedentary 
daily activity given by the World Health Organization ( 1985). They a1so correspond with 
dai1y physical activity levels measured with doubly labelled water over a period of two 
weeks in free living young men, as reported by Pannemans and Westerterp (1995). 
Therefore, the 36 h stay in the respiration chamber may be used to sirnulale dai1y activity 
levels in this population. A1though PAL was sirnilar for both protocols, average EEact 

(W·kg -l) and average IMA101 we re significant1y higher for the subjects perforrning the 
protocol with the highest intensity (protocol 1). It seems that these variables, and 
particularly IMA1w are more sensitive to changes in physical activity than the wide1y 
used PAL (Table 5.3). Furthermore, the new1y developed equipment offers the 
opportunity to measure momentary changes in physical activity, in terms of IMA101' at 
intervals of one minute, while PAL is calculated over periods of days or even weeks in 
respiration chambers or with doubly labelled water (Rising et al., 1994; Westerterp et 

al., 1995b; World Health Organization, 1985). 
A1though the activity protoeals were performed in a standardized way, relatively 

large variations in EEact and IM~01 were found between subjects. At least part of this 
variation might be explained by the individual differences in the performance of 
activities. 'Bench-stepping exercise' was strictly controlled with respect to its rate and 
duration, but other activities were executed by the subjects in their own natura! way. 
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Nevertheless, 79% of the individual variation in EEact could be predicted from IMA101 

using the pooled regression equation for EEact (W · kg -I) versus IMA101 for the en ti re 
population. Pooled as well as individual correlations between EEact (W · kg -I) and 
IMA101 were comparable to those reported earlier forshort-term sedentary activities using 
a triaxial aceelerometer (pooled: r = 0.82; individual: r = 0.91 ± 0.08, Bouten et al., 
1994b). Only little is known about long-term calorimetrie evaluation of aceelerometers, 
and publisbed observations are restricted mainly to uniaxial accelerometers. Bray et al. 
(1994) evaluated the use of the uniaxial Caltrac accelerometer for the prediction of 24 
h energy expenditure in a respiration chamber. 40 Girls participated in normal sedentary 
aetivities while wearing the aecelerometer at hip level. By entering the subjects age, 
height, body mass, and gender into the Caltrac, accelerometer readings were converted 
to energy values. The relationship between 24 h energy expenditure and kilocalorie 
values was significant (r = 0.80), but underestimated energy expenditure by 30%. It 
should be realized that personal characteristics, like age, body mass, and height 
determine the largest component of 24 h energy expenditure in subjects engaged in 
sedentary aetivities (Ravussin & Bogardus, 1989; Westerterp, 1994). Therefore, these 
personal characteristics may have predieled the main part of the variation in energy 
expenditure. This is illustrated by the fact that Caltrac readings per se - without 
conversion to energy values - could not predict 24hEE (r = 0.11) in the study of Bray 
et al. (1994). In the present study a correlation of 0.72 between 24hEE and aceelerometer 
output was found using the triaxial accelerometer. A vons et al. ( 1988) used a uniaxial 

'vertical' accelerometer for the prediction of EEact duringa 17.5 h stayin a respiration 
chamber, while subjects performed activities like stepping, making beds, walking, and 
earrying loads. Only 52% of the individual variation in EEact could be predieled from 
uniaxial accelerometer output and in four out of twelve subjects no significant 
relationship between energy ex penditure and accelerometer readings was found. Although 
we did not investigate the contribution of the separate measurement directions of the 
triaxial accelerometer to the pred.ietion of EEacl' the results of the present study may 
indicate that the use of a triaxial accelerometer is superior to that of a uniaxial 
aceelerometer in predicting energy expenditure during long-term controlled conditions 
in a respiration chamber. 

In the present study movement registration was compared with EEacl' defined as 
EE101 minus SMR. Calculated in this way EEact consists of energy expenditure for 
physieal activity and diet indueed thermogenesis (DIT). Using previously described 
methods (Schutz et al., 1984; Verboeket-van de V enne et al., 1993) DIT was calculated 
to be 17.6 ± 5.7 W for the entire experimental group and represented 10.8 ± 2.7% of the 
average EE101 (22.2 ± 4.3% of EEact) during the activity protocol. To delermine the 
contribution of DIT to the variation of EEact that could not be predieled from 
aecelerometer output, residual analysis was performed on the individual regression 
equations between EEact and IMA101• The residual difference between measured EEact and 
that predieled from accelerometer output was systematically related to food intake. 
Figure 5.5 shows the average difference over 30 min periods between measured and 
predieled EEacr- Measured EEact was higher than predicted EEact during or immediately 
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following roeals and most snacks, while measured EEact was generally lower than 
predicted values before food intake. Increases in measured EEacl' however, may also 
reflect post exercise increases in energy expenditure. lndividual correction for DIT did 
not result in any impravement of the individual or pooled correlations between EEact and 
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Figure 5.5 Residual analysis of EEact in time, indicating the difference between 
measured EEact and estimated EEact from IMA10l' using individual regression equations 
between EEact and IMA101• Values are represented as mean ± SD for data on all 13 
subjects. 

With respect to the separate activities of the protocols, relatively strong relationships 
between EEact and IM~01 were found for household activities ('cleaning', 'making beds') 
and exercises ('bench-stepping', 'walking with obstacles' and 'carrying loads'). 
Relationships were weaker when activities involved little body movement, as in 'desk 
work', 'sitting' , or 'lying'. For activities invalving movement against extemal forces, for 
instanee gravity, it is expected that the increase in EEact will be relatively larger than the 
increase in IMA101• However, during the activity 'carrying loads' the opposite was the 
case: the increase in EEact was smaller than the increase in IM~01 and EEact was 
overestimated using individual or paoled regression equations. Frequent flexion of the 
trunk (loads were lifted from the ground) may have influenced accelerometer output 
during this activity. Accelerometers are sensitive to gravitational acceleration and the 
effect of gravitational acceleration on accelerometer output is dependent on the 
orientation of the sensor with respect to the field of gravity. Using a high-pass filter in 
the data unit, the effect of gravitational acceleration during rotations of the 
accelerometers with respect to the gravitational field at frequencies below 0.11 Hz is 
attenuated. Rotatiens with higher frequencies on the other hand will result in higher 
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values for IMA101• Despite this sensitivity to gravitational acceleration, the present study 
demonstrales that registration of body movement by accelerometry can be used to 
estimate energy expenditure during standardized protocols, resembling normal daily 
activity patterns. The accelerometer and the data unit did not cause any inconvenience 
to the subjects, nor did they influence the performance of activities. In this respect, the 
technique will be appropriate for use under normal daily living conditions. The validity 
and accuracy of the method to assess EEact under daily living conditions, however, 
should be studied in free-living subjects, without the limited environment of a respiration 
chamber. 
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6 
Physical act1v1ty assessment in free-living subjects: 
comparison between movement registration and doubly 
labelled water * 

Abstract The u se of movement re gistration for the assessment of daily physical activity 
was evaluated during a 7-day period in 30 free-living subjects. Body movement was 
registered with a Tracmor motion sensor, consisting of a body-fixed triaxial 
accelerometer and portable data unit for the on-line processing of accelerometer output 
to a useful quantity for physical activity assessment over time intervals of 1 min. 
Average Tracmor output was correlated against four different energy estimates: 1) 

average daily metabolic rate (ADMR), determined with doubly labelled water, 2) ADMR 
minus sleeping metabolic rate (SMR, determined in a respiration chamber), 3) 
(ADMR-SMR) per kg body mass, and 4) the overall physical activity level (PAL= 
ADMR/SMR). The highest correlation was found for the relationship between Tracmor 
output and PAL (r = 0.58). After correction for Tracmor values arising from vibrations 
produced during transportation, this correlation was improved to 0.73. Additional 
information on daily sleeping hours in a multiple regression analysis resulted in a further 
impravement to r = 0.79. There was no significant difference between movement 
registration and PAL in discriminating between overall activity levels with ' low' (PAL 
< 1.60), 'moderate' (1.60 ~ PAL ~ 1.85), and ' high' (PAL > 1.85) intensity. It is 
concluded that Tracmor is an objective, easy to use, and socially acceptable method that 
can be used to distinguish between physical activity levels of different individuals as 
well as between activity levels of one individual in time. 

* Submitted for publication. Co-authors: W.P.H.G. Verboeket-van de Venne, K.R. Westerterp, 
M. Verduin and J.D. Janssen, Dept. of Computational and Experimental Mechanics, Eindhoven 
University of Technology & Dept. of Human Biology, University of Limburg, Maastricht 
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Introduetion 

The assessment of daily physical activity requires an objective method that can be used 
under normal daily living conditions over prolonged periods of time with minimal 
discomfort to subjects. Currently, the doubly labelled water method is generally accepted 
as the 'golden standard' for physical activity assessment in free-living subjects. Together 
with an estimate of the resting energy expenditure, this method provides a reliable 
measure of energy expenditure associated with physical activity over periods of one to 
three weeks (Meijer et al., 1992a; Rising et al., 1994; Schoeller & Racette, 1990; 
Westerterp et al., 1988). The method, however, can only be used to indicate the average 
level of daily physical activity and does notprovide information about activity patterns 
in time. Furthermore, the high cost of the stabie isotopes and the need for sophisticated 
analysis techniques limit its applicability to small populations. 

Movement registration with body-fixed accelerometers seems to offer promising 
possibilities to reflect daily physical activity pattems in popuiatien studies. In 1981 
Wong et al. were the first to develop a portable accelerometer for the assessment of 
physical activity in relation to energy expenditure. The device could be attached to the 
body at waist level and registered accelerations parallel to the longitudinal axis of the 
trunk. The integrated absolute value of accelerometer output was significantly related to 
oxygen consumption in a group of subjects performing standardized activities under 
Iaberatory conditions (r = 0.74, Montoye et al., 1983). The development of this uniaxial 
accelerometer eventually resulted in the design of the conunercially available Caltrac, 
which has been frequently evaluated conceming its validity and applicability during the 
last decade. Most evaluations, however, were performed in the Iaberatory and do not 
inform about the validity and usefulness in free-living subjects, while the few evaluations 
under daily living conditions were performed against rather poor criterion measures over 
limited periods of time (Klesges & Klesges, 1987; Sallis et al., 1990). Furthermore, 
calorimetrie validatien of the Caltrac has usually been performed after conversion of 
accelerometer output to energy values, by entering the subjects age, sex, height, and 
body mass into the instrument (Bray et al., 1994; Gretebeck & Montoye, 1992; Heyman 

et al., 1991). As these variables alone already determine a considerable component of 
individual energy expenditure, the validity of the Caltrac to estimate energy ex penditure 
from personal characteristics rather than from the registration of body movement was 
assessed. 

Regarding the multidirectional characteristics of human movement, it is often 
suggested that the use of triaxial accelerometers may be superior to that of uniaxial 
accelerometers like the Caltrac in predicting daily physical activity (Ayen & Montoye; 
Nichols et al., 1992). Me ij er ( 1990) developed an accelerometer sensitive to accelerations 
in three directions. Acceleration signals from all directions were sununed, rectified and 
integrated over time intervals of one minute. Validatien against doubly labelled water 
during a 7-day period in free-living subjects showed a correlation of 0.64 between 
average rectified and integrated accelerometer output and average daily metabolic rate 
as a multiple of basal metabolic rate. These results, however, were obtained after 
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exclusion of 50% of the experimental data due to bad performance of the accelerometers. 
Furthermore, the sensitivity of the devices differed for the separate measurement 
directions. 

Bouten et al. ( 1994b) developed a triaxial accelerometer based on three separate 
uniaxial accelerometers. The output of the accelerometer, converted to the sum of the 
integrals of the modulus of acceleration from all measurement directions, was highly 
related to energy expenditure due to physical activity during sedentary activities and 
walking (r 0.95). Comparison with indirect calorimetry during a one day period of 
standardized activity resembling normal daily activity in a respiration chamber resulted 
in a significant correlation of 0.89 between the processed accelerometer output and 
energy expenditure due to physical activity (Bouten et al., 1994a). The present study was 
directed at evaluating the use of movement registration by accelerometry for the 
assessment of daily physical activity in free-living subjects. Body movement was 
recorded with the triaxial accelerometer and processed in a portable data unit. 
Accelerometer and data unit together are referred to as the Tracmor. During a one week 
period, physical activity determined by the Tracmor was compared with four different 
energy values, determined with doubly labelled water: 1) the average daily metabolic rate 
(ADMR), 2) average daily metabolic rate minus sleeping metabolic rate (ADMR -SMR) 
to indicate the energy compartment for physical activity, 3) (ADMR -SMR) per kg body 
mass, and 4) the ratio between ADMR and SMR to indicate the overall physical activity 
level (PAL=ADMR/SMR). Calibration experimentsin the laboratory were performed to 
exarnine whether the individual relationship between Tracmor output and energy 
expenditure established during these experiments can be used to estimate energy 
expenditure from Tracmor in daily life. Furthermore, the influence of transportation, 
scored by the subjects in activity logs, was studied to test the hypothesis that vibrations 
produced by transportation means will influence accelerometer output and hence the 
relationship with energy expenditure. 

Subjects and methods 

Subjects 
Subjects were 17 men and 15 women who were reeruiled from a six month follow-up 
study on the effect of diet composition on energy expenditure (Westerterp et al., 1995a). 
One man and one woman were excluded because of missing data. Mean age, height, 
body mass, and body mass index of the remairring 30 subjects are presented in Table 6.1. 
All subjects were certified to be in good physical health by a staff physician and gave 
informed consent to participate in the study after procedures were explained to them. 
Subjects had full time or part time employment, with professions varying from office 
administrator to surgical nurse or dog-trimmer. Most subjects were engaged in leisure 
time sports activities. The foliowed experimental protocol was approved by the ethics 
committee of the University of Limburg. 
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Table 6.1 Subject characteristics {mean ± SD). 

men (n = 16) wamen (n = 14) total (n = 30) 

Age (yr) 28.4 ± 4.9 25.6 ± 4.7 27.1 ± 5.01 

Height (m) 1.80 ± 0.04* 1.65 ± 0.05 1.73 ± 0.09 

Body mass (kg) 79.9 ± 8.4* 63.5 ± 6.3 72.2 ± ll.l 

Body mass index (kg·m -2) 24.6 ± 2.4 23.4 ± 2.0 24.1 ± 2.3 

* p < 0.001, significant differences between men and wamen. 

Protocol 
The experimental protocol consisted of a 2 week period during which subjects were 
foliowed in their natura! free-Iiving environment, preceded by a 36 h stay in a respiration 
charnber (2 nights and the intervening day) and a 15 min walking experiment. The 
respiration chamber and walking experiments were performed to determine the individual 
relationships between movement registration and energy expenditure for physical activity 
during standardized activity (walking) and free, uncontrolled activity (respiration 
charnber). These experiments were used as calibration measurements for the field study. 
Sleeping metabolic rate (SMR) was measured during both nights in the respiration 
charnber over a 3 h interval between 2:30 and 7:00 h with the lowest level of activity, 
as indicated by Doppier radar. The average SMR was used in all further calculations. 
After the calibration experiments subjects wore the Tracmor at day timesduringa 7-day 
period in their normal daily life situation. In addition they kept an activity log. ADMR 
in daily life was measured by doubly labelled water over a 2-week period. A schematic 
representation of the protocol is shown in Figure 6.1. 

respiration chamber walking 
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daily life 
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Movement registration 

Activity log 

Administration 2H218o 

Urine collection 
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l 
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Figure 6.1 Schematic representation of the experimental protocol. SMR represents sleeping 
metabolic rate. 
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Movement registration 
A triaxial accelerometer (50 x 30 x 8 mm, 16 gram), cons1stmg of three uniaxial 
piezoresistive accelerometers (ICSensors, type 3031-0 10) was used to register body 
movement Using an elastic belt around the waist the accelerometer was attached to the 
low back of the subjects with measurement directions along the antero-posterior, medio
lateral, and longitudinal axis of the trunk. A flexible cable runs from the accelerometer 
to a portable data unit for on-line acquisition, processing, and storage of acceleration 
signals. This unit measures 110 x 70 x 35 mm and weighs 250 gram including batteries. 
In the data unit acceleration signals from the three measurement directions are amplified 
and high-pass (0.11 Hz) and low-pass (20Hz) filtered to attenuate the DC-response of 
accelerometer output and frequencies outside the frequency range of voluntary human 
movement Acceleration signals are then further processed using a miniaturized 
datalogger (Onset Computer Corporation, Tattletale 5F) that is programmed and starled 
from a computer via a serial interface. In the present study the datalogger was 
programmed to calculate the sum of the rectified and integrated acceleration curves from 
all three measurement directions, as described by Bouten et al. (1994b). The time period 
for inlegration was set at 1 min and the finally obtained output from the accelerometer 
and data unit was expressed as counts·min -I. In the following this output is referred to 
as Tracmor output. Tracmor output is stored in a 512 kB, 16 bit data memory chip that 
can be read out to a computer. The memory is reset by disconnecting the supply voltage 
to the accelerometer and data unit, which is provided by batteries. Two 9 V, 1200 mAh 
batteries are required to register and process acceleration signals over a period of 8 days. 
Batteries, datalogger, and other electronk components are built in a housing of PVC. 
This housing can be opened by the investigator for replacement of batteries and 
calibration of the accelerometer. Calibration is performed by omitting the high-pass 
filters in the data unit. The DC-response can then be used to determine the sensitivity 
of the uniaxial accelerometers by altering their orientation with respect to the field of 
gravity. Normally, the gain for each measurement direction is set at 1000 counts·min -I, 

corresponding to an acceleration of l g. The data unit is worn around the waist in a 
smal! bag (fanny pack) or it is attached directly to a waist belt using slits on both sides 
of the PVC housing. In the present study lO identically ca1ibrated Tracmors were used. 

Calibration measurements 
Subjects arrived at the Iabaratory on the evening before day 0 to stay in the respiration 
chamber (Schoffelen et al., 1984). During day time (8:00-22:30 h) body movement was 
registered while subjects were allowed to move freely. Meals and snacks were provided 
by the investigator. Energy intake for rnainterrance of energy balance was estimated to 
be 1.4 x basal metabolic rate, estimated from age, height, sex and body mass, according 
to Harris and Benedict (1919). The determination of oxygen (02) consumption and 
carbon dioxide (C02) production in the respiration chamber is described elsewhere 
(Verboeket-van de Venne et al., 1993). Total energy expenditure (EE

101
, in Watt) was 

calculated at 5 min intervals from 02 consumption and co2 production according to 
Weir (1949). Next, energy expenditure for physical activity (EEact) was calculated as 
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EE101 -SMR. EEact was averaged over 30 min intervals and related to 30 min averages 
of Tracmor output in each subject to determine individual regression equations between 
these variables. In addition, the ratio between the whole-day averages of EEact and 
Tracmor output was used as a single calibration factor to indicate the average EEact per 
count. The same procedure was followed for Tracmor output versus EEtot as a multiple 
ofSMR. 

After leaving the respiration chamber on the moming of day 1 subjects walked on 
a motor driven treadmill (Quinton) at 3, 4, and 5 km·h-1 while synchronous 
measurements of body movement and total energy expenditure (Mijnhardt, Oxyconbeta) 
were made. Each velocity stage lasted for 5 min. The energy estimates EEact and 
EE10/SMR were calculated over the last 2 min of each velocity stage and correlated 
against average Tracmor output during these intervals. Again individual regression 
equations and EEact or EE10/SMR per count were determined. 

Field study 
Subjects were instructed to wear the Tracmor from day 1 to day 8 during waking hours, 
except during bathing, taking a shower, or swimming. In addition they kept an activity 
log to record the time periods they were wearing the equipment. This information was 
used to calculate the average weekly Tracmor output, using only the time intervals of 
movement registration, i.e. when the equipment was wom. In the activity log also 
sleeping hours and time engaged in one of eight activity categories was recorded. 
Activity categoties comprised of 1) lying down , 2) sitting, 3) standing, 4) walking, 5) 
cycling, 6) dornestic work, 7) sports and exercise, and 8) transportation by motorbike, 
car, train, bus or metro. These categoties covered most daily activities and could be 
scored in a standardized way, without the need for subjects to go into details. Subjects 
were asked to complete the activity log four times a day and to reeall the activities of 
the last hours. The time resolution of the log was 15 min. 

ADMR was measured over two weeks with doubly labelled water according to 
Westerterp et al. (1995b). In short: subjects drank a weighed amount of 180 and 2H at 
the evening of day 0 (22:00 h) after collecting a baseline urine sample (Figure 6.1). The 
dosage of the stabie isotopes was based on body mass in order to create an 180 excess 
of 300 ppm and a 2H excess of 150 ppm. Further urine samples were collected from the 
second and last voiding on day 1, day 8 and day 15. Urine samples were analyzed using 
an isotope ratio mass spectrometer (Aqua Sira, VG-Isogas) and C02 production was 
calculated from isotope ratios in baseline, day 1, day 8 and day 15 samples with the 
equations from Schoeller et al. (1986). C02 production was converted to ADMR using 
an energy equivalent based on the individual macronutrient composition of the diet, 
determined from dietary records. As movement registration was performed during the 
first week of the field study, only ADMR values of this first week were used for further 
calculations. The energy campartment (ADMR -SMR) was used as the absolute energetic 
equivalent of daily physical activity. This campartment wasthen expressed per kg body 
mass to allow comparison between subjects with different body mass. Furthermore, the 
overall physical activity level (PAL) was determined by expressing ADMR as a multiple 
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of SMR. This measure accounts for the active cell mass which is reflected in the SMR 
(Meijer et al. 1992b ). V alues for ADMR and (ADMR -SMR) are expressed as Watt (W), 
(ADMR - SMR)/body mass is expressedas W·kg- 1• 

Stalistics 
Data are presented as mean and standard deviation (mean ± SD). Paired t-tests (two
tailed) were used to evaluate differences within subjects, while differences between 
subjects were evaluated with unpaired t-tests. Associations between variables were 
analyzed using simple and multiple linear regression analysis. Regression equations, 
correlation coefficients (Pearson's r), and standard errors of estimate (Sy,x) were 
computed using the pooled data of all subjects. Possible differences between regression 
lines for men and women were tested with analysis of covariance. 

Results 

Figures 6.2a and 6.2b show the raw Tracmor output in time, averaged over 10 min 
intervals, for two subjects during one weekday of the field study. Figure 6.2a represents 
the activity pattem, quantified by movement registration, of a female subject engaged in 
cleaning activities for work. In the evening this subject went out to dance. Figure 6.2b, 
on the other hand, shows the more regular activity pattem of a female subject mainly 
engaged in sedentary activities. 
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Figure 6.2a (left) Tracmor output during a weekday in a subject mainly engaged in cleaning 
acti vities. 

Figure 6.2b (right) Tracmor output during a weekday in a subjects mainly engaged in sedentary 
work. 
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Using the scores in the activity logs, the complete range in Tracmor output per activity 
category was detennined for each individual. The ranges for the entire experimental 
group are given in Figure 6.3, combined with the means and standard deviations per 
activity category. During 'lying' the rangevaried from 0 toabout 1650 counts·rnin- 1, 

while during sports activities maximum values of 8000 counts·rnin -I were reached. 
During 'transportation' the range in Tracmor output was much larger. In particular during 
riding in buses extremely high values, up to 54000 counts·rnin -I were found . Such high 
values were also observed in subjects sitting on the back of a bike or motorbike, a type 
of transport that was also assigned to the 'transportation' category. As these high values 
did not correspond to any of the other activity categories, it was assumed that they were 
not produced by voluntary human movement, but merely resulted from the means of 
transportation. Therefore, all Tracmor data with a value above 8000 counts·rnin -I - the 
maximum of the other categories - were excluded from the results to correct for this 
influence. This resulted in a significant difference between average raw and corrected 
Tracmor outputs (p = 0.003). 
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Figure 6.3 Mean values ( • ), standard deviations ( -1) and ranges ( ----1 ) of Tracmor 
output per activity category in daily life. 

Average raw and corrected Traemoe values are shown in Table 6.2 for men and women, 
together with the values of all measured energy estimates, the daily periods when 
subjects were asleep, and the daily duration of Tracmor monitoring in the field study. 
During the field experiments all subjects were in energy balance. A significant difference 
in SMR was found between men and women, mainly due to differences in physical 
characteristics between the sex es (Table 6.1 ). The difference in ADMR between men and 
women could also be attributed to differences in physical characteristics, as the energy 
equivalents for physical activity (ADMR-SMR), (ADMR-SMR)/body mass and PAL 
were sintilar for both groups. Women spent more hours on sleeping than men. 
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Table 6.2 Tracmor values withand without correction for values > 8000 counts·min- 1, ADMR, 
SMR, (ADMR -SMR), (ADMR -SMR)/body mass, PAL, and daily sleeping and monitoring hours 
in the field study (mean ± SD). 

men (n = 16) women (n = 14) total (n = 30) 

Tracmor (counts·min- 1) 1069 ± 198 1206 ± 300 1133 ± 260 

corrected Tracmor (counts·min-1)'l[ 1004 ± 184 1152±314 1073 ± 263 

ADMR (W) 152.3 ± 20.9** 126.3 ± 20.9 140.2 ± 24.6 

SMR (W) 89.2 ± 7.1*** 71.1 ± 4.5 80.7 ± 10.9 

(ADMR -SMR) (W) 63.2 ± 19.0 55.3 ± 18.2 59.5 ± 19.0 

(ADMR-SMR)/body mass (W·kg- 1) 0.8 ± 0.3 0.9 ± 0.3 0.8 ± 0.3 

PAL 1.71 ± 0.21 1.78 ± 0.26 1.75 ± 0.24 

sleeping (h) 8.0 ± 0.6* 8.6 ± 0.8 8.3 ± 0.7 

monitoring (h) 13.8 ± 1.6 13.3 ± 0.9 13.6 ± 1.4 

'll p = 0.003, significant difference between corrected and uncorrected Tracmor output. 
* p < 0.05; ** p < 0.01; *** p < 0.001, significant differences between men and women. 

Tracmor: 
ADMR: 

Triaxial accelerometer and portable data unit for movement registration 
Average daily roetabolie rate 

SMR: Sleeping roetabolie rate 
PAL: Daily physical activity level : ADMRISMR 

Table 6.3 Correlation coefficients (r) and standard errors of estimate (Sy) for average Tracmor 
output versus ADMR, (ADMR - SMR), (ADMR- SMR)Ibody mass, and PAL (see Table 6.2 for 
abbreviations). Correlations are calculated for Tracmor outputs with and without correction for 
values > 8000 counts·min -I. 

Tracmor output 

r sy.x 

ADMR (W) 0.17 25.1 

(ADMR - SMR) (W) 0.37* 18.3 

(ADMR-SMR)Ibody mass (W·kg- 1) 0.53** 0.3 

PAL 0.58*** 0.20 

* p < 0.05, ** p < 0.01, *** p < 0.001: significant relationsbip. 

corrected Tracmor 
output 

r sy,x 

0.25 24.7 

0.47** 17.4 

0.63*** 0.2 

0.73*** 0.15 
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Correlations between movement registration and the separate energy estimates (Table 
6.3) were higher for corrected than for uncorrected average Tracmor outputs and became 
stronger when ADMR was corrected for SMR and normalized for body mass. The 
highest correlation was found for the relationship between PAL and corrected average 
Tracmor output (r = 0.73). The relationship between these variables is shown in Figure 
6.4 for the pooled data of all subjects. As the regres si on lines for PAL versus corrected 
average Tracmor output did not differ between men and women, this pooling of data was 
justified. 
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Figure 6.4 Relationship between daily physical activity level (PAL= ADMRISMR) and 
movement registration with the Tracmor, corrected for values > 8000 counts . min -I_ 

Separate values for men (e) and wamen (0) are shown. The dotted Iine represents the 
paoled regression line: PAL = 1.16 + 5.88-10-4 x Tracmor counts·min-1 (n = 30, 
r = 0.73, sy,x = 0.15, p < 0.001). 

The use of individual regression equations, established during the calibration experiments 
in the respiration chamber (mean r = 0.70) and during walking (mean r = 0.92), did not 
result in any improvement of the prediction of energy expenditure from movement 
registration in the field. Application of the individual EEact per Tracmor count based 
upon the respiration chamber calibrations, on the other hand, caused a significant 
improvement of the prediction of ADMR and (ADMR -SMR). In both cases the 
correlation was improved to 0.60. Predictions of (ADMR - SMR)/body mass and PAL 
were not improved by any of the calibration factors. The use of Tracmor in combination 
with sleeping hours, however, resulted in a significant improvement of the prediction of 
PAL. Multipleregression analysis showed an increase of the correlation coefficient from 
0.73 to 0.79 (Sy,x = 0.14, p < 0.001), when information on individual sleeping hours was 



Assessment of daily physical activity 85 

added to the infonnation on body movement The pooled regression equation is given 
by: 

PAL= 0.46 + 5.83·10-4 x Tracmor output (counts·min- 1) + 0.85 x sleeping (h). [6.1] 

Totest the sensitivity of Tracmor to distinguish between different levels of daily physical 
activity, subjects were assigned to separate activity groups with 'low', 'moderate' and 

'high' activity level, based on their Tracmor values as well astheir PAL. By dividing 
the ranges of Tracmor and PAL into three equal sections, activity levels were defined 
as follows: 

Low: 
Moderate: 
High: 

Tracmor output < 900; 
900 :::; Tracmor output :::; 1150; 
Tracmor output > 1150; 

PAL< 1.60 
1.60 :::; PAL :::; 1.85 

PAL> 1.85 

The correspondence between both methods is shown in Table 6.4. There was no 
significant difference between the methods in discriminating between the three activity 
levels. However, in 8 of the 30 subjects the activity level as indicated by the Tracmor 
differed from that indicated by PAL. Especially activity levels with high PAL values 
were relatively often characterized as 'moderate' using the above mentioned intervals for 
Tracmor output. 

Table 6.4 Correspondence between movement registration with the Tracmor and average daily 
roetabolie rate as a multiple of sleeping metabolic rate (PAL=ADMR/SMR) in discriminating 
between different levels of daily physical activity (PAL and Tracmor values for 'low', 
'moderate', and 'high' activity levels in text). 

Tracmor output 

low moderate high 

low 4 2 0 

PAL 
moderate I 11 I 

high 0 4 7 



86 Chapter 6 

Discussion 

The present study was performed to evaluate the use of movement registration by 
accelerometry for the assessment of daily physical activity in free-living subjects. This 
new metbod was compared with ADMR and its derivatives, determined with doubly 
labelled water. The energy estimates (ADMR -SMR) and PAL we re used to reflect the 
metabolic cost of physical activity. (ADMR -SMR) represents the absolute value of the 
energy expenditure for physical activity, while PAL indicates the overall level of daily 
physical activity relative to the sleeping metabolic rate. Using average Tracmor output, 
corrected for the influence of transportation, only 22% of the variatien in (ADMR -SMR) 
could be predicted. After correction for the net individual energy expenditure per count, 
based upon the respiration chamber measurements, 36% of the variatien in 
(ADMR -SMR) was explained. However, a better predietien was obtained when 
(ADMR -SMR) was normalized for body mass (40%). The highest correlation was found 
for the relationship between average corrected Tracmor output and PAL (Figure 6.4): 
53% of the variatien in PAL was explained from movement registration, while additional 
information on sleeping hours caused a further impravement to 63%. From Figure 6.4 
it will be clear that the relationship between Tracmor output and PAL is influenced by 
the value in the upper right corner of the scattergram. When data from this subject were 
excluded from the results, the correlation coefficient became 0.50. However, the 
regression line between PAL and corrected Tracmor output did not change after 
eliminatien of the deviating value and in this sense the extreme value confirms the 
established relationship. 

The influence of the diet induced thermogenesis (DIT) on ADMR was not 
accounted for in this study. Assuming DIT to be 10% of ADMR, the energy 
campartment (ADMR -SMR) was calculated to reduce by 30%. Si mi lar to ADMR, PAL 
was reduced by 10%. Thus, only 70% of (ADMR-SMR) and 90% of PAL is explained 
from physical activity per se, leaving a discrepancy of 30% of (ADMR -SMR)Ibody mass 
and 37% of PAL to be unexplained from the registration of body movement At least 
part of this discrepancy is due to the performance of postures, or movements against 
external farces (like in pushing or pulling), which result in an increase of energy 
expenditure without a (proportional) increase in the amount of body movement 
Furthermore, missing information about body movement during the hours the Tracmor 
was not worn, might have affected the prediction of the various energy estimates for 
physical activity. By calculating average weekly Tracmor values it was assumed that 
these values represent body movement throughout the tata! 7-day observation period. 
From the activity logs, however, it appeared that the equipment was often not worn 
during intensive sports activities. As these activities wil! have a considerable impact on 
energy expenditure, the Jack of movement registration during these periods may have 
caused an underestimation of the energy estimates. This seems to be confirmed by the 
underestimation of the ' heavy' PAL values from Tracmor output in 4 subjects (Table 
6.4). Three of these subjects reported not wearing the equipment while perforrning sports 
activities. The relevanee of obtaining information about the time periods the equipment 
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is not wom is also stressed by the fact that information on sleeping hours explains 10% 
of the discrepancy in the predietien of PAL from movement registration. 

It seems unlikely that individual differences in the relationship between body 
movement and energy expenditure in the present population have led to a substantial 
deviation between Tracmor output and energy estimates in the field study, as no such 
differences were found in the calibration experiments and there was only a smal! effect 
of the individual net energy expenditure per count on the predietien of ADMR and 
(ADMR -SMR) in the field. The negligible contri bution of the individual calibration 
factors and regression lines opens the way to studying large populations. Nevertheless, 
possible variation in individual relationships between body movementand its metabolic 
cost should be considered when camparing populations withstrong variability in physical 
capacity and physical characteristics. 

In previous evaluations of the Tracmor under Iabaratory conditions the relationships 
between movement registration and energy expenditure for physical activity were 
stronger than in the present study. Correlations of0.95 and 0.89 were found during short
term sedentary activities and walking (Bouten et al., 1994b) and a 1-day activity protocol 
in a respiration chamber (Bouten et al., 1994a), respectively. The absence of above 
mentioned factors like static exercise or not wearing the equipment, as well as the strictly 
controlled environment and standardized performance of activities inthefarmer studies, 
largely account for the difference with the correlations found in the field study. In 
comparison withother evaluations of accelerometers in free-living subjects, however, our 
Tracmor is superior. With respect to the uniaxial Caltrac accelerometer, associations 
between raw accelerometer output and energy expenditure under free-living conditions, 
as estimated by direct observation (K.lesges & K.lesges, 1987) or heart rate recordings 
(Sallis et al., 1990), never exceeded a correlation coefficient of 0.54. Only after Caltrac 
readings were converted to energy values, using age, height, body mass, and gender of 
the subjects, correlations up to 0.79 were found (Gretebeck & Montoye, 1992; Miller et 
al., 1994). 

Meijer et al. (1990) evaluated the use of a triaxial accelerometer for the assessment 
of daily physical activity against doubly labelled water. A significant relationship was 
found between raw accelerometer readings and ADMR as a multiple of basal metabolic 
rate (r = 0.64). However, this relationship was established after elim.ination of 50% of 
the ex perimental data due to bad performance of 7 out of the 11 accelerometers used. In 
the present study 10 different Tracmors were used, which all performed consistently 
throughout the total experimental period. No changes in sensitivity of the accelerometers 
were found during calibrations befare and after all measurements. However, data from 
two subjects were excluded due to insufficient power supply from exhausted batteries. 

Although the data unit is equipped with filters (0.11-20 Hz) to attenuate frequencies 
that are not produced by voluntary human movement, average Tracmor output was 
significantly influenced by recordings during transportation. Vibrations produced during 
transportation may have frequencies within the range of human movement (Radke, 
1958), but cannot be attenuated by a high-pass filter with a lower cut-off than 20 Hz, as 
this also affects the registration of body movement Therefore, the influence of 
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transportation was attenuated by excluding all Tracmor data with a value > 8000 
counts·min -I . In this way some data on body movement during transportation are 
excluded, while some vibrations produced by transportation are still included in the 
Tracmor output. However, elimination of all registration periods when subjects are in a 
vehicle or on the back of a bike or motorbike is more complicated, as the latter requires 
the use of activity Iogs and a time consuming data analysis. The precise effects of the 
various transportaticin means and factors like driving velocity and road surfaces on 
Tracmor output remains to be elucidated. 

With respect to the discrimination between different levels of overall daily activity 
(low, moderate, high), Tracmor values are not significantly different from PAL, which 
is now favoured by the World Health Organization (1985). A major advantage of the 
Tracmor is the ability to measure physical activity in time, i.e. the activity pattem 
(Figure 6.2). Therefore, the method can be used to differentiate between activity levels 
of separate individuals, as well as between the activity levels of one individual in time. 
Moreover, considering its simplicity, objectivity, social acceptability, and ease of use, 
the Tracmor has made a considerable contribution to the field of physical activity 
assessment. Calibration measurements to obtain the individual relationship between body 
movement and energy expenditure and activity recording in activity logs adds little to 
the accuracy of the method, but information about the duration of sleep is required for 
more accurate estimations of energy expenditure. Furthennore, a reduction of mass and 
size of the data unit is recommended to optimize wearing comfort of the Tracmor also 
during sports activities. 

Acknowledgements 
The authors would like to thank N. Wijckrnans-Duysens and T. Hennans-Limpens for 
assistance during the experiments and L. Wouters for assistance with the isotope 
analysis. 



Daily physical activity in relation to body mass index: 
a study in anorectic and normal-weight women * 

7 

Abstract Despite low energy intake and emaciation, anorexia nervosa is often 
associated with excessive physical activity. The level of daily physical activity in 11 non
hospitalized ancreetic women (age: 21-48 yr, body mass index (BMI): 12.5-18.3 kg·m-2), 

compared with 13 normal-weight women (age: 20-35 yr, BMI 19.2-26.7 kg·m-2) was 
studied in relation to BMI. Daily physical activity over a 7-day period was deterrnined 
from movement registration and by combining measurements of average daily metabolic 
rate (using the doubly labelled water method) and sleeping metabolic rate (measured in 
a respiration chamber). Group averages of daily physical activity were sirnilar for 
ancreetic and control subjects. However, ancrecties had either a low or a high level of 
daily physical activity, whereas most control subjects had a moderate level of daily 
physical activity. In the ancreetics daily physical activity was significantly related to 
BMI (r = 0.84 ). Subjects with a BMI :2: 17 kg·m -2 we re equally or more active compared 
with control subjects, while subjects with a BMI< 17 kg·m -2 were equally or less active 
compared with control subjects. The increased physical activity at BMI :2: 17 kg·m -2 is 
considered to be facilitated by an improving physical capacity combined with the 
advantages of a low body mass during weight-bearing activities. At lower BMI, 
undereating and declining physical capacity may have caused the observed decrease in 
daily physical activity. 

* Submitted for publication. Co-authors: W.D. van Marken Lichtenbelt and K.R. Westerterp, 
Department of Human Biology, University of Limburg, Maastricht. 
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Introduetion 

Anorexia nervosa is often associated with excessive physical activity (Edwards, 1993; 
Falk et al., 1985; Kron et al., 1978). Sametimes the overactivity is seen as the eau se of 
anorexia, as in activity-based anorexia, where strenuous exercise reduces the value of 
food reinforcement and results in decreased food intake (Epling & Pierce, 1988). More 
often, however, it is considered as an attempt to enhance weight reduction in 
combination with reduced food intake (Binsbergen, 1990; Casper, 1986; Warah, 1993), 
as a denial of the enervating effects of excessive dieting (Seaver & Binder, 1972), or as 
perioctic restlessness (Casper, 1986). 

This overactivity is paradoxical because, given the emaciation and the low energy 
intake, a reduced level of physical activity combined with fatigue, or even exhaustion, 
is expected (Keys et al., 1950; Leyton, 1946). It is therefore suggested that, as a 
protective adjustment to starvation, prolonged malnutrition in anorexia nervosa leads to 
a sparing of energy expenditure during rest as well as during physical activity. Many 
studies have reported a reduced resting metabolic rate in anorexia nervosa. Some authors 
showed that this effect is brought about by a reduction in body mass (Ljunggren et al., 
1961; Melchior et al., 1989; Platte et al., 1994). Others, however, found that resting 
metabolic rate was reduced to a greater extent than would be expected from tissue Ioss 
alone, indicating an increased efficiency in energy expenditure at rest (Casper et al., 
1991; Garrow, 1974; Scalfi et al. , 1992). A camparabie efficiency in energy expenditure 
due to physical activity has not been demonstrated. Bruce et al. (1984) and Melchior et 
al. (1989) found lower values for energy expenditure during standardized walking and 
cycling exercise in anorectics compared with normal-weight controls, but in both studies 
the decrease in energy expenditure could be explained from the difference in body mass 
between the groups. Thus, the apparent sparing of energy expenditure due to physical 
activity in anorectics is related to the lower body mass in these subjects. As pointed out 
by Durnin (1994), subjects with a low body mass in relation to height, expressed as the 
body mass index (BMI = body mass·heighC2, in kg·m -2), have less difficulty moving 
their body during weight-bearing activities, like walking or stair climbing, than subjects 
with a higher BMI. As most daily activities are weight-bearing, these subjects may reach 
sirnilar or even higher levels of physical activity compared with subjects with a higher 
BMI. On the other hand, a low BMI ( < 17 kg·m -2) is often accompanied by a reduced 
physical work capacity, mainly caused by a reduction in muscle mass. Therefore, the 
same level of physical activity would impose a greater stress on subjects with a low 
BMI, eventually resulting in reduced levels of daily physical activity. It is not known 
how the above mentioned phenomena are related to each other and whether they are 
present in anorexia nervosa. 

The purpose of the present study was to investigate the level of daily physical 
activity in women with anorexia nervosa in comparison with normal-weight women and 
to deterrnine whether daily physical activity is affected by the BMI in these subjects. 
Physical activity was quantified during a 7-day period under free-living conditions by 
using the doubly labelled water method and a Tracmor motion sensor (Bouten et al. , 
1994a). The first methad was used to indicate the overall physical activity level (PAL) 
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in terms of energy expenditure, by expressing the average daily metabolic rate (ADMR) 
during the 7-day period as a multiple of the sleeping metabolic rate (SMR, measured in 
a respiration chamber). The Tracmor was used to directly provide information about the 
amount of body movement over intervals of 1 min. 

Subjects and Methods 

Subjects 
Eleven adult, non-hospitalized women with anorexia nervosa were selected according to 
the DSM-III-R criteria for mental disorders (American Psychiatrie Association, 1987) 
and to a BMI of ~ 18 kg·m -2• The history of anorexia nervosa ranged from 5 to 28 
years. All anorexia nervosa subjects were classified as food restrietars according to the 
Eating Disorder Inventory (Garner et al. , 1983). Their body mass had been stabie (± 0.5 
kg) during the three months prior to the experiment. Seven subjects had amenorrhea of 
~ 3 months duration. The other four had more or less regular menstruations, induced by 
pill use. The control group consistedof 14 adult normal-weight women, participating in 
a study on the effect of diet composition on energy expenditure (Westerterp et al., 
1995a). Control subjects were free of eating disorders and certified to be in good 
physica1 health by a staff physician. All subjects gave written informed consent to 
participate in the study after procedures were explained to them. The study protocol was 
in accordance with the University Ethics Committee guidelines. 

Movement regis/ration 
Body movement was measured with a portable motion sensor, the Tracmor, consisting 
of a body-fixed triaxial accelerometer and a data unit for on-line registration, processing 
and storage of acceleration signals. The triaxia1 accelerometer (50 x 30 x 8 nun, 16 
gram) is composed of three uniaxial piezoresistive accelerometers (ICSensors, 3031-01 0) 
andregisters accelerations in three orthogona1 directions during body movement Using 
an elastic belt around the waist the triaxial accelerometer can be attached to the 1ow back 
of subjects with measurement directions along the antero-posterior, medio-lateral, and 
longitudinal axes of the trunk. A flexible cable runs from the accelerometer to the data 
unit. The data unit measures 110 x 70 x 35 mm and weighs 250 gram including two 9V, 
1200 Mah batteries for registration and processing of acceleration signals over a period 
of 8 days. In the data unit, acceleration signals from the three measurement directions 
are amplified and filtered (0.11 -20 Hz) as described before (Bouten et al., 1994a). Next, 
acceleration signals are processed to obtain the sum of the rectified and integrated 
acceleration curves from all three measurement directions, as described by Bouten et al. 
(1994b). The time period for integration is set at 1 min and the finally obtained output 
from the Tracmor is expressed as counts·min -l. The output is stored in a data memory 
chip that can be read out to a computer for further data processing. Batteries and 
electrooie componentsof the data unit are built in a housing of PVC that can be opened 
for rep1acement of batteries and calibration of the accelerometer. The data unit is worn 
around the waist in a small bag (fanny pack) or is attached direct1y to a waist belt using 
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slits on both sides of the PVC housing. In the present study 10 different Tracmors were 
used which were calibrated identically to produce an output of 1000 counts·rnin - 1 

corresponding to an acceleration of 1 g for each measurement direction. 
Subjects were instructed to wear the Tracmor after leaving the respiration chamber 

prior to the field measurements (see below) and at home during all waking hours, except 
during bathing, swimrning or tak.ing a shower. Subjects recorded the amount of time and 
specific activities when they were, for any reason, not wearing the equipment. This 
information was used to calculate the average weekly Tracmor output, using only the 
time intervals of movement registration, i.e. when the equipment was wom. Before 
calculation of average Tracmor output, Tracmor recordings were corrected for offset 
values, usually about 1500 counts·rnin -I. From previous research (Chapter 6) it was 
concluded that Tracmor outputs with a value > 8000 counts·rnin - 1 could not be 
accounted for by voluntary human movement, but were rather the result of vibrations 
produced by transportation means, like cars, trains, or buses. Therefore, all Tracmor data 
with a value > 8000 counts·rnin - 1 were excluded from the results before average weekly 
Tracmor output was deterrnined. This resulted in a significant lower weekly Tracmor 
average for both experimental groups (p = 0.009 for the anorexia group, p = 0.04 for the 
control group). 

Previous evaluation of the Tracmor against energy expenditure showed strong 
correlations between Tracmor output and energy expenditure under controlled conditions 
in a respiration chamber (r = 0.89, Bouten et al., 1994a) and under free-living conditions 
(r = 0.79, Bouten et al., 1995b). It is assumed that Tracmor output is not influenced by 
body mass, i.e. providing that body movement is measured at the same location on the 
human body and providing identical calibration, the same movement will produce similar 
Tracmor outputs in subjects with low and high body mass. 

Energy expenditure 
SMR was measured during the night prior to the field measurements in a 14 m3 

respiration chamber, as described previously (Schoffelen et al., 1984). This chamber is 
ventilated with fresh air at a rate of a bout 50 l·rnin - l. The ventilation rate through the 
chamber is measured with a dry-gas meter (Schlumberger, G4) and oxygen (02) and 
carbon dioxide (C02) concentrations in ingoing and outgoing air with a paramagnetic 
analyzer (Hartmann & Braun, Magnos 6G) and an infrared analyzer (Hartmann & Braun, 
Uras 3G), respectively. 0 2 consumption and C02 production in the subjects were 
computed on-line from the ventilation rate and 0 2 and C02 concentrations. SMR was 
deterrnined from the 0 2 consumption and the C02 production according to Weir (1949) 
over a 3 h interval between 2:30 and 7:00 h when subjects were asleep (Doppler radar 
observations). The respiration chamber system was checked monthly with ethanol 
combustion. Differences between calculated and measured 0 2 consumption and C02 

production were 0.5 ± 1.2 and -2.5 ± 1.6%, respectively. 
ADMR was measured with doubly labelled water according to the procedures 

described by Westerterp et al. (1995b). At the evening (22:00 h) before the start of the 
field measurements subjects drank a weighed amount of 180 and 2H after collecting a 
baseline urine sample. The dosage of the stabie isotopes was based on body mass in 
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order to create an 180 excess of 300 ppm and an 2H excess of 150 ppm. Further urine 
samples were collected from the second and last voiding at the first day ( day 1) and the 
last day ( day 8) of the field measurements. lsotope abundances in the urine samples were 
measured with an isotope ratio mass spectrometer (VG Isogas, Aqua Sira) and C02 

production was calculated from isotope ratios in baseline, day 1 and day 8 samples with 
the equations from Schoeller et al. ( 1986). All samples were measured in duplicate and 
the difference between duplicates was always < 1 ppm. co2 production was converted 
to ADMR using an energy equivalentbasedon the individual macronutrient composition 
of the di et, as determined from dietary records. ADMR and SMR were expressed as Watt 
(W). The ratio between ADMR and SMR was calculated to determine the overall 
physical activity level in daily Iife (PAL= ADMR/SMR). This measure can be used to 
compare subjects with different active cell mass (fat-free mass), as the latter is reflected 
in the SMR (Meijer et al., 1992b; Webb, 1981). 

Data analysis 
Basedon the ranges in average weekly Tracmor output and PAL, subjects were divided 
into three activity groups with a low, moderate or high level of daily physical activity. 
The cut-off points used to create the three groups were 900 and 1150 counts·min - I for 
average Tracmor output and 1.60 and 1.85 for PAL. Since Tracmor output is stored at 
intervals of 1 min, the number of minutes spent in a given activity category, quantified 
by movement registration, can be calculated. Using previous data from Tracmor 
registrations in combination with activity recordings in diaries (Chapter 6) three activity 
categories were definect. Lying, standing anct sectentary activities were associatect with 
Tracmor outputs < 1000 counts·min -I , walking and cycling activities with outputs 
ranging from 1000 to 3000 counts·min -I, and househo1d activities, exercise and sports 
activities with outputs > 3000 counts·min -I. The time spent in these specific categories 
was expressed as a percentage of the total waking monitoring time. Differences between 
groups were calculatect using unpairect Stuctent's t-test (two-tailed), while differences 
within subjects were calculated using pairect Stuctent's t-test (two-tailect). Associations 
between variables were evaluatect with regression analysis according to the least squares 
principle. 
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Results 

Data from one control subject were excluded due to excessive sports activity, resulting 
in values for PAL (2.57) and average Tracmor output (20 17 counts·min -I) which deviate 
more than 3 x SD from the group averages. Age and physical characteristics of the 
remaining 24 subjects are summarized in Tab1e 7.1. The anorectic subjects were on 
average older than the controls (p < 0.05). Anorectics and controls were similar in 
height, but, as expected, there were significant differences with respect to body mass and 
body mass index (p < 0.001). 

Table 7.1 Subject characteristics. 

anorectic subjects (n = 11) control subjects (n = 13) 

mean SD range mean SD range 

Age (yr) 33.6* 7.8 21-48 26.0 4.9 20- 35 

Height (m) 1.66 0.06 1.65 - 1.75 1.64 0.05 1.58 - 1.76 

Body mass (kg) 45.9*** 4.6 38.3- 55.0 63.5 6.8 53.6- 77.2 

BMI (kg·m -2) 16.7*** 1.6 12.5 - 18.3 23.6 2.0 19.2 - 26.7 

* p < 0.05; *** p < 0.001, significant differences between groups. BMI= body mass index. 

Table 7.2 displays data on SMR, ADMR and physical activity. SMR and ADMR were 
significantly lower in anorectics than in control subjects (p < 0.001). In the anorectic 
group SMR was below the resting metabolic rate predicted from body mass, height, and 
age using the World Health Organization formulas (WHO, 1985) (51.6 ± 5.8 W versus 
58.3 ± 2.9 W, p < 0.05), while similar values for measured and predicted resting 
metabolic rate were found for the control group (70.9 ± 4.8 versus 69.1 ± 4.8). There 
was no difference in the average duration of sleep and of activity monitoring with the 
Tracmor, although anorectic subjects showed different sleep and waking structures, 
accompanied by noctumal and early moming awakening. Daily physical activity was also 
not different between groups. However, when subjects were divided into three levels of 
daily physical activity based on average weekly Tracmor output or PAL values, 
anorectics were more frequently assigned to the low or the high activity levels, whereas 
normal-weight controls were more frequently assigned to the moderate activity level. 
There were no differences between the two methods for activity assessment in assigning 
subjects to the three activity levels. The number of subjects per activity level, expressed 
as the percentage of the total number of subjects in both experimental groups, is shown 
in Figure 7.1 . 
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Table 7.2 Sleeping metabolic rate (SMR), average daily metabolic rate (ADMR), daily physical 
activity level (PAL), average Tracmor output, and average daily sleeping and monitoring hours 
in the two experimental groups. 

ancrectie subjects 

meao SD range 

SMR (W) 53.7*** 5.9 41.9- 60.3 

ADMR(W) 87.6*** 16.7 54.8- 108.8 

PAL 1.70 0.29 1.07- 2.27 

Tracmor (counts·min -I) 1144 318 742- 1763 

sleeping (h) 8.6 0.8 6.8 - 9.4 

monitoring (h) 13.7 1.5 11.0-16.9 

*** p < 0.001, significant differences between groups . 
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low moderate 

activity level 
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Figure 7.1 Number of ancreetic and control subjects, expressed as the percentage of 
both experimental groups, assigned to a low, moderate, or high level of daily physical 
activity . 

In anorectic subjects daily physical activity measured with the Tracmor was related to 

the BMI of the subjects. PAL showed also some dependency on BMI, but this 

relationship did not reach significanee (p = 0.09) . For the normal-weight controls , and 

when pooling all subjects, no relationships between physical activity and BMI were 

observed. The association between average weekly Tracmor output and BMI is shown 

in Figure 7.2 for both experimental groups . In the anorectics average Tracmor output 

increased with BMI at BMI val u es above 15 kg·m -2 (r = 0.84, p < 0.0 I) . Below this 
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Figure 7.2 Scattergram for physical activity, quantified by the average weekly Tracmor 
output, versus body mass index (BMI) in arroreetic (e) and normal-weight (0) subjeets. 
In arrorecties Traemor output increased signifieantly with BMI at values ~ 15 kg·m -2. 

The line of best fit is given by: average Traemor output= 766.66 + 1.12·10-5 x e8M1 

(r = 0.84, p < 0.01). The dashed line represent the average level of physieal activity in 
normal weight controts (1085 ± 311 eounts·min - 1) .... Refers to data from the arroreetic 
subject with the lowest BMI (12.5 kg·m -2) . 

value physical activity was assumed to reach a minimum. Although the arroreetic subject 
with the lowest BMI (12.5 kg·m -2) did not show the lowest level of daily physical 
activity quantified by Tracmor output, an extremely low PAL of 1.07 was found for this 
subject. Th is PAL is below the demonstrared minimum level of energy requirement for 
rnainterrance of the essential processes of life (PAL = 1.2, James et al. , 1988). 

With respect to the time spent in specific activity categories, equal fractions of the 
total observation time per activity category were found for both subject groups. 
Consictering the arroreetic and control subjects respectively, 60 ± 12% versus 64 ± 9% 
of the observation time Tracmor outputs below 1000 counts·min -I were recorded, 
corresponding to lying, standing, and sedentary activities. Tracmor outputs between 1000 
and 3000 counts·min -I, assoeiated with Iocomatory activities like walicing and cycling, 
were observed for 29 ± 7% versus 28 ± 5% of the monitoring time and outputs above 
3000 counts·min - 1 (household activities, exercise, sports) were observed for 11 ± 5% 
versus 8 ± 5% of the monitoring time. Again, in arrorecties the extent of physical 
activity, expressed as the percentage of time spent in different activity categories, was 
related to BMI. The occurrence of Traemor outputs below 1000 counts·min- 1 decreased 
with increasing BMI (r = 0.78, p < 0.05, Figure 7.3), whereas the occurrence of Tracmor 
outputs above 3000 counts·min- 1, increased with increasing BMI (r = 0.78, p < 0.01 , 
Figure 7.4). For Tracmor outputs between 3000 and 8000 counts·min- 1 and in control 
subjects no such relationships were found. 
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Figure 7.3 Association between body mass index (BMI) and the percentage of 
monitoring time spent on activities with Tracmor outputs < 1000 counts·min - I in the 
anorectic (e) and control (0) group. In the anorectics the occurrence of outputs< 1000 
counts·min -I decreased with BMI. In analogy with Figure 7.2 data from the subject with 
the lowest BMI ( .. ) were not included in the regression analysis. The line of best fit is 
given by: %time= 71.99 - 3.54·10-7 x eBMI (r = 0.78, p < 0.05). The dashed line 
corresponds to the average percentage of time spent in this specific activity category in 
the control group (64 ± 9%). 
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Figure 7.4 Association between body mass index (BMI) and the percentage of time 
spent on activities with Tracmor outputs> 3000 counts·min -I in the anorectic (e) and 
control ( 0) group. In anorectics the occurrence of outputs > 3000 counts·min - I 

increased significantly with BMI. The line of best fit (without ... ) is given by: %time 
= 5.39 + 1.56·10-7 x eBMI (r = 0.78, p < 0.01). The dashed line corresponds to the 
average percentage of timespent in this activity categorie in the control group (8 ± 5% ). 
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Discussion 

Physical activity in anorectic and normal-weight women was measured with doubly 
labelled water and by registration of body movement with a Tracmor motion sensor 
under free-living conditions. Results show that both groups were on average equally 
active, but when subjects were assigned to low, moderate or high levels of daily physical 
activity, a u-shape distribution was found for the anorectics, while control subjects were 
more normally distributed with respect to the different activity levels (Figure 7.1 ). The 
u-shape distribution in anorectics was found to be related to the BMI of the subjects, 
with relatively low BMI values corresponding to low levels of daily physical activity and 
relatively high BMI values corresponding to high levels of daily physical activity. When 
comparing physical activity in ancreetics and normal-weight controls, it must however 
be remembered that the heavy exercising subject in the control group was excluded and 
that only smal!, unmatched subject groups were used. 

The finding of similar average values for physical activity in the ancreetic and 
control group is in agreement with Platte et al. (1994). In hospitalized female anorectic 
patients and healthy age-matched women these authors observed similar values for the 
energy compactment ADMR minus resting metabolic rate, which mainly reflects energy 
expenditure for physical activity. Casper et al. (1991), on the contrary, found that the 
energy compactment for physical activity in female outpatients with anorexia nervosa 
represents 48% of ADMR compared with 30% of ADMR in age-, sex-, and height
matched controls. Also, ADMR expressed as a multiple of the resting metabolic rate was 
significantly higher in the anorectics than in the control subjects ( 1. 96 ± 0.34 versus 1.50 
± 0.20). It should be noted, however, that the values for ADMR minus resting metabolic 
rate (47.1 ± 23.0 W in anorectics versus 32.0 ± 13.3 W in controls) as well as ADMR 
as a multiple of resting metabolic rate in the control group of Casper et al. (1991) we re 
re1atively low. Values for the arroreetic group, on the other hand, were comparable with 
results from the present study and other investigations (Pirke et al., 1991; Platte et al. , 
1994). This points to inactivity in the control group rather than to hyperactivity in the 
arroreetic group. 

SMR in the ancreetics was reduced to a greater extent than would be expected by 
predicting the resting metabolic rate from body mass, height, and age. This is in 
accordance with several earlier studies (Bruce et al., 1984; Casper et al., 1991; Scalfi et 
al., 1992, 1993) and confirms the findings observed in starving subjects (Keys et al., 
1950). The greater than expected reduction in resting metabolic ra te is thought to be the 
consequence of metabolic adaptation to starvation. This hypothesis is supported by low 
thyroid hormone concentrations, mainly triiodothyronine (T 3), and a reduced activity of 
the sympathetic nervous system, reported in anorexia nervosa and starvation (Croxson 
& Ibbertson, 1977; Reufelder et al., 1985; Pirke et al., 1991; Vagenakis, 1977). It is 
unclear why some authors found this sparing of energy ex penditure at rest, while others 
did not (Ljunggren et al., 1961; Melchior et al., 1989; Platte et al., 1994). It is evident, 
however, that the use of predicted values for resting energy expenditure based on body 
mass, height, sex, and age, should be considered with caution when studying energy 
metabolism and physical activity in anorexia nervosa. In the present study daily physical 
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activity quantified by ADMR as a multiple of predieled resting energy expenditure was 
significantly lower than ADMR as a multiple of measured SMR in ancreetics ( 1.49 ± 
0.25 versus 1.70 ± 0.29, p < 0.001), whereas no differences were found in controls 
subjects ( 1.82 ± 0 .27 versus 1.73 ± 0.20). 

There were no differences between PAL and average week.ly Tracmor output in 
assigning subjects to different activity levels. In the control group these activity measures 
were significantly correlated to each other (r = 0.50, p < 0.05), yet in the anorectic group 

no such relationship was found . In these subjects the deviations between average 
Tracmor output and PAL tended to increase at lower BMI. The discrepancy between 
movement registration and energy expenditure in this group might be explained by the 
above-mentioned changes in energy metabolism. Furthermore, the high degree of 
fidgeting sametimes seen in ancrecties (Casper, 1986; Pirke et al., 1991), rnight have 
been underestimated by the Tracmor at the low back, resulting in an underestimation of 
PAL from Tracmor output. 

In the anorectic group the level of daily physical activity, expressed as average 
Tracmor output or as the percentage of time spent in specific activity categories, was 
related to the BMI of the subjects. Subjects with a relatively Iow BMI had lower levels 
of daily physical activity and spent less time on activities like sports and exercise and 
more time on activities like standing, lying, or sitting than subjects with a higher BMI. 
This is in accordance with the reduction in physical activity in the course of chronic 
energy deficiency and human starvation (James et al., 1988; Leyton, 1946). In an attempt 
to analyze the influence of dirninishing BMI on physical activity and physical work 
capacity, Dumin (1994) concluded that below a BMI of 17 kg·m-2 physical activity is 
affected by a reduced physical work capacity. Above this value physical work capacity 
will probably be sufficient to rnaintaio a 'normal' level of physical activity, while the 
relatively low body mass facilitates the performance of weight-bearing activities. The 
reduction in physical work capacity below a BMI of 17 kg·m -2 is primarily brought 
about by a reduction in muscle mass, accompanied by a reduced maximal oxygen uptake 
(Spurr, 1983). In anorexia nervosa, malnutrition, dirninished muscular functions, cardio
vascular disorders and osteoporosis may further affect the already reduced physical 
capacity (Edwards, 1993; Fohlin et al., 1978; Russell et al. , 1983). Interestingly, in the 
present study the average level of physical activity in normal-weight subjects, either 
expressed as average Tracmor output or as the percentage of time spent in different 
activity categories, corresponds to that of the anorectic subjects at a BMI of 17 kg·m -2 

(Figures 7.2-7.4). Thus, anorectic subjects with a BMI below 17 kg·m-2 rnight be 
characterized as underactive, whereas subjects with a BMI above 17 kg·m -2 rnight be 
characterized as overactive with respect to the average activity level of normal-weight 
controls. The latter finding confirms the increase in physical activity in anorectics during 
weight gain (Falk et al., 1985). It is also in agreement with the studies of Kaye et al. 
(1986) who observed higher than normallevels of physical activity in recently weight
recovered anorectics. In long-term weight-recovered ancrecties physical activity levels 
tended to return to normaL 

With dirninishing BMI physical activity is assumed to asymptotically reach a 
minimal value. For the average Tracmor output (Figure 7.2) this would correspond to a 
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level of about 750 counts·min-1 at a BMI of 12 kg·m-2, which is the absolute limit for 
BMI compatible with life (James et al., 1988). This minimum value of 750 counts·min -I 
might be explained by the fact that there is always some degree of body movement, even 
in severely malnourished subjects with a BMI as low as 12 kg·m -2 (Chopra & Smith, 
1975). With respect to the percentage of time spent in the lowest and highest activity 
categories, limits of 75-80% and 0-5%, respectively, may be reached (Figures 7.3 and 
7.4), the discrepancy being explained by the percentage of timespent in the locomotory 
activity category (1000-3000 counts·min- 1). 

This is the first study that uses movement registration for the comparison of physical 
activity in free-Iiving ancrectie and normal-weight subjects. Falk et al. (1985) and Kaye 
et al. ( 1986) used actorneters at the limbs and a mercury switch at the waist, 
respectively, to study changes in physical activity during weight recovery. However, both 
studies were performed in the restricted environment of a hospital and did not include 
measurements on energy expenditure. The advantage ofbody-fixed motion sensors is that 
they provide a relatively cheap and objective method to directly obtain information about 
the amount of movement in time. The Tracmor used in this study measures acceleration 
and hence provides information on the intensity of movement In this way it is superior 
to the devices used by Falk et al. ( 1985), and Kaye et al. (1986) which only count body 
movement if a certain threshold is passed. The Tracmor stores information on body 
movement over intervals of one minute and runs eight days befare batteries must be 
replaced. Therefore, it can be used under free-living conditions over periods long enough 
to represent normal daily life. The discomfort to subjects is minimal and the Tracmor 
does not interfere with the performance of daily activities. Although this is also true for 
the doubly labelled water method, this method can only provide information about 
overall levels of physical activity over periods of one to three weeks. Using movement 
registration in actdition to the doubly labelled water method, the present study has 
demonstraled that 'paradoxical' overactivity in anorexia nervosa only occurs in subjects 
with a BMI of 17 kg·m -2 and above. In subjects with a Iower BMI physical activity 
decreases as a consequence of malnutrition and declining physical capacity. 
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Influence of different cardiac pacing modes on daily 
physical activity in complete atrioventricular block * 

Abstract The advantages of dual chamber (DDD) pacing over single chamber 
ventricular (VVI) pacing in patients with complete atrioventricular block are mainly 
based on observations under Iabaratory conditions. The a.im of the present study was to 
objectively compare the level of daily physical activity during VVI and DDD pacing in 
a double-blind, crossover design. Six male patients (age 69 ± 6 years) with a dual 
chamber pacemaker, implanted for treatment of complete atrioventricular block were 
randomly assigned to VVI and DDD pacing modes and investigated for two weeks in 
each mode. Daily physical activity was determined from movement registration with a 
Tracmor motion sensor and from average da.ily roetabolie rate (ADMR, measured with 
doubly labelled water), in combination with sleeping (SMR) and basal (BMR) roetabolie 
rate. The difference between SMR and BMR was significantly higher in DDD than in 
VVI pacing mode (p < 0.05), indicating an increased energy cost of arousal during dual 
chamber pacing. With respect to daily physical activity DDD and VVI pacing seemed 
equally satisfactory in four subjects. The other two subjects showed a clear increase in 
average Tracmor output (26-41%) and in the energy cost of daily physical activity 
((ADMR-BMR), 24-27%). lt is concluded that the additional costand complexity of 
dual chamber pacing is only justified by objective improvements in daily physical 
activity in subjects with a relatively active lifestyle. Measurement of BMR and 
subjeelive feelings of well-being, however, seem to favour DDD pacing in all subjects. 

* Submitted for publication. Co-authors: K.R. Westerterp and C.J. Storm, Dept. of Human 
Biology, University of Limburg, Maastricht & Dept. ofCardiology, Zuiderziekenhuis, Rotterdam. 
This study was financially supported by Medtronic Inc. 
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Introduetion 

The advantages of dual charnber cardiac (DDD*) pacing compared to single chamber 
ventricular demand (VVI*) pacing for the treatment of complete atrioventricular block 
are well known. DDD pacemakers are capable of sensing and pacing both in the atrium 
and the ventricle, thereby restoring atrioventricular synchrony. The ability to track the 
intrinsic atria! rate to irnîtate physiological pacing, and a reduced incidence of 
pacemaker syndrome further improve cardiac hemodynarnics both at rest and during 
physical activity compared wîth constant rate ventricular pacing (Karlöff, 1975; 
Kristensson et al., 1985a; Kruse et al., 1982; McMeekin et al., 1990). Several studies 
have demonstrated improved work capacity, maximum oxygen uptake, symptom relief, 
and general well-being in DDD versus VVI pacing (Kristensson et al., 1985b; Perrins 
et al., 1983; Rediker et al., 1988). Most of these studies, however, focused on short-term 
physiological improvements during exercise testing under Iaberatory conditions. As the 
'artificial' Iaberatory conditions are not representative for normal daily life, the question 
arises whether these studies can be used to predict the advantages of DDD pacing for 
everyday activitîes. Consictering the high costs and difficulties in fine tuning the 
sophisticated DDD pacemakers compared to single charnber pacemakers, it is necessary 
to define those groups of patients that will get the most benefit from DDD pacing 
(Beider et al., 1992; Eagle et al., 1986; Petch, 1993). Th is should preferably be done in 
the free-lîving environment of the patients rather than in the laboratory. Until now 24 
h Holter monitoring and questionnaires have been used to evaluate different pacing 
strategiesin daily life (Linde-Edelstam, et al., 1992, Menozzi et al., 1990; Sulkeet al., 
1991). Objective measurements of daily physical activity, being an important reflectîon 
of the quality of life, have not been perforrned yet. Therefore, the aim of the present 
study was to deterrnine the effect of VVI and DDD pacing modes on daily physical 
activity in patients with complete atrioventricular block. Physical activity was 
deterrnined over 2-week periods for each pacing mode and was quantîfied in terrns of 
metabolic energy expenditure and body movement Energy expenditure in daily life was 
assessed by the doubly labelled water method (Westerterp et al., 1995b). Body 
movement was measured with a newly developed Tracmor motion sensor (Bouten et al., 
1994a). Both techniques are non-restrictive and ideally suited to use in free-living 
subjects. In actdition measurements on energy expenditure at rest and 24 h Holter 
recordings were perforrned. 

* Pacemaker codes provide a shortened description of chamber paced (V: ventricle, D: both 
atrium and ventricle), chamber sensed (V: ventricle, D: both), and sensing function (I: pacing 
inhibited by spontaneous electrical activation, D: both inhibited and triggered). 
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Methods 

Patients 
Six elderly male patients with a dual chamber pacemaker, implanted for complete 
atrioventricular block, with preserved sinus node function volunteered for the study. Four 
patients had a DDD pacemaker, the other two were treated with a rate adaptive 
pacemaker (DDD-R). The time since implantation ranged from 0.5 to 4.5 years. All 
patients gave written inforrned consent after procedures were explained to them. Patient 
characteristics are summarized in Table 8.1. 

Table 8.1 Patient characteristics 

subject a ge height body mass body mass Time since first 
(yr) (m) (kg) index (kg·m -2) implant (yr) 

73 1.68 93.5 33 .1 4.5 

2 69 1.66 68.9 25.0 2.5 

3 74 1.76 71.4 23.1 1.5 

4 73 1.58 57.9 23.1 2.0 

5 60 1.84 82.2 24.4 0.5 

6 62 1.71 70.2 24.0 0.5 
·····················-··· .... ..... ........................... .... .......................................... ...... ...................... . ........................ 

mean 68.5 1.70 74.0 25.5 1.7 

SD 6.1 0.09 12.3 3.8 1.3 

Protocol 
The study was designed as a double-blind two-period crossover protocol. Pacemakers 
were programmed into VVI mode with a constant pacing rate of 70 beats· min - I or into 
DDD mode with a lower rate of 60-70 beats·min - 1 and an upper ra te of 120-125 
beats·min - 1• The atrioventricular interval in DDD mode was programmed to fixed values 
of 140 or 150 ms. Patients were randomJy assigned to either pacing mode. Each mode 
was maintained for 2 weeks, separated by a 3-week period when patients were paced in 
their regular mode. At the start and end of each study period patients came to the 
Iabaratory for measurements of energy expenditure at rest. Daily physical activity was 
assessed during both 2-week study periods in the free-living environment of the subjects 
as described below. Holter electrocardiograms were monitored for one weekday during 
both pacing conditions. 

Measurement of energy expenditure 
Average daily metabolic rate (ADMR) of a subject reflects 1) the energy ex penditure 
for maintenance of the essential processes of life, or basal metabolic rate (BMR), 2) the 
thermic effect of food or diet induced therrnogenesis, and 3) the energy cost of physical 
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activity. The BMR camprises sleeping metabolic rate (SMR) and arousal. Under normal 
daily living conditions the diet induced thermogenesis is a constant fraction of ADMR. 
Therefore, the rise in energy expenditure above basal needs is a function of the level of 
daily physical activity. SMR, BMR, and ADMR were determined using various 
techniques and expressed in Watt (W). SMR was determined during an ovemight stay 
in a respiration chamber (Schoffelen et al., 1984). It was calculated from oxygen (02) 

consumption and carbon dioxide (C02) production according to Weir (1949) over a 3 
h interval between 2:30 h and 7:00 h when subjects were asleep (judged from Doppier 
radar observations). BMR was determined on the moming (8:00 h) following the 
respiration chamber measurements using a computerized open-circuit ventilated hood 
system (Fredrix et al., 1990). Measurements were made when subjects were in a fasting 
state over a 20 min period, preceded by at least 20 min bed rest. Subjects were 
instructed to relax and avoid sleep during measurements. ADMR was determined 
throughout both 2-week study periods with doubly labelled water according to 
Westerterp et al. (1995b). Briefly, patients drank a weighed amount of water labelled 
with the stabie isotapes 2H and 180 after collecting a baseline urine sample. Further 
urine samples were collected from the second and last voiding 1, 8, and 15 days after 
drinking the labelled water. Urine samples were analyzed using an isotope ratio mass 
spectrometer (Aqua Sira, VG-Isogas) and C02 production was calculated from isotope 
ratios in baseline, day 1, day 8 and day 15 samples with the equations from Sc hoelier 
et al. (1986). C02 production was converted to ADMR using an energy equivalent based 
on the individual macronutrient composition of the diet. 

Movement registration 
Body movement was quantified by a Tracmor motion sensor, consisting of a body-fixed 
triaxial accelerometer and a portable data unit for on-line registration, processing, and 
storage of accelerometer output. Working principles of the accelerometer (50 x 30 x 8 
mm, 16 gram) and data unit (110 x 70 x 35 mm, 250 gram including batteries) are 
described elsewhere (Bouten et al., 1994a, 1994b). The accelerometer can easily be 
attached to the low back of subjects by an elastic belt around the waist. The data unit 
is wom around the waist in a small bag. The Tracmor operates for 8 days on two 9V, 
1200 Mah batteries and is programmed and read out via the serial interface of a 
computer. Tracmor output provides information about registered movement over 1 min 
intervals and is expressed as counts·min -I. Patients were instructed to wear the Tracmor 
during all waking hours, except during bathing, swimming or taking a shower. In 
actdition they kept an activity log to record the time periods when they were wearing the 
device. They also recorded the time periods of sleeping. All patients wore the same 
Tracmor during both study periods. Halfway the periods patients were visited at home 
to read out the Tracmor memory and to replace batteries. Average Tracmor output was 
calculated over the total 2-week period of each pacing mode using only the time 
intervals when the Tracmor was wom. Before calculation of average Tracmor output, 
recordings were corrected for offset val u es (1500 count·min - I) and high values (> 8000 
counts·min -I) that cannot be expected to arise from voluntary body movement (Bouten 
et al., 1995b). 
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Holter monitoring 
To obtain information on heart rate Holter electrocardiograms were recorded for 24 h 
during both pacing modes. An activity diary was kept for these 24 h. The 
electrocardiograms were recorded on a portable tape recorder (Marquette Electronics, 
Series 8500) and automatically analyzed using a Laser Holter SXP system (Marquette 
Electronics). Average heart rate was detennined for every hour of the day. In actdition 
minimum, maximum and average heart rates over the 24 h interval were computed. 

Stalistics 
Group values are presented as mean and standard deviation (mean ± SD). Group 
differences between the two pacing modes were tested using paired Stuctent's t-test, 
while individual differences between the pacing modes were expressed as a percentage 
of the value found for VVI pacing. Pearson product moment correlations (r) were 
detennined to evaluate associations between variables. A p value of < 0.05 was 
considered as statistically significant. 

Results 

All patients compiered both study periods. Figure 8.1 illustrates the changes in SMR and 
BMR during both pacing modes for the individual patients. On average no change in 
SMR was found (VVI: 71.7 ± 7.5 W versus DDD: 72.5 ± 8.4 W), while BMR was 
significantly increased during DDD pacing (VVI: 77.8 ± 12.8 W versus DDD: 81.9 ± 
11.2 W, p < 0.05). The increase in BMR was most evident in subjects 4 and 6 (12% in 
both subjects). In VVI mode there was no difference between BMR and SMR (mean 
difference 7 ± 9%). However, in DDD mode BMR was significantly higher than SMR 
(p < 0.01). This difference between BMR and SMR (13 ± 6%), representing the energy 
cost of arousal, was significantly related to the rise in average heart rate after waking 
up in the morning, as detennined from 24 h Holter recordings (r = 0.87, p < 0.05). For 
DDD pacing the rise in average heart rate from the hour before waking up to the hour 
after waking up was 14 ± 9 beats·min-1, compared to 3 ± 3 beats·min- 1 for VVI pacing. 
As expected, maximum 24 h heart rate was higher during DDD than during VVI pacing 
(p < 0.05). Average 24 h heart rate tended to be higher during DDD pacing (p = 0.06), 
whereas minimal heart rate tended to be lower during DDD pacing (p = 0.06). Cardiac 
arrhythmias, mainly ventricular tachyarrhythmias, were more often seen in VVI than in 
DDD pacing. 

With respect to the measurements under free-living conditions, dual chamber pacing 
failed to show any significant advantage over single chamber pacing. Average values for 
ADMR were 106.4 ± 19.5 W during VVI pacing and 116.3 ± 14.0 W during DDD 
pacing. Average Tracmor outputs were 658 ± 66 counts·min - 1 and 801 ± 52 
counts·min - 1 for VVI and DDD pacing, respectively. 



106 Chapter 8 

p < 0.05 

p < 0.01 

llO 110 

100 100 
_______. 

90 90 

1 1 ~ ..----- ~ 
~ ~ ~ 

• 80 

I I 80 

j (/) co • 
b>--a j • • 70 l 1 

70 

/ 60 o- 60 --o 

50 50 
VVI DDD VVI DDD 

Figure 8.1 Individual data on sleeping metabolic rate (SMR, left) and basal metabolic 
rate (BMR, left) during single (VVI) and dual (DDD) chamber cardiac pacing. Mean 
and SD of each pacing mode are given as single point and error bars. Significant 
differences are indicated. 

Figure 8.2 shows the individual values for ADMR. In two subjects a marked increase 
in ADMR was observed for the DDD mode: 10% for subject 2 and 15% for subject 4. 
A smaller increase (5%) was found for subject 5. The other subjects showed similar 
values of ADMR during DDD as well as VVI pacing (-2 ± 1% ). In subject 5 the 
increase in ADMR was fully explained by the increase in BMR during DDD pacing. In 
subjects 2 and 4 ADMR was only partly explained by BMR. When camparing the 
energy compartments (ADMR-BMR) during both pacing modes, these subjects spent 
respectively 27% and 24% more energy on daily physical activity during DDD pacing 
than during VVI pacing. This finding is confirmed by the evident rise in Tracmor output 
during dual chamber pacing in subject 2 and 4 (41% and 26% respectively, Figure 8.3). 
In the other subjects sirnilar values for Tracmor output during single and dual chamber 
cardiac pacing were found ( difference: I ± 1% ). 
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Figure 8.2 (left) Average daily metabolic rate (ADMR) during single (VVI) and dual 
(DDD) chamber cardiac pacing. lndividual values and mean ± SD for bath pacing 
mode are given. 

Figure 8.3 (right) Average Tracmor output during single (VVI) and dual (DDD) 
chamber cardiac pacing. lndividual values and mean ± SD for bath pacing mode are 
given. 
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Four patients (subjects 2, 4, 5, and 6) preferred the DDD pacing mode. The other two 
had no preference. Overall, subjects complained more frequently about nausea, dizziness, 
shortness of breath and fatigue during VVI pacing than during DDD pacing. Also, 
subjects spent more time on sleeping during VVI pacing. No relationships between the 
investigated variables and age oi time since first implant were found. 

Discussion 

This study was performed to assess the effects of VVI versus DDD pacing on daily 
physical activity. Physical activity was determined from movement registration and 
average daily metabolic rate under free-living conditions, and combined with measures 
on energy expenditure at rest (sleeping and basal metabolic rate). No significant benefit 
from DDD over VVI pacing was found regarding the level of daily physical activity in 
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a group of six male patients suffering from complete atrioventricular block. Sleeping 
roetabolie rate was similar during both pacing modes. Basal roetabolie rate, however, 
was significantly increased during DDD pacing, indicating an increase in the roetabolie 
cost of arousal during dual chamber pacing. The increase in arousal corresponds to the 
improved resting cardiac output reported for DDD pacing (Kristensson et al., 1985a; 
McMeekin et al., 1990; Rediker et al., 1988). In the present study the energy costof 
arousal during DDD pacing was significantly related to the rise in heart rate after 
waking up in the moming, as judged from 24 Holter recordings. lt should be 
remembered, however, that Holter recordings were made for one weekday under free
living conditions, while SMR and BMR were measured in the laboratory. Therefore, care 
should be taken in overgeneralizing this result. Normally, the increase in energy 
expenditure due to arousal is only about 5% of SMR (Goldberg et al., 1988) and in 
elderly subjects (age 65 and over) it may even be negleeled (Pannemans et al., 1995; 
Vaughan et al., 1991). The 13 ± 6% rise in BMR over SMR found for DDD pacing is 
in contrast with this. During DDD pacing BMR va1ues in the patients were camparabie 
to those reported for healthy subjects in the sarne age group (Pannemans & Westerterp, 
1995, Goran & Poehlman, 1992). SMR values, on the contrary, appeared to be 
considerably lower than observed for healthy elderly subjects (Pannemans et al., 1995). 
Thus, the relatively large difference between SMR and BMR in the present study is 
probably caused by a lower than normal SMR rather than by a higher than normal BMR. 

Our failure to observe an objective impravement in daily physical activity during 
DDD pacing seems to be in contractietion with the functional improvements observed 
during exercise testing in the laboratory. During maximal ergometer or treadmill testing 
exercise capacity, exercise duration, and maximum 0 2 uptake have been found to 
increase during DDD pacing compared with VVI pacing (Kristensson et al., 1985b; 
Perrins et al., 1983; Rediker et al., 1988; Jordaens et al., 1988). Also during everyday 
activities like standing up and sitting down, walking, and stairclimbing, significant 
improvements in exercise duration and velocity were observed (Channon et al., 1994). 
The reason why there was no significant improverneut in daily physical activity in the 
present study might be due to the smal! number of subjects tested. Furthermore, the 
already adopted (sedentary) lifestyle by the subjects may not have been influenced by 
a different pacing mode. As determined from average Tracmor output, 5 patients had 
relatively low levels of daily physical activity during their regular dual chamber pacing 
mode as compared with young adults (Bouten et al., 1995b). In four of these patients 
programrning to VVI did not lead to a further decrease in the level of daily physical 
activity. Two of them had no preferenee for either pacing mode, whereas in the others 
subjeelive feelings of well-being favoured the DDD mode. Subjects 2 and 4 showed an 
apparent increase in the energy campartment (ADMR -SMR) and average Tracmor 
output during DDD pacing. Being still occupationally active, both subjects were 
characterized by a relatively active lifestyle and clearly benefitled from the advantages 
of DDD pacing during daily physical activity. This is in accordance with Jordaens et al. 
( 1988), who state that dual chamber pacing is of value for elderly patients with complete 
atrioventricular block and an active lifestyle. Holter monitorings showed that subject 4 
had an incomplete atrioventricular block with a maximum heart rate of 128 beats·min -I 
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in VVI mode. Despite the atria! contribution to cardiac output and the ability to raise 
heart rate in response to exercise also during VVI pacing, this subject gained more 
advantage from dual than from single chamber pacing, probably due to the reduced 
ectopie activity of the heart. 

Daily physical activity was assessed from measurements of body movement and 
ADMR in free-living patients. These measurements may be more appropriate to predict 
the benefits of different pacing modes under daily living conditions than maximal or 
submaximal exercise testing in the laboratory. In general ADMR is expressed as a 
multiple of SMR to indicate the overall level of daily physical activity. This measure 
is favoured by the World Health Organization (WHO, 1985) and can be used to compare 
subjects with different active cell mass (fat-free mass), as the latter is reflected in the 
SMR. Altemately, the energy compactment (ADMR-BMR) is calculated to de termine 
the absolute energetic equivalent of daily physical activity. It is then expressed per kg 
body mass or per kg fat-free mass to make interindividual comparisons. As the 
contribution of arousal to ADMR varied considerably between patients and between 
pacing modes, the first method could not be used to compare daily physical activity 
levels during VVI and DDD pacing modes, whereas the second method could only be 
used to make intraindividual comparisons. Consictering these limitations, the use of 
ADMR - in combination with measures on sleeping or basal roetabolie rate - may be of 
lesser value to determine the effect of different pacing modes on daily physical activity 
in patients with atrioventricular block. Movement registration with Tracmor motion 
sensors, however, can be used to adequately identify those patients that benefit most 
from DDD pacing during daily physical activity. Moreover, these sensors may be 
applied to objectively choose the optima! pacing mode in patients under free-living 
conditions. Other motion sensors have been applied before to study daily physical 
activity in cardiac patients. Rozkovec et al. ( 1989) used pedometers to compare different 
modes of cardiac pacing, while Davies et al. ( 1992) used limb-mounted mercury 
switches to indicate the level of daily physical activity in chronic congestive heart 
failure. These motion sensors are actuated by impact and tilt, respectively, rather than 
by the intensity (acceleration) of movement In addition, they were poorly validated. The 
Tracmor, on the contrary, has been extensively validated. Under Iabaratory conditions 
(Bouten et al., l994a) as well as under daily living conditions (Bouten et al., l995b) 
strong correlations between Tracmor output and energy expenditure for physical activity 
were found (r = 0.89 and 0.79, respectively). As determined from calibration 
measurements Tracmor output has good reproducibility. The devices are socially 
acceptable and relatively inexpensive. Therefore, they may be a helpfut tooi in assessing 
the response to treatment and therapies and for diagnostic purposes. 

In summary, the present study suggests that the additional cost and complexity of 
dual chamber pacing for treatment of atrioventricular blockis only justified by objective 
improvements in daily physical activity in subjects with a relatively active lifestyle. 
Measurements of energy ex penditure at rest and overall feelings of well-being, however, 
favour DDD pacing over VVI pacing also in less active subjects. 
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9 
General discussion 

The research presented in this thesis focuses on the improverneut and evaluation of a 
method for the assessment of daily physical activity. This method is based on the 
registration of body movement with body-fixed accelerometers. Initia! steps were aimed 
at the development of a triaxial accelerometer and the determination of a useful data 
processing technique to quantify physical activity from accelerometer output, eventually 
leading to the design of a Tracmor motion sensor. The method was systematically 
evaluated against metabolic equivalents of physical activity during experiments under 
Iabaratory and daily living conditions. In actdition the influence of factors like placement 
and orientation of body-fixed accelerometers was investigated. Results of the various 
evaluation studies as well as applied methodologies will be discussed in this chapter. 
Furthermore, an explanation for the relationship between movement registration and 
energy expenditure during certain 'stereotypical' activities is proposed in the light of a 

theory on muscle co-ordination. Recommendations for future research are directed 
towards determination of the precise effects of noise from transportation means, detection 
of postures, reduction of size and power consumption of the Tracmor, and description 
and rnadelling of the fundamental steps in the entire process between movement 
registration and energy expenditure. 
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Movement registration 

Movement registration with body-fixed motion sensors is used to provide an objective 
estimation of physica1 activity in free-Jiving subjects. Accelerometers are now the most 
proruising motion sensors for this purpose, although the underlying theories regarding 
the relationship between accelerometer output and whoie-body physical activity are not 
completely clear yet. Benefits, shortcomings, and factors affecting accelerometer output 
are evaluated here. 

Movement registration with accelerometers 
The use of body-fixed electronic accelerometers for movement re gistration in free-living 
subjects has some major advantages over other motion sensors, like pedometers ( Kernper 
et al., 1975; Stunkard, 1960; Saris & Binkhorst, 1977a, 1977b) and actorneters (Laporte 
et al., 1985; Schulman & Reisman, 1959; Saris & Binkhorst, 1977a, 1977b). The latter 
sensors are attenuated by impact or tilt and only count the occurrences when a certain 
threshold is passed. Therefore, they only provide information about the frequency of 
movement and do not discriminare between movements with different intensities. 
Accelerometers, on the other hand, respond to both frequency and intensity of human 
movement They are sensitive to accelerations that result from forces produced by co
operating muscles. Therefore, accelerometer output may reflect muscle work - the basis 
for physical activity. When chosen correctly, accelerometers can be used to register the 
relatively low frequencies and amplitudes of accelerations occurring during human 
movement The piezoresistive accelerometers used for this thesis (ICSensors, type 3031-
010) accurately measured the complete frequency and amplitude ranges of human body 
acceleration (0 to 20 Hz, -12 to + 12 g; Figures 2.3 and 2.4 ). Furthermore, the DC 
response of these piezoresistive accelerometers enabled an accurate calibration by using 
a simpte' turnover technique'. By contrast, previously used piezo-electric accelerometers 
(Meijer et al., 1991b; Montoye et al., 1983) do not respond to constant acceleration and 
require complicated calibration procedures, for instanee with frequency oscillators. 

Another benefit of electtonic accelerometers is that the output voltage can easily be 
manipulated by various data processing techniques. In the present studies the amplified 
and fittered output of a triaxial accelerometer was converted to the sum of the integrals 
of the modulus of accelerometer output from the separate measurement directions 
(IM~0t) . This data processing technique was chosen because of the strong correlation 
between IMAtot and energy expenditure for physical activity (EEac), observed during 
standardized activities in the Iabaratory (r = 0.95). Initially, IM~ot was calculated "off
line" on a computer (Chapter 3). Afterwards, it was calculated on-line using a portable 
data processing unit. In correspondence with the processing techniques in the prototype 
of the data unit, where IMA101 was deterrnined with a voltage-to-frequency converterand 
counted over 1 min intervals (Chapter 5), the output of the data unit was expressed in 
counts·min -I . This output was also referred to as Tracmor output, according to the final 
design of the data unit in combination with the triaxial accelerometer. 

Except from body acceleration, the output of a body-fixed accelerometer- and hence 
IMAtot - originates from sourees outside the body, like gravitational acceleration or 
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accelerations produced by vehicles. Furthermore, accelerometer output is influenced by 
the place of attachment on the human body. When related to EEacl' the influence of 
gravitational acceleration and place of attachment was negligible - at least during 
walking. Also the number of accelerometers placed on the body did not seem to 
influence the relationship between IMA101 and EEact (Chapter 4). The question arises 
whether this is true for all daily activities. One could argue that the influence of 
gravitational acceleration, which is dependent on the orientation of the body-fixed 
accelerometer within the field of gravity, is inherent to body movement and therefore 
would not affect the predietien of EEacr Like a mercury switch, attenuated by tilt, the 
gravitational component of accelerometer output can even be used to assess EEact' as was 
demonstrated for walking in Chapter 4. However, care should be taken in camparing 
movements with widely varying contributions of gravitational acceleration to total 
accelerometer output, since the relationship between IMA101 and EEact wiJl be different 
for these activities. During a standardized activity protocol in a respiration chamber 
(Chapter 5), the relationship between IMA101 and EEact during lifting/carrying loads 
differed from that found for other activities, like walking or bench-stepping. Frequent 
bending of the trunk during this activity resulted in unexpected high values of IMA101, 

determined from accelerometer output at the low back. Eventually, the high IMA101 

values led to an overestimation of EEact· 
With respect to the place and number of accelerometers attached to the body, it 

should be noted that small movements of the limbs (fidgeting) will possibly not be 
detected by a single accelerometer at the low back. Therefore, it is sametimes suggested 
that (additional) accelerometers at the limbs are required to accurately assess the level 
of daily physical activity, especially in sedentary subjects (Redmond & Hegge, 1985). 
The question arises, however, to what extent daily physical activity is influenced by 
fidgeting. Dauncey and James (1979) studied the effect of fidgeting in eight male 
subjects. They measured heat production in a whoie-body calorimeter during lying, 
sitting, and standing both when there was a minimum of movementand with the subjects 
making smal! movements. Mean increases in roetabolie rate of 26, 17, and 27% were 
found due to fidgeting during lying, sitting, and standing, respectively. These increases 
are of the same order as the 25% higher heat Joss from subjects while fidgeting during 
sitting and standing than would be predicted from the same posture while in a relaxed 
state, as reported by Garrow et al., 1977. Dauncey (1990) calculated that in sedentary 
subjects (10.0 h lying, 12.5 h sitting, l.O h standing, 0.5 h cycling) the increases in 
roetabolie rate due to fidgeting would eventually result in a 20% higher 24 h energy 
expenditure. During moderate activity ( 10.0 h lying, 10.5 h sitting, 1.5 h standing, 2.0 
h cycling) fidgeting would increase 24 h energy expenditure by about 17%. 

Although these increases in energy expenditure are striking, it should be realized 
that the Iabaratory protoeals were highly conditioned and did not reflect daily physical 
activity. Further research should provide evidence about the precise effects of fidgeting 
in daily life and the benefits of using multiple body-fixed accelerometers to detect these 
small movements. It is now assumed, however, that a possible higher accuracy in 
predicting EEact by using multiple accelerometers, is outweighed by the extra discomfort 
to subjects. 
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Whereas the influence of gravitational acceleration is of minor importance when 
predicting energy expenditure for physical activity, the influence of accelerations from 
other sourees outside the body may considerably affect predictions of energy 
expenditure. In Chapter 6 movement registration in free-living subjects was combined 
with activity recordings in diaries to study the range in Tracmor output during specific 
activity categories. Although the accuracy of the subjective activity scores in the diaries 
is questionable, it was clear that maximal Tracmor outputs during voluntary movement 
did not exceed 8000 counts·min - 1 (Figure 6.3). Outputs above 8000 counts·min - 1 were 
only observed during transportation in trains, cars, or buses, or while sitting on the back 
of a (motor)bike. Correction for this influence by eliminating all outputs with a value ~ 
8000 counts·min - 1 resulted in significant lower average Tracmor values and significant 
better predictions of various energy estimates for physical activity ((ADMR -SMR)/kg 
and ADMR/SMR). Correction by excluding all time intervals when subjects were 
engaged in transportation did not cause any further improvement in the predietien of 
these energy estimates. Until now Tracmor outputs~ 8000 counts·min - 1 were eliminated 
during data processing on a computer, but this procedure can easily be programrned 
directly into the data unit. The relative contribution of accelerations from different 
transportation means to Tracmor output below 8000 counts·min - 1 is not clear and must 
be the subject of future research. This research should start by determining frequency and 
amplitude spectra of body-fixed accelerometer output during transportation and must 
include information about road surfaces. In addition, the way of attachment of the 
accelerometers and possible influences of the soft tissue layer under the accelerometers 
should be taken into consideration, as extremely high Tracmor outputs during 
transportation may be caused by resonance of the accelerometer on the skin. In Chapter 
2 it was stated that our triaxial accelerometer would have a natura! frequency between 
500 and 1100 Hz when attached to the human tibia (Ziegert & Lewis, 1979). No 
conclusions with respect to the natura! frequency at the low back could be made. 
Recently, however, Kitazaki and Griffin (1995) described the natura! frequency of an 
accelerometer at the low back, with similar measures as our triaxial accelerometer ( 16 
gram, 40 x 35 mrn), to be as low as 15 Hz. Therefore, it should be studied whether the 
use of a !ow-pass filter with a cut-off frequency of 15Hz wou1d reduce the influence of 
extremely high tracmor values, while retaining the possibility to predict energy 
expenditure for physical activity . 

Movement versus postures 
The inability of motion sensors to adequately assess physical activity during postures or 
static exercise is emphasized on several occasions in this thesis. Also in earlier 
publications this shortcoming of motion sensors was mentioned repeatedly (Balogun et 
al., 1989; Meijer et al., 1991b; Montoye et al., 1983; Haskell et al., 1993). Yet, the 
ultimate salution to the shortcoming has still to be found . Whereas generally the impact 
of static exercise on the totallevel of normal daily physical activity is negligible (Saris 
& Binkhorst, 1977b; Verschuur & Kemper, 1980), the impact of postures is not. In 
modem Western society the time spent on postures like sitting or standing can add up 
to 9 h of daytime physical activity (Àstrand & Rodahl, 1986; Robinson et al., 1972). 
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Therefore, the total daily energy costof performing posturescan be considerable, des pi te 
the negligible energy expenditure of maintaining body position per unit of time as 
compared toother daily activities, like walkingor household activities (Ainsworth et al., 
1993). The free-living subjects described in Chapter 6 spent on average 7.8 hof daytime 
physical activity on lying, standing, and sitting (excluding transportation). Although the 
postures also included body movement, inaccurate registration of these activities may 
have caused at least part of the discrepancy between the measured physical activity level 
(PAL) and that predicted from accelerometer output, especially in subjects with a 
predominantly sedentary life-style. 

A possibility to deal with postures during daily physical activity may be found in 
the DC response of body-fixed piezoresistive accelerometers. As the DC response of 
these sensors is a function of their orientation within the field of gravity, the output of 
at least two piezoresistive accelerometers at well chosen locations and orientations on 
the human body can be used to identify postures. Bussmann et al. (1994) proposed a set 
of three uniaxial piezoresistive accelerometers: one at the upper leg, sensitive in antero
posterior direction, and two at the sternum, sensitive in longitudinal and antero-posterior 
directions. From baseline shifts in accelerometer output the authors were able to 
discriminate between different postures. The overall agreement between posture detection 
with the accelerometers and video recordings was 93%. The prospects of this technique 
seem promising, but it should be realized that dynamic baseline shifts due to rotation of 
the accelerometers in the field of gravity during movement may interfere with the more 
constant baseline shifts in accelerometer output due to postures. Moreover, the benefits 
of this technique of posture deleetion for the assessment of energy expenditure during 
physical activity remain to be elucidated. Possible benefits of the additional 
accelerometers should once more be considered against the extra discomfort to subjects. 

The Tracmor 
The impravement of a method for physical activity assessment based on movement 
registration has led to the design of a Tracmor motion sensor, consisting of a triaxial 
accelerometer and portable data unit. The data unit is free programmabie and can be 
started and read out from a computer or modem interface. Ease of use, costs, and 
durability of the Tracmor open the way to study large populations. Disadvantages of the 
Traemoe in its present form are the still too high power consumption (12 Ma, 9V) and 
the relatively large size (110 x 70 x 35 mm) and weight (250 gram) of the data unit, 
mainly caused by the batteries within the housing. Although subjects did not complain 
about wearing the Tracmor, the cuerent measures of the device may have prevenled some 
of them from wearing it during sports activities (Chapter 6). Therefore, future research 
should be aimed at reducing mass and size of the data unit. Recent advantages in 
integrated circuit technology as wel! as the application of Surface Mounted Devices may 
provide the opportunity to achieve this goal. In addition, power consumption may be 
reduced by using !ow-power components. Despite the above mentioned shortcomings, 
the Tracmor has already made a considerable contri bution to the field of physical activity 
assessment and may be of great value for scientific research purposes and for assessing 
the effects of sports/activity interventions and therapeutic treatments. 
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Evaluation studies 

The usefulness of movement registration for the assessment of daily physical activity 
was evaluated against metabolic energy expenditure. In general two different ways to 
express physical activity in relation to energy expenditure were used: 1) the absolute 
value of energy expenditure for physical activity, EEact' defined as total energy 
ex penditure ( or average daily metabolic rate) minus sleeping metabolic ra te (EE101 -SMR 
or ADMR -SMR) and 2) the ratio between total energy ex penditure ( or ADMR) and 
sleeping metabolic rate (EE10/SMR or ADMRJSMR). EE101 was used to indicate total 
energy expenditure during separate activities under laboratory conditions, while ADMR 
was used to indicate the average level of total energy expenditure under free-living 
conditions. EEact can be used to make comparisons between subjects in homogeneaus 
populations, especially when it is normalized for body mass. The variables EE10/SMR 
and ADMRJSMR are more appropriate to compare subjects in inhomogeneous 
populations, as these variables account for differences in active cell mass (Meijer et al., 
l992b; Webb, 1981 ). Indeed, when camparing movement registration and energy 
expenditure in the Iaberatory studies described in Chapters 3 and 5, there was a close 
correlation between EEact and EE10/SMR, probably due to the very homogeneaus subject 
groups (young male adults). Under field conditions, where less homogeneaus groups 
were studied (males, females, anorectics, elderly), ADMRJSMR should have been the 
best variabie to make comparisons between the energy cost of physical activity of 
different subjects. However, in the pacemaker patients described in Chapter 8, ADMR 
was not only influenced by changes in daily physical activity but also by changes in 
arousal. Therefore, energy expenditure for physical activity was calculated from the 
difference between ADMR and basal metabolic rate (BMR), to account for changes in 
arousal. 

Labaratory studies 
Evaluations of the metbod in the laboratory were performed during short-term strictly 
defined walking and sedentary activities and during a long-term activity protocol in a 
respiration chamber. In the first study the output of a triaxial accelerometer, fixed at the 
low back, was processed in different ways to find the best predietor of EEacr· In the 
second study it was investigated whether this data processing technique - IMA101, 

incorporated in the prototype of a portable data unit - could be used to assess EEact 
during a standardized activity protocol, resembling normal daily activity. Pooled 
correlations between IMA101 and EEact were strong (r = 0.95 and r = 0.89, respectively). 
As there were no differences between regression equations for individual subjects, the 
pooled regression equations could be used to predict EEact in all individuals. lt should 
be remembered, however, that only smal! and very homogeneaus groups were studied. 
Therefore, the use of the pooled regression equations to assess EEact in other populations 
must be considered with caution. 

In the first laboratory study regression lines between IMA101 and EEact for walking 
and sedentary activities differed significantly from each other when the output of only 
one measurement direction of the triaxial accelerometer was used (see for instanee Figure 
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3.4). When triaxial accelerometer output was used, no differences between regression 
lines for the separate activities were found (Figure 3.5). In the second laboratory study 
in the respiration chamber, regression lines forseparate activities were also comparable, 
except for the activity 'carrying loads' (p < 0.05). During this activity frequent bending 
of the tronk considerably influenced accelerometer output and the prediction of EEacl' 
as was mentioned above. Although regression lines for the other activities were similar, 
predictions of EEact during activities dominated by postures (lying, sitting, desk work) 
were weaker (r2 = 0.01-0.34) than predictions ofEEact during activities invalving (more) 
body movement (cleaning, stepping, walking, r2 = 0.53-0.94). Thus, it appears that the 
inability to measure postures does not influence the regression line between IMA101 and 
EEact• but affects the explained variation of EEact· 

Table 9.1 provides a review of the literature conceming various evaluation studies 
of body-fixed accelerometers for the assessment of physical activity. The upper part of 
the table shows data from Iabaratory studies, the lower part shows data from field 
studies. Only studies using uncorrected movement recordings, i.e. not converted to 
energy expenditure, are included. Consictering the laboratory studies, the method 
described in the present thesis is superior to previously evaluated methods, in that 
stronger correlations between movement re gistration and energy ex penditure were found 
during short-term strictly defined activities as well as during activity protoeals in a 
respiration chamber. Thus, assuming equal accuracy of measurements on energy 
expenditure in all studies, our triaxial accelerometer and data processing technique 
provide better predictions on EEact in the Iabaratory than the other devices. Most other 
evaluation studies were performed with the uniaxial Caltrac accelerometer. The Caltrac 
can be attached to a waistbelt and measures accelerations along the longitudinal axis of 
the tronk. Measured signals are rectified and integrated over 1 min intervals. Usually, 
Caltrac output is converted to total energy expenditure with a built in equation for the 
relationship between Caltrac recordings and energy expenditure and by entering age, 
mass, height, and gender of subjects. Evaluation studies are therefore aimed at validaring 
the energy conversion of the Caltrac, rather than at validating the registration of body 
movement (Balogun et al., 1989, Gretebeck & Montoye, 1992; Schutzet al., 1984). The 
superiority of our method under Iabaratory conditions rnight be due to the ability to 
register accelerations in three directions as well as to the way of processing 
accelerometer output. Meijer et al. ( 1989) also used a triaxial accelerometer device at the 
low back, but data processing differed from our method in that the time integral of an 
undefined three-dimensional acceleration vector was used to assess physical activity. 
Furthermore, the piezo-electric element used in the device of Meijer et al. (1989) was 
not equally sensitive along all measurement directions. 

Although the improved method of movement registration can accurately assess 
physical activity in relation to energy expenditure in the laboratory, direct measurement 
of energy expenditure under these conditions is preferred above assessment of energy 
expenditure from movement registration. However, Iabaratory studies were essential to 
investigate the (im)possibilities of the method and should be considered as introductory 
to the ultimate evaluation of the method under free-living conditions. 



Table 9.1 Laboratory and field studies conceming the evaluation of body-fixed accelerometers for the assessment of physical activity (See Nomendature for 
abbreviations) . 

Laboratory studies 

Citation accelerometer placement type of activity subjects (n) criterion measure correspondence 

Montoye et al., 1983 Caltrac low back walking, exercises 21 EE(O( r = 0.74 

Meijer et al., 1989 triaxial accelerometer low back walking, exercises 16 EEact 

Sallis et al., 1990 Caltrac waist or hip walking 15 EEtot r = 0.82 

Nichols et al., 1992 Caltrac low back walking 42 EEact r = 0.73-0.88 

Bouten et al., 1994, (Chapter 3) Tracmor low back walking, sitting 11 EEact r = 0.95 

Bray et al., 1994 Caltrac waist daily activity protocol 40 24hEE 

Bouten et al. (Chapter 5) Tracmor low back daily activity protocol 13 EEact r = 0.89 
24hEE r = 0.72 

Field studies 

Kiesges et al. , 1985 Caltrac waist free play 80 direct observation r = 0.35-0.69 

Kiesges & Klesges, 1987 Caltrac waist normal daily activity 30 direct observation r = 0.54 

Sallis et al., 1990 Caltrac waist or hip normal daily activity 35 heart rate r = 0.49 

Meijer, 1990 triaxial accelerometer low back normal daily activity 21 ADMR/BMR r = 0.64 

Janz, 1994 uniaxial accelerometer hip normal daily activity 31 heart rate r = 0.58 

Bouten et al. (Chapter 6) Tracmor low back normal daily activity 30 ADMR/SMR r = 0.73 

Bouten et al. (Chapter 7) Tracmor low back normal daily activity 11 ADMR/SMR 

Bouten et al. (Chapter 8) Tracmor low back normal daily activity 6 ADMR-BMR 
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Field studies 
The use of the final design of the triaxial accelerometer and data unit, the Tracmor, 
under daily living conditions was evaluated in healthy young adults, in women with 
anorexia nervosa, and in elderly rnales with a pacemaker. In healthy young adults 
Tracmor output - corrected for values > 8000 counts·rnin -I due to noise from 
transportation means - was significantly related to metabolic equivalents of physical 
activity (ADMR -SMR, ADMR/SMR, Chapter 6). The strongest correlation was found 
for the relationship between Tracmor output and ADMR/SMR, also referred to as the 
overall physical activity level (PAL, r = 0.73). In the other groups no relationship 
between Tracmor output and energy measures of daily physical activity were found. 
Previous evaluations of body-fixed accelerometers in free-living subjects are mainly 
performed against direct observations of physical activity or heart rate recordings over 
relatively short periods of time (Tab ie 9.1 ). Hence, direct comparisons with these studies 
cannot be made. Only Meijer ( 1990) evaluated his triaxial accelerometer device against 
an energy measure of daily physical activity. He reported a correlation of 0.64 between 
movement registration and ADMR as a multiple of BMR. It should be noted, however, 
that this correlation was obtained after elimination of 50% of the ex perimental data due 
to bad performance of the accelerometers. In the present thesis 10 different Tracmors 
were used which functioned well under daily living conditions. On two occasions data 
were lost due to exhausted batteries and once data were lost due to rupture of the cable 
between the sensor and the data unit. 

Although the correlation between Tracmor output and PAL reported for the healthy 
young adults in Chapter 6 was higher than correlations between movement registration 
and criterion measures reported by other authors, it was lower than correlations found 
in the laboratory. Only 53% of the varianee in PAL in daily life could be explained from 
changes in Tracmor output alone. Additional information on sleeping time increased the 
explained variation to 63% (multiple r = 0.79). Unfortunately, direct comparisons 
between movement registration in the field and in the laboratory cannot be made, since 
the gain in the Tracmor was considerably increased in comparison with the amplification 
of accelerometer output in the prototype of the data unit. The reason for this was the low 
sensitivity of the prototype to smal! changes in body movement, as can be observed from 
the bulk of data during sedentary activities in Figure 5.4. The unexplained variation in 
PAL from movement registration in the field studies has been attributed to the inability 
to measure postures or static exercise, fidgeting, and not wearing the Tracmor during all 
activities. These factors, in combination with the small subject groups and the lirnited 
range in daily physical activity in pacemaker patients, may also explain the absence of 
significant relationships between Tracmor output and measures on energy expenditure 
in anorectics and pacemaker patients. In addition, abnormalities in energy metabolism 
may have affected associations between movement registration and energy expenditure 
in these groups. In anorectics lower than normal SMR values were observed, while in 
pacemaker patients a relatively high energy cost of arousal was found. Nevertheless, the 
Tracmor was found to be highly suitable to discrirninate between different levels of daily 
physical activity both within and between subjects. Furthermore, the possibility to 
provide information about the level of physical activity - quantified by movement 
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registration- over short intervals (e.g. 1 min) opens the way to study patterns of physical 
activity. In this way the Tracmor is superior to the doubly labelled water method, that 
only gives an average value of daily metabolic rate and does not respond to smal! and 
brief changes in daily physical activity. The measurement of physical activity patterns 
is of relevanee to the study of behavioral disorders, like perioctic restlessness in anorexia 
nervosa or hyperactive ebild.ren (Casper, 1986; Schulman & Reisman, 1959) or to 
investigate different activity intervention/training programs in relation to health or sports 
performance (Ástrand & Rodahl, 1986; Peterson, 1983 ). 

Figure 9.1 shows the relationship between average Tracmor output and PAL for all 
subject groups studied under free-living conditions. V alues for each group are indicated 
as mean and standard deviations. Data on physical activity in pacemaker patients are 
given for both the VVI and the DDD pacing mode. Note that in this subject group PAL 
not only reflects changes in daily physical activity, but also changes in arousal. The 
correlation coefficient for the relationship between group averages ofTracmor output and 
PAL is 0.88 (p < 0.01). The pooled correlation coefficient, using the individual data 
on daily physical activity, was lower (r = 0.50, p < 0.001, n = 47) due to considerable 
variation in Tracmor output and PAL within groups. From Figure 9.1 it can be observed 
that pacemaker patients are rather inactive compared to healthy and anorectic subjects. 
As tested with analysis of varianee the level of daily physical activity in this group, 
quantified by movement registration or by PAL, was significantly lower than that of the 
other groups (p < 0.001). The anorexia group shows the largest range in daily physical 
activity. 

Recently, Carpenter et al. (1995) argued that ADMR should be expressed as a 
function of SMR rather than as a multiple of SMR, since the use of the latter variabie 
assumes that the relationship between ADMR and SMR is linear and passes through the 
origin. Although in each ex perimental group studied in the field studies of Chapters 6-8 
strong linear relationships between ADMR and SMR were found (r = 0.74-0.83), all 
regression lines had different intercepts. Therefore, Tracmor output was also related to 
the residuals of the relationship between ADMR and SMR. This resulted in higher 
correlations for group averages (r = 0.91, p < 0.01) as wel! as for the pooled data of all 
subjects (r = 0.56, p < 0.001, n = 47). Within the individual groups, however, 
correlations did not improve: in the anorectics and pacemaker patients there was still no 
significant relationship between Tracmor output and the energetic equivalent of physical 
activity, deterrnined by the residuals. In the healthy young subjects correlations between 
Tracmor output and residuals were even worse (r = 0.67) than correlations between 
Tracmor output and PAL (r = 0.73). 
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Figure 9.1 Relationship between group averages of daily physical activity, quantified 
by Tracmor output and the overall physical activity level (PAL= ADMRJSMR). Data 
are presented as means and standard deviations for healthy young adults (n = 30), 
women with anorexia nervosa (n = 11) and pacemaker patients during VVI and DDD 
cardiac pacing (n = 6). The regression line is given by: PAL= 1.32 + 3.78·10-4 x 
Tracmor output (r = 0.88, p < 0.01). 

Movement registration versus energy expenditure 
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In this thesis physical activity is regarded as any movement or posture produced by 
skeletal muscle contractions and resulting in metabolic energy expenditure. As stated 
before, registration of body movement with accelerometers may be used to reflect 
muscular activity and hence can be used to assess energy expenditure during physical 
activity. It is obvious that in the absence of (measurable) movement, there is no 
relationship between movement registration (IMA101) and energy ex penditure for physical 
activity (EE3c1) . Also during movement against external forces, like cycling with head 
wind or lifting loads, the increase in IMA101 may not reflect the increase in EEact· The 
question remains, however, as to why EEact during movement can be accurately 
estimated using only one body-fixed accelerometer, and why there is such strong 
correspondence in the relationship between IMA101 and EEact among subjects. 

As was outlined in the introduction, body movement results from the co-operation 
of different mono- and multiarticular muscles. Although the number of degrees of 
freedom to perform a certain movement is considerable, various complex (i.e. multi
joint) movements are always performed in a stereotypical way. There seem to be patterns 
of muscle activation that co-ordinate the temporal sequence and the intensity (i.e. force 
production) of various muscle contractions based on the ultimate goal of the movement 
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Such patterns are known for sports activities, 1ike cycling, running, or jumping (Bobbert 
& Ingen Schenau, 1988; Jacobs, 1992), but also appear to exist in common activities of 
daily life, as in walking, stairclimbing, lifting loads, and rising from a chair 
(Doorenbosch et al., 1994; Scholz, 1993; Toussaint et al., 1992; Townsend et al., 1978). 
For instance, Townsend et al. (1978) showed that the temporal sequence of leg muscle 
contractions, as indicated by electromyography, was similar in 19 male subjects and 
resulted in virtually identical kinematic patterns of the lower body. Camparabie patterns 
of muscle co-ordination during walking have been reported for young and elderly 
subjects (Berme, 1980; We lis, 1988; Winter, 1991 ). Although the absolute movement 
time may differ due to a decrease in the natura! walking velocity with ageing, the 
relative timing of muscle contractions is equal in young and elderly subjects (Craik et 
al., 1992, Himann et al., 1988). 

If the performance of a complex movement is due to a stereotypical pattem of 
muscle activation that determines the sequencing and intensity of muscular contractions, 
the produced movement is representative for the amount of work done by the muscles. 
The amount of muscle work, in turn, is related to the chemica! energy conversion within 
the muscles. Therefore, the performed movement represents the chemica! energy 
conversion within the musdes and hence the metabolic energy expenditure. 
Consequently, the registration of this movement may reflect the metabolic energy 
required toperfarm the movement When a certain aspect of the complex movement, e.g. 
movementor acceleration of one of the limbs, is representative for the total movement 
pattern, registration of this aspect alone may also be used to reflect metabolic energy 
expenditure. This might explain the strong relationship between IMA101 and EEact for a 
movement like walking and the neg1igib1e influence of the measurement location of 
IMA101 during this activity (Chapter 4). Since pattems of muscle activation fora certain 
complex movement show considerable agreement between subjects, the relationship 
between produced movement and resulting energy expenditure will be comparab1e for 
different subjects. This e1ucidates the strong similarity of the relationship between IMA10 t 
and EEact among subjects, observed for instanee during walking (Chapter 3) or for 
separate activities of the standardized activity protocol in the respiration chamber 
(Chapter 5). Assuming that different body movements are produced by different patterns 
of muscle activation, (registrations of) these movements represent different amounts of 
EEact· As long as the ratio between registered movement (IMA10t) and EEact is similar 
for different movements, the relationship between IM-\ot and EEact determined for one 
movement can be used to assess EEact during another movement When, for any reason, 
the ratio between IMA101 and EEact changes between movements, different relationships 
are required to accurately assess EEact for the separate movements. Consequently, 
pooling of the data from these separate movements will result in weaker relationships 
between IMA101 and EEact than for a single movement or for combined movements with 
camparabie relationships between registered movementand energy expenditure. This was 
observed for the standardized long-term activity protocol in Chapter 5, where the 
different ratio between IM-\0 1 and EEact for 'carrying loads' significantly influenced the 
paoled relationship between these variables and decreased the paoled correlation 
coefficient from 0.91 to 0.80. 
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A special case is the performance of movement against external forces, as in pushing or 
pulling, cycling with head wind or walking uphill. Under these circumstances the 
conversion of chemica! energy in the musdes will result in changes of EEact that are not 
accompanied by corresponding changes in movement For instance, during cycling with 
head wind the sequencing of muscle contraelions and the resulting movement patterns 
are camparabie to those during cycling without wind at the same velocity. However, the 
force productions in the muscle is higher and requires a larger turnover of chemica} 
energy than during cycling without wind. For this reason the relationships between 
IMA101 and EEact during both cycling conditions will vary considerably. In the extreme 
case of maintained static exercise, as in weight lifting, the relationship between IMA101 

and EEact may not exist at all, despite the continuous conversion of chemica) energy 
within the muscles. 

Knowledge on how complex movement pattems are performed- and change with 
age or musculoskeletal impairment - may help to understand the relation between 
movement (registration), muscle activity, and energy expenditure. As is argued above, 
this knowledge may explain why and when movement registration can be used for the 
assessment of EEact· It wil!, however, not predict the precise relationship between IM~01 
and EEact for a given movement For this purpose a different approach is required, that 
models the separate fundamental stages within the entire process between roetabolie 
energy expenditure and movement registration. These stages should include 1) the release 
of free energy from the oxidation of nutrients, 2) the chemo-mechanical energy 
conversion within the muscle, i.e . the conversion of free energy ( carried by A TP) to 
perform mechanica! work during muscle contraction, 3) the relationship between muscle 
contraction and movement both at the muscular level and at the level of the human body, 
and 4) the relationship between movementand movement registration. These stages are 
only partly known, yet. They are mutually dependent and difficult to standardize, since 
they are influenced by many factors. Therefore, it will take a long way before the entire 
process between energy expenditure and movement registration can be described 
theoretically. As the different stages of the process are studied by different scientific 
disciplines, a multidisciplinary approach is required to achieve evident progress. 

Conclusions 

In summary, the major conclusions that can be drawn from the research presenled in this 
thesis are: 

1) EEact during strictly defined sedentary activities and walking in the Iabaratory is 
better predicted from triaxial than from uniaxial accelerometer output measured at 
the low back, when the data from both types of activity are combined. 

2) The best data processing technique to obtain accurate predictions of EEact from 
triaxial accelerometer output in the laboratory is summation of the time integrals of 
the modulus of accelerometer output from all three measurement directions (IMA101). 
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3) During walking accelerometer output, and hence IMA1w is significantly influenced 
by placement and orientation of the accelerometers on the hu man body. Y et, the 
accuracy of the prediction of EEact from IMA101 is not influenced by these variables. 

4) Correlations between IM~01 and EEact during strictly defined activities and a 
standardized activity protocol in the laboratory (r = 0.95 and r = 0.89, respectively) 
are higher than those reported for movement registration versus energy expenditure 
in previous research. 

5) The development of a metbod for the assessment of daily physical activity has led 
to the design of a free-programmable motion sensor (the Tracmor) that can be used 
to register body movement in free-living subjects over periods of 8 days. To enhance 
wearing comfort future developments should be aimed at reducing size and weight 
of the device. 

6) Correlations between Tracmor output and PAL in free-living young adults are lower 
than those reported in the Iabaratory studies, but higher than those reported for 
movement registration versus criterion measures under daily living conditions in 
previous research. The lower correlations under free-Iiving conditions have been 
attributed to the inability to measure postures or static exercise, fidgeting, and not 
wearing the Tracmor during all activities. 
In women with anorexia nervosa and elderly men with a pacemaker no relationships 
between Tracmor output and measures on daily energy expenditure are found. 

7) Tracmor output and the prediction of PAL from Tracmor output in young ad u lts are 
significantly influenced by accelerations that cannot be expected to arise from 
voluntary human movement (i.e. from transportation means). 

8) Although the Tracmor cannot be used to accurately assess energy ex penditure under 
free-living conditions in all subject groups, the device is ideally suited to delermine 
intra- and interindividual differences in daily physical activity and to study pattems 
of physical activity in time. 
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Appendix A: Accelerometer output variables 

Integrals of the modulus of accelerometer output in x, y, and z direction over a time 
interval [t=t0, to + T], with ax, ~· and a2 the measured accelerations in x, y, and z 
eliree ti on: 

t0 +T 

IMAx = J laxldt, [Al] 
t=t0 

t0+T 

IMAY = f layldt, [A2] 
t=t0 

t0 +T 

IMAz = J la,ldt. [A3) 
t=t0 

Sum of the integrals of the moduli of accelerometer output in x, y, and z direction: 

[A4) 

Squared integrals of the moduli of accelerometer output in x, y, and z direction: 

t0+T 

!MA; = ( J la x I dt)2 , [A5] 
t = t0 

t0+T 

/MA: = ( f iayldt)2 , [A6] 
t=t0 

t0+T 

IMA,2 = ( J laz I dt)2 . [A7) 
t=t0 

Sum of squared integrals of moduli of accelerometer output in x, y, and z-direction: 

/MA 2 = /MA 2 +/MA 2 +/MA 2 
tot x y z · [A8] 
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Integral of the magnitude of the total acceleration vector: 

t0+T ,-----

/AV = J Ja;+a:+az2 dt . [A9] 
t=t0 

Squared integral of the magnitude of the total acceleration vector: 

t0+T ,-----

IAV2 = ( J Ja;+a:+az2 dt)2. [AIO] 
t=t0 

Mean kinetic energies due to translation in x, y, and z direction: 

[All] 

[Al2] 

[Al3] 

with mb repcesenting body mass, and the instantaneous veloeities vx(t), vy<t), and 
v z(t) defined as: 

to+t 

vx(t) = J ax('r:)d't + vx(t=O), 

t=to 

t 0+t 

vy(t) = J ayC't)d't + vy(t=O), 

t=to 

t 0 +t 

vz(t) = J ai't)d't + vz(t=O), 
t=to 

where vx(t=O), vyCt=O), and vz(t=O) are considered to be zero. 

Mean total kinetic energy due to translation: 

[Al4] 

[Al5] 

[Al6] 



Acceierometer output variables 137 

t0+T 

1 f 1 2 1 2 1 2 KE101 = - (-mbvx + -mbv + -mbv )dt. 
T 2 2 Y 2 z 

[Al7] 
t=t0 

Mean power due to the rate of change of total kinetic energy due to translational 
motion: 

[Al8] 
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Samenvatting 

Het meten van dagelijkse lichamelijke activiteit bij de mens is van groot belang bij het 
verkrijgen van inzicht in de relatie tussen lichamelijke activiteit en gezondheid. Hoewel 
een grote diversiteit aan meetmethoden voor lichamelijke activiteit is ontwikkeld, zijn 
slechts weinige van deze methoden geschikt voor de objectieve bepaling van lichamelijke 
activiteit in het dagelijks leven. Het in dit proefschrift beschreven onderzoek was gericht 
op de ontwikkeling en evaluatie van een methode voor het meten van lichamelijke 
activiteit onder normale dagelijkse leefomstandigheden. Deze methode is gebaseerd op 
registratie van lichaamsbeweging met een op het lichaam bevestigde drie-assige 
versnellingsopnemer in combinatie met een procedure voor de bewerking van de 
versnellingssignalen, zodanig dat deze gerelateerd kunnen worden aan lichamelijke 
activiteit. Evaluatie van de methode vond plaats tijdens twee laboratoriumonderzoeken 
en een veldonderzoek. Daarbij is de methode gerelateerd aan het metabole energiegebruik 
benodigd voor lichamelijke activiteit. 

De eerste onderzoeksstappen hadden betrekking op de ontwikkeling van de drie
assige versnellingsopnemer (50 x 30 x 8 mm, 16 gram), bestaande uit drie afzonderlijke 
één-assige piëzoresistieve versnellingsopnemers. Naar aanleiding van experimenten 
waarbij de drie-assige versnellingsopnemer mechanisch werd belast, is geconcludeerd dat 
de opnemer valide en betrouwbaar is voor het meten van versnellingen die voorkomen 
tijdens willekeurige menselijke bewegingen (~ 20 Hz; -6 g tot +6 g). De relatieve 
bijdrage van de afzonderlijke meetrichtingen van de versnellingsopnemer aan de schatting 
van het energiegebruik benodigd voor lichamelijke activiteit (EEacl' gedefinieerd als het 
totale energiegebruik verminderd met het slaapmetabolisme) werd bepaald tijdens strikt 
gedefinieerde activiteiten in het laboratorium (zitten en Jopen). Tevens werd tijdens dit 
onderzoek bekeken op welke wijze de output van de versnellingsopnemer bewerkt moest 
worden voor de meest nauwkeurige schatting van lichamelijke activiteit, gekwantificeerd 

als EEact· De resultaten toonden aan dat, indien verschillende activiteiten (lopen, zitten) 
worden uitgevoerd, EEact beter voorspeld wordt aan de hand van de output uit drie meet
richtingen dan aan de hand van de output uit één van de afzonderlijke meetrichtingen. 
Bepaling van de som van de integralen van de moduli van de output uit de drie afzonder
lijke meetrichtingen (IMA101) bleek de beste procedure voor databewerking te zijn . 
Toepassing van deze procedure resulteerde in een sterk lineair verband tussen geregi
streerde beweging en EEact voor de gecombineerde data van alle activiteiten (r = 0.95). 
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De output van een op het lichaam bevestigde versnellingsopnemer - en dus ook IMAtot -
is, behalve van lichaamsversnelling, atbankelijk van versnellingsbronnen buiten het 
lichaam, zoals gravitatieversnelling en versnellingen van vervoermiddelen. De invloed 
van gravitatieversnelling is een functie van de oriëntatie van de versnellingsopnemer ten 
opzichte van het gravitatieveld. Verder is de output van een op het lichaam bevestigde 
versnellingsopnemer atbankelijk van de plaats van bevestiging. De invloed van de 
oriëntatie en bevestigingsplaats van versnellingsopnemers op het lichaam werd onderzocht 
tijdens lopen. Met behulp van twee-dimensionale kinematische gegevens van de 
loopbeweging, verkregen via videoregistraties, werd IMAtot - met en zonder correctie 
voor gravitatieversnelling - gesimuleerd op verschillende plaatsen op het lichaam. IM~ot 
bleek sterk atbankelijk te zijn van de oriëntatie en bevestigingsplaats van versnellings
opnemers op het lichaam. De nauwkeurigheid van de voorspelling van EEact aan de hand 
van IMAtot werd echter niet beïnvloed door deze factoren. Het gebruik van meerdere 
versnellingsopnemers op verschillende plaatsen op het lichaam resulteerde niet in een 
verbetering van de voorspelling van EEact tijdens lopen. 

Om de relatie tussen geregistreerde beweging en energiegebruik te kunnen onder
zoeken onder dagelijkse leefomstandigheden, werd een draagbare data unit ontwikkeld 
voor de directe registratie, bewerking en opslag van de output van de versnellings
opnemer over tijdsintervallen van 1 minuut. Deze data unit ( 110 x 70 x 35 mm, 250 gram 
inclusief batterijen) kan gedragen worden aan een riem en is via een flexibele kabel 
verbonden met de drie-assige versnellingsopnemer. De data unit en de versnellings
opnemer, samen Tracmor genoemd, werken gedurende 8 dagen op twee 9V batterijen. 
Het prototype van de Tracmor werd getest tijdens een gestandaardiseerd activiteiten 
protocol in een respiratiekarneL 13 Volwassen mannen verrichtten een scala aan 
voorgeschreven dagelijkse activiteiten terwijl lichaamsbeweging en EEact werden 
gemeten. Zowel voor de individuele (r = 0.87-0.89) als voor de samengevoegde gegevens 
van alle proefpersonen (r = 0.89) werden sterke correlaties tussen IMAtot en EEact 
gevonden. 

Evaluatie van de uiteindelijke versie van de Tracmor vond plaats bij 30 jong
volwassenen gedurende een 7-daagse periode onder dagelijkse leefomstandigheden. Er 
werd een significante verband aangetoond (r = 0.58) tussen de gemiddelde wekelijkse 
Tracmor output en het gemiddelde dagelijkse activiteitenniveau, gekwantificeerd als het 
totale dagelijkse energiegebruik (gemeten met tweevoudig gemerkt water) als veelvoud 
van het slaapmetabolisme (gemeten in een respiratiekamer). Dit verband werd sterker (r 
= 0.73) na eliminatie van extreem hoge Tracmor waarden die het gevolg waren van 
versnellingen geproduceerd door vervoermiddelen. Er was echter nog steeds een aanzien
lijke variatie in de ratio tussen totaal energiegebruik en slaapmetabolisme die niet 
verklaard kon worden aan de hand van Tracmor registraties. Deze variatie werd 
voornamelijk toegeschreven aan houdingen en statische activiteiten die niet adequaat 
gemeten kunnen worden met de Tracmor maar wel resulteren in energiegebruik. 
Desondanks bleek de Tracmor zeer geschikt voor het onderscheiden van zowel inter
individuele als intra-individuele verschillen in dagelijkse lichamelijke activiteit. Omdat 
de Tracmor over korte, instelbare tijdsintervallen informatie verschaft omtrent 
lichamelijke activiteit, kunnen tevens patronen van activiteit in de tijd bestudeerd worden. 
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De toepasbaarheid van de Tracmor voor het meten van dagelijkse lichamelijke activiteit 
bij patiënten met een verwacht abnormaal activiteitenniveau is onderzocht bij vrouwen 
met anorexia nervosa en mannen met een pacemaker gedurende periodes van 1 tot 2 
weken. Anorexia nervosa wordt vaak geassocieerd met een overmaat aan activiteit, terwijl 
pacemakerpatiënten gekenmerkt worden dooreen laag activiteitenniveau. Bij de vrouwen 
met anoreX.ia nervosa (n = 11) bleek de dagelijkse lichamelijke activiteit afhankelijk te 
zijn van de zogenaamde 'body mass index' (lichaamsgewicht·lengte -2, in kg·m -2; r = 
0.84). Bij vrouwen met een body mass index ~ 17 kg·m-2 was het dagelijks 
activiteitenniveau hoger dan dat van controle personen. Aangenomen werd dat deze 
overmaat aan activiteit, die het gevolg is van de sterke motivatie om lichamelijk actief 
te zijn, wordt bevorderd door een laag lichaamsgewicht in combinatie met een verbeterde 
lichamelijke belastbaarheid. Vrouwen met een body mass index < 17 kg·m -2 waren 
minder actief dan de controle personen. In deze groep zijn hoge of zelf normale 
activiteitenniveaus niet mogelijk als gevolg van een verminderde lichamelijke 
belastbaarheid. 

In de tweede patiënt studie werd de Tracmor gebruikt om de mogelijke voordelen 
van tweekamerige pacemakers ten opzichte van éénkamerige pacemakers op het 
dagelijkse activiteitenniveau te bepalen bij 6 mannen met een volledig atriaventriculair 
block. De resultaten toonden aan dat de extra kosten en de complexiteit van tweekamenge 
pacemakers alleen gerechtvaardigd worden door een toename in dagelijkse activiteit bij 
personen met een relatief actieve levensstijl. 

Hoewel de in dit proefschrift beschreven onderzoeken de exacte relatie tussen 
geregistreerde beweging (Tracmor output) en energiegebruik niet kunnen verklaren, tonen 
ze wel aan dat de Tracmor een aanzienlijke bijdrage heeft geleverd op het gebied van het 
meten van activiteit. Gelet op kosten, betrouwbaarheid, gebruiksgemak en algemene 
toepasbaarheid, is de Tracmor superieur ten opzichte van andere in de literatuur 
beschreven meetmethoden voor dagelijkse lichamelijke activiteit. De Tracmor kan een 
waardevol hulpmiddel zijn bij wetenschappelijk onderzoek, voor bepaling van de respons 
op behandelingsmethoden en activiteitsinterventies en voor diagnostische doeleinden. 
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Stellingen 

behorende bij het proefschrift 

Assessment of daily physical activity by registration of body movement 

1. Bij het meten van lichamelijke activiteit onder dagelijkse leefomstandigheden 
dient een compromis te worden gesloten tussen wat theoretisch wenselijk is en 
wat praktisch mogelijk is. 

- Dit proefschrift 
- R.E. Laporteet al., Public Health Reports 100, 131-146, 1985. 

2. De suggestie dat de Caltrac de benodigde calorieën voor lichaamsbeweging 

bepaalt is onjuist. 

- Dit proefschrift, hoofdstuk 5. 
- M.S. Bray et al., Med. Sci. Sports Exerc. 26, 1524-1530, 1994. 

3. Een overmaat aan lichamelijke activiteit bij vrouwen met anorexia nervosa treedt 
alleen op indien de lichamelijke belastbaarheid dit toelaat. 

-Dit proefschrift, hoofdstuk 7. 

4. Implantatie van geavanceerde pacemakers die zowel atrium als ventrikel 
stimuleren leidt slechts tot een toename van de dagelijkse lichamelijke activiteit 
bij pacemaker-patiënten met een reeds actieve leefstijl. 

- Dit proefschrift, hoofdstuk 8. 
- L. Jordaens et al., Jpn. Heart J. 29, 35-44, 1988. 

5. De huidige kennis van het functioneren van het menselijk lichaam is ontoereikend 
voor een volledige onderbouwing van de relatie tussen lichaamsbeweging en 
energiegebruik. 

- Dit proefschrift, hoofdstuk 9. 

6. Bij multidisciplinair onderzoek op het grensvlak van de (bio)mechanica en de 
fysiologie is het zaak dat de verschillende disciplines, naast het eigen jargon, een 
gemeenschappelijke taal ontwikkelen waarin ze tot éénduidige begripsdefinities 
komen. 



7. Onder het mom van "iets is beter dan niets" stellen veel onderzoekers zich bij hun 
experimentele werk tevreden met slecht gevalideerde meettechnieken. 

- P.J.D. Drenth, Inleiding in de Testtheorie, 1985. 

8. Het in de sport toegepaste principe van aftrainen dient ook in de arbeidssituatie 
ingevoerd te worden. 

9. Het gebruik van CD-i ter stimulering van lichamelijke activiteit bij ouderen, zoals 
voorgesteld in het nationale programma 'Active Living', werkt voor deze 
bevolkingsgroep drempelverhogend. 

- Expert Meeting Nederland in Beweging, Papendal, 28 maart 1995. 

10. De door technologen gehanteerde term 'soft' voor andere dan de eigen discipline 
getuigt van een misplaatst superioriteitsgevoel. 

11 . Huppelen is een emotie. 

Carlijn Bouten 
Eindhoven, 8 september 1995. 




