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ABSTRACT

BOUTEN, C. V., K. R. WESTERTERP, M. VERDUIN, and J. D.
JANSSEN. Assessment of energy expenditure for physical activity
using a triaxial accelerometer. Med. Sci. Sports Exerc., Vol, 26, No. 12,
pp. 1516~1523, 1994. A triaxial accelerometer was used to evaluate
the relationship between energy expenditure due to physical activity
(EE,) and body acceleration during different types of activity, In a
laboratory experiment, 11 male subjects performed sedentary activities
and walked on a motor driven treadmill (3-7 kmh™Y, EE,., was
calculated from total cnergy expenditure (EE,,), as measured by
indirect calorimetry, and sleeping metabolic rate (SMR): EE,, = EE,,
— SMR. Body accelerations were measured with a triaxial accelerom-
eter at the low back. Special attention was paid to the analysis of
unidirectional and three-directional accelerometer output. During sed-
entary activities a linear relationship between EE,, and the sum of the
integrals of the absolute value of accelerometer output from all three
measurement directions (IAA,,,) was found (r=082,pP< 0.001, S
=0.22 Wkg™). During walking EE,, was highly correlated with t{f;
integral of absolute accelerometer output in antero-posterior direction
(IAAG =096, P <0.001,S,, = 0.53 Wkg™), When all examined
activities were included in a regression analysis, a strong linear rela-
tionship between EE,, and IAA,, was found (r=095p< 0.001
Syx = 0.70 Wkg™). Using this relationship, EE, during sedentar};
activities as well as EE,, 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 IAA ,—to predict
EE,, in daily life must be studied under free-living conditions,
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he assessment of physical activity in free-living
subjects is central to a complete understanding_of
the relationship between daily physical activity
and health (5,21). Therefore, a wide range of methods for
the measurement of physical activity has been developed,
including questionnaires, diary techniques, heart rate re-
cording, doubly labeled water, and mechanical or elec'-
fronic motion sensors. All of these methods have their
own benefits and limitations under normal daily COI}dI'
tions and focus on physical activity from different points
of view (12,17). In this study physical activity is regarded
as body movement, produced by skeletal muscles and
resulting in energy expenditure (7). .
In the last decade there has been a growing interest It
the assessment of daily physical activity using electr9ﬂlc
accelerometers (12,14,16). These motion sensors registe!
accelerations and decelerations of the body and, in ¥
way, provide an objective and direct measure of .thi
frequency and intensity of movements during physic2
activity. Data from studies on gait analysis and ergonoa
ics have demonstrated a linear relationship betweel thg
integral of the absolute value of body acceleration &0
OXygen consumption or energy expenditure (6’8’1%’1926’
initiating the development of accelerometers to esumal
eniergy expenditure during physical activity. Wong €t Z
(30) developed a uniaxial accelerometer that could b
Worn on the waist and measured accelerations along the
vertical axis of the trunk. In this device absolute acfieé
eration curves were integrated and summed for the tlmr
it was worn, A correlation of 0.74 between acceleron}etfs
output and 0Xygen consumption was reported in subJe¢
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performing different exercises under laboratory conditions
(16). In free-living subjects, a correlation of 0.87 between
accelerometer readings and total daily energy expenditure,
as determined with doubly labeled water over a 10-d period,
was found (10). Meijer et al. (15) developed a portable
accelerometer device with a triaxial sensor. Acceleration
signals from all directions were summed, rectified and in-
tegrated over time intervals of 1 min. Validation against
doubly labeled water during a 7-d period showed a corre-
lation of 0.88 between accelerometer output and the meta-
bolic cost of physical activity (13).

Although significant correlations between energy ex-
penditure and accelerometer readings are found in labo-
ratory studies and under free-living conditions, the rela-
tionship between these parameters using uniaxial
accelerometers varies between different types of activity
(23). It is not known whether this is the same in triaxial
accelerometers. Furthermore, considering the basic laws
of physics, the linearity of the relationship is unclear. The
integral of the absolute value of acceleration, though not
mathematically representing velocity, may be expressed
in units of velocity (m-s™'). The mechanical energy re-
quired to accelerate a frictionless body with mass m,, to
velocity v is Yamyv*. Since mechanical energy estimates
are directly related to the metabolic energy cost of move-
ment (29), it can be argued that the relationship between
energy expenditure and the integral of absolute acceler-
ometer output—expressed in units of velocity—is qua-
dratic rather than linear (Appendix A: A11-Al5).

The primary aim of the present study was to evaluate the
relationship between body acceleration and energy expen-
d.iture due to physical activity (EE,.) during sedentary ac-
tivities and walking. EE,_, was calculated as total energy
txpenditure (EE,,,) minus sleeping metabolic rate (SMR), a
Mmeasure that is frequently used for expressing physical
activity. Body accelerations were measured with a triaxial
dccelerometer, developed at the Department of Mechanical
Engineering of the Eindhoven University of Technology.

is accelerometer is based on three orthogonally mounted
Uniaxial accelerometers, to investigate the relative contribu-
lion of different measurement directions to the estimation of
EE, . Acceleration signals were analyzed in different' ways
© find the most accurate and practical data acquisition
technique for the assessment of physical activity under
fr<‘a€>-living conditions.

METHODS
Subjects

_ Eleven healthy male subjects, who all gave writien
formed consent, participated in the study. P hysical
Chatacteristics of the subjects (mean, SD, range) are
Presented in Table 1.
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TABLE 1. Subject characteristics (W = 11).

Mean SD Range
Agp {yr) 235 1.8 21-27
Height (m) 1.83 0.07 1.68-1.96
Body mass (kg) 68.6 99 46.8-80.5
Body mass index (kg - m~2) 205 1.9 16.6-23.1

Experimental Protocol

The relationship between accelerometry and energy
expenditure was evaluated during sedentary activities
and walking. These activities were chosen for their re-
semblance with normal daily activities. Together they
represent the major part of normal daily physical activity
in present Western society (1,18). Experiments were per-
formed in the early morning or afternoon, and subjects
were allowed to have a light meal before the measure-
ments.

After sitting relaxed for about 15 min to reach stabi-
lized oxygen consumption, subjects performed the fol-
lowing activities for 3 min each: 1) sitting relaxed, 2)
sitting and writing, 3) sitting with arm work, 4) alter-
nately sitting and standing for 10 s each, and 5-9) walk-
ing at five different speeds (3, 4, 5, 6, 7 kmh™") on a
motor driven 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 footwear on acceleration
levels, all subjects wore sneakers. During the activities
continuous measurements of EE,;, and analog acceler-
ometer output were made. In a separate experiment SMR
was measured, permitting the calculation of EE,,.

Energy Expenditure

EE,,, was calculated according to Weir (27)‘ from O,
consumption and CO, production, measured with an au-
tomated respiratory gas analyzer (Oxyconb.eta, Mijn-
hardt). EE,,, was calculated over the.last min of each
activity stage when oxygen consumption had reachgd a
steady state. SMR was determined during an ovprmght
stay in a respiration chamber (22? over a 3-h interval
between 2:00 a.m. and 7:00 a.m. Wlth the lowest level of
physical activity, as indicatgd with Doppler_ radar. The
energy compartment EE,q minus SMR consists of EE,,
and diet induced thermogenesis. As the experiments were

erformed at a standardized time ir}terval after breakfast
or lunch (1.5-2 h), the thermoggmc effect of food was
assumed to show only little vapance betyveen subjects
(24,28). Therefore, all variance in EE, minus SMR was
ascribed to differences in EEm: To normalize the effect
of body mass on energy expenditure EE, . was expressed

as Wkg ™.
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Figure 1—Schematic illustration of the triaxial accelerometer (rear
view). Three piezoresistive accelerometers (%, ¥, and z) are mounted
orthogonally on a lightweight cube (A). This cube is connected 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.

Measurement of Acceleration

The triaxial accelerometer (TA) consisted of three uni-
axial piezoresistive accelerometers (ICSensors, type
3031~-010; size: 4 X 4 X 3 mm; weight: 0.3 g; range:
*10 g; frequency response: 0~600 Hz, fo: 1200 Hz)
mounted orthogonally onto a 12X12x12 mm light-
weight 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 accelera-
tions, usually smaller than 6 g (4) and with frequencies
below 20 Hz (2,25). Transverse sensitivity of the accel-
erometers was less than 3%. Calibration of the Separate
accelerometers in the TA was performed by the so-called
“turnover technique’’: due to the DC response of pi-
ezoresistive accelerometers, differences in accelerometer
output up to 2 g were produced by altering the orientation
of the TA with respect to the gravitational vector of the
earth.

The TA was placed on a plate with two slits for an
elastic waist belt (Fig. 1). With this belt the TA was
attached to the low back. Accelerations were measured in
a body fixed system of reference with measurement -
rections in antero-posterior (x), medio-latera] (y), and
vertical (z) direction. Bridge amplifiers and batteriés for
the three piezoresistive accelerometers were carried in
separate units (200 g and 310 & respectively) on both
hips. Connections between the TA and the separate parts
were established via a 12-conductor shielded cabie Am-
plifier gains were adjusted to produce an output. of 1
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V-g~* for each measurement direction. After the sensor
was placed in position on the low back, accelerometer
output was set to zero with the subject standing motion-
less. Using a flexible cable leading from the amplifier
unit to a four-channel FM data recorder (Tandberg, type
TIR 115), accelerations from all three directions were
continuously recorded and stored on tape for further
analysis.

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 low-
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. Subse-
quently, base line shifts in accelerometer output due to
changes in DC response were eliminated from the sig-
nals. Corrected and filtered acceleration signals from 2
30-s interval at the end of each activity stage were pro-
cessed to various accelerometer output variables. The
30-s interval was always started at a standardized mo-
ment of the activity stage, e.g., at heelstrike during walk-
ing.

Integrals of the absolute value of accelerometer output
from x, y, and z directions were obtained by rectification
and integration of the signals over the 30-s time interval
resulting in the variables IAA,, IAA,, and IAA,. The sum
of these variables was calculated to get [AA,,. To test the
hypothesis of a quadratic relationship between the inte-
gral of absolute accelerometer output and EE,,, the com-
puted variables were squared (IAA,2, IAA,2 IAA,% and
IAA,,2). The magnitude of the total acceleration vector
Wwas obtained by squaring the output from each acceler
ometer and extracting the square root of the sum of these
valu_es. Next, the integral of the magnitude of the accel-
eration vector (IAV) was computed. This variable WaS
Squared to obtain IAV2 The last processing method
mvolved the estimation of kinetic energy (KE, KEy,
KE,, KE,,) and power (P) due to the rate of change of
total kinetic energy at the point of attachment of the TA.
These variables are directly related to the metabolic &
C1gy cost of movement and might be used to describe'the
relationship between metabolic (EE,.) and mechamc
(acceleration) phenomena during physical activily- As
accelerometers measyre linear accelerations, only kine¢
energy due to translational motion could be calculated
_from accelerometer output. Acceleration signals W° re
Integrated over time, resulting in instantaneous Vel."m:)y'
}ZE Signals thus obtained were squared and rnultiPh";i tz

v» With m, representing the subject’s body mas*
calculate instantanegyg kinetic energy curves for eac
Mmeasurement direction, Summation of these curves Fe‘
sulted in total kinetic energy. By taking the time 4"
ative of the tota] energy curve, total instantaneous powe
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TABLE 2. Mean, SD, and range of energy expenditure due to physical activity (EE,,)
for separate activities (V = 11).

EE,q (W-kg™')

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~" 2.09 0.36 1,52-2.79
Walking, 4 km <h~? 2.53 0.40 2.02-3.19
Walking, 5 km +h~’ 3.31 0.42 2.59-3.90
Walking, 6 km - h~’ 4.69 0.55 3.66-5.53
Walking, 7 km-h~" 7.02 1.12 5.31-9.37

due to the rate of change of kinetic energy was obtained.
To correlate instantaneous energy and power curves
against EE,_, it is necessary to calculate mean values for
these parameters. This was done by integration 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
describing the accelerometer output variables may be
found in Appendix A.

Statistics

All accelerometer variables were used separately in a
simple regression analysis with EE,. 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
(8,,) were calculated for individual as well as pooled
data of all subjects.

RESULTS

. EE, . (mean, SD, and range) for each activity is shown
I Table 2,

During sedentary activities the highest correlations
Were found for the linear relationship between EE, and
IA_Atot- Individual correlations ranged from 0.71 to 0.99
With a mean of 0.91. The mean standard error of estimgtle
Was 0.12 Wekg ™!, with a range of 0.02-0.39 Wkg™ "
Using pooled data of all subjects the correlation between
EB,,, and IAA,, was 0.82 (P < 0.001, Sy, = 022

kg™). The contribution of the integral of absolute
Accelerometer output in X, y, and z direction to TIAA:
during the sedentary activities is illustrated in Figure 2.

uring walking the most accurate predictor o.f EEa.ct
a8 TAA, . In each subject a strong linear relatloqshlp
Petween EE,. and IAA, was found. The average indi-
Vdual correlation was 0.99 (range: 0.96-0.99). Mean
Idividyq| S, x was 0.29 Wkg™! (range: 0.06—0..88
kg™). A correlation of 0.96 was found for the entire
stoup (P < 0.001, S, ., = 0.53 Wkg™"). Figure 3 shows
the integral of the abgglute value of accelerometer output
™ X, 'y, and z direction during walking with different
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04
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sitting wriling arm work

Figure 2—Integral of the absolute value of accelerometer output
(IAA) in %, y, and z direction (mean and SD) during sedentary activ-

ities.

150

50 A

walking velocity (km.h-1)

lerometer output
i 3—Integral of the absolute value of acce " 0
flli%ein X, y,gand z direction (mean and SD) during walking at

different velocities.

velocities. Although IAA, was the best pre'dictor of EE,
for each velocity stage, the major .acce!eratlon component
during each stage was in the z dlrgctlon. .
IAA, and IAA,, were both highly correlated with
EE, ., when regression analysis was perfgrmed on data of
all thivities. Individual correlations varied between 0.97
and 0.99 for EE, vs IAA, (015 = S,, = 0.72, mean
S.. =039 Wkg™"). For EE, Vs IAA,,, correlations
o o from 0.96 £0 0.9 (0.07 = S,., = 0.64 mean S,
= 0.30 Wkg™!). Correlations for the entlre_glroup were
0.97 for IAA, (P < 0.001, Syx = 051 W~kg_1 ) and 035
for JAA, (P < 0.001, S,x = 0.70 Wkg™'). As 151 i-
vidual calibration adds little to the accuracy fo.r predict-
ing BE,, from IAA, or IAAm‘,.ponol‘ed regressxonF equa;i
tions can be used to estimate individual EE,. For a
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Figure 4—Scatter plot for energy expenditure due to physical activity
(EE,y) vs the integral of the absolute value of accelerometer output in
antero-posterior direction (IAA,) of the pooled data of 11 subjects
during sedentary activities and walking. Separate regression lines for
the relationship between EE,, and IAA, are shown for sedentary
activities (dotted line, r = 0.76, Sy« = 0.24 Wkeg™"), for walking (solid
line, r = 0.96, S,x = 0.53 Wkg™), and for all activities together
(dashed line, v = 097, S, , = 0.51 W-kg™").

activities together these regression equations are given
by:
EEyq = —~0.176 + 0.0851AA, o)

EE, = 0.104 + 0.0231AAtot, ©)

Comparison between measured and estimated EE
showed that equation 1 underestimated individual EE,,
during sitting, writing, and arm work by 35-140%, while
EE, ., during sitting down/standing up was overestimated
by 70%. On the average, EE,, for all sedentary activities
was underestimated by more than 60%. EE,. during
walking was estimated within 4% accuracy using regres-
sion equation 1. Figure 4 shows a scatter plot for EE, , vs
IAA, of the pooled data of all subjects and all activities,
Separate regression lines between EE,. and IAA, 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 aj]
activities is dominated by data obtained during walking,
When regression equation 2 was used, individual EE,
during sedentary activities as wel] as during walki;;fgt
could be predicted with an accuracy of about 15%. The
scatter plot and regression lines for EE, vs IAA,, are
shown in Figure 5. Here, more conformity between ER
vs IAA,, relationships for different activity COHditiO?‘lCSt
can be observed. Note that regression lines for walking
and all activities coincide.

With respect to the other accelerometer
only IAA2 was found to show a clear relationship with
EE,.. This variable was significantly correlateq with
EE, . during walking (r = 0.90, P < 0.001,S,, = 1,03
W-kg™"). However, no such relationship wasyfgund for

act

output variables
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- walking

EEact (W.kg-1)

O sedentary activitie

== altactivities

1AAtot

Figure 5—Pooled scatter plot and regression lines for energy expen
diture due to physical activity (EE, ) vs the sum of the integrals ol
absolute accelerometer output from three orthogonal measuremf:nl
directions (TAA,,,) during sedentary activities and walking. Regress_l(lm
line for sedentary activities: dotted line (r = 0.82, Sy« = 0.22 Wkg _1)'
Regression lines for walking (solid line, r = 0.88, Sy« =092 W-kg_l)
and for all activities together (dashed line, r = 0.95, Syx = 0.70 Wkg™)
coincide,

sedentary activities. Furthermore, prediction of EE, us-
ing IAA,* was less accurate than with IAA.,. Using both
IAA, and 1AA® in a multiple regression with Elzaact
during walking learned that the contribution of IAA, ?0
the estimation of EE,, was not significant (P = 0.204)1n
comparison with IAA, (P < 0.001).

No clear relationships between EE, ., and measures of
kinetic energy or power were discovered.

DISCUSSION

The present study was conducted to investigate the
relationship between EE,., and body acceleration, regis-
tered during sedentary activities and walking. Body &
celerations in three orthogonal directions were measure
at the low back and processed to various unidirectional
and three-directional accelerometer output variables. An-
glog acceleration signals were comparable in each sub-
Ject, although interindividual variations were 0bserve
due. to differences in performance of activity, especlal‘IfY
during sedentary activities (Fig. 2). Relatively large dit
ferences in BE,,, between individuals were found during
sedentary activities (Table 2). These differences might b?
explained by 1) the difficulty of measuring energy &
penditure at these low levels of activity, 2) variations n
energy expenditure corresponding to the aforemeptlonec '
variations in the leve] and performance of physical a‘s
tvity, and 3) the fact that diet induced thermogeneSI.
(DIT) was not considereq. Assuming DIT to vary hee
tween 7% and 149 of EE,,, in our subjects 24 t.V_
estimated effect of DIT on EE,, during sedentary actls
1ties ranges from 16% during sitting/standing 0 al{ﬂ? i
100% during sitting relaxed. However, using the ind™"!

ual relationships between EE,. and IAA,; for gedentary
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activities, 50-98% of the variance in EE, can be ex-
plained from accelerometer output (0.50 = r* < 0.98;
mean > = 0.83). Using pooled data of all subjects 67%
of the variance in EE, can be explained from acceler-
ometer output. During walking, interindividual differ-
ences in accelerometer output and EE,. were smaller,
resulting in stronger relationships between EE,. and
accelerometer output variables. Here, the estimated effect
of DIT on EE,., ranges from 8% during walking at 7
kmh™! to about 20% at 3 kmh™".

When pooled data of the 11 subjects were used to
predict EE,., for the separate sedentary activities and
walking velocities, the correlation coefficient between
EE,. and accelerometer output varied from 0.18 for
sitting relaxed to 0.57 for sitting with arm work (IAA,)
and from 0.48 for walking at 3 kmh™' to 0.71 for
walking at 7 km:h™' (IAA,). Thus, the accelerometer
output only explains 3-32% of the variance in EE,q
during the separate sedentary activities and 23-50% of
the variance in EE,, during the different walking veloc-
ities, implicating the low sensitivity of the method to
estimate differences in EE,, in the separate activities.

The best prediction of EE,., was obtained by integra-
tion of absolute accelerometer output. Our results did not
support the hypothesis of a quadratic relationship be-
tween EE,., and the integral of absolute accelerometer
output being superior to a linear relationship between
these variables. Also, EE,, could not be predicted from
measures of kinetic energy or power. Using a force
platform inside a whole-room indirect calorimeter, Sun
and Hill (25) found a strong linear relationship between
mechanical work, performed on the body center 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 mechanical energy due to rotation or work aga}I}St
gravity could not be calculated. In addition the initial
velocity of the body could not be accounted for in the
tstimation of kinetic energy from accelerometer out_put-

During sedentary activities the most accurate predictor
of EE,, was the sum of the integrals of absolute agcel-
tlometer output from all three measurement d.ire.CUOnS
IAA,). Tt is not surprising that the best prediction of

act Was obtained from a three-directional Var{able, as
Movements in three planes were incorporated in these
Aclivities. During walking the most accurate estimation
OfEE,, was achieved by integrating the absolute Yalue_ of
Unidirectiona] acceleration in antero-posterior direction
1AA). In earlier studies the integral of the absolute
Yalue of acceleration in vertical direction was used for Fhe
aSsessment of physical activity in exercises Jike walking
and running, because the major acceleration COn}pon.ent
Quring  thege activities is in the vertical direction
(9’23’30)- Although we agree that the major acce!eratgon
®mponent during walking is in the vertical (2) direction
(Flg_' 3), EE,., during walking is better Predl(fted usmg-

© integral of absolute accelerometer output in the &
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tero-posterior (x) direction. The relatively high acceler-
ometer output in the vertical 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, EE,,
might not be proportional to the integral of absolute
accelerometer output in vertical direction.

Figure 4 shows that different relationships between
EE,., and accelerometer output were found for the dif-
ferent types of activity performed, when EE, was cor-
related against the unidirectional variable IAA,. Similar
results were found when IAA, and IAA, were used in a
regression with EE, . These findings correspond with
Servais et al. (23), who report that calibration of a un-
iaxial accelerometer, measuring the integral of the abso-
lute value of vertical acceleration over a range of activ-
ities is different for each activity. The contribution of
movement, and hence acceleration, to separate measure-
ment directions varies for different activities. For in-
stance, in our experiments the major acceleration com-
ponent 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 relationships between EE,., and ac-
celerometer output for different activities using a uniaxial
accelerometer. When the three-directional variable
IAA,, was used to estimate EE,., more 81'mllar_1ty be-
tween EE,, Vs accelerometer output relatlonshlps for
sedentary activities and walking were obser'\{cd (Fig. 5).

To our knowledge the contribution of different mea-
surement directions to the estimation of EE, . was never
studied using one and the same accelerometer. Ayen and
Montoye (3) used three uniaxial accelerometers mounted
at right angles on the waist to determine whether energy
expenditure during a range of exercises was better esti-
mated with this simulated triax1a! af:celerometer than
with a single accelerometer. Their findings corrcspond to
our conclusions in that JAA, was a better'predlcm{ of
EE,. (r = 0.74) than IAA, (r = 0.65) during walking,
ing exercise. Also, the estimation of

running, and stepp1
energy expenditure using the output of three accelerom-

eters (r = 0.78) was better than that using any of the

jaxial accelerometers.
Uniixiﬁi aprese:nt study a correlation of 0.95 was found
petween EE, and IAA,, for the pooled data (?f all
subjects and all activities. The standard error of estimate
was 0.70 W-kg ™. This error is smaller than that rep~01rted
by Meijer et al. (15) who found a S, x0f 1.32 W-kg™ ' for
16 subjects (13 males, 3 femz?lgs.) over a range Qf seden-
tary, walking, and running activities using a triaxial accel-
crometer. However, in the study of Meijer et al., energy
expenditure Was systematically l}nde.rcstlmatejd .durmg run-
ning. As we did not include running in our activity protocol,
care should be taken in comparing the results.
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Our data demonstrate that the use of a triaxial accel-
erometer seems to be an appropriate technique to quan-
tify the multidirectional characteristics of human move-
ment in relation to energy expenditure during sedentary
activities and walking. A single regression equation be-
tween EE,, and the sum of the integrals of the absolute
value of acceleration from three orthogonal measurement
directions can be used to assess the metabolic cost of
these activities. Also, individually established relation-
ships for EE,, vs accelerometer output can be omitted as
a pooled regression equation using data of several sub-
jects can be used to estimate EE, in the individual.
Although sedentary activities and walking represent a large
part of normal daily physical activity (1,18), activities per-
formed under controlled laboratory conditions may differ
considerably from activities performed under free-living
conditions. The relationship between EE, and IAA,, 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 TA to estimate
energy expenditure during daily physical activity should be
studied in free-living subjects.

A shortcoming of accelerometers is the underestima-
tion of energy expenditure in activities that involve static
exercise. During static exercise the accelerometer output
is not proportional to the increase in EE, . Saris and
Binkhorst (20) and Verschuur and Kemper (26) state that
this is probably not a serious limitation under free living
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Appendix A. Integrals of the absolute value of accel-
erometer output in x, y, and z direction over a time
interval [t = 0, T] of 30 s, with a,, ay, and a, representing
measured accelerations in x, y, and z direction:

IAA, = | agdt (A1)
t=0

IAA, = | [ajldt (A2)
t=0

IAA, = | Jagdt (A3)
t=0

Sum of the integrals of absolute accelerometer output in
XY, and z direction:

IAA = IAA, + IAA, + 1AA, (A4)

Squared integrals of absolute accelerometer output in X,
¥, and z direction:

IAAZ=[ f JagJdt? (AS)
=0

(A6)

IAAZ=[ | [a e a7)
t=0
Sum. of squared integrals of absolute accelerometer out-
Putinx, y, and z direction:
8
IAAZ, = [AA2 + IAA? + TAA; (A8)

Integfal of the magnitude of the total acceleration vector:

A9
IAV=JT Ja2+al+ad (A9)
t=0

Squared integral of the magnitude of the total accelera-
tion vector:

IAVZ = f J2 +ay g i (A10)
t=0
Mean kinetic energies due to translation in x, y, and z
direction:
1(T1
KB, == | =myvidt (Al1)
T 2
t=0
: L v Al2
KEy = % Embvydt ( )
t=0
! ! 21 (A13)
= — =MV, 2z
KEZ T t=02 "

with m, representing body mass, and the instantaneous
velocities v,(t), vy(t), and v,(t) defined as:

velt) = ft ay(T)d7 + vt = 0)

=0

vy(t) = Jt a,(r)d7 + vy(t=0) (A14)
=0

v,(t) = Jt a{m)d7 + v,(t=0)

=0

where v (t = 0), vy(t = 0), and v,(t = 0) are considered

to be zero.
Mean total

1 1, 1 _1_ 2 p
KE(01=¥J70<5mex+§mey+zmb"z dt (A15)
t=

ange of total kinetic

kinetic energy due to translation:

Mean power due to the rate of ch
energy due t0 translational motion:

! d<1 2y L+ o2 |d (A16)
P=— |— —myVy T ZMbVy + EmbvZ t.
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