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Review

Physical Activity Assessment With
Accelerometers: An Evaluation Against Doubly

Labeled Water

Guy Plasqui,* and Klaas R. Westerterpt

Abstract

PLASQUI, GUY, AND KLAAS R. WESTERTERP.
Physical activity assessment with accelerometers: an
evaluation against doubly labeled water. Obesity. 2007;15:
2371-2379.

This review focuses on the ability of different accelerome-
ters to assess daily physical activity as compared with the
doubly labeled water (DLW) technique, which is considered
the gold standard for measuring energy expenditure under
free-living conditions. The PubMed Central database (U.S.
NIH free digital archive of biomedical and life sciences
journal literature) was searched using the following key
words: doubly or double labeled or labeled water in com-
bination with accelerometer, accelerometry, motion sensor,
or activity monitor. In total, 41 articles were identified, and
screening the articles’ references resulted in one extra arti-
cle. Of these, 28 contained sufficient and new data. Eight
different accelerometers were identified: 3 uniaxial (the
Lifecorder, the Caltrac, and the CSA/MTI/Actigraph), one
biaxial (the Actiwatch AW16), 2 triaxial (the Tritrac-R3D
and the Tracmor), one device based on two position sensors
and two motion sensors (ActiReg), and the foot-ground
contact pedometer. Many studies showed poor results. Only
a few mentioned partial correlations for accelerometer
counts or the increase in R? caused by the accelerometer.
The correlation between the two methods was often driven
by subject characteristics such as body weight. In addition,
standard errors or limits of agreement were often large or
not presented. The CSA/MTI/Actigraph and the Tracmor
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were the two most extensively validated accelerometers.
The best results were found for the Tracmor; however, this
accelerometer is not yet commercially available. Of those
commercially available, only the CSA/MTI/Actigraph has
been proven to correlate reasonably with DLW-derived
energy expenditure.

Key words: physical activity, calorimetry, isotope, en-
ergy expenditure

Introduction

A sedentary lifestyle, often adopted during adolescence
and continued in adulthood, is a major concern for public
health. Whereas at the age of nine, 97% of children of a
European population meet the activity recommendations,
only 82% of the boys and 62% of the girls meet these
recommendations at the age of 15 (1). Individuals who are
regularly physically active enjoy better health and have a
greater degree of independence than those who are seden-
tary (2). Low levels of physical activity are associated with
several diseases, such as cardiovascular disease (3,4), dia-
betes mellitus type II (5-8), osteoporosis (9,10), obesity
(11-13), and some cancers such as colon or breast cancer
(14). The dramatic increase in the prevalence of overweight
and obesity over the past decades (15-17) is related to, and
often ascribed to, lower levels of physical activity (13).

Physical activity (PA)' can be defined as body move-
ment, produced by skeletal muscles, resulting in energy
expenditure (18). It is a complex behavior, including sports
as well as non-sports activities. Sports are often planned,
structured, and repetitive, with the objective of improving or
maintaining physical fitness (18), whereas non-sports activ-
ities can be subdivided into different categories such as
occupational, leisure-time, and household activities but also

! Nonstandard abbreviations: PA, physical activity; DLW, doubly labeled water; PAL, PA
level; TEE, total energy expenditure; BMR, basal metabolic rate; SMR, sleeping metabolic
rate; AEE, activity-related energy expenditure; EE, energy expenditure; BM, body mass;
FFM, fat free mass; FM, fat mass; RMR, resting metabolic rate.
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personal care and transportation. From this definition, it is
clear that PA has an impact on energy expenditure, and the
extent to which body movement leads to energy expenditure
is dependent on body size and body composition.

The complex nature of PA makes it difficult to accurately
measure all of its aspects and assess the impact on outcome
parameters, such as energy expenditure. Different measur-
ing techniques available can be grouped into five categories:
behavioral observation, self-report (questionnaires and ac-
tivity diaries), physiological markers (heart rate, body tem-
perature, ventilation), motion sensors (pedometers, acceler-
ometers), and indirect calorimetry (19-21). Ideally, PA
should be assessed during daily life, over periods long
enough to be representative of the habitual activity level and
with minimal discomfort to the subject. Furthermore, it is
important to identify PA patterns (frequency, duration, in-
tensity) as well as activity-related energy expenditure.

This review will focus on the ability of different accel-
erometers to assess daily PA as compared with the doubly
labeled water (DLW) technique, which is considered the
gold standard for measuring energy expenditure under free-
living conditions.

Activity-related Energy Expenditure and the PA Level
(PAL)

By combining a measurement of total energy expenditure
(TEE) by means of DLW with basal metabolic rate (BMR)
by a ventilated hood [or sleeping metabolic rate (SMR)with
a respiration chamber], activity-related energy expenditure
(AEE) can be calculated as: AEE = (0.9 X TEE) — BMR.
This calculation assumes diet-induced thermogenesis to be
10% of TEE. Another common way to convert energy
expenditure to the PAL is the expression of TEE as a
multiple of BMR, PAL = TEE X BMR '

Since the DLW technique is expensive, this method is
used most often in small study populations. Furthermore,
this technique provides an accurate measure of TEE, but no
information on PA patterns in terms of frequency, duration,
and intensity is available. It is, however, the only method
available to accurately measure TEE under free-living con-
ditions and is, therefore, considered to be the gold standard
for the measurement of energy expenditure (EE) during
daily life.

Accelerometry

Motion sensors are probably the oldest tools available to
measure body movement or PA. They have evolved from
mechanical pedometers to electronic uniaxial and triaxial
accelerometers. The first pedometer was probably invented
by Leonardo da Vinci, ~500 years ago (22). It was designed
to count steps by responding to vertical acceleration, mov-
ing a lever arm up and down, resulting in rotation of a gear.
Another mechanical motion sensor, the actometer, was de-
veloped by Schulman and Reisman (23). They used a mod-
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ified wristwatch to transform vertical accelerations into
rotation of an internal rotor. Movement of the rotor is then
registered as a change in position of the clock hands, and the
resulting change in time displayed is used as the activity
measure (24). In the 1970s, the electronic large-scale inte-
grated motor activity monitor was developed (25). The
device is slightly larger than a wristwatch and can be worn
at various body locations. The sensor consists of a cylinder
containing a ball of mercury. Tilting of the instrument
causes the ball of mercury to roll down the cylinder, making
contact with a mercury switch at the end of the cylinder. The
number of closures of the mercury switch is recorded and
used as a measure of PA (25).

Currently, several electronic pedometers are commer-
cially available (26). Pedometers can be used to count steps
and, when the step length is known, walking distance and
thus provide information about total walking and/or running
activity. Since only the total amount of steps is monitored,
there is no information on frequency, duration, and intensity
of PA (27). Because of the complex nature of different
activities in daily life, the applicability of pedometers to
assess free-living activity is limited.

Accelerometers are electronic motion sensors that consist
of piezo-resistive or piezo-electric sensors. Piezo-resistive
accelerometers respond to accelerations by a change in
resistance of silicon resistors, which is then transformed to
a voltage proportional to the amplitude and frequency of the
acceleration of the small mass in the sensor. Piezo-resistive
accelerometers require an external power source and also
respond to a constant acceleration such as gravity (28).
Piezo-electric accelerometers generate an electric charge in
response to a mechanical force, thus, acceleration (28).
They do not respond to constant acceleration, and their
major advantage is that no power supply is required, except
for data storage, resulting in a considerable reduction in size
and weight of the device.

Over the past decades, advances in technology have re-
sulted in the development of small and light instruments that
are able to collect data at a high-frequency and store minute-
by-minute data over several days or weeks. Uniaxial accel-
erometers measure accelerations in one direction, usually in
the vertical plane, whereas triaxial accelerometers measure
accelerations in the anteroposterior, mediolateral, and ver-
tical direction. With the wide range of activities a subject
can perform, triaxial accelerometers provide more informa-
tion and show a better relationship to AEE than uniaxial
(29).

Ideally, an accelerometer should be small, light, unobtru-
sive, sensitive within the right frequencies and amplitudes,
and able to store data over long periods of time. The size of
the device is important in order not to interfere with normal
daily activity patterns. Bouten et al. have summarized the
frequency and amplitude range required to accurately mea-
sure human movement (28). For accelerometers placed at
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waist level, a frequency band between 0.3 and 3.5 Hz and an
amplitude range of —6 g to 6 g should suffice to capture
daily PA. Within these ranges, accelerations during low-
intensity activities, such as sedentary activities or walking,
as well as high-intensity activities or exercise, such as
running and jumping, can be measured (28). Low- and
high-pass filters can be used to eliminate those frequencies
that are unlikely to arise from human movement, such as
high frequencies due to transportation.

To test the capability of accelerometers to predict EE,
validation against indirect calorimetry is necessary. Many
accelerometers have been tested under laboratory conditions
during standardized activities (29-34), in field settings
against portable calorimeters (35,36), or in the controlled
environment of a whole room calorimeter (37-39). Most
accelerometers show good to very good correlations (r =
0.74 to 0.95) with EE during walking and running on a
treadmill or with other defined activities (29,31-34). An
increasing number of accelerometers have also been vali-
dated against DLW under unconfined conditions in daily
life. The purpose of this review is to compare the ability of
the different accelerometers to accurately assess daily PA.

Research Methods and Procedures

The PubMed Central database (U.S. NIH free digital
archive of biomedical and life sciences journal literature)
was searched using the following key words: doubly or
double labeled or labeled water in combination with accel-
erometer, accelerometry, motion sensor, or activity monitor.
In total, 41 articles were identified, and screening the arti-
cles’ references resulted in one extra article. One article was
excluded because it was written in French (40), and 13 more
articles were excluded because they contained no data about
accelerometry or DLW, contained no new data, or the
primary aim was not to compare both methods and, hence,
no correlations or mean differences between methods were
provided (19,41-52).

Results

Eight different accelerometers were identified, three uni-
axial, one biaxial, two triaxial, a device based on two
position sensors and two motion sensors (ActiReg), and a
foot-ground contact pedometer. The Lifecorder (Suzuken
Co., Japan) is a uniaxial accelerometer (62 X 46 X 26 mm;
42 g) detecting accelerations along the vertical axis. Before
use, the accelerometer is programmed with age, gender,
height, and body weight, and PA is expressed as the energy
spent on activity in kilocalories (53). The Actigraph/CSA/
MTI (first known as CSA, Computer Science Applications
model 7164; later known as MTI, Manufacturing Technol-
ogy Inc., Fort Walton Beach, FL; now known as Actigraph,
Health One Technology, Fort Walton Beach, FL) is a small,
lightweight, uniaxial accelerometer detecting accelerations

from 0.05 to 2 g (54). The Caltrac (Muscle Dynamics
Fitness network, Torrance, CA) is a uniaxial accelerometer
that has a ceramic piezo-electric transducer that detects
vertical displacement. The signal is translated into a total
activity energy count per day (55). The Actiwatch AW16
(Minimitter Co., Inc.) is a small (28 X 27 X 10 mm),
lightweight (16 g), biaxial accelerometer (56). Activity is
measured by means of a piezo-electric accelerometer that is
set up to record the integration of intensity, amount, and
duration of movement (56). The Tritrac-R3D (Professional
Products, Madison, WI) is a triaxial accelerometer provid-
ing minute-by-minute activity counts for the anteroposterior
(X), mediolateral (Y), and vertical (Z) direction, as well as
the vector magnitude calculated as \/(X* + Y + Z?) (57).
The Tracmor (Philips Research, Eindhoven, The Nether-
lands) is a triaxial accelerometer containing three uniaxial
piezo-electric accelerometers. It measures 72 X 26 X 7 mm
and weighs 22 g (battery included). Accelerometer output
(counts) represents the rectified and integrated acceleration
signal, stored minute by minute for each axis, X (mediolat-
eral), Y (longitudinal or vertical), and Z (anteroposterior),
separately (58). The Tracmor is not yet commercially avail-
able. The ActiReg (PreMed AS, Oslo, Norway) has two
body position sensors (tilt switches) and two motion sensors
connected by cables to a battery-operated storage unit (85 X
45 X 15 mm, 60 g) that is fixed to an elastic belt worn
around the waist. Energy expenditure is calculated from the
identification of different body positions and motions mul-
tiplied by literature values for the energy costs of different
activities (59). The foot-ground contact pedometer (Fitsense
Technology Inc., Southboro, MA) is a small electronic
device (~5.8 cm X 7.6 cm X 6.4 cm; 56 g) that fits into a
cloth pouch mounted to the outside of the boot or shoe
through the shoelaces. The monitor measures the foot-
ground contact time and classifies activities as run, walk,
non-exercise activity, or no activity by the pattern of the
foot-ground contact waveforms (60).

Table 1 summarizes the results of all of the identified
studies. For every study, the dependent and independent
variables are given, as well as correlations and partial cor-
relations when provided. Some studies only mentioned
mean differences between DLW-derived EE and calculated
EE based on the activity monitor and subjects’ characteris-
tics. For two studies, the increase in R caused by the activity
counts is mentioned.

Discussion

The advantage of accelerometry is that it can provide
information about the total amount, the frequency, the in-
tensity, and the duration of PA in daily life. The advantage
of DLW is that it is the only technique available to accu-
rately measure EE in daily life over longer periods of time.
Ideally, the combination of both methods should be used to
gain further insight into the level of PA. However, given the
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high cost of DLW, the combination of DLW with acceler-
ometry is not always possible and is rarely used for large
study populations. Many studies, therefore, have been
aimed at developing prediction equations, based on accel-
erometry and subject characteristics, to predict DLW-de-
rived EE measures. When comparing the validity of differ-
ent accelerometers, some considerations should be made.
First, when multiple regression is used with subject charac-
teristics and activity counts, many studies do not mention
partial correlations for activity counts or the increase in R*
caused by the activity counts. For example, in the study of
Rafamantanantsoa et al. (53), the accelerometer predicted
TEE of 69% (R = 0.83, Table 1), while the calculation of
TEE from the accelerometer was based on age, sex, height,
body mass (BM), and activity counts and no data on the
contribution of the activity counts were available. Studies
using the Caltrac have the same shortcoming and should,
therefore, be interpreted with care. A validation study of the
Caltrac using a respiration chamber showed that Caltrac-
estimated EE was, and Caltrac counts only were not, cor-
related with chamber-assessed EE, r = 0.81 to 0.87 (p <
0.001) and r = 0.11 to 0.14 (not significant), respectively
(61). In comparison, in the study of Plasqui et al. (58), age,
BM, and height alone already explained 64%, and the
accelerometer (Tracmor) added 19% of the variation in
TEE. Second, some studies only present the mean differ-
ence between methods after EE has been calculated using
subject characteristics and accelerometer output. Again,
there is no information available about whether or not the
accelerometer output significantly contributed to the predic-
tion equation. Third, to have some idea about the ability of
the accelerometer to predict individual EE rather than EE on
a group level only, standard errors (when using regression
analysis) or limits of agreement (when using mean differ-
ences) should be presented. Fourth, various methods can be
applied to correct EE for body size and composition. The
simplest method is the use of ratios such as the PAL
(TEE X BMR ™). Theoretically, the use of ratios is justified
only when the regression line of the numerator vs. the
denominator has a zero intercept. If not, the impact of a
non-zero intercept is bigger at the lower range of EE. The
same problem occurs when trying to correct AEE for BM or
body composition. Many authors use AEE X BM ™! as a
measure of PA. Prentice et al. (62) suggested using BM to
the exponent of 0.5 rather than 1 as the denominator, since
not all activities have the same weight-bearing impact on
AEE. But they also emphasize that it is not recommended to
use this as a universal approach and that there is probably no
generally applicable adjustment factor. On the other hand,
Schoeller et al. concluded that dividing AEE by body
weight is an appropriate means of comparing the volume of
PA among individuals of different body size (63). They
correlated AEE, as measured during strictly standardized
light activities, with BM, fat free mass (FFM), fat mass
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(FM), and resting metabolic rate (RMR) and found the best
correlations, as well as a zero intercept, for BM. This is
perhaps not surprising because 1) when AEE is used as the
dependent variable, RMR is already removed from TEE;
and 2) FFM is the major determinant of RMR, but once PA
is performed, the effect of FM in addition to that of FFM
becomes larger since FM can then be considered as extra
weight to be moved. As BM includes both FFM and FM,
BM was found to be a better predictor of AEE then either of
the components separately. Multiple regression with both
FFM and FM, however, might have resulted in an even
better correlation, since both contribute to AEE to a differ-
ent extent (58). Therefore, the use of regression analysis is
probably the most appropriate approach. Both BM and
gender or, when data on body composition are available,
both FM and FFM can be entered as independent variables.
Finally, methodological differences in the study designs
could affect the outcomes. The location of the monitor on
the body varies. The observation period of the accelerom-
eter and DLW should always coincide. There might also be
differences in the standard operating procedure for DLW
among laboratories. Basal or sleeping metabolic rate can be
measured or calculated. The level of PA, as well as the
range in PALs, differ among populations and can influence
the results. For example, in the study of Arvidsson et al., the
EE assessed using the ActiReg shows good agreement with
DLW, but the authors correctly conclude that this applies to
a population with a low PAL (i.e., patients with chronic
obstructive pulmonary disease, average PAL 1.51) (64).
Another study with the ActiReg in female students with
higher PALs (average PAL 1.71) showed much poorer
results (59). All of these factors complicate the comparison
among studies and different accelerometers and should be
taken into account when interpreting the results presented in
Table 1.

Of the uniaxial accelerometers, the Actigraph or CSA/
MTT is the only commercially available accelerometer that
has repeatedly been shown to significantly correlate with
DLW-derived EE. Actiwatch counts did not significantly
correlate with TEE. None of the studies using the Caltrac
showed good correlations for activity counts and EE, and
high mean differences were reported between measured and
calculated EE. No partial correlations for activity counts
were mentioned for the Lifecorder, but one study showed a
significant increase in R when time spent in high-intensity
exercise, as determined by the accelerometer, was used. The
Tritrac-R3D did not correlate with AEE in a small sample of
13 women, but the lack of significance might be due to the
small sample size and the fact that no correction for body
size was made. Another study, using the Tritrac-R3D in a
group of children, showed significant correlations between
PAL and activity counts when either the total vector, the
Y-axis, or the Z-axis was used. The only other triaxial
accelerometer validated is the Tracmor. Correlations be-
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tween activity counts and EE for various versions of this
accelerometer range between 0.63 and 0.80.

Ideally, prediction equations should also be validated in a
cross-validation group. Because of the low number of sub-
jects in most studies, however, a problem inherent to the use
of DLW, this is usually not possible.

Recently, devices other than standard accelerometers
have been developed, such as the ActiReg (59) and the
Intelligent Device for Energy Expenditure and Activity
(65,606), that use multiple sensors to assess both body pos-
ture and body movement, which are then translated into EE.
The ActiReg-calculated TEE did not significantly differ
from DLW-measured TEE on a group level, but the indi-
vidual variation in the difference between both methods was
large. Furthermore, the ActiReg underestimated TEE to a
greater extent at higher levels of EE (>11 MJ/d) (59). The
Intelligent Device for Energy Expenditure and Activity
showed good results under laboratory conditions but has not
been validated against DLW. These devices require multi-
ple sensors to be attached to the body and have a relatively
large data acquisition unit, thereby diminishing wearing
comfort. So far, they have not been proven to be superior in
the estimation of EE to simpler accelerometers, and further
research is required to determine their effectiveness as a
measure of daily life EE. The foot-ground contact pedom-
eter is also accelerometry-based but uses a different ap-
proach than standard accelerometers. It derives TEE from
calculated BMR and the metabolic cost of locomotion,
calculated from the foot-ground contact time and total sub-
ject weight (body weight + load) (60,67). The mean differ-
ence between the monitor and DLW was fairly low, but the
limits of agreement were large.

In summary, from Table 1 it is clear that the CSA/MTI
and the Tracmor are the two most extensively validated
accelerometers. The best results were found for the Trac-
mor; however, this accelerometer is not yet commercially
available. Of those commercially available, only the CSA/
MTT has been proven to correlate reasonably with DLW-
derived EE. Future validation studies might consider the
issues mentioned in the discussion as a guideline and pro-
vide as much information as possible on the actual contri-
bution of the accelerometer counts to the prediction of EE.
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