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 CURRENT
OPINION Reliable assessment of physical activity in disease:

an update on activity monitors
Klaas R. Westerterp

Purpose of review

Physical activity is the main determinant of variability of individual energy expenditure. Reliable
assessment of the activity level of an individual provides information on energy requirement and vital
health. Here, evidence is presented on the validity of methods to assess physical activity as applied in
health and disease.

Recent findings

Improvement of technology has resulted in a growing number of physical activity monitors to evaluate the
activity level of an individual. Outcome measures vary from raw data on body acceleration and posture to
activity levels derived from proprietary algorithms based on body acceleration combined with sensor
information on additional activity-induced physiological responses. Data interpretation is limited by
evidence-based studies on the value of measured parameters for the assessment of physical activity.

Summary

The optimal tool for reliable assessment of physical activity is an accelerometer providing a valid measure
of body movement. Overall validity is derived from studies using doubly labelled water-assessed activity-
induced energy as a reference. Thus, out of the large range of activity monitors, three came out with a
better validity. The ultimate tool is a single unobtrusive device allowing valid and long-term monitoring of
activity with regard to type and intensity.
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INTRODUCTION

Physical activity is an important determinant of
health and well-being. On the contrary, physical
activity is negatively affected by disease. Thus, assess-
ment of physical activity is important for
understanding relations between physical activity
and health and for determining the effectiveness of
interventions. As stated by a recent guide to the
assessment of physical activity, ‘deleterious health
consequencesof physical inactivity are vast, and they
are of paramount clinical and research importance.
Risk identification, benchmarks, efficacy, and evalu-
ationofphysicalactivitybehaviourchange initiatives
for clinicians and researchers all require a clear un-
derstanding of how to assess physical activity’ [1

&

].
Methods for the assessment of physical activity

have evolved from behavioural observation and self-
report through interviews, questionnaires, and
diaries, to physiologicalmarkers includingheart rate,
calorimetry, andmotion sensors. Thedoubly labelled
water method has become the gold standard for the
validation of methods of assessing physical activity

behaviour [2]. Physical activity is defined as ‘any
bodilymovements produced by skeletalmuscles that
result in energy expenditure’ [3]. Doubly labelled
water allows measuring total energy expenditure
(TEE) in unrestrained individuals over a time interval
of 1–4weeks [4]. In combinationwith ameasurement
of resting energy expenditure (REE), activity-induced
energy expenditure (AEE) can be calculated as
AEE¼0.9 TEE–REE. The calculation assumes that
diet-induced energy expenditure is a constant frac-
tion of 10%of TEE in individuals consuming amixed
diet and eating according to what they need [5].
Alternatively, physical activity can be calculated as
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thephysical activity index (PAI)¼TEE/REE.ThePAI is
a figure to compare physical activity, as derived from
energy expenditure, between individuals of different
size [6].Overall reliability of amethod to assess physi-
cal activity can be judgedwith doubly labelledwater-
assessed AEE or PAI as a reference.

Validation studies of methods for the assess-
ment of physical activity with doubly labelled water
as a criterion method have shown accelerometry to
be superior to self-report and heart rate monitoring.
With self-report, individuals easily overestimate or
underestimate activity intensity and the time spent
in activities. Heart rate is affected by more factors
than physical activity and data conversion to physi-
cal activity needs individual calibration against ox-
ygen consumption. Thus, heart rate monitoring
remains a proxy measure for physical activity.

Accelerometry is the most promising method to
objectively assess physical activity behaviour as a
reflection ofmetabolic health or determinant ofmet-
abolic risk. Critical output parameters include time
inactive, moderately active, and vigorously active.
Thepurposeof thecurrent reviewis toevaluate recent
evidenceonthevalidityofmonitors toassessphysical
activity behaviour as applied in health and disease.

ACTIVITY MONITORS: PRACTICAL
ASPECTS AND OUTCOME PARAMETERS

There is a large range of activity monitors from
pedometers and load transducers, for walking
activity, to accelerometers and multiple sensor sys-
tems, to monitor total physical activity. A reviewon
the validity of accelerometers and multiple sensor
systems in health and disease as published from
2000 to 2012 already included 40 different devices
[7

&

]. Aspects presented here are wearing comfort in-
cluding size and placement, and outcome including

data processing and storage capacity; validity is
discussed in the next section.

Wearing comfort of amonitor for habitual phys-
ical activity should be such that it does not interfere
with physical activity behaviour. One should forget
about wearing a monitor. Modern technology
allowed impressive miniaturization without loss of
performance. We started in 1985 with an acceler-
ometer weighing 350g, including the unit for data
storage, with the battery life of 7days. Our current
accelerometer weighs 12.5g, has a battery life of
3weeks, and can store data for up to 22weeks [8].
Placement remains an issue. Theoretically, a moni-
tor for the detection of total physical activity should
be located near the centre of mass of the body since
movements of the centre of mass reflect movements
of the total body. Alternatively, monitors should be
attached to the locations of the body where they
would register the most activity, that is, the legs
during walking and cycling. Thus, multiple accel-
erometers are used to classify activity modes. The
ultimatemonitor classifies activitymodes with algo-
rithms based on signals at one location, where sen-
sors at more than one location reduce wearing
comfort. Smart phones have a potential as activity
monitor because people wear them everyday [9].

Outcome parameters of activity monitors are a
functionof specifications suchas sampling frequency
and dynamic range of the acceleration signal and of
data transformation. Sampling frequency and dy-
namic range determine whether a monitor success-
fully filters accelerations from active movement and
can be easily checked from the output during passive
transport. Transformationof rawdata is performed to
increase storage capacity and thus observation time,
and to translate the acceleration signal into physical
activity outcomes such as activity time, type, and
intensity including energy expenditure. Critical
aspects are the inclusion of additional, not
necessarily, activity-related parameters in the trans-
formation process and in the use of proprietary equa-
tions. Outcome is best evaluated when signals are
accessible as raw data [10

&

]. Outcome should not be
a function of proprietary equations where agreement
between subsequent versions can be large [11].

VALIDATION

Activity monitors are designed to assess physical
activity behaviour with a focus on time pattern
and intensity. As stated in the introduction, overall
validity is judged with doubly labelled water-
assessed AEE or PAI as a reference. Then, the optimal
observation time is 1 or 2weeks. This is the optimal
interval for valid doubly labelled water assessment
of AEE or PAI. Observation for 1 or 2weeks of free-

KEY POINTS

• Accelerometry is themost promisingmethod to objectively
assess physical activity behaviour as a reflection of
metabolic health or determinant of metabolic risk.

• The outcome of activity monitors is best evaluated when
signals are accessible as raw data.

• Overall validity of activity monitors is judged with doubly
labelled water-assessed activity energy expenditure or
PAI as a reference.

• Out of the large range of activity monitors, three came out
with a better validity.

• The ultimate activity monitor is a single unobtrusive device
allowing valid and long-term monitoring of activity with
regard to type and intensity.
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living activity is likely to include the full range of
physical activity behaviour of an individual. Labo-
ratory validations during standardized activities,
mainly walking and running, are discouraged. The
walking component of physical activity is better
detectable than other activities of daily living and
thus not representative for overall validity.

Two reviews evaluated the performance of 18
different activity monitors against doubly labelled
water, as published until 2012, resulting in a large
heterogeneity in outcome [7

&

,10
&

]. Here, the main
outcomes and conclusions are presented for valida-
tions of 11 monitors as published more recently
(Table 1). Most monitors explained less than 50%
of thevariation inAEEorPAI.Only threeoutof the11
tested, Actigraph GT3X, Dynaport, and TracmorD,
came out better. Actiheart performed well in one
study [15],whereas fourother studies concluded that
the performance was poor [13,14,16,17]. In only one
study, the SenseWear armband explainedmore than
50%of the variation inAEE [22], whereas three other
studies concluded poor performance as well.

APPLICATION IN HEALTH AND DISEASE

Of the threemonitors selected above,ActigraphGT3X
(ActiGraph, LLC., Pensacola, FL) is most widely

applied. In 2003, Actigraph 7164, an earlier uniaxial
model,was already introduced in the ‘NationalHealth
andNutritionExamination Survey’ in theUSA.Aggre-
gated data resulted in decision rules to facilitate con-
clusions on physical activity from accelerometer
output [26]. The size of the Actigraph GT3X, in com-
bination with a memory and battery capacity for
1-month data collection, facilitates longitudinal as-
sessment of physical activity in relation to disease
parameters [27

&&

].
The Dynaport monitor (DynaPort MiniMod,

McRoberts, TheHague, TheNetherlands) is typically
applied for the assessment of movement quality. In
addition to overall physical activity, the monitor
allows accurate assessment of postural stability and
postural changes [28,29].

TracmorD (DirectLife, PhilipsConsumerLifestyle,
Amsterdam, TheNetherlands) is applied inhealth and
disease research and as a consumer product, in combi-
nationwith a personal website and e-coach. Studies of
obese individuals allowed the assessment of physical
activity in relation to weight loss and weight mainte-
nance[30,31].Aweb-basedinterventionstudyshowed
the potential to increase physical activity, thus im-
proving metabolic health [32

&&

].
In free-living individuals, physical activity

shows large variation within a day and between

Table 1. Summary of doubly labelled water evaluation studies of activity monitors as published since 2012, with number of
individuals (n), explained variation of activity-induced energy expenditure (R2), and main conclusion

Monitor n R2 Conclusion

Actigraph GT3X 39 70 Better-to-best performance out of six monitors tested [12&&]

Actiheart 18 17 Poor performance in adolescents [13]

12 41 Not valid and considerable equipment failure [14]

35 70 Good performance when individually calibrated [15]

19 42 Underestimation of physical activity [16]

75 0–6 No or little explanation of variation in physical activity [17]

Actiwatch 40 18 Moderate performance out of six monitors tested [12&&]

DynaPort 40 53 Better-to-best performance out of six monitors tested [12&&]

3DNX 155 6 Moderate explanation of variance in physical activity [18]

49 18 Similar performance to uniaxial accelerometer [19]

EW4800P 16 20 No precise measurement of physical activity [20]

IDEEA 14 36 Capable of identifying activity, wiring limits use in daily life [21]

Lifecorder 40 10 Poor performance out of six monitors tested [12&&]

RT3 35 22 Reasonable in lean and poor performance in obese individuals [15]

39 7 Poor performance out of six monitors tested [12&&]

SWA 73 8 Poor performance out of six monitors tested [12&&]

19 38 Underestimation of physical activity [16]

28 60 Considerable individual bias [22]

62 – Validity limited by large individual variation [11]

14 16 No significant association with physical activity [23]

TracmorD 30 50 Moderate-to-strong validity in children [24]

36 58 Valid in overweight and obese individuals [25]
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days. The variation is illustrated by activity data of a
typical individual, as monitored with TracmorD
and integrated over intervals of a month, week,
day, and hour (Fig. 1). Thus, accelerometer output
is usually evaluated over intervals of at least one or
more weeks.

DISCUSSION
Out of the large range of activity monitors, three
came out with a better validity as evaluated under
free-living conditions with doubly labelled water-
derived activity energy expenditure as a reference.
The final choice of a valid monitor depends on
further specifications including memory and bat-
tery capacity, additional options for data processing

including movement quality, and options for user
feedback and coaching.

Activity monitors with better validity explained
50–70% of the variation in AEE or PAI, leaving at
least 30% of the variation unexplained. Further
improvement could be reached with monitors
allowing the assessment of activity type. The
relationship between activity counts and energy
expenditure varies according to activity type [33].
Identification of activity types improved the assess-
ment of energy expenditure compared with activity
counts only [34,35].

Interpreting physical activity outcomes based
on activity monitors requires adjustment for body
size when comparing individuals of different size.
Obese individuals are more sedentary than

3
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FIGURE 1. Physical activity of a typical individual monitored for 1year with TracmorD, integrated over intervals of a
(a) month, (b) week, (c) day, and (d) hour.
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individuals of normal weight while AEE might be
similar [36]. Excess weight increases energy cost of
movement and decreases movement economy. A
weight correction factor will be higher for ambula-
tory activities and lower for sedentary activities.
Activity energy expenditure is commonly corrected
for differences in body weigh by dividing AEE
(J/min) by the square root of body weight [35]. A
standard way of comparing outcomes of an activity
monitor between individuals of different size is by
converting the outcomes into a PAI value.

Activity monitors are often validated under lab-
oratory conditions during standardized activities,
mainly walking and running. The walking compo-
nent of physical activity is better detectable than
other activities of daily living and thus validity
during walking is not representative for overall va-
lidity. Additionally, in relation to health, light-
intensity activities might be as important as
high-intensity activities. Light-intensity activity
breaks decrease the well known risk of thrombosis
associated with excessive sitting [37]. To detect un-
interrupted bouts of inactivity, an activity monitor
should detect minimal body movement to prevent
mistaking uninterrupted bouts of inactivity for
nonwear time [38].

CONCLUSION

Accelerometry is the most promising method to
objectively assess physical activity behaviour as a
reflection of metabolic health or determinant of
metabolic risk. The validity of accelerometer-based
activity monitors is judged with doubly labelled
water-assessed activity energy expenditure or PAI
as a reference, where the optimal observation time
is 1 or 2weeks. The outcome of an activity monitor
should not be a function of proprietary equations
where agreement between subsequent versions can
be large. Most monitors explained less than 50% of
the variation in activity energy expenditure or PAI.
Only three out of the 11 tested, Actigraph GT3X,
Dynaport, and TracmorD, came out better. The final
choice of a valid monitor depends on further spec-
ifications including memory and battery capacity,
additional options for data processing including
movement quality, and options for user feedback
and coaching.

Acknowledgements

None.

Conflicts of interest

There are no conflicts of interest.

REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the period of review, have been
highlighted as:
& of special interest
&& of outstanding interest

1.

&

Strath SJ, Kaminsky LA, Ainsworth BE, et al. Guide to the assessment of
physical activity: clinical and research applications; a scientific statement
from the American Heart Association. Circulation 2013; 128:2259–2279.

A recent review stating the rationale, key concepts, and options for the assessment
of physical activity in a clinical setting.
2. Bonomi AG, Westerterp KR. Advances in physical activity monitoring and

lifestyle interventions in obesity: a review. Int J Obes 2012; 36:167–177.
3. Butte NF, Ekelund U, Westerterp KR. Assessing physical activity using

wearable monitors: measures of physical activity. Med Sci Sports Exerc
2012; 44:S5–S12.

4. Westerterp KR. Control of energy expenditure in humans. In: Weickert
MA, editor. Obesity. Endotext.org; 2013.

5. Westerterp KR. Physical activity and physical activity induced energy
expenditure in humans: measurement, determinants and effects. Frontiers
Physiol 2013; 4:90.

6. FAO/WHO/UNU. Human energy requirements. FAO food and nutrition
report series 1. Rome, Italy; 2004.

7.

&

Van Remoortel H, Giavedoni S, Raste Y, et al. Validity of activity monitors
in health and chronic disease: a systematic review. Int J Beh Nutr Phys
Act 2012; 9:84.

A systematic review identifying available activity monitors that have been validated
in healthy adults and patients with chronic disease.
8. Bonomi AG, Plasqui G, Goris AH, Westerterp KR. Estimation of free-living

energy expenditure using a novel activity monitor designed to minimize
obtrusiveness. Obesity 2010; 18:1845–1851.

9. Antos SA, Albert MV, Kording KP. Hand, belt, pocket or bag: physical
activity tracking with mobile phones. J Neurosci Methods 2013. [Epub
ahead of print]. doi: 10.1016/j.jneumeth.2013.09.015.

10.

&

Plasqui G, Bonomi AG, Westerterp KR. Daily physical activity assessment
with accelerometers: new insights and validation studies. Obes Rev 2013;
14:451–462.

A review on the validity of accelerometers using doubly labelled water as the
reference.
11. Slinde F, Bertz F, Winkfist L, et al. Energy expenditure by multisensory

armband in overweight and obese lactating women validated by doubly
labeled water. Obesity 2013; 21:2231–2235.

12.

&&

Rabinovich RA, Louvaris Z, Raste Y, et al. Validity of physical activity monitors
during daily life in patients with COPD. Eur Resp J 2013; 42:1205–1215.

A comparative evaluation of the validity and usability of six activity monitors in
patients with chronic obstructive pulmonary disease.
13. Campbell N, Prapavessis H, Gray C, et al. The actiheart in adolescents: a

doubly labelled water validation. Pediatr Exerc Sci 2012; 24:589–602.
14. Santos DA, Silva AM, Matias CN, et al. Validity of combined heart rate

and motion sensor for the measurement of free-living energy expenditure
in very active individuals. J Sci Med Sport 2014; 17:387–393.

15. Villars C, Bergouignan A, Dugas J, et al. Validity of combining heart rate
and uniaxial acceleration to measure free-living physical activity energy
expenditure in young men. J Appl Physiol 2012; 113:1763–1771.

16. Farooqi N, Slinde F, Ha
�
glin L, Sandstr€om T. Validation of sensewear

armband and actiheart monitors for assessment of daily energy expenditure
in free living women with chronic obstructive pulmonary disease. Physiol Rep
2013; 1:e00150.

17. Henriksson H, Forsum E, L€of M. Evaluation of Actiheart and a 7 day activity
diary for estimating free-living total and activity energy expenditure using criterion
methods in 1.5- and 3-year-old children. Br J Nutr 2014; 111:1830–1840.

18. Horner F, Bilzon JL, Rayson M, et al. Development of an accelerometer-
based multivariate model to predict free-living energy expenditure in a
large military cohort. J Sports Sci 2013; 31:354–360.

19. Ojiambo R, Konstabel K, Veidebaum T, et al. Validity of hip-mounted
uniaxial accelerometry with heart-rate monitoring vs triaxial accelerometry
in the assessment of free-living energy expenditure in young children: the
IDEFICS validation study. J Appl Physiol 2012; 113:1520–1536.

20. Ishikawa-Takata K, Kaneko K, Koizumi K, Ito C. Comparison of physical
activity energy expenditure in Japanese adolescents by EW4800P triaxial
accelerometry and the doubly labelled water method. Br J Nutr 2013;
110:1347–1355.

21. Wybrow S, Ritz P, Horgan GW, Stubbs RJ. An evaluation of the IDEEA
activity monitor for estimating energy expenditure. Br J Nutr 2013;
109:173–183.

22. Calabr�o MA, Stewart JM, Welk GJ. Validation of pattern-recognition
monitors in children using doubly labeled water. Med Sci Sports Exerc
2013; 45:1313–1322.

23. Tanhoffer RA, Tanhoffer AIP, Raymond J, et al. Comparison of methods to
assess energy expenditure and physical activity in people with spinal cord
injury. J Spinal Cord Med 2012; 35:35–45.

1363-1950 ã 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins www.co-clinicalnutrition.com 405

Reliable assessment of physical activity in disease Westerterp



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

24. Sijtsma A, Schierbeek H, Goris AH, et al. Validation of TracmorD triaxial
accelerometer to assess physical activity in preschool children. Obesity
2013; 21:1877–1883.

25. Valenti G, Camps S, Verhoef S, et al. Validating measures of free-living
physical activity in overweight and obese subjects using an accelerometer.
Int J Obes 2013. [Epub ahead of print]. doi: 10.1038/ijo.2013.195.

26. Tudor-Locke C, Camhi SM, Troiano RP. A catalog of rules, variables, and
definitions applied to accelerometer data in the national health and
nutrition examination survey, 2003-2006. Prev Chronic Dis 2012; 9:
E113.

27.

&&

Ehsan M, Khan R, Wakefield D, et al. A longitudinal study evaluating the
effect of exacerbations on physical activity in patients with chronic
obstructive pulmonary disease. Ann Am Thorac Soc 2013; 10:559–564.

A longitudinal study with a valid activity monitor, showing a reduction of
physical activity early during exacerbation and persisting for some weeks after
recovery.
28. Kapoula Z, Gaertner C, Yang Q, et al. Vergence and standing balance in

subjects with idiopathic bilateral loss of vestibular function. PLoS One
2013; 8:e66652.

29. Van Lummel RC, Ainsworth E, Lindemann U, et al. Automated approach
for quantifying the repeated sit-to-stand using one body fixed sensor in
young and older adults. Gait Posture 2013; 38:153–156.

30. Bonomi AG, Soenen S, Goris AHC, Westerterp KR. Weight loss
induced changes in physical activity and activity energy expenditure in
obese subjects before and after energy restriction. PLoS One 2013; 8:
e59642.

31. Camps SG, Verhoef SP, Westerterp KR. Weight loss-induced reduction
in physical activity recovers during weight maintenance. Am J Clin Nutr
2013; 98:917–923.

32.

&&

Wijsman CA, Westendorp RGJ, Verhagen EALM, et al. Effects of a web-
based intervention on physical activity and metabolism in older adults:
randomized controlled trial. J Med Internet Res 2013; 15:e233.

One of the first studies showing the effectivity of a web-based physical activity
intervention, based on daily physical activity as measured with a valid activity
monitor.
33. Crouter SE, Churilla JR, Bassett Jr DR. Estimating energy expenditure

using accelerometers. Eur J Appl Physiol 2006; 98:601–612.
34. Bonomi AG, Plasqui G, Goris AHC, Westerterp KR. Improving the

assessment of daily energy expenditure by identifying types of physical
activity using a single accelerometer. J Appl Physiol 2009; 107:655–661.

35. Van Hees VT, van Lummel RC, Westerterp KR. Estimating activity-related
energy expenditure under sedentary conditions using a tri-axial seismic
accelerometer. Obesity 2009; 17:1287–1292.

36. Ekelund U, Aman J, Yngve A, et al. Physical activity but not energy
expenditure is reduced in obese adolescents: a case-control study. Am J
Clin Nutr 2002; 76:935–941.

37. Howard BJ, Fraser SF, Sethi P, et al. Impact on hemostatic parameters of
interrupting sitting with intermittent activity. Med Sci Sports Exerc 2013;
45:1285–1291.

38. Lee I-M, Shiroma EJ. Using accelerometers to measure physical activity in
large-scale epidemiological studies: issues and challenges. Br J Sports
Med 2014; 48:197–201.

406 www.co-clinicalnutrition.com Volume 17 • Number 5 • September 2014

Assessment of nutritional status and analytical methods


