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Abstract

Background: Epidemiological studies on physical activity often lack inexpensive, objective, valid, and reproducible tools for
measuring physical activity levels of participants. Novel sensing technologies built into smartphones offer the potential to fill
this gap.
Objective: We sought to validate estimates of physical activity and determine the usability for large population-based studies
of the smartphone-based CalFit software.
Methods: A sample of 36 participants from Barcelona, Spain, wore a smartphone with CalFit software and an Actigraph GT3X
accelerometer for 5 days. The ease of use (usability) and physical activity measures from both devices were compared, including
vertical axis counts (VT) and duration and energy expenditure predictions for light, moderate, and vigorous intensity from
Freedson’s algorithm. Statistical analyses included (1) Kruskal-Wallis rank sum test for usability measures, (2) Spearman
correlation and linear regression for VT counts, (3) concordance correlation coefficient (CCC), and (4) Bland-Altman plots for
duration and energy expenditure measures.
Results: Approximately 64% (23/36) of participants were women. Mean age was 31 years (SD 8) and mean body mass index
was 22 kg/m2 (SD 2). In total, 25/36 (69%) participants recorded at least 3 days with at least 10 recorded hours of physical activity
using CalFit. The linear association and correlations for VT counts were high (adjusted R2=0.85; correlation coefficient .932,
95% CI 0.931-0.933). CCCs showed high agreement for duration and energy expenditure measures (from 0.83 to 0.91).
Conclusions: The CalFit system had lower usability than the Actigraph GT3X because the application lacked a means to turn
itself on each time the smartphone was powered on. The CalFit system may provide valid estimates to quantify and classify
physical activity. CalFit may prove to be more cost-effective and easily deployed for large-scale population health studies than
other specialized instruments because cell phones are already carried by many people.

(J Med Internet Res 2013;15(6):e111)   doi:10.2196/jmir.2470
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Introduction

Physical inactivity now ranks as the tenth leading cause of
premature mortality worldwide [1,2]. Inactivity has increased
substantially over the past 15 years [2]. Physical inactivity
contributes to the development of major chronic diseases, such
as coronary heart disease, stroke, hypertension, colon cancer,
breast cancer, Type 2 diabetes, and osteoporosis [3].

Information on physical activity in epidemiological studies is
generally obtained by questionnaires and more recently with
accelerometers [4]. The latter is becoming the accepted method
because of better accuracy and reliability of the physical activity
measures [4]. Accelerometers use the acceleration in the
subjects’ movements to quantify intensity over short epochs of
time. Although an improvement over questionnaires, deploying
accelerometers is labor intensive and burdensome to the
participant at times and may lead to potential changes in
behavior, such as not wearing the accelerometer or increasing
the measured behavior [5,6].

To address these problems and take advantage of the increased
use and improved technology of smartphones, we developed
CalFit [7-10]. CalFit is open-source software that runs on
Android smartphones. The system makes use of the
accelerometry and Global Positioning System (GPS) sensors
that are built into smartphones to record physical activity and
the time and location in which an activity occurs. It has the
potential to reduce cost and allow for enrollment of more
participants because smartphones are now in widespread use in
the general population [11]. Smartphones equipped with CalFit
could potentially make better physical activity measurements
compared to a common accelerometer, particularly because of
the addition of GPS measurements that can help researchers
better understand the spatial context of activity [12]. Calibration
and validation work of CalFit has been conducted thus far only
under laboratory conditions [13].

The aim of this research is to study the usability of CalFit
software and to assess the validity of its physical activity
measures in real world situations by comparing its physical
activity measures under free-living conditions with those
obtained from a well-known and validated accelerometer, the
Actigraph GT3X [14].

Methods

Sample
We enrolled volunteers to wear the CalFit phone and a
conventional accelerometer for 5 days. Thirty-six participants
were recruited by way of emails sent to colleagues from the
Centre for Research in Environmental Epidemiology (CREAL)
and to friends of colleagues as part of a larger study based on
active travel behaviors. Inclusion criteria were to live and work
or study in Barcelona, to live more than 10 minutes walking
distance from the workplace or school, and be able to ride a
bike for at least 20 minutes. Volunteers who met the eligibility
requirements were enrolled in the study after an information
session in which they were provided with details on study
objectives and procedures. The field study took place from
November 2011 to February 2012.

Our study protocol was approved by the Ethics Committee of
Hospital del Mar Research Institute, and written informed
consent was obtained from all the participants.

Instruments
Each participant was given an Actigraph GT3X accelerometer
[15] and a smartphone fitted with the CalFit application (see
Table 1). The devices were worn during 5 consecutive days on
a belt attached to the waist (see Figure 1). Participants were
instructed to remove devices only when performing aquatic
activities or sleeping, or when necessary to charge the
smartphone battery.

Table 1. Characteristics of CalFit and Actigraph GT3X.

Actigraph GT3XGoogle G1 with CalFitCharacteristics

3.8×3.7×1.8 cm11.7×5.6×1.7 cmSize

27 g158 gWeight

Anterior superior iliac spine of the right hipFrontal mean point between both anterior supe-
rior iliac spines

Placement

30 Hz10 HzSample rate

16 MB16 GBData storage

31 days18 hoursBattery life

ADXL335 triaxial accelerometer (Analog De-
vices, Norwood, MA)

AK8976A triaxial accelerometer (Asahi Kasei
Microsystems, Japan)

Accelerometer sensor

±3g±2.8gRegistered range of acceleration

Acceleration of the 3 axesAcceleration of the 3 axesOutcomes (measured)

Not wearing; standing, sitting, and lying; energy
expenditure and duration of physical activity

Not wearing; energy expenditure and duration
of physical activity

Outcomes (estimated)
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Data Treatment
Data from both devices were summarized to 1-minute intervals.
We merged data streams from both accelerometers identifying
the time alignment that yielded the highest association (adjusted
R2) between the 2 vertical (VT) axis measures, within a
maximum of 5-minute differences in time. To maximize the
comparability [16], the intensity of physical activity measured
in metabolic equivalents (METs) by both devices was calculated
according to the equation of Freedson et al [17], which uses a
linear function based on vertical axis counts to produce their
estimates: ActiGraph GT3X METs=1.439008 + (0.000795 *
VT counts/min). Because VT axis measures were recorded by
each instrument with different units (counts from Actigraph
GT3X versus g-force from CalFit), we first developed a linear
regression between the 2 vertical measures to convert the CalFit
g-force/min into counts/min, leading to the following adaptation
to the Freedson equation for estimating METs from smartphone
data: CalFit METs=1.2907087 + (0.4141791 * VT g/min).

The accelerometer nonwear intervals were defined as episodes
of at least 40 consecutive minutes of 0 counts and below 0.3g

in vertical axis for Actigraph GT3X and CalFit, respectively.
The latter threshold was established after analyzing CalFit
nighttime measurements. The American College of Sports
Medicine considers having at least 3 days with at least 10 hours
of recorded activity as a valid assessment of physical activity
[18]. We measured the usability of CalFit and of Actigraph
GT3X, understood as the ease of use to reach valid assessment
of physical activity, in 4 ways: (1) number of subjects with valid
assessments of physical activity (previous definition); (2)
number of recorded days per participant (ie, reflecting
participants’ ability to keep CalFit turned on); (3) total recorded
time per participant (ie, reflecting participants’ ability to keep
batteries charged); and (4) percent wearing time from total
recorded time (ie, reflecting participants’ ability to wear CalFit).

Physical activity was defined as any minute with intensity equal
or greater than 1.5 METs. Physical activity was partitioned into
light, moderate, and vigorous levels of physical activity
following the conventional cutoffs of 3 and 6 METs. The main
summary measures of physical activity were vertical axis counts,
and duration and intensity of physical activity.

Figure 1. Set of devices that were worn during 5 consecutive days.

Analysis
Participants and physical activity characteristics are presented
as number (percentage) for categorical variables, mean (SD)
for continuous variables with normal distribution, or median

(interquartile range, IQR) for continuous variables with
non-normal distribution.

The comparison between CalFit and Actigraph GT3X was
conducted using several approaches. First, to assess differences
on usability as defined above, we performed a Kruskal-Wallis
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rank sum test (difference of medians components of usability).
Second, the correlation and association between the vertical
axis measures during coinciding time periods were assessed
through a Spearman correlation and linear regression,
respectively. Third, the agreement in the main summary
measures of physical activity, as previously defined and during
coinciding time periods, was studied using Lin’s concordance
correlation coefficient (CCC) [19] and Bland-Altman plots. The
CCC can be conceptualized as the ratio of between-subject
variance to total variance [20]. In other words, it provides a
measure of the percentage of differences attributable to the
participants, and its complement (1-CCC) gives the percentage
of differences attributable to the method (ie, CalFit vs Actigraph
GT3X). The bias between instruments was evaluated using a
linear regression analysis between the differences
(CalFit-Actigraph GT3X) and the mean, as
0.5*(CalFit-Actigraph GT3X), of the 2 physical activity
measures, considering the bias to be significant when the
confidence interval of the coefficient did not contain the value
zero. Both regression coefficient and regression line of bias
were also plotted into Bland-Altman plots indicated with red
letter and line, respectively.

As a sensitivity analysis, previous comparisons were also
performed during coinciding days with at least 10 hours of
recorded activity, without control of the coinciding time periods,
to test the influence of nonmeasured periods on physical activity

agreement. All analyses were conducted using R-2.14.1 2011
(The R Foundation for Statistical Computing).

Results

The sample consisted of 36 participants, most of which were
women (23/36, 64%), with a mean age of 30.9 years (SD 7.9),
and mean body mass index of 22.2 kg/m2 (SD 2.4) (Table 2).
Approximately 83% (30/36) were of Spanish nationality, 92%
(33/36) had high school or greater education, and 50% (18/36)
earned more than €2000 per month.

CalFit Usability
Of 180 possible days for recorded data, 19 were missing from
CalFit and 8 from the Actigraph GT3X. During recorded days,
there was a significant difference between the median time
recorded: 22 hours for CalFit and 24 hours for Actigraph GT3X
(Table 3). Also, there were differences for the percent of wear
time between CalFit and Actigraph GT3X (52% vs 59%) (Table
3). The median number of days with at least 10 wearing hours
was 3 and 5 for CalFit and Actigraph GT3X, respectively.

The main reasons for failed CalFit data collection among the
11 subjects who recorded less than 3 valid assessment of
physical activity were: (1) 6 lost an average of 2 days of
recording because CalFit was inadvertently turned off, (2) 2
had problems with phone battery life and their daily routine,
and (3) 3 did not wear the phone.

Table 2. Sociodemographic and physical characteristics of all participants (N=36).

ParticipantsSample characteristics

31 (8)Age (years), mean (SD)

Gender, n (%)

13 (36)Male

22 (2)BMI (kg/m2), mean (SD)

Educational level, n (%)

33 (92)More than high school

3 (8)Less than high school

Nationality, n (%)

30 (83)Spanish

6 (17)Others

Monthly income (€)

18 (50)More than 2000

18 (50)Less than 2000

Working status, n (%)

32 (89)Working

4 (11)Studying

J Med Internet Res 2013 | vol. 15 | iss. 6 | e111 | p.4http://www.jmir.org/2013/6/e111/
(page number not for citation purposes)

Donaire-Gonzalez et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Comparison of usability characteristics between Actigraph and CalFit.

P valueCalFitActigraph GT3XCharacteristic

.035 (4.8-5.0)5 (5-5)Days recorded (day), median (IQR)

<.0016474 (4635-7068)7200 (7200-7200)Recorded time (min), median (IQR)

<.0012938 (2269-3652)4109 (3735-4373)Wearing time (min), median (IQR)

2825 (2110-3556)Time coincident (min), median (IQR)

<.00122 (20-24)24 (24-24)Recorded time within recorded days (hour/day), median
(IQR)

<.00111 (10-13)14 (12.5-15)Worn time within recorded days (hour/day), median (IQR)

.0351.6 (46-58)58.5 (53-63)Percent of worn time on recorded time within recorded
days (%),median (IQR)

<.0013 (2-4.2)5 (4-5)Number of days with at least 10 wearing hours (day),
median (IQR)

<.00125 (69)34 (94)Participants with valid assessment of physical activity, n
(%)

Validity of Physical Activity
The linear regression and correlation analysis for average
vertical (VT) axis measures from both devices during coinciding
wear-time periods showed a high association (adjusted R2=0.85;
Spearman correlation coefficient .932, 95% CI 0.931-0.933)
(Figure 2, part A). During coinciding time periods (mean
time/day, 2600 min), the mean difference between Actigraph
GT3X and CalFit for the duration of active time (>1.5 METs)
was 2.24% (95% CI 0.76-3.72) and for intensity of physical
activity was 0.07 METs (95% CI 0.04-0.1) (Figures 2, parts B
and C). The comparison for both the duration and intensity of
physical activity showed that the variability attributable to the
measurement method (which is the complementary to the ratio
of between-subject variance to total variance) was less than 20%
(Figures 2, parts B and C). There was no association between
difference and average of both measures neither for duration
(P=.55) nor for intensity (P=.22) of physical activity.

Validity of Physical Activity Through the Different
Intensity Thresholds
The comparison of measures of light, moderate, and vigorous
physical activity showed that less than 30% of the variability

was attributable to the method of measurement (Figure 3). In
contrast to light and moderate physical activity, the CalFit
measures of vigorous physical activity showed a tendency to
underestimate the duration in vigorous physical activity as
activity levels increased (P=.01) compared to the Actigraph
GT3X measure (Figure 3, part C). Figure 4 shows there was a
significant underestimation in the intensity recorded by CalFit
when participants performed vigorous activity according to
Actigraph GT3X (CalFit: mean 5.9, SD 1.0; Actigraph: mean
7.1, SD 1.1; P<.001).

Sensitivity to Measurement Period
Depending on the time inclusion criteria selected, the average
difference between Actigraph GT3X and CalFit during light
physical activity changed from a small but significant
overestimation of 1.7% (95% CI 0.4-3.1) for coinciding time
periods to a nonsignificant underestimation of –11.5 min (95%
CI –27 to 4.3) for coinciding valid days (Figure 3, part A vs
Figure 5, part A). There were no differences in duration of
moderate and vigorous physical activity across time inclusion
criteria (Figures 3, parts B and C vs Figures 5, parts B and C).
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Figure 2. Agreement between CalFit and Actigraph GT3X in vertical axis, duration, and energy expenditure in physical activity within the coinciding
measurement time periods. (A) accelerometer vertical axis measures, (B) duration in physical activity, and (C) intensity of physical activity.

Figure 3. Agreement between CalFit and Actigraph GT3X for duration of light, moderate, and vigorous physical activity within the coinciding
measurement time periods. (A) duration of light physical activity, (B) duration of moderate physical activity, and (C) duration of vigorous physical
activity.
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Figure 4. Comparison of average intensity recorded by CalFit and Actigraph GT3X within light, moderate, and vigorous physical activity identified
by Actigraph.

Figure 5. Agreement between CalFit and Actigraph GT3X during light, moderate, and vigorous physical activity within the coinciding days with at
least 10 hours of recorded activity. (A) duration of light physical activity per day, (B) duration of moderate physical activity per day, and (C) duration
of vigorous physical activity per day.
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Discussion

Principal Results
This study assessed the usability and validity of CalFit software
in a group of free-living volunteers. We compared CalFit to
physical activity measures with those obtained from the
Actigraph GT3X. The several approaches used to assess the
properties of the CalFit showed that (1) there is a strong
association between vertical axis measures from both devices;
(2) the measures of duration and energy expenditure in overall,
light, and moderate physical activity were highly concordant
between devices, whereas vigorous physical activity was
underestimated; (3) CalFit had lower usability compared to
Actigraph GT3X resulting in a lower proportion of participants
with valid assessment of physical activity; and (4) sensitivity
analysis that compared the agreement within coinciding time
periods to the agreement within coinciding days with at least
10 hours of recorded activity showed that the disparities in
wearing-time periods between devices did not contribute to any
significant bias into the measured validity.

Comparison With Prior Work
To our knowledge, this is the first study to compare
accelerometer use on smartphones to measure physical activity
with a currently well-validated instrument [12]. Previous
research on physical activity assessment with mobile phones
has shown that they are a useful tool to perform interventions
[21] and are helpful for activity recognition [22-24]. In addition
to these advantages, using smartphones for physical activity
research opens up opportunities for reaching large numbers of
participants at a relatively low cost [9]. The acceptance and
usability of smartphones to measure physical activity on
free-living conditions was previously unknown. Here, we
showed that 25 of 36 (69%) participants who used CalFit
recorded at least 3 valid days, which is the minimum
recommended to assess daily physical activity [25]. The greatest
weakness in CalFit usability was loss of data because of the
phone turning off and not having CalFit restart when the phone
was powered back on (50% of the missing data). In the current
version of CalFit, this problem has been solved by automatically
restarting CalFit each time the phone is turned on. The second
weakness was the battery life (recorded time and wearing time),
which was responsible for the other half of the missing data.
The difference in wearing time with the accelerometer was
partly because of participants having to charge the smartphone
during waking hours (as they were instructed to do). Since
conducting our study, we have found that newer generation
smartphones have improved battery life, and current field tests
indicate that CalFit is recording for longer durations without
charging [26].

This is also the first study to compare the validity of the vertical
axis measures and to use the same algorithm for estimating
physical activity in 2 different instruments. The association of
the vertical axis measures between the 2 tools was high (adjusted
R2 0.86; correlation coefficient .932; 95% CI 0.931-0.933),
which is within the range of the literature comparing different
models of Actigraph [27]. The concordance found in duration
and energy expenditure in physical activity measures of CalFit

and Actigraph GT3X showed that the measures from CalFit and
Actigraph GT3X are interchangeable (less than 20% of the
variability is attributable to differences between instruments).

Concordance in physical activity measures across different
definitions of time inclusion criteria showed that the results
remained constant despite the shorter wearing time of CalFit.
This suggests that the time charging the smartphone or the
shorter battery life did not have a significant influence on the
final measures. There was also a statistically significant bias
toward underestimation in measures of vigorous physical activity
estimated by CalFit compared to Actigraph GT3X. This may
be partially explained by the fact that we used average VT
measures instead of all measures per minute per participant and
because we assumed a linear relationship between acceleration
forces from smartphone and counts from Actigraph GT3X.

Strengths
One of the main strengths of this study is the use and testing
under free-living conditions. Participants maintained their daily
routines, which is difficult to replicate in controlled
environments. Another strength was the use of the concordance
measures for quantifying physical activity in addition to the
commonly used correlations. A third was using the Freedson
algorithm of physical activity for both instruments, which is a
valid algorithm for the different Actigraph models (CSA 1764,
GT1M, and GT3X) [28] that maximized the comparability
between the instruments [16]. Furthermore, because we used a
first-generation smartphone, our findings can be generalized
and expected to be better for the latter generations of
smartphones as a consequence of hardware evolution. Also,
future versions on CalFit will be developed for Android and
iPhone platforms.

The validation of smartphone accelerometry-based energy
expenditure has implications for both epidemiologic research
on physical activity as well as for the growth of the practice of
medicine and public health by mobile applications (mHealth
applications). Beyond the current CalFit application, which is
focused on unobtrusive sensing of physical activity, may be
novel mHealth smartphone applications that not only record
physical activity, but attempt to intervene upon behavior [11,21].
For example, future use of smartphones may allow for
recognition of patterns of physical activity to better tailor
interventions to personal baselines and goals. Additionally,
future interventions may employ other aspects of smartphone
technology (eg, call, text messaging, and Internet communication
capabilities) to combine physical activity monitoring with
motivational social interactivity [21]. There are many
possibilities for creative uses of smartphones, and the research
presented here provides a foundation for better understanding
the energy expenditure estimates from this technology.

The CalFit smartphone system has several advantages over
conventional accelerometers because of geolocation information
both from cell phone towers and Wi-Fi networks and from GPS
satellites. This geolocation will allow us to improve the current
physical activity algorithm by including information such as
velocity of displacements, topographical challenges faced by
participants (stairs, slopes), and the environments (home, work)
where physical activity occurred. Furthermore, this tool also
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allows assessments of how the built and natural environment
may affect behavior or lead to other exposures. Our research
group has begun to demonstrate some of these advantages with
the same participants by characterizing where the physical
activity was done and quantifying the amount of pollution
inhaled by participants in these environments [29].

Limitations
One limitation of the present study was the use of a convenience
sample of 36 participants with a high educational level to assess
CalFit usability. However, this design has been efficient in
detecting the problems in usability. Further work needs to be
conducted in the population at large. Second, the use of the
Actigraph GT3X accelerometer as a gold standard could be seen
as a limitation, but it is the reference tool for assessing physical
activity in real life for 5 days and has well-established validity
[30]. The use of an algorithm for the METs estimation that only
takes into account the vertical axis of the accelerometers is a

limitation that we could not avoid because there are currently
no published Actigraph GT3X algorithms using the 3 axes of
the accelerometer [31,32]. Finally, our definition of CalFit
wearing time was an operational definition and should not be
considered as a reference until it is tested in studies specifically
designed for this purpose.

Conclusions
Compared to the current gold standard instrument for population
studies, the smartphones fitted with CalFit supply useful and
valid estimates for quantifying and classifying physical activity
under free-living conditions. Although user compliance for
CalFit was lower than with the Actigraph GT3X, this difference
would likely diminish if participants were allowed to load CalFit
onto their existing smartphones, which will be feasible in the
future. Such deployment would provide a cost-effective
approach for large epidemiological studies and mHealth
applications that rely upon measured physical activity.

 

Acknowledgments
We thank Jaume Matamala and Meritxell Portella for the fieldwork done in this study. Funding for this project was provided by
the Centre for Research in Environmental Epidemiology (CREAL) Internal Grant Program, the Coca-Cola Foundation through
the Transportation Air pollution and Physical ActivitieS (TAPAS) Program, and NIH NIEHS grant R01-ES020409. Finally, we
thank Dr Ruzena Bajcsy and seed funding from the Center for Information Technology in the Interest of Society (CITRIS), which
were instrumental in the development of CalFit.

Conflicts of Interest
None declared.

References
1. Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT, Lancet Physical Activity Series Working Group. Effect

of physical inactivity on major non-communicable diseases worldwide: an analysis of burden of disease and life expectancy.
Lancet 2012 Jul 21;380(9838):219-229. [doi: 10.1016/S0140-6736(12)61031-9] [Medline: 22818936]

2. World Health Organization. Global Health Risks: Mortality and Burden of Disease Attributable to Selected Major Risks.
Switzerland: World Health Organization; 2009. URL: http://www.who.int/healthinfo/global_burden_disease/
GlobalHealthRisks_report_full.pdf [accessed 2013-05-16] [WebCite Cache ID 6GfHnj9nS]

3. Department of Health, Physical Activity, Health Improvement and Prevention. 2004. At least five a week: Evidence on the
impact of physical activity and its relationship to health URL: http://www.dh.gov.uk/en/Publicationsandstatistics/Publications/
PublicationsPolicyAndGuidance/DH_4080994 [accessed 2012-12-02] [WebCite Cache ID 6CcIJ3NC4]

4. Prince SA, Adamo KB, Hamel ME, Hardt J, Gorber SC, Tremblay M. A comparison of direct versus self-report measures
for assessing physical activity in adults: a systematic review. Int J Behav Nutr Phys Act 2008;5:56 [FREE Full text] [doi:
10.1186/1479-5868-5-56] [Medline: 18990237]

5. Belton S, O'Brien W, Wickel EE, Issartel J. Patterns of non-compliance in adolescent field based accelerometer research.
J Phys Act Health 2012 Nov 30:1-10 (forthcoming). [Medline: 23223684]

6. Clemes SA, Deans NK. Presence and duration of reactivity to pedometers in adults. Med Sci Sports Exerc 2012
Jun;44(6):1097-1101. [doi: 10.1249/MSS.0b013e318242a377] [Medline: 22595985]

7. Gravina R, Alessandro A, Salmeri A, Buondonno L, Raveendranathan N, Loseu V, et al. Enabling Multiple BSN Applications
Using the SPINE Framework. In: Proceedings of the 2010 International Conference on Body Sensor Networks. USA: IEEE
Computer Society; 2010 Presented at: Body Sensor Networks (BSN), 2010 International Conference on Body Sensor
Networks; June 7-9, 2010; Washington, DC. [doi: 10.1109/BSN.2010.34]

8. Kuryloski P, Giani A, Giannantonio R, Gilani K, Gravina R, Seppa VP, et al. DexterNet: An Open Platform for Heterogeneous
Body Sensor Networks and its Applications. USA: IEEE Computer Society; 2009 Presented at: Sixth International Workshop
on Wearable and Implantable Body Sensor Networks, 2009. BSN 2009; June 3-5, 2009; Washington, DC. [doi:
10.1109/BSN.2009.31]

9. Seto E, Martin E, Yang A, Yan P, Gravina R, Lin I, et al. Opportunistic strategies for lightweight signal processing for
body sensor networks. New York: ACM; 2010 Presented at: PETRA 2010 Proceedings of the 3rd International Conference

J Med Internet Res 2013 | vol. 15 | iss. 6 | e111 | p.9http://www.jmir.org/2013/6/e111/
(page number not for citation purposes)

Donaire-Gonzalez et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1016/S0140-6736(12)61031-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22818936&dopt=Abstract
http://www.who.int/healthinfo/global_burden_disease/GlobalHealthRisks_report_full.pdf
http://www.who.int/healthinfo/global_burden_disease/GlobalHealthRisks_report_full.pdf
http://www.webcitation.org/6GfHnj9nS
http://www.dh.gov.uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_4080994
http://www.dh.gov.uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_4080994
http://www.webcitation.org/6CcIJ3NC4
http://www.ijbnpa.org/content/5//56
http://dx.doi.org/10.1186/1479-5868-5-56
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18990237&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23223684&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e318242a377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22595985&dopt=Abstract
http://dx.doi.org/10.1109/BSN.2010.34
http://dx.doi.org/10.1109/BSN.2009.31
http://www.w3.org/Style/XSL
http://www.renderx.com/


on Pervasive Technologies Related to Assistive Environments; June 13-15, 2010; Samos, Greece p. 1-6. [doi:
10.1145/1839294.1839361]

10. Yan P, Lin I, Roy M, Seto E, Wang C, Bajcsy R. WAVE and CalFit - Towards social interaction in mobile body sensor
networks. 2010 Presented at: International Workshop on Ubiquitous Body Sensor Networks (USBN); Mar 1-3, 2010;
Singapore, China. [doi: 10.4108/ICST.WICON2010.8602]

11. Pratt M, Sarmiento OL, Montes F, Ogilvie D, Marcus BH, Perez LG, Lancet Physical Activity Series Working Group. The
implications of megatrends in information and communication technology and transportation for changes in global physical
activity. Lancet 2012 Jul 21;380(9838):282-293. [doi: 10.1016/S0140-6736(12)60736-3] [Medline: 22818940]

12. Rodríguez DA, Brown AL, Troped PJ. Portable global positioning units to complement accelerometry-based physical
activity monitors. Med Sci Sports Exerc 2005 Nov;37(11 Suppl):S572-S581. [Medline: 16294120]

13. Seto E, Yan P, Kuryloski P, Bajcsy R, Abresch T, Henricson E, et al. Mobile Phones as Personal Environmental Sensing
Platforms: Development of the CalFit System. 2011 Presented at: The 23rd Annual Conference of the International Society
of Environmental Epidemiology (ISEE); Sep 13-16, 2011; Barcelona, Spain.

14. Van Remoortel H, Raste Y, Louvaris Z, Giavedoni S, Burtin C, Langer D, PROactive consortium. Validity of six activity
monitors in chronic obstructive pulmonary disease: a comparison with indirect calorimetry. PLoS One 2012;7(6):e39198
[FREE Full text] [doi: 10.1371/journal.pone.0039198] [Medline: 22745715]

15. John D, Freedson P. ActiGraph and Actical physical activity monitors: a peek under the hood. Med Sci Sports Exerc 2012
Jan;44(1 Suppl 1):S86-S89 [FREE Full text] [doi: 10.1249/MSS.0b013e3182399f5e] [Medline: 22157779]

16. Mâsse LC, Fuemmeler BF, Anderson CB, Matthews CE, Trost SG, Catellier DJ, et al. Accelerometer data reduction: a
comparison of four reduction algorithms on select outcome variables. Med Sci Sports Exerc 2005 Nov;37(11
Suppl):S544-S554. [Medline: 16294117]

17. Freedson PS, Melanson E, Sirard J. Calibration of the Computer Science and Applications, Inc. accelerometer. Med Sci
Sports Exerc 1998 May;30(5):777-781. [Medline: 9588623]

18. Heil DP, Brage S, Rothney MP. Modeling physical activity outcomes from wearable monitors. Med Sci Sports Exerc 2012
Jan;44(1 Suppl 1):S50-S60. [doi: 10.1249/MSS.0b013e3182399dcc] [Medline: 22157775]

19. Lin LI. A concordance correlation coefficient to evaluate reproducibility. Biometrics 1989 Mar;45(1):255-268. [Medline:
2720055]

20. Carrasco JL, Jover L. Estimating the generalized concordance correlation coefficient through variance components.
Biometrics 2003 Dec;59(4):849-858. [Medline: 14969463]

21. Fanning J, Mullen SP, McAuley E. Increasing physical activity with mobile devices: a meta-analysis. J Med Internet Res
2012;14(6):e161 [FREE Full text] [doi: 10.2196/jmir.2171] [Medline: 23171838]

22. Lee MH, Kim J, Jee SH, Yoo SK. Integrated solution for physical activity monitoring based on mobile phone and PC.
Healthc Inform Res 2011 Mar;17(1):76-86 [FREE Full text] [doi: 10.4258/hir.2011.17.1.76] [Medline: 21818460]

23. Xia Y, Cheung V, Garcia E, Ding H, Karunaithi M. Development of an automated physical activity classification application
for mobile phones. Stud Health Technol Inform 2011;168:188-194. [Medline: 21893928]

24. Wu W, Dasgupta S, Ramirez EE, Peterson C, Norman GJ. Classification accuracies of physical activities using smartphone
motion sensors. J Med Internet Res 2012;14(5):e130 [FREE Full text] [doi: 10.2196/jmir.2208] [Medline: 23041431]

25. Trost SG, McIver KL, Pate RR. Conducting accelerometer-based activity assessments in field-based research. Med Sci
Sports Exerc 2005 Nov;37(11 Suppl):S531-S543. [Medline: 16294116]

26. Eason E. Smartphone Battery Inadequacy. 2010 Dec 17. URL: http://large.stanford.edu/courses/2010/ph240/eason1/
[accessed 2013-02-24] [WebCite Cache ID 6EfriapIk]

27. Bassett DR, Ainsworth BE, Swartz AM, Strath SJ, O'Brien WL, King GA. Validity of four motion sensors in measuring
moderate intensity physical activity. Med Sci Sports Exerc 2000 Sep;32(9 Suppl):S471-S480. [Medline: 10993417]

28. Sasaki JE, John D, Freedson PS. Validation and comparison of ActiGraph activity monitors. J Sci Med Sport 2011
Sep;14(5):411-416. [doi: 10.1016/j.jsams.2011.04.003] [Medline: 21616714]

29. de Nazelle A, Seto E, Donaire-Gonzalez D, Mendez M, Matamala J, Nieuwenhuijsen MJ, et al. Improving estimates of air
pollution exposure through ubiquitous sensing technologies. Environ Pollut 2013 May;176:92-99. [doi:
10.1016/j.envpol.2012.12.032] [Medline: 23416743]

30. Lyden K, Kozey SL, Staudenmeyer JW, Freedson PS. A comprehensive evaluation of commonly used accelerometer energy
expenditure and MET prediction equations. Eur J Appl Physiol 2011 Feb;111(2):187-201 [FREE Full text] [doi:
10.1007/s00421-010-1639-8] [Medline: 20842375]

31. Swartz AM, Strath SJ, Bassett DR, O'Brien WL, King GA, Ainsworth BE. Estimation of energy expenditure using CSA
accelerometers at hip and wrist sites. Med Sci Sports Exerc 2000 Sep;32(9 Suppl):S450-S456. [Medline: 10993414]

32. Crouter SE, Kuffel E, Haas JD, Frongillo EA, Bassett DR. Refined two-regression model for the ActiGraph accelerometer.
Med Sci Sports Exerc 2010 May;42(5):1029-1037 [FREE Full text] [doi: 10.1249/MSS.0b013e3181c37458] [Medline:
20400882]

J Med Internet Res 2013 | vol. 15 | iss. 6 | e111 | p.10http://www.jmir.org/2013/6/e111/
(page number not for citation purposes)

Donaire-Gonzalez et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1145/1839294.1839361
http://dx.doi.org/10.4108/ICST.WICON2010.8602
http://dx.doi.org/10.1016/S0140-6736(12)60736-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22818940&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16294120&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0039198
http://dx.doi.org/10.1371/journal.pone.0039198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22745715&dopt=Abstract
http://europepmc.org/abstract/MED/22157779
http://dx.doi.org/10.1249/MSS.0b013e3182399f5e
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22157779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16294117&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9588623&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3182399dcc
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22157775&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2720055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14969463&dopt=Abstract
http://www.jmir.org/2012/6/e161/
http://dx.doi.org/10.2196/jmir.2171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23171838&dopt=Abstract
http://www.e-hir.org/journal/viewJournal.html?year=2011&vol=017&num=01&page=76
http://dx.doi.org/10.4258/hir.2011.17.1.76
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21818460&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21893928&dopt=Abstract
http://www.jmir.org/2012/5/e130/
http://dx.doi.org/10.2196/jmir.2208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23041431&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16294116&dopt=Abstract
http://large.stanford.edu/courses/2010/ph240/eason1/
http://www.webcitation.org/6EfriapIk
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10993417&dopt=Abstract
http://dx.doi.org/10.1016/j.jsams.2011.04.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21616714&dopt=Abstract
http://dx.doi.org/10.1016/j.envpol.2012.12.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23416743&dopt=Abstract
http://europepmc.org/abstract/MED/20842375
http://dx.doi.org/10.1007/s00421-010-1639-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20842375&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10993414&dopt=Abstract
http://europepmc.org/abstract/MED/20400882
http://dx.doi.org/10.1249/MSS.0b013e3181c37458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20400882&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Abbreviations
CCC: concordance correlation coefficient
GPS: Global Positioning System
MET: Metabolic Equivalent of Task
VT: vertical
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