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Abstract
Background: Activity trackers can potentially stimulate users to increase their physical activity behavior. The aim of
this study was to examine the reliability and validity of ten consumer activity trackers for measuring step count in
both laboratory and free-living conditions.
Method: Healthy adult volunteers (n = 33) walked twice on a treadmill (4.8 km/h) for 30 min while wearing ten different
activity trackers (i.e. Lumoback, Fitbit Flex, Jawbone Up, Nike+ Fuelband SE, Misfit Shine, Withings Pulse, Fitbit Zip, Omron
HJ-203, Yamax Digiwalker SW-200 and Moves mobile application). In free-living conditions, 56 volunteers wore the same
activity trackers for one working day. Test-retest reliability was analyzed with the Intraclass Correlation Coefficient (ICC).
Validity was evaluated by comparing each tracker with the gold standard (Optogait system for laboratory and ActivPAL
for free-living conditions), using paired samples t-tests, mean absolute percentage errors, correlations and Bland-Altman
plots.
Results: Test-retest analysis revealed high reliability for most trackers except for the Omron (ICC .14), Moves app (ICC .37)
and Nike+ Fuelband (ICC .53). The mean absolute percentage errors of the trackers in laboratory and free-living conditions
respectively, were: Lumoback (−0.2, −0.4), Fibit Flex (−5.7, 3.7), Jawbone Up (−1.0, 1.4), Nike+ Fuelband (−18, −24), Misfit
Shine (0.2, 1.1), Withings Pulse (−0.5, −7.9), Fitbit Zip (−0.3, 1.2), Omron (2.5, −0.4), Digiwalker (−1.2, −5.9), and Moves app
(9.6, −37.6). Bland-Altman plots demonstrated that the limits of agreement varied from 46 steps (Fitbit Zip) to 2422 steps
(Nike+ Fuelband) in the laboratory condition, and 866 steps (Fitbit Zip) to 5150 steps (Moves app) in the free-living
condition.
Conclusion: The reliability and validity of most trackers for measuring step count is good. The Fitbit Zip is the most valid
whereas the reliability and validity of the Nike+ Fuelband is low.
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Background
Activity trackers are developed to increase an individual’s awareness about physical activity behavior throughout the day. It is well known that regular physical
activity decreases the risk of many chronic diseases and
can improve quality of life [1–3]. A commonly used
physical activity guideline is the 10,000 steps/day norm:
healthy adults are recommended to take 10,000 steps
per day to maintain physical fitness and health [4]. However, many people worldwide are not aware if they
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comply with this recommendation [1]. In addition, previous research has indicated that most people tend to
overestimate their level of physical activity [5, 6]. Activity trackers may potentially overcome this issue.
Over the past five to ten years, an increasing number
and variety of activity trackers have become available on
the consumer market. Activity trackers are small and
user friendly devices that measure the number of steps
taken and/or the amount of time spent performing physical activities at different intensities. Most activity
trackers also convert the number of steps with algorithms into measures such as the distance covered and
the number of calories burned. Associated (mobile) applications provide users with insight into their individual
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physical activity behavior over a certain period of time.
This might work as a motivator to increase physical activity [7, 8]. Consumer activity trackers might also be
beneficial for scientific research, due to their ease of usability and relatively low cost. Examples of popular devices are the Fitbit, Jawbone Up, and Withings Pulse.
For accurate measurement and interpretation of the
data, these devices must be reliable and valid. A number
of studies have examined consumer tracker accuracy
[6, 9–18], however, six studies were based upon earlier
versions of Fitbit devices, and the methodology for
assessing reliability and validity varied considerably. For
example, different types of activity were used (walking
on a treadmill at different speeds, lab cycling, walking
stairs, daily activities), and different gold standards were
utilized (energy expenditure [EE] measured by breathto-breath analysis, self-reported physical activity translated to EE [in METs], and real step count). Five studies
were performed in a laboratory condition [9–11, 14, 16],
and six studies examined the reliability or validity of activity trackers during (semi-structured) free-living conditions [6, 12, 13, 15, 17, 18]. The validity of activity
trackers may differ in free-living conditions compared to
standardized lab conditions because of the increased variety in walking speeds, directions, intensities, etc. in
free-living. To date, no studies have assessed reliability
and validity of consumer trackers in both laboratory and
free-living conditions. The aim of this study was to determine the reliability and validity of ten consumer activity trackers, in both a standardized laboratory condition
and in free-living conditions.

Methods
Study design

The following ten activity trackers were examined: the
Lumoback, Fitbit Flex, Nike+ Fuelband SE, Jawbone
Up, Misfit Shine, Withings Pulse, Fitbit Zip, Omron
HJ-203, Yamax Digiwalker SW-200 and the Moves
mobile application. The Optogait system (OPTOGait,
Microgate S.r.I, Italy, 2010) was used as the gold
standard on the treadmill in the laboratory condition.
This system consists of two beams attached to the
sides of the treadmill. The system uses an LED lighting system to precisely measure the number of steps
which is a reliable and valid method for measuring
step count (cadence) [19]. The ActivPAL (PAL Technologies Ltd., Glasgow, UK) was used as the gold
standard in the free-living condition. The ActivPAL
was worn on the thigh underneath the clothing. Previous research has demonstrated that the ActivPAL is
a reliable and valid tool for measuring the number of
steps taken both on a treadmill and in free-living
conditions [20–22].

Page 2 of 11

Study sample

Only healthy adult volunteers (age ≥18, <65 years) were
included in the study. Participants were recruited
through advertisements within the Hanze University and
by using the individual networks of the researchers. Subscribers were excluded from participation if they experienced problems with standing or normal ambulation as
well as if they performed daily activities which could
possibly damage the activity trackers while being worn
(when participating in the free-living study). All components of the study are described below in more detail.
The study was in accordance with the principles as outlined in the Declaration of Helsinki and an exemption
was obtained by the Medical Ethical Committee of the
University Medical Center of Groningen for a comprehensive application. All participants were informed
about the study procedures and provided informed consent prior to the initiation of this study.
Testing under laboratory conditions

In order to examine the test-retest reliability and the validity of the ten trackers in a standardized situation, the
participants walked for 30 min on a treadmill at a walking speed of 4.8 km/h. This walking velocity was similar
to velocities used in previous treadmill studies and is
based on an average walking speed [14, 23]. During the
treadmill test, the participants wore all ten activity
trackers and the ActivPAL. The Optogait system on the
treadmill was used as the gold standard. The primary
outcome measure was the total number of steps measured within the duration of the 30 min treadmill test.
All participants repeated this test one week later.
Testing under free-living conditions

In order to examine the validity of the ten trackers in
free-living conditions during a working day, the activity behavior of the participants was measured during
one working day between 9.00 am and 4:30 pm. The
participants wore each ten different trackers and the
ActivPAL simultaneously. During the specified day,
participants performed their normal daily activities;
however, they were requested to abstain from cycling
or driving a vehicle during the test period. This was
required in order to be able to make a realistic comparison between the trackers; because the different
wearing positions of the trackers might influence step
measurements during these activities. The primary
outcome measure was the total number of steps measured between 9 am to 4:30 pm.
Activity trackers

All devices utilized in this study are able to track step
count.
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Lumoback

The Lumoback™ (Lumo BodyTech, Inc. Palo Alto, California, USA) was worn around the lower back and was
calibrated to the user by utilizing the associated
application.
Fitbit Flex

The Fitbit Flex™ (Fitbit, Inc., San Francisco, CA, USA) is
a wrist-worn tri-axial accelerometer and was worn on
the non dominant arm.
Jawbone UP

The Jawbone UP™ (JAWBONE, San Francisco, CA, USA,
is a wrist-worn three-dimensional activity tracker and
was worn on the non dominant arm.
Nike+ Fuelband

The Nike+ Fuelband SE ™ (Nike Inc., Beaverton, OR,
USA) is a wrist-worn three-dimensional activity tracker
and was worn on the non dominant arm.
Misfit Shine

The Misfit Shine™ (Misfit Wearables, Burlingame, California, USA) is a small tri-axial accelerometer which was
carried in the front pocket of the trousers.
Pulse

The Withings Pulse™ (Withings, Issy les Moulineaux,
France) is a small tri-axial accelerometer which was carried in the front pocket of the trousers.
Fitbit Zip

The Fitbit Zip™ (Fitbit, Inc., San Francisco, CA, USA) is a
small tri-axial accelerometer which was carried in the
front pocket of the trousers.
Omron

The Omron Walking Style III™ (type HJ-203) (OMRON
Healthcare Europe B.V., Hoofddorp, the Netherlands) is a
pedometer with a two-dimensional sensor which was
carried in the front pocket of the trousers.
Digiwalker

The Yamax Digiwalker SW-200™ (YAMAX Health &
Sports, Inc. San Antonio, USA, $39.50) is a twodimensional pedometer that was attached to the participant’s waistband.
Moves

The MovesR is a smartphone application. It uses acceleration sensors from a smartphone and GPS to measure
the number of steps taken. The mobile phone used in
the laboratory study was an Iphone 4S (Iphone 4S, Apple
Inc., USA). During the free-living study the smartphone
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of the participant was used (IOS/Android) and carried in
the front pocket of the trousers.

Statistical analysis

A sample size analysis was conducted to calculate the
number of required participants. As previous data on
relevant differences for sample size calculation does
not exist, we reasoned that a difference of 10 % for
the laboratory condition and 15 % for the free-living
condition seemed appropriate. Using these relevant
differences and expected mean number of steps in
both conditions, it was calculated that at least 24 participants were necessary for participation in the laboratory condition and 58 participants for the freeliving condition to enable substantiation of a relevant
difference between the trackers and the gold standards with a power of 80 % and a significance level
of 5 %. This number of participants is comparable to
other validation studies [12, 14, 15]. This reassured
our reasoned choice for using 10 % and 15 % as cutoff points for the mean difference.
Descriptive statistics were used to characterize the
sample. Normality of the outcome measures was tested
by Shapiro Wilk for all activity trackers in both parts of
the study. Test-retest reliability of the trackers in the laboratory study was assessed by calculating the Intraclass
Correlation Coefficient (ICC) (two-way random, absolute agreement, single measures with a 95 % confidence
interval). Common cut-off points for reliability assessment were used; >.90 (excellent), .75-.90 (good), .60-.75
(moderate), and < .60 (low) [24].
The validity of the ten trackers was determined by
several statistical tests. First, systematic differences
between the activity trackers and the gold standards
were assessed by the paired samples t-test. In the
event of non-normally distributed data, the Wilcoxon Signed Rank test was used. Mean absolute
percentage errors (c) compared to the gold standards
were calculated with the following formula: mean
difference activity tracker-gold standard x 100 /
mean gold standard. Second, in order to examine
the correlation between the trackers and the gold
standards, the ICC was calculated (absolute agreement, two-way random, single measures, 95 % confidence interval). Third, to examine the level of
agreement between the trackers and the gold standard, Bland-Altman plots were constructed with their
associated limits of agreement. In addition, the
ActivPAL scores from the laboratory study were
compared with the corresponding Optogait scores by
use of the three previously mentioned statistical
tests, in order to assess the degree of consensus between the two gold standards used in this study.
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Results
For the laboratory study, 33 participants were included
(16 males, mean age (±SD) 39 (±13.1) years, mean BMI
(±SD) 23.6 (±2.2) kg/m2, and 17 females, mean age
(±SD) 35 (±11.2), mean BMI 22.5 (±2.1) kg/m2). Thirty
of the 33 participants performed the test again one week
later. Most individuals who participated in the laboratory
study also participated in the free-living study (N = 23)
wherein a total of 56 participants were included (18
males, mean age (±SD) 37.1 (±10.6), mean BMI (±SD)
24.1 (±2) kg/m2, and 38 females, mean age (±SD) 30
(±9.5) years, mean BMI (±SD) 23.1 (±2.5) kg/m2). Most
of the participants were university employees, with an
office job. Activities performed by the participants during the test day included sitting (e.g., at the computer),
standing (e.g., teaching activities) and walking. A number of participants were highly active (e.g., took a long
walk during lunch time) whereas others were mainly
sedentary during the test day. The Nike+ Fuelband and
Moves app were tested with a fewer number of participants in the free-living study (N = 20 and N = 11 respectively). The Nike+ Fuelband was not available at the
beginning but was included during the study. The Moves
app was unavailable at no cost for most participants in
the free-living study. In all 11 cases, the Moves app was
operating on an Android device.
Descriptive statistics

Figure 1 depicts the descriptive statistics (mean number
of steps, 95 % CI) as measured by the gold standards
and by the ten activity trackers in both the laboratory
(A) and free-living condition (B). The mean number of
steps (±SD) measured by the Optogait in the laboratory
condition was 3314 (±162), and the mean number of
steps (±SD) measured by the ten trackers ranged from
2716 (±672) [Nike+ Fuelband] to 3633 (±286) [Moves
app]. The mean number of steps (±SD) measured by the
ActivPAL in the free-living condition was 4070 (±2430),
and the mean number of steps (±SD) measured by the
ten trackers ranged from 3271 (±2136) [Nike+ Fuelband]
to 4372 (±2562) [Fitbit Flex]. As shown in Fig. 1, the
Nike+ Fuelband and Moves app provide a relatively large
confidence interval for the mean number of steps in the
free-living condition, which is partly due to a lower
number of measurements of these devices. Therefore,
additional power analyses were executed, which are
shown below.
Agreement between the two gold standards

The ActivPAL was compared with the Optogait in the
laboratory condition using the same statistical tests that
were used for the ten activity trackers. The ActivPAL
demonstrated a mean difference of 9 ± 6 steps [0.3 %]
with the Optogait (P < 0.001, N = 25). The effect size of
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this significant difference was calculated using Cohens
effect size [25] and indicated an effect size of 0.02, which
is negligibly small. The ICC between the ActivPAL and
the Optogait is 1. The Bland-Altman plot revealed a difference between the lower and upper limit of agreement
of 24 steps. These results indicate excellent agreement of
the two gold standards used in this study.
Test-retest reliability

The ICCs between the first test and the second test (one
week later) in the laboratory condition varied between
0.14 and 0.96 (Table 1). The gold standards used in this
study (Optogait and ActivPAL), demonstrated excellent
test-retest reliability. Test-retest reliability of the Lumoback, Fitbit Zip, and Withings Pulse was excellent as
well (i.e., ICC > .90). Test-retest reliability of the Jawbone
Up, Fitbit Flex, and Misfit Shine was good (ICC .75 .90); test-retest reliability of the Digiwalker was moderate (ICC .60 - .75); and test-retest reliability of the Nike
+ Fuelband, Omron, and Moves app was low (ICC <
0.60).
Systematic differences and mean absolute percentage
error

In the laboratory condition, there was a significant difference between the number of steps measured by the
Optogait (gold standard) and those measured by the
Lumoback, Fitbit Flex, Nike+ Fuelband, Withings Pulse,
Fitbit Zip, Omron, and the Moves app (Table 2). However, the size of the mean difference was less than 34
steps (MAPE = 1 %) or close to this MAPE for most of
the trackers. There was a more substantial MAPE between the Optogait and Fitbit Flex; (188 steps [5.7 %]),
the Moves app (319 steps [9.6 %]), and the Nike+ Fuelband (598 steps [18 %]). The Misfit Shine demonstrated
the smallest MAPE compared with the Optogait [i.e.,
0.18 %].
In the free-living condition, there was a significant difference in the number of steps between the ActivPAL
(gold standard) and the Fitbit Flex, Nike+ Fuelband, Fitbit Zip, Withings Pulse, Digiwalker, and the Moves app
(Table 2). Again, the MAPE values of the trackers were
small (less than 10 %), except for the Nike+ Fuelband
and the Moves app (24 % and 37.6 % respectively). The
smallest MAPE values were between the ActivPAL and
the Omron (0.4 %) and Lumoback (0.4 %). The power
for the calculation of the Nike+ Fuelband and Moves
app was 62 % and 39 %, respectively. The power for the
remaining devices was high, i.e., greater than 99 %.
Correlations

Table 3 illustrates the Intraclass Correlation Coefficients
between the ten activity trackers and the gold standard,
for both the laboratory study and the free-living study.
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In the laboratory study, the ICCs ranged from -.13
(Moves) to .99 (Lumoback, Withings Pulse, and Fitbit
Zip). The ICCs in the free-living study ranged from 0.80
(Moves) to 1 (Fitbit Zip).
Level of agreement

Bland-Altman plots indicate the differences between the
tracker and the gold standard (y-axis) against the average
of the two methods (x-axis). Table 4 indicates the mean
differences with the gold standard and the limits of
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agreement for all activity trackers. In the laboratory condition, the plots showed the narrowest limits for the Fitbit Zip (46 steps), Lumoback (78 steps), and Withings
Pulse (92 steps). The broadest limits were for the Nike+
Fuelband (2422 steps), Moves app (1436 steps), and Fitbit Flex (855 steps). In the free-living condition, the plots
showed the narrowest limits for the Fitbit Zip (866
steps), Misfit Shine (1400 steps), and the Lumoback
(1590 steps). The broadest limits of agreement were determined for the Moves app (5150 steps), Nike+

Fig. 1 Descriptive Statistics (mean number of steps, 95 % CI) as measured by the gold standards (horizontal lines) and the ten activity trackers in the
laboratory and free-living condition
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Table 1 Intraclass correlation coefficients between Test 1 and Test 2 of the treadmill walking test (N = 30)
Activity tracker
Optogait

Intraclass Correlation Coefficient

95 % confidence Interval

0.92**

0.85 –0.96

ActivPAL

0.96**

0.90 –0.99

Lumoback

0.90**

0.79 – 0.95

Fitbit Flex

0.81**

0.64 –0.91

Jawbone UP

0.83**

0.66 –0.91

Nike+ Fuelband

0.53**

0.22 –0.75

Misfit Shine

0.86**

0.73 –0.93

Withings Pulse

0.92**

0.83 –0.96

Fitbit Zip

0.90**

0.80 –0.95

Omron

0.14

−0.24 –0.47

Digiwalker

0.71**

0.47 –0.86

Moves app

0.37*

0.02 –0.64

*P<0.05
**P <0.01

Fuelband (4528 steps), and Jawbone Up (3350 steps).
Figure 2 illustrates the Bland-Altman plots for the top
three activity trackers (narrowest limits of agreement)
for both the laboratory (Fitbit Zip, Lumoback, and Withings Pulse) and for the free-living condition (Fitbit Zip,
Misfit Shine and Lumoback).

Discussion
Ten popular consumer activity trackers were tested for
their reliability and validity for measuring step count.
Seven out of ten trackers were reliable (Lumoback, Fitbit
Flex, Jawbone UP, Misfit Shine, Withings Pulse, Fitbit
Zip, and Digiwalker), and five of these trackers also demonstrated high validity in laboratory conditions (Lumoback, Jawbone Up, Misfit Shine, Withings Pulse, and
Fitbit Zip). The Moves app and Nike+ Fuelband exhibited low reliability and a low validity in laboratory conditions. In free-living conditions, the Fitbit Zip showed the
highest validity and the Nike+ Fuelband indicated a low
validity.
The validity of the ten activity trackers in laboratory
conditions was examined with three methods of which
the first was to assess systematic differences. According
to Tudor-Locke et al. [23], activity monitors should not
exceed a 1 % error deviation (MAPE) from the gold
standard during walking on a treadmill at a speed of 3
mph (4.8 km/h) in order to be considered accurate. In
the controlled lab-condition, five trackers achieved this
condition: the Lumoback, Jawbone Up, Misfit Shine,
Withings Pulse, and Fitbit Zip. The Digiwalker and
Omron had an error deviation slightly higher than
the 1 % threshold, e.g., 1.2 % and 2.5 %, respectively,
which still represents a very low MAPE. The Fitbit
Flex (5.6 %), Moves app (9.6 %) and Nike+ Fuelband
(18 %) exhibited greater deviation errors whereby the

Fitbit Flex and Nike+ Fuelband underestimated the
number of steps, and the Moves app overestimated
the number of steps. Some trackers were examined in
other studies as well for systematic differences using
comparable conditions. Melanson et al. [26] found an
accuracy of 97.8 % of the Digiwalker SW-200 during
walking on the treadmill with speeds between 3.0 and
3.5 mph (4.8 – 5.6 km/h), which is in accordance
with our finding of 1.2 % error. In the study of De
Cocker et al. [27], the Omron differed on an average
of 6.7 % compared to the gold standard. The slightly
smaller difference of 2.5 % determined in our study
could possibly be explained by the longer duration of
the treadmill test in this study (30 min vs. 5 min)
which decreases the relative size of measurement
error. Case et al. [16] found an error of +6.2 % for
the Moves app installed on an IOS device and an
error of −6.7 % for the Moves app installed on an
Android device. The MAPE found for the IOS device
was a bit lower than the +9.6 % difference in our
study. An explanation could be the different version
of the Iphone that was utilized (Iphone 5S compared
to the 4S in our study). For the Nike+ Fuelband, Case
et al. found a mean underestimation of 22.7 %. This
was in line with our finding of 18 % underestimation.
The second method to determine validity was to
examine the ICCs between the trackers and the gold
standard. In the laboratory study, all trackers demonstrated a good to excellent agreement with the gold
standard, with the exception of the Moves app, Nike+
Fuelband, and Fitbit Flex. Two other studies also examined correlations between the activity trackers and the
gold standard in laboratory conditions. For the Fitbit
One, Tacacs et al. [14] ascertained concordance correlations between 0.97 and 1.0 for five different speeds on
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Table 2 Mean difference scores (gold standard – activity tracker) and MAPE in the laboratory and free-living condition
Laboratory Condition 1

Free-living condition 2
a

N

Mean difference (SD)

MAPE

ActivPAL

25

9 (6)

0.3

Lumoback

32

8 (20)

Fitbit Flex

33

188 (219)

Jawbone UP

32

Nike+ Fuelband

33

Misfit Shine
Withings Pulse

b

t-value/Z-value

c

MAPE b

Z-value c

P-Value

17

0.4

−0.97

0.332

−150

3.7

−2.23

0.026 *

−58

1.4

−0.24

0.851

977

24

−3.55

0.000 *

55

−43

1.1

−0.36

0.719

51

323

7.9

−5.24

0.000 *

P-value

N

7.19

0.000 *

55

0.2

2.24

0.033 *

51

5.7

4.93

0.000 *

54

34 (123)

1.0

1.60

0.119

53

598 (618)

18.0

−4.36

0.000 *

20

33

−6 (43)

0.2

−0.80

0.430

32

15 (23)

0.5

3.70

0.001 *

Mean difference a

Fitbit Zip

32

11 (12)

0.3

5.44

0.000 *

55

−49

1.2

−2.66

0.008 *

Omron

32

−82 (157)

2.5

−2.96

0.006 *

55

17

0.4

−0.71

0.479
0.041 *

Digiwalker

32

38 (145)

1.2

1.46

0.153

55

240

5.9

−2.04

Moves app

33

−319 (366)

9.6

−4.36

0.000 *

11

1529

37.6

−2.85

1

2

0.004 *
a

Mean (±SD) Optogait = 3314 (±162) Mean (±SD) ActivPAL = 4070(±2430) *significant p-value indicating a systematic difference of the activity tracker. positive
values indicate an underestimation of the activity tracker and negative values indicate an overestimation. b MAPE = mean absolute percentage error cIn case of
non-normality the Wilcoxon Signed Rank Test was used instead of the Paired Samples T-test

the treadmill with manual steps counting as the gold
standard. This was in accordance with our finding for
the Fitbit Zip (ICC .99). For the Digiwalker SW-200,
Beets et al. determined an ICC of .99 compared to real
step count for children walking on a treadmill at the
same speed (4.8 km/h) [28]. This is somewhat higher
than the ICC found in our study (ICC .65). However, if
we removed the four outliers in our analyses our ICC increased to .94, which is more in line with the findings of
Beets et al.
The third and last way to examine validity was to assess the level of agreement by visualizing the data with
Bland-Altman plots [29]. The difference between the
lower and upper limit of agreement (Mean difference ±
1.96SD of difference scores) ranged from 46 steps (Fitbit
Zip) to 2422 steps (Nike+ Fuelband). The Lumoback,
Jawbone Up, Misfit Shine, Withings Pulse, and Fitbit Zip

indicated the narrowest limits of agreement (less than
300 steps) which equals less than 10 % and less than
3 min walking. This can be considered as a relatively
small range. Taken together with the small systematic
differences of these trackers (less than 1 %), it is suggested that the Lumoback, Jawbone Up, Misfit Shine,
Withings Pulse, and Fitbit Zip can be used interchangeably with the gold standard when walking on a treadmill.
The systematic differences and the range between the
upper and lower limits of agreement of the Moves app
(1436 steps) and the Nike+ Fuelband (2422 steps) are
considered to be too large to be used interchangeably
with the gold standard.
To summarize, the lab results show that most trackers
are valid with the Lumoback, Jawbone Up, Misfit Shine,
Withings Pulse, and Fitbit Zip demonstrating the highest
validity. The Moves app and Nike+ Fuelband are clearly

Table 3 Intraclass Correlation Coefficients between the activity trackers and gold standards in the laboratory and free–living study
Laboratory study (N = 33) (Optogait)

95 % confidence interval

ActivPAL

1

0.94 – 1

Free–living study (N = 56) (ActivPAL)

95 % confidence interval

Lumoback

0.99 **

Fitbit Flex

0.22 *

0.98 – 0.99

0.99 **

0.98 – 0.99

−0.08 – 0.5

0.96 **

0.94 – 0.98

Jawbone UP

0.98 **

Nike+ Fuelband

0.12

.095 – 0.99

0.94 **

0.90 – 0.97

−0.1 – 0.37

0.83 **

0.37 – 0.94

Misfit Shine
Withings Pulse

0.97 **

0.93 – 0.98

0.99 **

0.98 – 0.99

0.99 **

0.95 – 0.97

0.96 **

0.91 – 0.98

Fitbit Zip

0.99 **

0.96 – 0.99

1 **

0.99 – 1

Omron

0.59 **

0.27 – 0.78

0.98 **

0.96 – 0.99

Digiwalker

0.65 **

0.39 – 0.81

0.96 **

0.93 – 0.98

Moves app

−0.13

−0.32 – 0.15

0.80 **

0.05 – 0.99

*P<0.05 **P<0.01
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Table 4 Mean difference scores with the gold standards and limits of agreement of the activity trackers in the laboratory and freeliving study
Mean difference
(Optogait – tracker, lab study)a

Limits of Agreement
Lower

Upper

ActivPAL

9

−3

21

Lumoback

8

−31

47

Fitbit Flex

188

−240

615

Jawbone UP

34

−54

Nike+ Fuelband

598

−613

Misfit Shine

−6

Withings Pulse

15

Fitbit Zip
Omron
Digiwalker
Moves app
a

Mean difference
(ActivPAL- tracker, free-living study)a

Limits of Agreement
Lower

Upper

17

−778

812

−150

−1424

1124

81

−58

−1732

1618

1809

977

−1288

3240

−91

85

−43

−743

657

−31

61

323

−864

1510

11

−12

34

−49

−482

384

−82

−390

226

17

−1006

1040

38

−248

323

240

−1028

1508

−319

−1037

399

1529

−1046

4104

Positive values indicate an underestimation of the activity tracker and negative values indicate an overestimation

invalid. It should be noted that, in a controlled lab
condition, there is no variation in walking speed, intensity, direction, etc. which is in contrast to real life.
Therefore, validity was also tested in free-living
conditions.

The first way to validate activity trackers in free-living
conditions was to assess systematic differences. In freeliving conditions, an acceptable mean deviation from the
gold standard is 10 % [23]. Eight activity trackers
achieved this criterion. The Nike+ Fuelband and Moves

Fig. 2 Bland-Altman plots of the top three activity trackers in the laboratory condition (Optogait vs. Fitbit Zip, Lumoback, and Withings Pulse,
figure a-c) and free-living condition (ActivPal vs. Fitbit Zip, Misfit Shine, and Lumoback, figure d-f). The middle line shows the mean difference
between the tracker and the gold standard, and the dashed lines indicate the limits of agreement (±1.96 * SD of the difference scores)

Kooiman et al. BMC Sports Science, Medicine, and Rehabilitation (2015) 7:24

app showed larger percentages of underestimation:
24.0 % and 37.6 %, respectively. Lee et al. [12] investigated various consumer trackers during different semistructured activities (the participants followed a 69-min
protocol), and compared total energy expenditure with
the gold standard (breath-to-breath analysis). The Fitbit
Zip, Jawbone Up, and Nike+ Fuelband differed 10.1 %,
12.2 %, and 13.0 %, respectively, from the gold standard.
The differences are greater for the Fitbit Zip and Jawbone Up compared to the results of our study which
could possibly be explained by the different outcome
measure that was utilized in the study of Lee et al. (energy expenditure vs. step count). The difference between
the Nike+ Fuelband and the gold standard is smaller
compared to the present study (24 %). However, Lee et al.
has already mentioned inconsistent results for the Nike+
Fuelband (a relatively small MAPE but also a low correlation with the gold standard) and, therefore, advised interpreting these results with caution. Ferguson et al. [17]
investigated five similar devices (Jawbone UP, Nike+
Fuelband, Misfit Shine, Withings Pulse and Fitbit Zip)
in free-living conditions for 48 h. They ascertained differences of 8.1 %, 25.6 %, 10.1 %, 6.3 % and 4.3 %, respectively. These values are in line with our findings in
which the somewhat larger differences can be explained
by the longer period of measurement. De Cocker et al.,
[27] investigated the Omron during free-living conditions
and used the Digiwalker as a criterion measure. They reported a more substantial difference between the two devices compared to the findings of the present study
(36.9 % vs. 0.4 %) which can be a result of non-walking
activities, a longer period of measurement, and the different gold standard.
The second way to determine the validity of the activity trackers during free-living conditions was to calculate ICCs. All activity trackers were highly
correlated to the gold standard (ActivPAL). The Nike
+ Fuelband and the Moves app showed ICCs which
were a bit lower and had broad confidence intervals
(.83 [CI .37; .94] and .80 [CI .05 – .99] respectively).
The high ICCs in the free-living study can be partially
attributed to the differences in activity patterns between the participants during the test day; more variation increases the chances of a high ICC. Lee et al.
[12] indicated similar results for the Fitbit Zip, Jawbone Up, and the Nike+ Fuelband, i.e., high correlations for the Fitbit Zip and Jawbone Up and a lower
correlation for the Nike+ Fuelband. Tully et al. investigated the validity of the Fitbit Zip in free-living conditions; the Fitbit Zip was worn for seven days along
with the Actigraph accelerometer. They reported a
high correlation (Spearman Rho = .91) between steps/
day when measured by the Fitbit Zip and by the Actigraph [15]. In addition, Ferguson et al. reported
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similar correlations for the Jawbone UP, Nike+ Fuelband, Misfit Shine, Withings Pulse, and Fitbit Zip in
their free-living study of 48 h [17].
Finally, the level of agreement of the activity trackers
with the gold standard during free-living conditions was
assessed by Bland-Altman plots. The difference between
the lower and upper limit of agreement ranged from 861
steps (Fitbit Zip) to 5150 steps (Moves app). For the Fitbit Zip, the range of 861steps (less than 1000 steps, e.g.,
10 min walking) appears to be sufficiently low enough to
be a valid measure in scientific research. The Misfit
Shine and Lumoback demonstrated slightly larger limits
of agreement (1400 and 1590 steps, respectively) which
still demonstrates a good validity. For the other trackers,
the limits of agreement show that, despite the relatively
small systematic error (below 400 steps [10 %] for eight
of the ten trackers), larger individual differences are evident, resulting in a lower validity.
To summarize, the validity of eight of the ten trackers
was good during free-living conditions whereby the Fitbit Zip showed the best validity. The validity of the Nike
+ Fuelband is low for measuring steps in free-living
conditions.
Our study has some limitations. First, in the laboratory
condition, only one type of activity was examined (walking), however, activity trackers can possibly perform differently during different activities or velocities (such as
walking slow). The advantage of the 30-min measurement was that reliable data for average walking speed
was obtained. Second, for examining free-living activity,
we used a time span of 9:00–16:30 in which ‘occupational activity’ was mostly measured. The advantage of
this method was that we were able to make a realistic
comparison between the different trackers with different
wearing positions because cycling was excluded. Cycling
could have biased the results between centrally worn
and wrist-worn trackers. However, the trackers might
perform differently during a greater variety of activities
such as more intensive exercise. These activities were
not measured in this study. The third limitation was,
that in the free-living condition, the Nike+ Fuelband and
Moves app were tested with fewer number of participants. Because of a reasonable power (62 %), consistent
results with the laboratory condition, and consistent results with other studies [12, 16, 17], the results of the
Nike+ Fuelband are considered reliable. For the Moves
app, only preliminary conclusions can be drawn on the
validity in free-living conditions. This is due to the low
N, consequently a lower power of 39 %, and because the
Moves app was tested on different types of phones compared to the laboratory study (Android vs. IOS devices).
Therefore, the results of the free-living condition cannot
be compared with the lab condition because the different types of firmware may have influenced the results.
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However, our results for the Moves app on the different
types of phones are comparable with the study of Case
et al. [16] who showed that Android devices are associated with a modest underestimation, and IOS devices
show a modest overestimation of step counting, which is
in line with our results.
By combining the results of both conditions, it can be
concluded that the validity of most activity trackers is
good (Fitbit Zip, followed by Misfit Shine and Lumoback) or acceptable (Fitbit Flex, Jawbone Up, Withings
Pulse, Omron, and Digiwalker). Looking at the wearing
position of the trackers (wrist-worn for the Fitbit Flex,
Jawbone UP, and Nike+ Fuelband and centrally worn,
e.g. close to the pelvis or trunk, for the remaining devices), our results indicate that activity trackers worn
close to the body exhibit a better validity than the wristworn activity trackers, especially during free-living conditions. For wrist-worn activity trackers, more measurement error can occur due to more variation in the way
the arms are used in free-living conditions. This finding
is supported by the research of Atallah et al. [30].
For the choice of a device, different considerations can
be taken into account. First, the goal of physical activity
measurement should be considered. For individual users,
it is most important that the change in physical activity
is clearly displayed, therefore, devices should be reliable.
For large-scale research, the validity of a tracker is important in order to be able to compare physical activity
levels of different groups. In addition, the type of activity
that will be measured should be considered so a choice
for the wearing position can be made. For example,
wrist-worn activity trackers are better able to measure
higher limb activity, and ankle worn trackers are better
able to measure lower limb activity (e.g. cycling) [31].
Furthermore, a consumer can choose between a more
advanced -and mostly more expensive device-, or a more
simple and affordable device. This study demonstrated
that less expensive devices are not necessarily less valid.

Conclusions
In conclusion, the reliability of the Lumoback, Fitbit
Flex, Jawbone UP, Misfit Shine, Withings Pulse, Fitbit
Zip, and Digiwalker is good. These trackers are suitable
for consumer usage and health enhancing programs. Of
all ten trackers the Fitbit Zip shows the highest validity
whereas the Nike+ Fuelband shows the lowest validity.
The results of this study can assist consumers, researchers, and health care providers to make an evidence
based choice for an activity tracker to measure step
count.
Abbreviations
EE: Energy expenditure; MET: Metabolic equivalent; BMI: Body mass index;
km/h: Kilometers per hour; MAPE: Mean absolute percentage error;
ICC: Intraclass correlation coefficient; CI: Confidence interval.

Page 10 of 11

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
TJMK participated in the design of the study, undertook data collection for the
laboratory study, undertook statistical analysis, and wrote the manuscript. MLD
participated in the design of the study, undertook data collection for the
free-living study, and contributed to writing the manuscript. SRS participated in
the design of the study, contributed to data collection of the free-living study,
contributed to statistical analysis of the free-living results, and contributed to
writing the manuscript. WPK participated in the design of the study, advised for
statistical analysis, and contributed to writing the manuscript. CPS participated in
the design of the study and contributed to writing the manuscript. MG
participated in the design of the study, gave supervision during the execution of
this study and contributed to writing the manuscript. All authors have approved
the final version.
Acknowledgements
This study was funded by the Hanze University and the Center for Physical
Activity and Research (CBO Groningen). All trackers were purchased by
Hanze University or by CBO Groningen.
Author details
1
Research group Healthy ageing, Allied health care and Nursing, Hanze
University of Applied Sciences, Groningen, The Netherlands. 2CBO Groningen:
Center for Physical Activity and Research, Groningen, The Netherlands.
3
Quantified Self Institute, Hanze University of Applied Sciences, Groningen,
The Netherlands.
Received: 28 April 2015 Accepted: 5 October 2015

References
1. Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT, et al. Effect of
physical inactivity on major non-communicable diseases worldwide: an
analysis of burden of disease and life expectancy. Lancet.
2012;380(9838):219–29.
2. Warburton DE, Nicol CW, Bredin SS. Health benefits of physical activity: the
evidence. CMAJ. 2006;174(6):801–9.
3. Haskell WL, Lee IM, Pate RR, Blair SN, Franklin BA, Macera CA, et al. Physical
activity and public health: updated recommendation for adults from the
American College of Sports Medicine and the American Heart Association.
Med Sci Sports Exerc. 2007;39(8):1423–34.
4. Tudor-Locke C, Craig CL, Brown WJ, Clemes SA, De Cocker K, Giles-Corti B,
et al. How many steps/day are enough? For adults. Int J Behav Nutr Phys
Act. 2011;8:79-5868-8-79.
5. Godino JG, Watkinson C, Corder K, Sutton S, Griffin SJ, Van Sluijs EM.
Awareness of physical activity in healthy middle-aged adults: a crosssectional study of associations with sociodemographic, biological,
behavioural, and psychological factors. BMC Public Health. 2014;14(1):421.
6. Vooijs M, Alpay LL, Snoeck-Stroband JB, Beerthuizen T, Siemonsma PC,
Abbink JJ, et al. Validity and usability of low-cost accelerometers for
internet-based self-monitoring of physical activity in patients with chronic
obstructive pulmonary disease. Interact J Med Res. 2014;3(4):e14.
7. Bravata DM, Smith-Spangler C, Sundaram V, Gienger AL, Lin N, Lewis R,
et al. Using pedometers to increase physical activity and improve health: a
systematic review. JAMA. 2007;298(19):2296–304.
8. El-Gayar O, Timsina P, Nawar N, Eid W. A systematic review of IT for
diabetes self-management: are we there yet? Int J Med Inform.
2013;82(8):637–52.
9. Adam Noah J, Spierer DK, Gu J, Bronner S. Comparison of steps and energy
expenditure assessment in adults of Fitbit Tracker and Ultra to the Actical
and indirect calorimetry. J Med Eng Technol. 2013;37(7):456–62.
10. Dannecker KL, Sazonova NA, Melanson EL, Sazonov ES, Browning RC. A
comparison of energy expenditure estimation of several physical activity
monitors. Med Sci Sports Exerc. 2013;45(11):2105–12.
11. Fortune E, Lugade V, Morrow M, Kaufman K. Validity of using tri-axial
accelerometers to measure human movement - Part II: Step counts at a
wide range of gait velocities. Med Eng Phys. 2014;36(6):659–69.
12. Lee JM, Kim Y, Welk GJ. Validity of consumer-based physical activity
monitors. Med Sci Sports Exerc. 2014;46(9):1840–8.

Kooiman et al. BMC Sports Science, Medicine, and Rehabilitation (2015) 7:24

Page 11 of 11

13. Stahl ST, Insana SP. Caloric expenditure assessment among older adults:
criterion validity of a novel accelerometry device. J Health Psychol.
2014;19(11):1382–7.
14. Takacs J, Pollock CL, Guenther JR, Bahar M, Napier C, Hunt MA. Validation of
the Fitbit One activity monitor device during treadmill walking. Interact
J Med Res. 2014;17(5):496–500.
15. Tully MA, McBride C, Heron L, Allen W, Hunter RF. The validation of Fibit
ZipTM physical activity monitor as a measure of free-living physical activity.
BMC Res Notes. 2014;7(1):952.
16. Case MA, Burwick HA, Volpp KG, Patel MS. Accuracy of smartphone
applications and wearable devices for tracking physical activity data. JAMA.
2015;313(6):625–6.
17. Ferguson T, Rowlands AV, Olds T, Maher C. The validity of consumer-level,
activity monitors in healthy adults worn in free-living conditions: a crosssectional study. Int J Behav Nutr Phys Act. 2015;12:42-015-0201-9.
18. Dontje ML, de Groot M, Lengton RR, van der Schans CP, Krijnen WP.
Measuring steps with the Fitbit activity tracker: an inter-device reliability
study. J Med Eng Technol. 2015;39(5):286–90.
19. Lee M, Song C, Lee K, Shin D, Shin S. Agreement between the spatiotemporal gait parameters from treadmill-based photoelectric cell and the
instrumented treadmill system in healthy young adults and stroke patients.
Med Sci Monit. 2014;20:1210–9.
20. Dahlgren G, Carlsson D, Moorhead A, Hager-Ross C, McDonough SM.
Test-retest reliability of step counts with the ActivPAL device in
common daily activities. Gait Posture. 2010;32(3):386–90.
21. Dowd KP, Harrington DM, Donnelly AE. Criterion and concurrent validity of
the activPAL professional physical activity monitor in adolescent females.
PLoS One. 2012;7(10):e47633.
22. Ryan CG, Grant PM, Tigbe WW, Granat MH. The validity and reliability of a
novel activity monitor as a measure of walking. Br J Sports Med.
2006;40(9):779–84.
23. Tudor-Locke C, Sisson SB, Lee SM, Craig CL, Plotnikoff RC, Bauman A.
Evaluation of quality of commercial pedometers. Can J Public Health
2006;97:S10-S15.
24. Portney L, Watkins M. Foundations of clinical research: applications to
practice. Upper Saddle River, NJ: Pearson/Prentice Hall; 2009.
25. Cohen J. A power primer. Psychol Bull. 1992;112(1):155.
26. Melanson EL, Knoll JR, Bell ML, Hill JO, Nysse LJ, Lanningham-Foster L, et al.
Commercially available pedometers: considerations for accurate step
counting. Prev Med. 2004;39(2):361–8.
27. De Cocker KA, De Meyer J, De Bourdeaudhuij IM, Cardon GM. Nontraditional wearing positions of pedometers: validity and reliability of
the Omron HJ-203-ED pedometer under controlled and free-living
conditions.
J Sci Med Sport. 2012;15(5):418–24.
28. Beets MW, Patton MM, Edwards S. The accuracy of pedometer steps and
time during walking in children. Med Sci Sports Exerc. 2005;37(3):513–20.
29. Martin Bland J, Altman D. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet.
1986;327(8476):307–10.
30. Atallah L, Lo B, King R, Yang G. Sensor positioning for activity recognition
using wearable accelerometers. IEEE Trans Biomed Circuits Syst.
2011;5(4):320–9.
31. Mannini A, Intille SS, Rosenberger M, Sabatini AM, Haskell W. Activity
recognition using a single accelerometer placed at the wrist or ankle. Med
Sci Sports Exerc. 2013;45(11):2193–203.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

