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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 2

Abstract

Consumer-level activity monitors, such as Fitbit and Misfit devices, are a popular and low-
cost means of measuring physical activity. This study aims to compare the accuracy of step
counts from two consumer-level activity monitors against two reference devices in healthy,
community dwelling older adults in free-living conditions. Twenty-five older adults (aged 65-
84) simultaneously wore 5 devices (e.g. Misfit Shine and Fitbit Charge HR) over 7
consecutive days. All consumer-level activity monitors positively correlated with reference
devices (p<0.001). There was also substantial to near perfect agreemen%ween all
consumer-level activity monitors and reference devices. Compared” @Actigraph GT3X+,
the waist worn Misfit Shine displayed the highest agreement an@ the devices worn
(ICC=0.96, 95% 0.91 to 0.99). The wrist worn devices s@c poorer agreement to

reference devices. Future research needs to consid ot all consumer-level activity

monitors are equal in terms of accuracy, des@functlon

\@

Key words: physical activity Qcy, accelerometer, Fitbit, Misfit, older adults

N



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 3

The validity of consumer-level activity monitors in older adults in free-living conditions

The benefits of physical activity are well established, being able to prevent or delay the onset
of a variety of chronic diseases (Singh, 2002), as well as improving physical fitness, reducing
depression, anxiety, and mortality (Dunn, Trivedi, & O’Neal, 2001; Hupin et al., 2015;
Warburton, Nicol, & Bredin, 2006). In addition, an active lifestyle for older adults is
associated with reduced risk of musculoskeletal conditions such as arthritis and osteoporosis
(Broskey et al., 2014). Within research and clinical settings, activity monitors are commonly

used as a means to objectively and conveniently measure physical gc@vels without

adding to participant burden. C}\
&

O
In the past few years, consumer-level activity monit @ve gained popularity, which has led
to the widespread availability of acceleromeger t logy. The range of devices available
vary in terms of cost, information record@attery life (or frequency of charging), device
displays and support applications. \l@r limitation to the implementation of consumer-
level activity monitors in res@Qd clinical settings is the absence of robust scientific
evidence that these dev'c)gy! valid in terms of data captured. In adults, there have been a
number of studies %Ve attempted to validate these devices in lab settings (e.g. Fulk et al.,
2014; Kooiman et al., 2015; Lee, Kim, & Welk, 2014). These studies find that a number of
consumer-level activity monitors are valid, though the accuracy varies between devices.
These devices have also been validated in “free-living” conditions (Ferguson, Rowlands,
Olds, & Mabher, 2015; Kooiman et al., 2015; Tully, McBride, Heron, & Hunter, 2014), which

are likely to better reflect real world activities.
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 4

Notably, the validation of these devices in the general adult population are unlikely to be
generalizable to older adults. Studies have found gait speed and the use of a walking aid were
important factors in determining the accuracy of activity monitors (Paul et al., 2015; Phillips,
Petroski, & Markis, 2015) and pedometers (Cyarto, Myers, & Tudor-Locke, 2004). As such,
activity monitors are likely to become less accurate as a person ages, with decreased walking
speeds, need for walking aids and mobility restrictions that could also compromise posture

and movement.

N

Very few studies have explored the validity of consumer-based activLQ itors in older
adults (Floegel, Florez-Pregonero, Hekler, & Buman, 2016; Palb 52

15; Phillips et al.,
2015). Often these studies compared consumer-level activi itors against visual count
and research grade accelerometers in a lab setting. T@knowledge only one of these
studies validated such monitors in free-living,co %s (Paul et al., 2015). Paul and
colleagues did determine the validity of @gle device (Fitbit) worn in a single location
(waist). However, as previously id&@a, the validity of consumer-level activity monitors is
likely to vary depending on b@cation worn as well as the device type (Floegel et al.,
2016). As monitors havc)g'ed, there is increasing variation in the models’ design,
function, device pl%nt and price. Therefore understanding the validity of multiple
consumer activity-monitors, positioned on different bodily locations, is useful in giving

clinicians and researchers guidance on the best device to use in older adults.

This study will validate two commercially available devices (Misfit Shine and Fitbit Charge
HR) against two well-validated research-grade, tri-axial activity monitors (ActiGraph GT3X+

and New Lifestyle NL2000i1) in community-dwelling older adults in free-living conditions. A
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 5

secondary aim was to determine whether the Misfit Shine, which is designed to be worn on

the wrist or waist, is valid to wear on one or both locations.

Methods
Study population

Participants were community-dwelling older adults (aged 65-84), recruited from West
Sussex, England and Co. Down, Northern Ireland. Participants were excluded if they were
not independently ambulatory or used a walking aid (self-reported): was no exclusion
criteria stipulated for the amount of physical activity that partic@p& were currently

undertaking. 006
o

Procedure e g

The xxxxxx Research Ethics Commh{t pproved this study and all participants provided

informed consent prior to corwgng the study.

Following informe co@t, participants were given a series of questionnaires. Participants
were then asked to wear five activity monitors on different locations on their body (i.e. wrist
and waist). The three waist worn devices were attached to an elastic belt and positioned
above the dominant kneecap. The two wrist worn monitors were positioned on the dominant
wrist, the Fitbit Charge HR located nearest the hand and the Misfit Shine immediately above.
All five devices were adjusted for the participant’s gender, age, height, weight and
handedness prior to being worn. Participants were given a series of walking activities on a
number of terrains to assess the validity of the measures in a lab-setting (methods and results

not described here).
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 6

Following the initial visit, participants were asked to continue to wear the devices for a full
week and return to the lab at the same time the following week. Participants were instructed
to put the monitors on and take them off at the same time and to wear the activity monitors
during waking hours, except during bathing and water-based sports. Participants were not
asked to change their daily habits during the study, and were not given access to device
software or informed of additional device features. Participants were instructed not to
interfere with the device (except to charge the Fitbit device via a USB connector) or change
the device location. On their return visit to the lab, participants completed additional
questionnaires including their self-reported physical activity habits 0 Xﬁ)revious week.
Compliance of wearing the devices in accordance with the prot@&ras assessed through
verbal confirmation from participant of adherence upon re the devices, and visual

confirmation that the devices were correctly positio is?@)n returning the devices.

N

Demographic information waé@ted (i.e., age, gender, ethnicity, handedness, years of

Measures

2

education, number of fa e past year, and subjective physical complaints). Participants

height and weight ?NSO measured and body mass index was calculated.

International Physical Activity Questionnaire (IPAQ; Craig et al., 2003) is a 27 item
questionnaire on physical activity participation over the past 7 days. It includes questions
about activities at work, house-work, getting from place to place, as well as for leisure and
sport. The IPAQ has an adequate validity in older adults (Tomioka, Iwamoto, Saeki, &
Okamoto, 2011). Vigorous, moderate and low intensity activity is accumulated and metabolic

equivalent time (METSs) can be calculated.
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Charlson Comorbidity Index (CCI; Charlson, Pompei, Ales, & MacKenzie, 1987) is a 19
item measure of comorbidity. Each comorbidity category has an associated weight (from 1 to
6), based on the adjusted risk of mortality or resource use, and the sum of all the weights

results in a single comorbidity score.

Montreal Cognitive Assessment (MOCA; Nasreddine et al., 2005) is a short measure of

global cognitive impairment. Higher scores represent better cognitive performance.

Short Physical Performance Battery (SPPB; Guralnik et al., 1994), a measure of functional

performance through measures of standing balance, strength and endurange. Higher scores

represent better functional performance. K\Q

&

O
Reference Devices ®Q
NL20001 (New-Lifestyles Inc, Lees Summit, @fi USA) activity monitor is a research
grade, tri-axial (3 dimensional), piezo@éaccelerometer. It provides daily data in the
form of total steps, active steps, actyemoderate to vigorous physical activity, MVPA)
minutes, distance, active c@@amd total calories expended. The device has been found to
demonstrate small di fegules in total steps recorded to those observed (+ 3 steps) over a 400
meter distance (Sclk;r, Crouter, Lukajic, & Bassett, 2003), and energy expenditure
against Doubly Labelled Water (DLW) method (Colbert, Matthews, Havighurst, Kim, &
Schoeller, 2011). The NL-20001 memory capacity is 7 days plus the current day which tallies
rest at 00:00 hours. This data can be accessed from a digital display on the device. The
device was worn on the waistband of clothing above the midpoint (the kneecap) on the
dominant side. The NL2000i was programmed with the time and the individual’s age,

gender, height and weight.
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ActiGraph GT3X+ (Actigraph, Pensacola, Florida, USA) is an accelerometer that records tri-
axial movement. Actigraph devices are commonly used accelerometers for measuring
physical activity in research studies (Chen & Bassett, 2005). The device continually records
sedentary time, activity (light, moderate and vigorous) behaviour, estimates energy
expenditure and counts steps. The Actigraph GT3X reference device has a good agreement of
steps against visually observed step count (McMinn, Acharya, Rowe, Gray, & Allan, 2013)
and energy expenditure against DLW (Van Remoortel et al., 2012). The device was worn on
the waist, above the midpoint on the dominant side. The Actigraph was programmed with
the time, device location and the individual’s age, gender, height, wel \ﬂ hand
dominance; all were set to record movement in 10-second epoct)&l\pon return to the lab,
the data was extracted from the device using the Actilife s e package. The Normal Filter
(digital filtering algorithm) was applied, which is de @ to eliminate noise outside of the

human activity frequency bandwidth (Cain, £on , Adams, Husak, & Sallis, 2013).

\@5

Consumer-level activity monilQ

The Fitbit Charge HR (Eithit Minc., San Francisco, California, USA) is a tri-axial motion
sensor, which reco%ivity in 60-second epochs. It provides daily data in the form of
steps, distance, calories, activity intensity and sleep. This brand of device has previously been
used in research with an older population (Paul et al., 2015; Phillips et al., 2015). It requires
charging via a USB cable every three to four days (depending on usage). The device was set
up with participant’s gender, age, height, weight and hand dominance. This data can be
accessed from a digital display on the device or by synchronizing the device to a website or

smartphone application. The device was worn on the wrist on the dominant side.
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 9

The Misfit Shine (Misfit Wearables, Burlingame, California, USA) motion sensor records
steps, distance, calories burned, sleep quality and duration and active time. This device was
selected, in part, because of its low-profile design and longevity of battery. It does not
provide a digital display on the device and therefore has to be synchronized with the
accompanying application to obtain the data. The device was worn on the wrist using the
strap accessory and on the elastic waistband with the Actigraph and the NL20001 on the

dominant side. The device was set up with participant’s gender, age, height, weight and hand

N
C;&?
Analysis Plan 6

The sample size of this study was chosen to be in lina@h previous activity monitor

dominance.

validation studies in free-living conditions (Fer tal., 2015; Kooiman et al., 2015).
Based upon a systematic review of the litégature’step count of consumer-level activity
monitors in free-living conditions @ed with reference devices above r=0.80 (Evenson,
Goto, & Furberg, 2015). Wit 5 and B=0.20 a sample size of 9 participants would be

needed to detect whetheé@relation of 0.80 differs from zero (Hulley, 2007).

A total score for thQC\I, SPPB and MOCA were created and the mean score (and standard
deviation) for each were reported to provide a description of health characteristics. For the
IPAQ, the median total MET-min/week (and interquartile range) was calculated based on the
scoring guidance (IPAQ Research Committee, 2005). Cases were excluded from the total
IPAQ score and associated subdomain if they contained any missing data in the relevant time
or day’s responses or had unreasonably high minutes’ worth of activity (i.e. > 960

minutes/day).
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 10

An average steps/day for each device was calculated for every participant. This was
calculated by summing the total number of steps taken between testing and dividing by the
number of valid whole days (i.e. 6 days). In line with previously guidance (Colley, Connor
Gorber, & Tremblay, 2010), we implemented quality control and data reduction procedures
on device data to ensure compliance. A cut-off threshold of 150 minutes of continuous zero
data from the Actigraph was deemed as being ‘non-wear’ data (Hutto et al., 2013). Similar to
previous research (Troiano et al., 2008), 10 hours per day of Actigraph data was required for
data to be considered valid. If either criteria was not met, data from that day (across all

devices) were removed. A minimum of 4 days of valid data were rgq@r inclusion in

N\

analysis, in line with common practice (Tudor-Locke, Camhi, ano, 2012).

Normality was assessed (Shapiro-Wilk Test of Norrnalitx@;%e step count data for each
activity monitor to determine the use of non-parar%Q parametric techniques. Initially a
series of Spearman’s rank correlations were 0 compare steps/day between consumer-
level devices and reference devices. Bon@ni-Holm’s correction for multiple tests (Holm,
1979) was performed and only ¢ P values less than 0.05 were considered to be
significant. Intraclass corre @c fficients (ICC 2,1) were then used to compare the
agreement between ste@mts taken from the consumer-level activity monitors and the two
reference devices (kgraph GT3X+ and NL20001). Previous conservative guidelines have
suggested that ICCs <0.75 are poor to moderate, > 0.75 are good, and >0.90 are reasonable
for “clinical measurements” (Portney & Watkins, 2015). Bland-Altman plots were used to
visualise any systematic differences between step counts from the consumer-level activity

monitors and the two reference devices.

A series of Spearman’s rank correlations were also used to compare the amount of time
participants spent physically active in the past week (based on the IPAQ) compared to the

number of steps/day for each device. Bonferroni-Holm’s correction for multiple tests (Holm,
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CONSUMER-LEVEL ACTIVITY MONITORS IN OLDER ADULTS 11

1979) was performed and only corrected P values less than 0.05 were considered to be

significant.

Data was analysed using SPSS V.23 (IBM Corporation, Armonk, New York, USA).

Results

A total of 25 participants consented to be involved in the study. Approximately half of
participants were female (n=12). The sample were relatively, physically healthy. Only two
participants reported having a physical complaint, neither of whomfe&ected their day-
to-day physical activity. Participants also scored highly on the @ an indicator of good
physical fitness and stability. Demographic and health charactefistics are displayed in Table
1. Of the 25 participants that wore the activity monij 9’had missing data from at least 1

activity monitor. Reasons for missing data i\@ loss of device, researcher error in setup

of device, and repositioning of device. 6

A single participants’ daily step Q\Mwas classed as an extreme outlier (Misfit Shine —
y

waist; 153,012 stepsin a s@a

evidence of at leasv?e~qa’ of non-wear Actigraph data, whilst 7 participants had at least one

and removed. Across all participants, 4 participants had

day of Actigraph data less than 10 hours. Three participants’ data were excluded from
analysis because they did not have at least 4 days of valid Actigraph data. The total score for
the IPAQ could not be calculated in 9 cases; 6 participants had missing data in the relevant

time or days responses and 3 participants had unreasonably high minutes’ worth of activity.

Based upon the Actigraph reference device, on average the participants took 7503.67 (SD=
3526.26) steps/day. Comparatively, the NL2000i reference device recorded an average of
8350.42 (SD=3906.67) steps/day. The two reference devices had near perfect agreement (ICC

=10.96, 95% CI: 0.89 to 0.98).
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Misfit Shine (Waist)

On average, the waist worn Misfit Shine (waist) device underestimated the number of
steps/day compared to the NL2000i device and overestimated compared to the Actigraph
device (Table 2). The Misfit Shine positively correlated with both the Actigraph and
NL20001 reference devices. The Misfit Shine also had near perfect agreement compared to

the Actigraph and the NL2000i. The relationship is depicted in the Bland-Altman plots

\o
Misfit Shine (Wrist) 0

(Figure 1).

The wrist worn Misfit Shine (wrist) also under tlﬁe number of steps/day compared to
both reference devices. The Misfit Shine (Wr sitively correlated with both the Actigraph
and NL2000i reference devices. n@o the Actigraph and NL2000i1, the Misfit Shine
(Wrist) had good agreement, thg @nth wide CIs. The limits of agreement were moderately
wide. See Table 2 and Fig

Fitbit Charge HR (Wrist)

The wrist worn Fitbit Charge HR had good agreement compared to the Actigraph and the
NL2000i, positively correlating with both. The wrist worn Fitbit Charge HR did however
display systematic bias, substantially overestimating the step count compared to both the

Actigraph and NL2000i. The limits of agreement were also very wide against the Actigraph

and NL2000i. See Table 2 and Figure 1.
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Self-reported weekly physical activity

The total physically active time spent in the past week, based upon the IPAQ, did not

significantly correlate with steps/day as measured by activity monitors (See Table 3).

Discussion

This study set out to validate two commercially available activity monitors in a healthy older

adult population in free-living conditions, whilst determining whether the placement of such

devices impact their accuracy. . \Q

As expected, all consumer-level activity monitors strongly a%gs)tively correlated with both

reference devices. In line with the findings from a sam ealthy adults (BodyMedia
SenseWear; ICC =0.90) (Ferguson et al., 2015)4th 1St worn Misfit Shine showed excellent
agreement compared to reference devices. h@lgly, it was found that whilst the Misfit

Shine showed excellent agreement on@ée wrist and the waist, the agreement was much
lower for the wrist worn device. \muld be attributed to the fact that the reference devices
were also placed on the waist; ?erefore are more likely to pick up similar movement.
Waist located plac?g@ such devices is often preferable due to their close proximity to the

central mass of the body, and thus is likely to represent major movement (Yang & Hsu,

2010).

The second consumer-level activity monitor, the Fitbit Charge HR, had excellent agreement
compared to both reference devices but displayed wide confidence intervals and limits of
agreement. The average steps/day measured over the testing period was much greater than the
number of reference steps, indicating that there is systematic bias. Fitbit devices (Fitbit One
and Zip) have previously been validated in older adults (Paul et al., 2015). Whilst it is not

clear whether the underlying technologies within the Fitbit family are the same, it is possible
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that the variation in accuracy is as a result of device placement (i.e. The Fitbit Charge HR -

wrist worn, Fitbit One and Zip - waist worn).

In validating these activity monitors, it is important to consider the sample characteristics as
the findings may not generalizable to other populations. In the present study, all participants
were ambulatory, physically healthy older adults. There is an indication that physical activity
levels in the present sample is in line with the wider older adult population, with steps/day
(M=7143.6, Actigraph) and MET-min/week (Mdn=5343.0, IPAQ) being similar to those
reported elsewhere (Lohne-Seiler, Hansen, Kolle, & Anderssen, 2014; 'Kd(ir-Locke et al.,
2011). Cognitively, this sample displayed some evidence of impaim\éQvith participants on
average scoring below cut-offs (MOCA<26)(Davis et al., 2015), thotigh this is in line with

age-related population norms (Rossetti, Lacritz, Cullum, iner, 2011).

A key limitation of this study is that the accwgnsumer-level devices are based

upon the agreement with existing referenge dewices, and therefore is on the assumption that in
an older population, these reference )ces’are accurately capturing all physical activity. As
previously highlighted, daily acti x'ln free-living conditions are likely to involve a
substantial amount of upp& movement which may not be captured by typical waist
worn activity mont et al., 2014). The fact that the Misfit devices, regardless where
positioned, did not significantly overestimate the number of steps compared to waist worn
reference devices suggest that this is unlikely to undermine its accuracy. It is however
plausible that device placement has greater importance in older adults that use walking aids
(Floegel et al., 2016). Another limitation of this study is that the population was composed of
healthy older adults who were independently ambulatory and therefore did not use a walking
aid; scoring near ceiling on the SPPB and a low CCI score supports this. As a result, the
findings reported here may not reflect those from a physically impaired older adult

population, with gait speed and use of walking aid affecting the accuracy of activity monitors
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(Paul et al., 2015; Phillips et al., 2015). The final limitation of this study is that we did not
have any objective means to determine whether participants wore the device in accordance
with the protocol. However, we utilised quality control and data reduction to decrease the

likelihood of noncompliance.

Gaining a better understanding of the validity of consumer-level activity monitors in older
adults is an important first step in researchers and clinicians adopting them. The increasing
evidence base highlights that a number of commercially available devices can accurately
measure physical activity levels in older adults is promising. However, s{ﬂ'we understand if
the specifications within a brands activity monitors are similar, theK@y and reliability of
new devices to the market need to be confirmed (Evenson et al.@}). Ultimately, it will be
a near impossible task to validate every device that comes toytlie market. Efforts to validate a
range of devices, with different design features, w% ide researchers and clinicians

options in selecting a device that best suits t ctives and target population.
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Table 1. Demographics and health characteristics of sample (n=25)

N (Valid Percentage) Mean (SD)
Age 72.5 (4.9)
Gender Male: 13 (52.0%)
Female: 12 (48.0%)
Residential Location City: 5 (20.0%)

Town: 6 (24.0%)
Village: 14 (56.0%)

Ethnicity/Nationality White British: 24 (96.0%)
White Irish: 1 (4.0%)
Handedness Left: 3 (12.0%)

Right: 14 (88.0%)

Falls in the past year Yes: 4 (16.7%) N Qs\'
No: 20 (83.3%) »&\

Falls resulting in hospitalisation Yes: 0 (0.0%) 60

No: 4 (16.7%)0

Any physical complaints

BMI 6 27.4 (3.8)

Age leaving full-time education (years) @ 16.7 (2.2)
MOCA (Max = 30) 24.3 (3.1)
CCl total score C)@ 3.0 (0.8)
SPPB total score (Max 11.7 (0.9)
Device wear time (mins/day) 843.1 (65.3)
Median (IQR)
IPAQ (MET-min/week) 5343.00 (4016.75)

BMI= Body Mass Index; CClI= Charlson Comorbidity Index; MET = metabolic equivalent of task;
MOCA= Montreal Cognitive Assessment; SPPB= Short Physical Performance Battery; SD=Standard
Deviation; 1QR=Interquartile Range; IPAQ = International Physical Activity Questionnaire



Table 2. Consumer-level activity monitors steps/day compared to reference devices (Actigraph GT3X+ and NL2000i)

Reference Misfit Shine -Waist Misfit Shine - Wrist Fitbit Charge HR- Wrist
Device
Actigraph
GT3X+?
Mean Difference (SD)° -167.6 (972.1) 10.1 (1690.7) -2690.3 (2014.3)
r's 0.96* 0.91* . Qs\' 0.84*
ICC 2,1 (95% ClI) 0.96 (0.91 to 0.99) 0.86 (0.6 >1) 0.86 (0.68 to 0.94)
Limits of Agreement -2072.9t0 1737.7 -336%3323.9 -6638.3 to 1257.7

NL2000iP ‘Q

Mean Difference (SD)° 633.2 (1574.7) @ 899.7 (2014.4) -1721.6 (2225.7)
I's 0.90* b 0.89* 0.83*

ICC 2,1 (95% CI) 0.91 (0.79 to OSQ.Q 0.83 (0.59 to 0.93) 0.85 (0.65 to 0.94)
Limits of Agreement -2453.2 to& -3048.5 to 4847.9 -6084.0 to 2640.8

C.
8Mean (SD) = 7503.7 (3526.3);  Mean (SD)= 3906.7); ¢ positive values indicate underestimation, negative values indicate

overestimation. *p<0.001 ?\
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Table 3. Spearman correlation coefficients between activity monitors (steps/day) and time per week

spent exercising based on the IPAQ.

Consumer-level devices Reference devices
Misfit Waist ~ Misfit Wrist Fitbit Wrist NL2000i Actigraph
(Steps/day) (Steps/day) (Steps/day) (Steps/day) GT3X+
(Steps/day)
IPAQ Total -0.12 -0.02 0.11 -0.14 -0.06

Physical Activity

(mins/week) Q
O

IPAQ= International Physical Activity Questionnaire. 6\1





