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Abstract: Limited research exists on the reliability of consumer-based physical activity monitors
(CPAMs) despite numerous studies on their validity. Consumers often purchase CPAMs to assess
their physical activity (PA) habits over time, emphasizing CPAM reliability more so than their validity;
therefore, the purpose of this study was to investigate the reliability of several CPAMs. In this study,
30 participants wore a pair of four CPAM models (Fitbit One, Zip, Flex, and Jawbone Up24) for a
total of eight monitors, while completing seven activities in the laboratory. Activities were completed
in two consecutive five-minute bouts. Participants then wore either all wrist- or hip-mounted CPAMs
in a free-living setting for the remainder of the day. Intra-monitor reliability for steps (0.88-0.99)
was higher than kcals (0.77-0.94), and was higher for hip-worn CPAMs than for wrist-worn CPAMs
(p < 0.001 for both). Inter-monitor reliability in the laboratory for steps (0.81-0.99) was higher
than kcals (0.64-0.91) and higher for hip-worn CPAMs than for wrist-worn CPAMs (p < 0.001 for
both). Free-living correlations were 0.61-0.98, 0.35-0.96, and 0.97-0.98 for steps, kcals, and active
minutes, respectively. These findings illustrate that all CPAMs assessed yield reliable estimations of
PA. Additionally, all CPAMs tested can provide reliable estimations of physical activity within the
laboratory but appear less reliable in a free-living setting.
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1. Introduction

Despite the well-known benefits of regularly engaging in physical activity (PA), half, or more,
of U.S. adults do not meet the 2008 Physical Activity Guidelines for Americans [1-3]. To better
understand the role of PA in improving health and reducing disease burden, it is important to
measure PA accurately and reliably. High-quality measurement techniques allow researchers to
identify which activity intensities provide optimal health benefits, monitor intermittent bouts of
PA, and more accurately assess the effectiveness of interventions for promoting behavior change [4].
Consumer-based PA monitors (CPAMs) are common accessories with one in ten adults in the United
States owning a CPAM [5]. During the first fiscal quarter of 2016, 19.7 million fitness trackers were
sold worldwide; a 67.2% increase from quarter one of 2015. Fitbit Inc. was the largest distributor of
fitness trackers during quarter one of 2015 and 2016 with 32.6 and 24.5% market share, respectively [6].
Despite surging popularity of these devices, one in three consumers who purchase a CPAM stops
using it after six months [5]. The reasons for the high dropout in using CPAMs are not well understood,
but they may be partly related to a lack of understanding on how well (e.g., accurately and reliably)
the CPAMs capture PA levels and patterns over time.
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While studies of device accuracy are common, much less research has investigated CPAM
reliability [7]. For instance, only one study has assessed intra-monitor reliability (e.g., test-retest
reliability). Kooiman et al. [8] assessed the intra-monitor reliability of the Fitbit Flex (Fitbit Inc., San
Francisco, CA), Jawbone Up (AliphCom dba Jawbone, San Francisco, CA, USA), and Fitbit Zip (Fitbit
Inc., San Francisco, CA, USA) to estimate steps using two bouts on a treadmill at 3.0 mph for 30 min.
High intra-class correlations (ICCs) were found (0.81-0.90, for the Fitbit Flex, Fitbit Zip, and Jawbone
Up), but these results are limited to a single activity and did not assess other variables, such as kcals or
active minutes [8].

Four studies have assessed inter-monitor reliability (agreement between various monitors used
during the same assessment). These studies ranged from case studies to those with 30 participants
and assessed the Fitbit Ultra, Fitbit One, and Fitbit Flex. All four studies found Pearson correlations
>0.90 for both steps and kcal measurements during ambulation in laboratory settings [9-11] or across
free-living settings [12].

Current CPAM reliability research is limited regarding the diversity of activities tested (mainly
walking and jogging) and the variables assessed (mainly steps). Additionally, several studies have
evaluated inter-monitor reliability exclusively despite intra-monitor reliability being more relevant to
assessing PA habits over time as consumers rarely use multiple CPAMs at a given time. Furthermore,
little work has been done to assess CPAM inter-monitor reliability in a free-living setting. The inclusion
of multiple settings is critical as several studies have reported setting-oriented differences in CPAM
performance [13,14]. This study’s purpose was to assess the intra- and inter-monitor reliability of
several CPAMs for steps and kcals during a variety of activities, as well as the inter-monitor reliability
to estimate steps, kcals, and active minutes in a free-living setting.

2. Methods

Participants

In this study, 30 (9M/21F) young adults were recruited from the East-Central region of Indiana.
To be eligible for this study, participants had to be free of gait abnormalities, free of acute illness,
between the ages of 18 and 80 years, not pregnant, and capable of completing the protocol without
undue fatigue.

Prior to participating in the study all participants provided written informed consent approved by
Ball State University’s Institutional Review Board. All participants were right-handed and Caucasian;
demographic information is shown in Table 1.

Table 1. Demographic information on participants categorized per analysis.

All ICCs Pearson FL Hip FL Wrist

Participants  (n =28) (n =30) (n=15) (n=15)
Age (years) 231+21 230+21 23.0+20 238+24 224417
BMI (kg-m~2) 233+34 234+35 232433 233+£27 233+40

Treadmill Brisk (km-h—1) 534+0.3 534+0.3 55+0.3 -- --
Treadmill Jog (km-h~1) 87+21 89+21 89+21 -- --

Kcal = kilocalories. BMI = body mass index. ICCs = data from participants used during intra-monitor analysis.
Pearson = data from participants used during inter-monitor analysis. FL Hip = data from participants assigned
hip-worn monitors during free-living portion of study. FL Wrist = data from participants assigned wrist-worn
monitors during free-living portion of study. Data presented as mean + standard deviation.

3. Equipments

During the laboratory visit, participants wore eight CPAMs (one pair of four different models).
Descriptions of the CPAMs used are provided below.

Fitbit One (FO; Fitbit Inc., San Francisco, CA, USA): The FO, a hip-worn CPAM weighing 8.5 grams
was used to estimate steps and kcals in the laboratory setting, as well as steps, kcals, and active minutes
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during the free-living portion of the study. Data are quantified by the FO by utilizing the demographic
information entered into the monitor, as well as through measurements made via accelerometer
hardware within the monitor. This CPAM has an internal, rechargeable battery and provides real-time
feedback to its user. The FO has the capability to synchronize with the Fitbit Mobile Application via a
Bluetooth connection allowing the user to track PA over time. Data from the FO were collected from
the Fitbit Mobile Application before and after each activity.

Fitbit Zip (Fitbit Inc., San Francisco, CA, USA): The FZ, is a hip-worn CPAM weighing 8.5 grams
and was used to estimate steps and kcals in the laboratory setting as well as steps, kcals, and active
minutes during the free-living portion of the study. Data are quantified by the FZ by utilizing the
demographical information entered into the monitor, as well as through measurements made via
the accelerometer hardware within the monitor. The FZ uses a CR-2032 watch battery and has the
capability to synchronize with the Fitbit Mobile Application via a Bluetooth connection. Data from the
FZ were collected from the device’s built-in display screen before and after each activity.

Jawbone Up24 (AliphCom dba Jawbone, San Francisco, CA, USA): The JU, a wrist-worn CPAM
weighing 22.7 grams and was used to estimate steps and kcals in the laboratory setting, as well
as steps, kcals, and active minutes during the free-living portion of the study. Data are quantified
by the JU by utilizing the demographical information entered into the monitor, as well as through
measurements made via accelerometer hardware within the monitor. This CPAM utilizes an internal,
rechargeable battery and can provide real-time feedback to its user via Bluetooth connection and the
UP Mobile Application. Data from the JU were collected from the UP Mobile Application before and
after each activity.

Fitbit Flex (Fitbit Inc., San Francisco, CA, USA): The FFE, a wrist-worn CPAM weighing 17.0 grams
and was used to estimate steps and kcals in the laboratory setting, as well as steps, kcals, and active
minutes during the free-living portion of the study. Data are quantified by the FF by utilizing the
demographical information entered into the monitor, as well as through measurements made via
accelerometer hardware within the monitor. This monitor utilizes an internalized, rechargeable battery
and requires the Fitbit Mobile Application and a Bluetooth connection to track PA. Data from the FF
were collected from the Fitbit Mobile Application before and after each activity.

4. Protocol

Participants came to the Clinical Exercise Physiology Laboratory at Ball State University twice.
During visit 1, participants completed an informed consent and had their height and weight
measurements taken via scale (to the nearest 0.1 kg) and stadiometer (to the nearest 1.0 cm), which
were then entered into each CPAM’s respective mobile applications in addition to age, sex, and hand
dominance. Researchers then fitted the CPAMs to the participants; initial readings of steps and kcals
were collected from all CPAMs while the participant was in a seated position.

Following baseline data collection, participants completed a laboratory-based activity protocol.
Each participant underwent an identical protocol where all activities lasted for five minutes, excluding
transition time between activities. The only exception was the ‘climbing stairs” activity in which all
participants ascended and descended a flight of stairs five times at a self-selected pace. All activities
were performed twice in succession with CPAM data collected before and after each activity bout to
allow for the intra-monitor reliability analysis. It should be noted that data collected from the CPAMs
were done so in the same order (FO, FZ, FF, JU) to minimize variability. Additionally, transition times
between activity bouts lasted approximately one to three minutes and were determined by CPAM
synchronization rate following activity bouts. The activity protocol was structured in the following
order: typing, reading, sweeping (participants swept confetti into a pile within a ~10 m? section of
the laboratory), slow treadmill walk at 3.2 km/h, brisk treadmill walk (4.8-5.6 km/h), treadmill jog
(6.4-12.9 km/h), and ascending/descending stairs. Participants chose paces for the brisk treadmill
walk, treadmill jog, and stairs activities.
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5. Data Cleaning and Analysis

Intra-monitor reliability was assessed via intra-class correlations (ICCs) independently for each
CPAM model (FO, FZ, JU, and FF) and outcome variable of interest (steps and kcals). Data used in this
analysis came from a single monitor of each brand during both bouts of each activity. For wrist-worn
CPAMs, data from the distal monitor were used, whereas data for hip-worn CPAMs came from
the anterior monitor. Inter-monitor reliability was assessed by comparing data from each monitor
brand with its pair (e.g., one FF against the other FF) for the first activity bout exclusively. Pearson
correlations, calculated for each CPAM model and outcome variable of interest, were used to define
the inter-monitor reliability for each CPAM. Both intra- and inter-monitor reliability analyses used
protocol-wide data. That is, for each participant, there was a single ICC and Pearson correlation
calculated using data from all activities, for a total of 30 data points for each analysis points. It should
be noted that these analyses occurred after exclusion criteria were applied (see below).

Participants also completed a free-living protocol after their first laboratory visit. During this
protocol, the participants continued to wear either hip-worn (FOs and FZs) or wrist-worn (FFs and
JUs) CPAM:s. Participants were assigned either hip- or wrist-worn CPAMs as the researchers presumed
wearing all eight CPAMs for most of a day would be uncomfortable for participants and may, therefore,
alter their behavior and/or reduce compliance with wearing the devices. These CPAMs were worn
for the remainder of the day then returned to the lab the following morning (visit two) when the
research staff collected CPAM monitors and data concluding participants” involvement in the study.
The CPAMs assigned to the participants were arranged among participants so that each placement site
(hip or wrist) was used by 15 participants. Free-living data were analyzed using Pearson correlations
in a similar fashion to the laboratory inter-monitor reliability analysis.

A pair of exclusion criteria was applied to the collected CPAM data to remove data likely
influenced by monitor malfunctions. The exclusion criteria for laboratory data were (1) data were
negative (e.g., steps decreased following an activity) or (2) the kcals variable was not updated for a
given CPAM following an activity. Exclusion criteria for the free-living portion were (1) data were
negative or (2) steps taken over the remainder of the day were <150 steps. Once these criteria were
applied, a repeated-measures analysis of variance (RM-ANOVA) with Tukey’s post-hoc was used
to determine if significant differences existed among the ICCs. Bland-Altman plots were created
using step and kcal data from both bouts (intra) and monitor pairs (inter) to illustrate the nature of
CPAM differences.

Additionally, median absolute differences (MAD) have been used alongside correlations to
characterize agreement, as done in previous work [15]. Initially, absolute differences were calculated
for each monitor per participant and activity. Then, the medians of the absolute differences were
determined per monitor and participant and presented as MAD. Median percent difference (MPD)
was calculated in a similar fashion using percent differences in place of absolute differences. MAD
and MPD were calculated using step and kcal data from both bouts (intra-monitor) and each pair of
monitors (inter-monitor).

All analyses were conducted in SPSS version 23.0 (IBM, Armonk, NY, USA) and Microsoft Excel
(Microsoft, Redmond, WA). Statistical significance was defined a priori as « < 0.05. Nomenclature for
correlation strength was designated as follow: high (r = 0.80-1.00), moderately high (r = 0.60-0.79),
low (r = 0.40-0.59), or no relationship (r = 0.00-0.19) as set forth by Safrit et al. [16].

6. Results

6.1. Intra-Monitor Reliability

Two participants were excluded from the intra-monitor reliability analysis due to errors
encountered during data collection (e.g., poor synchronization of the mobile application), resulting in
28 participants’ data being used during analysis. Additionally, exclusion criteria removed 11.8% of
step and 8.3% of kcal data from participants included in the analysis. The ICCs for steps and kcals are
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shown in Figure 1. All step ICCs were high (>0.80) with the FZ significantly higher than the JU and FF
(p < 0.05). AIl ICCs for kcals were moderately high (0.60-0.79) with the FO having significantly higher
reliability than the JU and FF (p < 0.05). Data for MAD and MPD are shown in Table 2. Recorded
estimations per CPAM and activity from the first visit are shown in Table 3. Intra-monitor MAD
and MPD step values for the hip-worn CPAMs were significantly lower (better) than the wrist-worn
CPAMs (p < 0.01) without a concurrent difference in kcal estimations (p = 0.46 and 0.53, respectively).
The JU had the largest average MAD for steps (11), kcals (2.1), and the highest MPD for kcals (13.9%);
the FF had the largest MPD for steps (7.2%). Figure 2 (steps) and Figure 3 (kcals) illustrate that CPAM
error was higher in some cases during activities with higher predicted PA; however, these results may
be partly influenced by outliers as they were not excluded from analysis. In general, the 95% limits of
agreement were narrower for the hip-worn CPAMs compared to the wrist-worn CPAMs.
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Figure 1. Intra-class correlations (Intra-) and Pearson correlations (inter-) for laboratory data. FO = Fitbit
One. FZ = Fitbit Zip. JU = Jawbone Up24. FF = Fitbit Flex. Intra-Steps = intra-class coefficient for steps.
Intra-kcals = intra-class coefficient for Calories. Inter-Steps = Pearson correlations for steps. Inter-Kcals
= Pearson correlation for Calories. * statistically different from FO. ? statistically different from FZ. *
statistically different from JU. * statistically different from FF. Statistical significance was defined as
p <0.05 for all.

Table 2. Median absolute differences and median absolute percent differences across entire
laboratory protocol.

FO FZ Ju FF
Intra-monitor reliability

Steps 1.9*(0.4)* 33%(0.7)* 7.5(2.3)#8 10.9 5% (2.6)

Kcals 1.5 (8.8) 1.5(9.1) 1.8 (12.5) 1.5 (8.9)
Inter-monitor reliability

(Lab)

Steps 0.5 ** (0.1) ** 05(0.1)* 28%0.7)* 40% (1.4)*8

Kcals 0.5** (4.6)** 05** (5.9)** 13#% 94" 15#59.1)#8
Inter-monitor reliability

(FL)

Steps 35(2.1) 128 (7.0) 731 (8.1) 154 (5.2)

Kcals 34 (5.1) 60 (8.3) 26 (4.1) 88 (11.5)

Active Minutes 0(0.0) 0(0.0) 6 (8.5) 0 (0.0)

Kecals = kilocalories. Data presented as MAD (MPD). MAD = median absolute difference. MPD = median absolute
percent difference. FL = free-living. FO = Fitbit One. FZ = Fitbit Zip. JU = Jawbone Up24. FF = Fitbit Flex. #
significantly different from FO (p < 0.05). ¥ significantly different from FZ. * significantly different from JU. *
significantly different from FF.
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Table 3. Physical activity estimations per monitor and activity from visit one.

Steps Typing Reading Sweeping SlowTM  Brisk TM TM Jog Stairs
FO 0+1 0+£0 10 £+ 43 476 £ 35 587 + 31 725 + 105 113 £ 21
FZ 2+8 1+3 1+3 461 + 60 583 £100 744 + 105 123 £+ 36
JU 2+6 0£2 266 1 166 426 + 74 575 +£127 779 £ 136 125 £ 46
FF 1+3 3+8 327+116  399+142 529+151 757 +£185 153 £128

Kcals
FO 92+20 77+14 101+26 208+44 327+64 4894123 132+£37
FZ 11.6 £ 8.7 77+£12 78+20 413+£258 413+67 560+90 121144
JU 10.7 +3.9 76 £17 176+71 215+£74 311+£96 562+224 121+113
FF 128+156 8117 289+£95 33.0+117 391+119 587+183 145+78

TM = treadmill. Kcal = kilocalories. FO = Fitbit One. FZ = Fitbit Zip. JU = Jawbone Up24. FF = Fitbit Flex.
Data presented as mean + standard deviation.

1000
750
500
250

-250
-500
-750
-1000

Difference in Steps Between
Bouts
o

1000
750
500
250

0

-250

-500

-750

-1000

Difference in Steps Between
Bouts

Fitbit One

0 200 400 600

800

1000 1200

Average Steps Between Bouts

Jawbone Up24

'y

. . .
wesman '.uh-._..w._’n..._ e e e

0 200 400 600

800

1000 1200

Average Steps Between Bouts

1000
750
500
250

-250
-500
-750
-1000

Difference in Steps Between
Bouts
o

1000
750
500
250

0

-250

-500

-750

-1000

Difference in Steps Between
Bouts

Fitbit Zip
framsinai gk
0 200 400 600 800 1000 1200
Average Steps Between Bouts
Fitbit Flex
":‘"“.".'-',::'."‘:5;\'-?“3‘“‘#-. B iy

0 200 400 600 800 1000 1200
Average Steps Between Bouts

Figure 2. Bland-Altman plots with 95% limits of agreement calculated using the intra-monitor step

data from all activities completed by each participant.
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Figure 3. Bland-Altman plots with 95% limits of agreement calculated using the intra-monitor
kilocalorie (kcals) data from all activities completed by each participant.

6.2. Inter-Monitor Reliability: Laboratory Setting

All 30 participants’ data were included in the inter-monitor reliability analysis. Correlations for
steps and kcals are shown in Figure 1. Prior to analysis, 11.5% (step) and 8.2% (kcal) data were removed
per exclusion criteria mentioned above. All step correlations were high (>0.80). Both hip-worn CPAMs
(FO and FZ) had correlations significantly higher than the wrist-worn CPAMs (JU and FF, p < 0.05).
Kcal correlations for the FO and FZ were high (>0.80); the JU and FF correlations were moderately
high (0.60-0.79). Correlations were significantly higher for the FO than the FF, the FZ than the JU and
FF, and the JU than the FF (p < 0.05). Results from MAD and MPD are shown in Table 2. Recorded
estimations per CPAM and activity from the first visit are shown in Table 3. Inter-MAD and MPD
values were significantly lower in hip-worn CPAMs than wrist-worn CPAMs (p < 0.05 and < 0.01,
respectively). The JU had the largest MAD and MPD for kcals (2.7 and 14.2%), the FF had the largest
MAD value for steps (7), and the FZ had the largest MPD for steps (6.2%). For both steps (Figure 4)
and kcals (Figure 5), the 95% limits of agreement were narrower for the hip-worn CPAMs compared to
the wrist-worn CPAMs.
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Figure 4. Bland-Altman plots with 95% limits of agreement created using the inter-monitor step data
from all activities completed by each participant.
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Figure 5. Bland-Altman plots with 95% limits of agreement created using the inter-monitor kilocalorie
(kcals) data from all activities completed by each participant.
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6.3. Inter-Monitor Reliability: Free-Living Setting

Each pair of CPAMs (wrist- or hip-worn) was worn by fifteen participants. A small percentage of
step (3.6%), kcal (0.0%), and active minute (5.0%) were removed per exclusion criteria. Minimum wear
time was not mandated; however, mean wear time was 5.7 & 3.8 h. Correlations for steps, kcals, and
active minutes for all CPAMs are shown in Figure 6. Most CPAMs had high inter-monitor reliability for
all variables, except for kcals for the FO (low), active minutes for the FZ (moderate), and steps/kcals
for the FF (moderately high). The abnormally low FO kcal and FZ active minutes correlations are
attributable to infrequent outliers illustrated in Figures 7-9. MAD and MPD data paralleled data
collected in the laboratory setting; that is, wrist-worn CPAMs displayed greater (worse) MAD and
MPD data compared to the hip-worn CPAMs. JU had the highest step and active minute MAD and
MPDs while the FF had the largest MAD and MPD for kcals.
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Figure 6. Pearson correlations (inter-monitor reliability) of the free-living data. Kcals = Calories.
Mins = active minutes.
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Figure 7. Bland-Altman plots with 95% limits of agreement created using the free-living steps data
from each participant.
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7. Discussion

This study found that all CPAMs had high intra-monitor reliability (>0.80) for steps in a
laboratory setting; however, the hip-worn CPAMs were significantly more reliable than the wrist-worn
CPAMSs. The ICCs in the present study are higher than those found by Kooiman et al. [8] who
determined intra-monitor reliability for steps using the FF, JU, and FZ; their ICCs were 0.81, 0.83, and
0.90, respectively compared to 0.89, 0.88, and 0.99 in our study also using a laboratory setting [8].
Discrepancies between the studies could be attributable to differences in activity protocols. Kooiman
et al. [8] used a single treadmill walking activity, whereas the present study used seven different
activities, including both ambulatory (e.g., walking) and non-ambulatory (e.g., typing) tasks. The
larger number and greater variety of activities used in our study builds upon preexisting CPAM
literature and advances our understanding on how these devices perform during free-living activity.
While no other studies have investigated the intra-monitor reliability of the FO for steps or any CPAMs
to estimate kcals, we found lower reliability for kcal estimated than for step estimates, both in terms of
lower correlations but also higher MPD. Our findings show consistently high intra-monitor reliability,
especially for step estimates, with a variety of CPAMs and activities.

High correlations (>0.80) were also observed in the inter-monitor reliability analyses for all
CPAMSs when estimating steps but only for the hip-worn CPAMs when estimating kcals; wrist-worn
CPAMs had moderately-high correlations for kcal estimations. When examining CPAM validity, most
studies show higher accuracy for step estimations than kcal estimates [7,16,17]. Therefore, available
evidence suggests that step estimations from CPAMs are both more reliable and more valid than kcal
estimations. The correlations obtained in the present study were comparable to those reported by
Diaz et al. for steps (0.97 vs. 0.99) and kcals (0.94 vs. 0.97), as well as those of Takacs et al. [11] for
steps (0.96 vs. 1.00), respectively [8,10]. It is important to note the consistently high correlations across
various activity protocols indicating that reliability remains high even with the inclusion of a variety of
activities, contrasting validity research where inclusion of diverse activities lowers CPAM validity [18].

CPAM correlation point estimates from the free-living portion of this study were comparable to,
or lower than, those found during the laboratory portion. Most correlations were moderately high,
although there were four instances when CPAM performance failed to meet the moderately high
threshold. These instances included the FO for kcals, the FZ for active minutes, and the FF for steps
and active minutes. The JU was the only CPAM whose correlations met the moderately high or greater
criteria for all PA variables. A case study examining inter-monitor reliability of 10 Fitbit Ultra devices
in an eight-day free-living trial found considerably higher reliability coefficients (0.995-1.000) for daily
step counts than our study [12]. The Fitbit Ultra is a hip-worn CPAM, which partially explains the
strong reliability found in their study. Additionally, only a portion of the day was spent in a free-living
setting in our study, there was likely smaller variability in the data collected subsequently causing
lower correlation coefficients than seen in the work of Dontje et al [12]. However, recent works have
illustrated that CPAM’s underestimate PA in free-living settings [14] and that the variability of these
estimations is not consistent between CPAM models [13]. Collectively, available research suggests
high or moderately-high reliability for most CPAMs and most dependent variables tested in free-living
settings, supporting the use of these CPAMs during field-based PA monitoring [12].

While all CPAMs in the present study yielded moderately-high to high intra- and inter-monitor
reliability in the laboratory, the hip-worn CPAMs (FO and FZ) had higher reliability than the wrist-worn
CPAMs (JU and FF), both in terms of correlations as well as smaller (better) intra- and inter-monitor
MAD and MPD values and generally narrower (better) 95% limits of agreement when examined using
Bland-Altman plots. Given the greater variability and higher accelerations of arm movement compared
to hip movement during basic tasks, these results were expected. However, wrist-worn activity
monitors have better user compliance than hip-worn monitors [2,19,20]. Additionally, there are a
greater number of wrist-worn CPAMs than hip-worn CPAMs on the market suggesting that wrist-worn
CPAMSs may be the more popular models. Accordingly, the choice of CPAM placement (wrist vs. hip)
may depend on the importance of optimal reliability vs. optimal compliance and comfort.
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All CPAMs in the present study collect and interpret PA data based upon accelerometer-based
sensors within the device. More recently, manufacturers have produced CPAMs which incorporate
variables, such as heart rate or other variables (e.g., skin temperature), into their algorithms (e.g., Apple
Watch and Fitbit Charge). Indeed, a recent study showed these multi-sensor CPAMs showed improved
energy expenditure estimations compared to single-sensor CPAMs [13]. As multi-sensor CPAMs
become more common, the reliability of their newer variables (e.g., heart rate) and the influence of
newer variables on other preexisting variables (e.g., kcals) should be investigated as there is likely
crosstalk between sensors.

This study did not evaluate CPAM validity, but the relationship between CPAM validity and
reliability is worth considering. A recent review article by Evenson et al. [7] reported results from
over 20 validity and reliability studies, finding high validity and inter-monitor reliability for steps
using treadmill-oriented protocols. Evenson also noted lower monitor validity during non-ambulatory
activities and when the CPAMs were used in a free-living setting [7]. In contrast, our study found
high or moderately high intra- and inter-monitor reliability across a variety of ambulatory and
non-ambulatory activities in both laboratory and in free-living settings. Thus, available evidence
suggests that CPAM reliability may be stronger than CPAM validity; in other words, CPAMs may be
more useful for tracking PA changes within an individual over time or comparing PA trends between
individuals than assessing adherence to PA recommendations. This should be taken into consideration
when determining the utility of CPAMs as tracking or intervention tools.

Weaker correlations were observed in isolated cases during the free-living data collection, likely as
a result of large differences in predicted activity in a few participants (Figures 7-9). Interestingly, there
is a noticeable discrepancy between these correlations and their respective MAD and MPD values.
While these results seemingly contradict one another, the large differences which significantly impacted
the correlations are not as influential in an analysis of the median absolute and percent differences
because median values are not sensitive to outliers. The robustness of median values (compared to
means) allows for better interpretation of differences between monitors and is supported by its use in
previous research [15]. Nevertheless, the large differences and data removed per the ‘cleaning’ process
are worth noting. It is the authors” impression that the artificial laboratory analysis and subsequently
frequent uploading of CPAM data may have introduced some of these data (e.g., Figure 5). CPAMs
are likely not intended to be updated in five-minute intervals over an extended period of time; thus,
these errors could be attributable to application lag. It is worth noting, though, that these devices may
have occasional errors while updating one or more variables. This may have contributed to some
of the instances where the variables were actually lower at the end of the day than the beginning of
the day (which is not physiologically possible). Additionally, some of the sporadic large differences
seen in the free-living data (e.g., a difference of >6000 steps for the Fitbit Zip; differences of >375 kcals
for the Fitbit One and Flex; differences of >10 active minutes for the Fitbit Zip and Jawbone Up24)
may be attributable to occasional data loss during updating. Issues with updating the devices and/or
associated applications are worth noting as they quantitatively lower reliability and may necessitate
data screening or removal rules to be introduced.

A limitation of this study design was the relatively short duration (five minutes) of the laboratory
activities which did not permit the analysis of active minutes (require at least 10-min bouts for Fitbit
monitors). The abbreviated activity times may have also contributed to relatively frequent failure of
CPAMSs and/or their related applications to update properly resulting in bad data (removed from
analysis). Additionally, sweeping was the only non-ambulatory, non-sedentary activity in the present
study, which limits understanding of CPAM reliability during these types of activities. Mean wear time
during the free-living portion of the study is also a limitation as it resulted in low data variability and
limited options for statistical analyses for these data. To this, the limited wear time of these monitors in
the free-living setting did not permit a statistical comparison between laboratory-based and free-living
performance. Furthermore, a washout period was not utilized between laboratory and free-living
segments of the study. This limitation introduces a source of variability such that participants may
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have modified their free-living behavior having completed the laboratory protocol earlier in the day.
However, the laboratory activity protocol included a variety of activities not previously assessed
in reliability studies (e.g., sweeping and reading) strengthens the present study. By including these
activities of daily living, our results better reflect the performance of these monitors to across a variety
of activities likely to be performed during a typical day. Second, this study included both laboratory
and free-living aspects, which provides a more developed assessment of CPAM performance compared
to studies without a free-living component.

In conclusion, these CPAMs provide reliable estimations of most PA variables in the laboratory;
however, their reliability declines in a free-living setting. This may be attributable to small discrepancies
between estimations being amplified as a result of increased wear time. Nonetheless, these findings
suggest that certain CPAMs can provide reliable estimations of PA, especially steps taken, in a
laboratory setting and possibly in free-living.
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