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Abstract: Wrist-worn activity monitors have become accessible for measuring physical activities,
but an activity monitor’s accuracy worn at different placements is not well understood. This study
aimed to examine the differences in measurements of heart rates, step counts, and calories estimated
from the fitness tracker worn at different locations and the accuracy of Fitbit HR against criterion
measures. Thirty-two healthy adults participated in this study. Participants wore Fitbit HR at four
different locations (right proximal, distal, and left proximal, distal). Treadmill exercise consisted
of five 5-min phases including slow walking and jogging. Free-living activities involved ten 5-min
activities with four different intensities. We found that the placement of Fitbit HR has no significant
influence on the measurement outcomes overall. However, significant differences were observed in
the step counts between left and right while climbing stairs (p = 0.003) and sports activities (p < 0.001).
The accuracy of Fitbit HR measurements against the criterion measure was moderate. However,
we found out that Fitbit HR overestimated the calories regardless of their positions and activity
types. In conclusion, the different placements of Fitbit HR do not have a significant influence on the
measurements and Fitbit HR was moderately associated with criterion reference devices for measures
of heart rate and steps.
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1. Introduction

Physical activity (PA) has been recognized as an important factor for preventing cardiovascular
diseases (CVDs) in the 21st century [1,2]. Because of PA’s positive impact, various activity monitors that
enable to self-monitor and track the PA level during free-living conditions have been introduced in the
commercial market. The number of consumers increased year by year, and the wearable device market
has grown from 84 million units sold in 2015 to 245 million units in 2019 [3]. Especially, wrist-worn
activity monitors such as Fitbit HR, Garmin vivosmart, and smartwatches including Apple Watch and
Samsung Gear have become popular due to their feasibility and multiple functions (i.e., phone call,
text message, internet). For instance, Fitbit (Fitbit Inc., San Francisco, CA, USA) is one of the leading
brands among activity monitors that have reached more than 27.4 million active application users in
the United States in 2018 [4].

Fitbit Flex, the first wrist-worn activity monitor, produced by the Fitbit company, was introduced in
2013 and provided general activity information such as step counts and sleep duration. As the devices
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have evolved by advanced technologies, they nowadays provide PA feedback information of various
forms including step counts, calories, heart rate, and traveled distance. Particularly, heart rate is a
specific feature of the wrist-worn activity monitor. The monitor utilizes an optical sensor that estimates
heart rate via photoplethysmography (PPG) technique and this non-invasive technique probes small
variations of pulsatile blood flow under the skin [5]. Heart rate estimation allows monitoring exercise
intensity in real time and provides more accurate exercise intensity than accelerometers at non-weight
bearing exercise setting (i.e., cycling and swimming) [6]. However, heart rate has an inherent feature
as a vital sign, fluctuated by mood, emotional status, and illness that may limit to monitor the accurate
exercise intensity or recovery.

It has been demonstrated that the application of activity monitors increases consumers’ PA level
and modifies their health and sleep behaviors [7,8]. Still, there is a significant challenge in the research
and clinical environments, regarding whether the obtained data under free-living conditions are
valid and reliable. A number of validity studies have been conducted to examine the accuracy of
step counts and calories [9-12]. Step count is one of the fundamental functions of activity monitors.
Many studies have shown that wrist-worn activity monitors accurately assessed steps in the laboratory
and free-living settings [11-14]. However, a recent study found that the mean absolute percent errors
against researcher-counted steps were higher in some activities such as cycling and climbing stairs than
walking or jogging [15]. Especially, conflicting information has been observed regarding heart rate
sensors. While a moderate to strong correlation against the criterion measure was observed under the
laboratory conditions [5], the accuracy decreased during moderate to vigorous activities in free-living
conditions [6]. Another underlying issue is the location of the device. While the versatility of altering
the wearing locations (i.e., left vs. right; distal vs. proximal) may prove appealing, monitor placement
on the outcome measurements needs to be examined. Therefore, the present study aimed to examine
(1) the difference in measurements of heart rate, step counts, and calories estimated from the Fitbit HR
worn at different locations, and (2) the accuracy of Fitbit HR against criterion measures during lab and
free-living activities.

2. Materials and Methods

2.1. Experimental Design

First, the health status of all participants was screened with the Physical Activity Readiness
Questionnaire (PAR-Q) and the participants’ physique, blood pressure, and three-site skinfold thickness
were measured. The participants then wore Fitbit HR at four different locations to the left and right
wrists (right proximal (RP), right distal (RD), left proximal (LP), left distal (LD)). Each participant
performed physical activities in two different conditions including the lab and free-living settings.

2.2. Participants

Initially, thirty-five healthy males and females, aged 18-40 years, enrolled in this study.
The inclusion criteria for participants were as follows: (1) voluntary participation, (2) ability to
participate in physical activities, and (3) not having had any skeletomuscular injuries for the last three
months. Three participants who did not complete the whole study procedure were excluded from the
study; therefore, data form thirty-two participants were analyzed in this study. The sample size was
calculated based on a 95% confidence interval, a medium effect size (f = 0.25), and a power of 90% to
detect the difference among the various locations. The power analysis results showed that at least
30 participants were needed in the experiment. Each participant completed the written consent form
that was approved by the Institutional Review Board of the University.

2.3. Measurements

Physique, blood pressure, and heart rate: Participants” height and body weight were measured
with a stadiometer (PAT #290237, Novel Products, St. Paul, MN, USA) and a digital scale (HD-366,
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Tanita, Tokyo, Japan). The body mass index was calculated as kilogram per square meter. Three skinfold
thickness sites were measured by caliper (Beta Technology, Santa Cruz, CA, USA). The skinfold sites in
male participants were chest, abdominal, and thigh while for female participants they were triceps,
suprailiac, and thigh. Each participant was measured three times on the right side of the participant’s
body, and the average score was recorded. The results were then converted into body density and
body fat percentages by Jackson and Pollock and Siri’s equations [16,17]. Resting heart rate and blood
pressure was measured by an autonomic sphygmomanometer (BP7911T, Omron, Kyoto, Japan).

Treadmill exercise test: The treadmill exercise test was modified from a previous study [18].
The participant wore Fitbit HR at four different locations and sat quietly for 5 minutes on a chair.
The test consisted of five 5-minute phases including a resting phrase, slow walking (53.6 m/min),
brisk walking (107.3 m/min), jogging (160.9 m/min), and a recovery phrase. Finally, they sat on the
chair for 5 minutes as a recovery phase. Heart rate, calories, and step counts for each phase were
recorded from four Fitbit HR, while metabolic cart (TrueOne 2400, Medics, Salt Lake City, UT, USA)
was used for calories, a chest-strap heart rate monitor (Polar, Bethpage, NY, USA) for heart rate, and a
digital camera (Digital camera, Kodak, Rochester, NY, USA) with a hand tally counter for step counts
were used as criterion measures to compare with Fitbit HR.

Free-living activities: Participants performed ten 5-min simulated physical activities similarly
designed to free-living conditions. The activity protocols were modified from previous studies [19,20].
The activities were divided into four categories including sedentary, light (<3 MET), moderate (3-6 MET),
and vigorous activities (>6 MET) based on metabolic equivalent (MET) intensity. Each participant
performed the activities for 50 minutes. The average heart rate, calories, and steps in each phase
were recorded from Fitbit HR. ActiGraph GT3X (ActiGraph LLC, Pensacola, FL, USA) was used for
estimating calories as a criterion measure in the free-living activities. The accuracy of the ActiGraph
GT3X was validated in the previous study [21]. The participant wore the ActiGraph GT3X on the right
side of the waist and collected the data during free-living activities. The heart rate and steps were
measured in the same manner applied for the treadmill exercise test. Simulated free-living activities
are shown in Table 1.

Table 1. Simulated Free-Living Activities.

Activity Intensity Duration Descriptive Activity
Lying down Sedentary 5 min Lying on a bed
Shopping Light 5 min Pushing a cart
Climbing Stairs Moderate 5 min Climbing using step boxes
Laundry Light 5 min Folding towels
Cleaning Moderate 5 min Mopping the laboratory
Computer Sedentary 5 min Surfing the web
Stretching Light 5 min Stretching
Walking Light 5 min Walking around the school
Jogging Vigorous 5 min Jogging around school
Sports activity Vigorous 5 min Basketball dribbling

Activity monitor: Fitbit Charge HR (Fitbit Inc., San Francisco, CA, USA) was used in the study.
Four Fitbit HR were placed on the right and left wrists. The first device was placed on the 2 cm above
participant’s left wrist bone. The second device was placed 2 cm above from the first device. The third
and fourth devices were placed in the same manner on the right wrist. The location of the devices was
systematically rotated. Before experimenting, participants’ individual information including height,
body weight, and birthday were set up via the Fitbit Android application.

2.4. Data Analysis

Descriptive statistics were computed for all variables and presented as mean and standard
deviation for continuous variables and frequency and percentage for categorical variables, respectively.
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To compare measurements among various wearing positions of Fitbit HR, repeated measures ANOVAs
were performed across four different wearing positions (i.e., RP, RD, LP, and LD) under laboratory and
free-living settings for each outcome measurement: heart rate, step counts, and calorie. The significance
of the repeated measures ANOVAs was examined using Bonferroni adjusted alpha levels, which was
0.003 (i.e., 0.05/15). To examine the accuracy of Fitbit HR worn at different positions against criterion
measure, the mean difference (MD) was calculated by subtracting criterion-measured values of heart
rate, step counts, and calorie from the estimated values of each Fibit HR for various activities and
settings. Negative MD indicates underestimation compared to a criterion measure, while positive MD
indicates overestimation. The 95% confidence interval (CI) of MD was calculated to determine the
statistical significance of MD. If 95% CI did not include 0, MD was considered a significant difference.
For additional information, the MD’s effect size was evaluated using Cohen’s d (i.e., MD/standard
deviation of MD). All statistical analyses were performed using SPSS Version 23 (SPSS Inc, Chicago,
IL, USA).

3. Results

Data collected from this study included 7200 data points (225 variables * 32 participants).
During data screening, few participants with invalid Fitbit monitor reading values (i.e., negative values
in heart rate, step counts, and calorie) were identified. The anomalous values were 24 data points,
which is about 0.3% of the total data points. The invalid values were set to missing to preserve the
remaining data. As a result, samples of 29 to 32 were used across all data analyses in this study. Of all
participants (n = 32), 46.88% were males, and 96.88% were right-handed. The average age and body
mass index were 26.03 + 6.59 years and 26.40 + 5.11 kg/m2, respectively. The detailed descriptive
statistics of the participants are presented in Table 2.

Table 2. Characteristics of Participants (n = 32).

Variables Frequency Percent

Men 15.00 46.88
Women 17.00 53.13
Right-handed 31.00 96.88
Left-handed 1.00 3.13

Mean SD

Age (years) 26.03 6.59

Height (cm) 167.38 8.30
Weight (kg) 74.09 15.89

Body mass index (kg/m?) 26.40 5.11
Body fat percentage (%) 21.09 7.73
Systolic blood pressure (mmHg) 119.28 14.59
Diastolic blood pressure (mmHg) 75.00 7.48
HR (beats/minute) 7341 10.17

Overall, there were no differences in measurements of heart rate, step counts, and calories
estimated from the four Fitbit HR worn at different positions (Table 3). In a free-living setting,
step counts were significantly different for climbing stairs (p = 0.003) and sports activities (p < 0.001).
Step counts estimated from Fitbit HR worn at the distal position of the left wrist were significantly
higher than from Fitbit HR worn at the proximal and distal positions of the right wrist when climbing
stairs. Fitbit HR worn on the left wrist estimated significantly higher step counts than Fitbit HR worn
on the right wrist while participating in sports (Table 3).

The accuracy of Fitbit HR was moderate in heart rate estimation, especially during low-intensity
activities (Table 4). Fitbit HR tended to underestimate heart rate compared to a criterion measure,
particularly during moderate- to vigorous-intensity activities including walking, jogging, and sports.
Heart rate estimated from Fitbit HR worn at the proximal position of the wrist was slightly more



Sustainability 2020, 12, 6306 50f 13

accurate than heart rate estimated from Fitbit HR worn at the distal position of the wrist in a laboratory
setting, but there was no similar pattern or tendency identified in the free-living condition.

Moderate accuracy was found in measurements of step counts in the laboratory setting, but poor
accuracy was observed in the free-living setting (Table 5). In the laboratory setting, all Fitbit HR
showed good accuracy in estimating step counts during moderate- to vigorous-intensity activities,
such as brisk walking and jogging. On the other hand, poor accuracy was identified across all Fitbit HR
during shopping and laundry in a free-living setting. No noticeable pattern or tendency was identified
in the laboratory and free-living settings for step counts.

Overall, the accuracy of Fitbit HR was poor for calorie estimation (Table 6). Fitbit HR tended
to overestimate calories when compared to criterion measures regardless of their positions and
activity types.
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Table 3. Comparisons of Heart Rate, Steps, and Calories Estimated from Four Fitbits in Laboratory and Free-Living Settings.

Right Wrist

Left Wrist

Settings and Activities Variables n Proximal (RP) Distal (RD) Proximal (LP) Distal (LD) p-Values
Heart Rate 32 76.84 (11.53) 76.00 (11.16) 77.69 (11.82) 76.34 (10.61) 0.159
Resting Steps 32 0.22 (1.24) 0.13 (0.71) 0.00 (0.00) 0.00 (0.00) 0.325
Calories 32 4.94 (3.45) 15.03 (60.97) 431 (1.53) 4.56 (2.06) 0.341
Heart rate 32 100.56 (14.48) 98.88 (12.06) 99.50 (16.50) 96.72 (12.08) 0.594
Slow walking (2 mph) Steps 32 279.94 (32.25) 281.19 (34.21) 272.78 (45.17) 280.78 (30.47) 0.370
Calories 31 20,61 (5.49) 22.03 (6.47) 21.81 (6.52) 21.39 (6.35) 0475
Heart Rate 32 130.03 (20.61) 123.34 (16.07) 126.19 (20.04) 122.06 (16.46) 0.076
Lab Activity Brisk Walking (4 mph) Steps 32 406.75 (80.69) 380.84 (69.53) 399.50 (95.40) 384.19 (64.33) 0.140
Calories 32 28.66 (7.26) 29.63 (10.18) 29.47 (9.52) 31.22 (12.06) 0.516
Heart rate 31 160.65 (16.35) 153.61 (18.31) 161.84 (16.26) 157.29 (19.55) 0.045
Jogging (6 mph) Steps 32 477.03 (24.73) 472.97 (26.80) 478.25 (25.49) 478.81 (25.71) 0.033
Calories 30 40.73 (13.49) 41.87 (19.56) 40.47 (17.53) 42.83 (17.07) 0.765
Heart rate 32 96.81 (20.99) 93.63 (15.89) 94.41 (15.88) 94.19 (15.81) 0.170
Recovery Steps 31 3.68 (5.50) 3.10 (5.87) 3.10 (5.20) 3.55 (6.11) 0.732
Calories 31 27.19 (13.69) 37.03 (56.67) 28.26 (21.68) 25.23 (13.81) 0342
Heart rate 32 78.72 (10.90) 78.44 (11.28) 79.34 (11.58) 78.69 (10.86) 0.369
Lying down Steps 32 0.28 (1.11) 0.28 (1.11) 0.91 (4.45) 0.75 (3.73) 0.482
Calories 30 7.82 (3.89) 8.28 (4.11) 8.25 (5.36) 8.17 (5.08) 0.686
Heart rate 32 90.97 (11.38) 89.25 (8.86) 87.97 (14.73) 88.94 (13.12) 0.287
Shopping Steps 32 55.16 (91.48) 64.69 (93.64) 40.66 (70.71) 58.09 (91.87) 0.457
Calories 29 13.93 (8.49) 14.93 (7.19) 16.69 (24.04) 14.07 (8.36) 0.646
Heart rate 32 133.19 (21.77) 132.25 (20.96) 126.78 (21.80) 128.94 (22.56) 0.128

Climbing stairs Steps 32 41347 (60.84) 417.47 (49.26) 438.34 (50.80) 445.97 (48.65) 0.003 *
Calories 32 36.28 (12.04) 45.47 (39.82) 36.31 (9.06) 53.22 (69.65) 0.260
Heart rate 32 100.66 (16.32) 102.63 (12.54) 100.03 (14.76) 101.19 (16.45) 0.474
Laundry Steps 31 184.00 (68.74) 178.77 (78.27) 181.10 (88.79) 177.13 (91.17) 0.867
Calories 30 34.53 (12.88) 35.80 (15.24) 33.57 (14.67) 34.40 (16.96) 0.561
Heart rate 32 98.00 (16.98) 98.94 (16.09) 96.72 (17.48) 97.38 (16.86) 0.603
Cleaning Steps 32 232.72 (364.24) 184.47 (126.93) 171.81 (116.00) 190.47 (125.05) 0.429
Free-living setting Calories 30 22.93 (11.48) 24.13 (13.63) 23.63 (11.31) 24.87 (13.26) 0.565
Heart rate 32 78.22 (11.73) 78.41 (12.77) 79.53 (12.60) 79.59 (12.49) 0.069
Computer Steps 32 1.53 (3.84) 2.63 (5.93) 1.47 (4.11) 1.16 (3.55) 0.393
Calories 31 17.42 (8.85) 18.55 (11.74) 18.71 (12.06) 19.48 (14.07) 0.200
Heart rate 32 97.06 (15.76) 98.28 (14.60) 97.28 (16.03) 96.84 (16.19) 0.834
Stretching Steps 32 30.00 (19.41) 47.25(101.11) 39.09 (17.27) 37.25 (16.46) 0.460
Calories 31 15.87 (9.13) 17.58 (10.65) 16.97 (8.80) 18.13 (10.49) 0.295
Heart rate 32 101.13 (14.21) 100.78 (14.96) 101.16 (14.28) 101.72 (16.32) 0.882
Walking Steps 31 468.48 (51.92) 465.16 (55.31) 473.35 (36.61) 470.68 (39.45) 0.453
Calories 32 33.38 (9.36) 36.78 (11.70) 35.78 (10.60) 37.34 (12.54) 0.058
Heart rate 31 151.19 (19.89) 150.00 (20.34) 153.48 (20.57) 151.35 (21.70) 0.598
Jogging Steps 32 778.81 (119.14) 751.22 (42.06) 760.47 (54.90) 757.16 (62.36) 0.258
Calories 32 74.69 (129.39) 51.88 (18.96) 63.03 (38.76) 59.28 (25.08) 0.451
Heart rate 30 151.47 (19.50) 149.07 (19.33) 156.83 (21.73) 154.20 (22.46) 0.113

Sports Steps 32 586.75 (75.02) 565.34 (72.73) 648.84 (64.43) 641.66 (69.86) < 0.001*
Calories 29 55.76 (19.27) 60.24 (20.30) 59.93 (21.14) 62.66 (22.68) 0.260

Note: Data are presented as mean (standard deviation); LD =

left distal; LP = left proximal; RD = right distal; RP = right proximal; * indicates significant difference among means (p < 0.004).
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Table 4. Comparisons of Heart Rate Estimated by Four Fitbits with Criterion-Measured Heart Rate in the Laboratory and Free-Living Settings.

Settings and Activities Variables Right Wrist Left Wrist Criterion Measure
Proximal (RP) Distal (RD) Proximal (LP) Distal (LD)
Resting Ng?féifg;il) -1.75 (—_CZ)A;, -0.08) -2.59 (i%3553, -0.84) -0.91 (_—02165, 0.87) -2.25 (i%f;, -0.37) 78.59 (12.41)
Slow walking (2 mph) Ng?féif;/;il) 2.72 (—éf;l, 8.37) 1.03 (—ég;, 6.27) 1.66 (—5.1712, 7.04) -1.13 (_—511912, 2.67) 97.84 (12.42)
Lab Activity Brisk walking (4 mph) Ng:f)fe(ztS‘;/ZZCeI) 0.28 (—5.0728, 6.34) -6.41 (:%57(;, -3.31) -3.56 (_—092807, 2.74) -7.69 (—_1(}‘.7526, —-3.81) 129.75 (17.51)
Jogging (6 mph) h%]:f)fézf;/;il) -9.00 (—_1;;;7, —5.63) —15.84 (i%fé?;% -9.300 -8.63 (—_1;.853, -4.74) 1261 (i%]é.;%ZZ, —6.40) 169.59 (17.31)
Recovery Ng?féztS S/ZZ?) 0.28 (_(;%525’ 4.91) -291 (:%?Zé -0.49) -2.13 (_—(;13520, 0.25) -2.34 (—_‘(1]219, -0.17) 9653 (17.19)
Lying down Ngf)fe(ztS‘;/zz(éI) -0.78 (_—021299, 0.73) -1.06 (_—022558, 0.45) -0.16 (_—010358, 1.07) —-0.81 (__021483, 0.80) 79.5 (12.35)
Shopping l\/gf)fe(ztS S/(;ZCeI) —4.66 (—_226?1, -2.02) —-6.38 (i?)Sé'Z, -2.88) —7.66 (—_l&.gl& —4.23) —-6.69 (i%g?;, -4.14) 95.63 (13.93)
Climbing stairs I\/izl?féztE;/ZZCeI) -0.75 (_—060358, 4.88) -1.69 (_—06115, 2.76) -7.16 (:3]%33.(;6, 0.75) -5.00 (:3;)3?6, 0.86) 133.94 (24.63)
0 — — — — — — — —

Laundry Ngf)fe(ztSS/;ZCeI) 2.53 (_052969, 0.93) 0.56 (_(;10656, 3.53) 3.16 (_072660, 1.29) 2.00 (_051791, 1.71) 103.19 (18.39)

Computer I\/E?féiféoizil) -1.59 (_—032595, 0.37) -1.41 (_—03225, 0.41) -0.28 (_—02(5)64, 1.47) -0.22 (_—02(5)47, 1.64) 79.81 (12.09)

0 — — — — — — — —

Stretching Ng?féifé;z?) 131 (_651037, 2.45) 0.09 (_(;1(;)15, 3.86) 1.09 (_(;11320, 2.12) 1.53 (_511687, 1.61) 98.38 (17.98)
Walking l\/gif)féZtS S/ZZ?) —2.66 (—_g;l;, -0.17) -3.00 (igiz, -0.64) —-2.63 (_—062362, 1.07) -2.06 (_-g;tf, 1.46) 103.78 (16.99)
Jogging Ng?fégf é;ZCeI) —-8.16 (—_15.:15, -0.96) -9.16 (—_13.:;, -3.88) —-5.78 (—_182;, -1.41) -7.13 (—_1;;;, -1.73) 159.09 (22.3)

Sports Ng?fégf;/zz(;l) -13.91 (—_?)(.)%379, -742) -17.00 (:%)I.Séio, -10.5) -10.87 (:t(;(;él, -5.700 -11.39 (:10%24, —6.64) 166.03 (18.62)

Note: Data are presented as mean difference (95% confidence interval); MD = mean difference; MD is calculated by subtracting the criterion measured value from each Fitbit measured
value; LD = left distal; LP = left proximal; RD = right distal; RP = right proximal; Sample sizes = 31-32; The bold numbers indicate significant difference from zero (p < 0.05).
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Table 5. Comparisons of Steps Estimated by Four Fitbits with Criterion-Measured Steps in the Laboratory and Free-Living Settings.

. . Right Wrist Left Wrist
Settings and Activities Variables Criterion Measure
Proximal (RP) Distal (RD) Proximal (LP) Distal (LD)
. MD (95% CI) 0.22 (=0.23, 0.66) 0.13 (=0.13, 0.38) 0(0,0) 0(0,0)
R .00 (0.
esting Effect Size 0.18 0.18 N/A N/A 0.00 (0.00)
. MD (95% CI) ~ —13.47 (=25.39, =1.55)  —12.22 (~25.21,0.78)  —20.63 (=37.80, ~3.45) —12.63 (=23.70, —1.55)
Slow walking (2 mph) Effoct Size _041 034 043 ~041 293.41 (25.95)
. . . MD (95% CI) 19.84 (~9.05,4874)  —6.06 (~31.48,19.36)  12.59 (-21.49,46.68)  —2.72 (~25.67,20.24)
Lab Activit
ab acivity Brisk walking(4 mph) Effect Size 0.25 ~0.09 0.13 ~0.04 386.91 (18.39)
. MD (95% CI) —6.88(~18.36,4.61)  —10.94(-24.13,2.26)  —5.66 (=17.27,5.95) ~5.09 (~16.33, 6.14)
Jogging(6 mph) Effect Size —0.22 ~0.30 ~0.18 ~0.16 483.91 (35.94)
MD (95% CI) 3.5 (151, 5.49) 2.94 (0.83, 5.05) 3.63 (140, 5.85) 3.48 (1.23, 5.74)
Recovery Effect Size 0.64 0.50 0.59 0.56 0.06 (0-35)
‘ MD (95% CI) 0.53 (~0.22, 1.29) 0.53 (~0.22, 1.29) 1.81 (~1.40, 5.02) 1.47 (~1.16, 4.10)
Lying down Effect Size 0.25 0.25 0.20 0.20 000 (0.00)
MD (95% CT) —303.56 (—342.20, —294.03 (~335.93, —318.06 (—354.49, —300.63 (—344.35,
Shopping o —264.93) —252.13) —281.64) —256.90) 358.72 (90.24)
Effect Size 283 253 -3.15 248
o . MD (95% CI) ~16.41(-3853,572)  —-1241(-31.15,6.33) 847 (~10.39,27.32) 16.09 (~1.72, 33.91)
Climbing stairs Effect Size ~0.27 —0.24 016 0.33 429.88 (11.18)
MD (95% CI)  154.03 (130.15,177.91)  154.50 (124.01,184.99)  154.09 (127.94,180.25)  149.41 (119.90, 178.92)
Laundry Effect Size 237 1.83 212 1.83 3041 (33.29)
Free-living Setting MD (95%CI)  —6.19(-143.93,131.55)  —54.44 (-109.27,0.39) ~67.09 (~11068, —48.44 (~96.23, —0.65)
Cleaning : 23, 131 ‘ 27, 0. ~23.51) : 25, =0. 238.91 (65.28)
Effect Size ~0.02 ~0.36 ~0.56 ~0.37
MD (95% CI) 1.53 (0.15, 2.92) 2.63 (0.49, 4.76) 1.47 (~0.01, 2.95) 1.16 (=0.12, 2.44)
Computer Effect Size 0.40 0.4 0.36 0.33 0.00 (0.00)
. MD (95% CI)  —10.97 (~19.56, -2.38)  6.28 (~30.95, 43.51) ~1.88 (=9.11, 5.36) ~3.72 (1035, 2.91)
Stretching Effect Size ~0.46 0.06 ~0.09 ~0.20 40.97 (11.62)
. MD (95% CI) _17.65(~37.34,2.05)  —20.66 (~39.82, —=1.50)  —12.53 (~27.43,2.37)  —15.34 (—30.01, —0.68)
Walk 13 (39.
arang Effect Size -0.33 -0.39 -0.30 -0.38 487.13 (39.04)
. MD (95% CI) 78.44 (37.47, 119.41) 50.84 (28.97, 72.71) 60.09 (36.91, 83.28) 56.78 (32.49, 81.07)
Jogging Effect Size 0.69 0.84 0.93 0.84 700.37 (62.5)
) —72.28 (-113.37, —93.69 (—134.25,
Sports MD (95% CI) Ta19) 2 53.13) ~10.19 (-41.31,20.93)  —17.38 (—49.82, 15.07) 659.03 (95.09)
Effect Size ~0.63 ~0.83 —0.12 ~0.19

Note: Data are presented as mean difference (95% confidence interval); MD = mean difference; MD is calculated by subtracting the criterion measured value from each Fitbit measured
value; LD = left distal; LP = left proximal; RD = right distal; RP = right proximal; Sample sizes = 31-32; The bold numbers indicate significant difference from zero (p < 0.05).
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Table 6. Comparisons of Calories Estimated by Four Fitbits with Criterion-Measured Calories in the Laboratory and Free-Living Settings.

Settings & Activities Variables Proximal (RP)Right et Distal (RD) Proximal (LP) ettt Distal (LD) Criterion Measure
Resting Ng?fgf g(;z?) 0.34 (—8.1853, 157) 10.44 (—3)'11.;2, 3239)  -028 (__(?,'1878’ 0.31) ~0.03 (:8521, 0.65) 459 (095)
Slow walking (2 mpk) N{zl?fe(zfos/zz?) 8.48 (6;1:5 10.49) 10.00 (7176; 12.23) 9.47 Wfiﬁ 11.87) 9.88 (7f37} 12.48) 1200 289
Lab Setting BEok walling(d mp) Ng:f)fézfzoizcel) 7.09 (%..5929, 9.66) 8.06 (4&7& 11.46) 7.91 (4(.)?:(,) 11.47) 9.66 (5(.)%7% 14.05) 21.56 (478)
Jogging(6 mph) Ng?fe(zfzzzil) 5.28 (%.13' 9.81) 6.77 (0(.;37é 13.38) 18.69 (?).7é§3' 45.2) 7.77 (1(.;.1;15,3 14.11) 5472 0.87)
Recovery Ng?ﬁ(zf éiz?) 9.38 (5(.3% 13.65) 18,81 (—& .335, 39.01) 10.81 %ﬁ 18.17) 7.56 (3(.)% 11.88) 1734 6.83)
Lying down Niitf)fézf;/;z?) 14.28 (111..;13, 17.14) 15.03 (1117972 18.13) 15.00 (111..;);1, 18.95) 14.83 (111..25,, 18.64) 135 2.11)
Shopping Ng?fe(zfzzzil) 7.65 (4(.596é 10.74) 8.60 (Sffé 11.22) 10.35 %_i% 18.81) 7.63 (zl(.fgeé 11.01) 609 5.62)
Climbing stairs h@%ﬁfé@? 6.86 (3(.365é 10.47) 16.05 %.Z% 30.49) 6.89 (?)?355 9.83) 23.80 (—3.326&3, 47.87) 2942 (10.97)
.
Laundry hél?fgf S/oizcel) 14.32 (91.;2, 19.19) 15.78 (15.53, 21.04) 13.30 (3.;98, 18.81) 14.80 (%‘992, 20.64) 1921(10.05)
Cleaning MD (95% C1) 7.89 (2.97, 12.81) 10.59 (5.53, 15.66) 9.94 (4.64, 15.23) 11.44 (5.77, 17.10) 1478 (12.13)
Free-living Setting Effect §1ze 0.60 0.75 0.68 0.73
Computer Ng?féif éoiz?) 15.36 (112;71:, 18.54) 16.52 (112'.2)5, 20.67) 16.67 (13{1, 20.95) 17.58 (13;, 22.74) 186 (199)
.
Steetching Ng?fézf s/zz?) 428 %ﬁ-’ 7.15) 5.72 (%)1527 9.32) 5.35 (2(3..98%, 7.76) 6.04 %5612 9.56) 119 @57)
Walling 1\@&5 s/oiz?) 14.26 (111..;56, 17.37) 17.67 (113..533, 22.11) 16.67 (1125722 20.62) 18.23 (113..:3?, 22.84) 10,11 (13.08)
Jogging Ng?fégf S/;zil) 15.45 (—é?él, 6031)  -7.36 (-_1;.;)99, ~063) 380 (—3:??), 17.27) 0.05 (—g.(z)soe, 7.95) 59,24 (14.45
Sports Ng?féztszzz?) 7.08 (2(.::é 12.03) 11.91 (37731 18.09) 11.22 (e(s).g, 17.17) 13.90 (%‘562, 21.24) 4801 (13.25)

Note: Data are presented as mean difference (95% confidence interval); MD = mean difference; MD is calculated by subtracting criterion measured value from each Fitbit measured value;
LD = left distal; LP = left proximal; RD = right distal; RP = right proximal; Sample sizes = 31-32; The bold numbers indicate significant difference from zero (p < 0.05).
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4. Discussion

The major findings of this study were that Fitbit HR placement does not significantly influence the
measurements of heart rates and calories in the laboratory and free-living settings. However, there was
a significant difference in the step counts measured between the left and right locations while climbing
stairs and participating in sports activities. The accuracy of heart rate and step-count estimates were
moderate in some light-intensity activities, but it was poor during moderate- to vigorous-intensity
activities. Calorie estimates were poor, and they were overestimated both in the laboratory and
free-living conditions.

We found that heart rate and calorie estimations were not different, while some differences
were observed in step counts. Step counts were reported as higher at the left wrist (LP, LD) than
the right wrist (RP, RD) during claiming stairs and sports activities. A previous study examined
the inter-device reliability of Fitbit HR estimated step counts between dominant and non-dominant
wrist during normal walking [11]. They found no significant differences in step counts between
the locations, and the inter-device reliability between dominant and non-dominant wrist was good
(inter-correlation coefficient = 0.81, confidence interval, 0.63 to 0.90). It is unclear why significant
differences in step counts were detected during climbing stairs and sports activities in the present
study. It was assumed that different axis motion between right and left arms with vigorous activity
might affect locations’ disparities. For instance, participants performed basketball dribbling as a sports
activity in this study. While the dribbling hand moved with a sagittal motion, the other hand remained
free of motion. This unilateral hand movement may cause the difference in step counts between the
right and left hands.

A number of studies have been conducted to examine the accuracy of heart rate sensors during
exercise or free-living activities [5,6,22]. Stahl et al. reported that wrist-worn activity monitors (i.e.,
Mio Alpha, TomTom, Microsoft Band, Basis Peak, and Fitbit HR) were strongly correlated with a
criterion measure ranged from 0.87 to 0.96 in resting, walking, and running (i.e., 3.2, 4.8, 6.4, 8.0,
9.6 km/h) [5]. The authors pointed out that a wrist-worn activity monitor could estimate heart rate
more accurately when participants swung their arm during walking and jogging. Wallen et al. also
reported that there was a strong correlation in heart rate estimation between Fitbit HR and reference
methods (i.e., electrocardiograph) during walking, running, and cycling (mean difference: —9.3 to
8.5 bpm, r = 0.81) [22].

However, our findings differed from the previous studies where the accuracy decreased during
moderate- to vigorous-intensity activities (Table 4). Gorny et al. support our results that Fitbit HR
underestimated the heart rate during light intensity activities (—4.22 bpm), but this error increased
during the moderate to vigorous activities (—16.2 bpm) in a free-living setting [6]. This conflict in
results between studies may be influenced by various factors such as emotional status, skin color,
and locations (i.e., dominant vs. non-dominant, proximal vs. distal, wrist circumference). Although
different Fitbit HR placements did not affect heart rate estimation in the present study (Table 3),
interesting trends were observed in the present study where the Fitbit HR worn at the proximal location
showed fewer errors than when worn at the distal position during moderate- to vigorous-intensity
activities. This trend partially supports the company’s instruction where Fitbit HR captures heart rate
estimation more accurately at the higher location (i.e., up to three-finger width) during exercise [23].
However, significant error compared with criterion measure failed to reflect heart rate estimation
accuracy during moderate- to vigorous-intensity activities.

The accuracy of Fitbit HR step counts was moderate during brisk walking and jogging in the
laboratory setting, but the accuracy decreased during slow walking on the treadmill and most of
the free-living activities. A systematic review study demonstrated that the overall accuracy of Fitbit
monitors was high in step counts (mean correlation > 0.80), while the accuracy decreased during slow
walking, which supports our results [12]. Relatively poor accuracy was identified across all Fitbit HR
locations during shopping, laundry, and jogging activities in a free-living setting.
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In the present study, the accuracy of calorie estimates was poor. Fitbit HR overestimated calories
regardless of its position and activity types. Physical activity is commonly defined as “any bodily
movement produced by skeletal muscles that require energy expenditure.” [24]. Although the
understanding of energy expenditure during free-living activities is important, many monitors failed
to provide accurate calorie estimations [10]. Brooke et al. reported that Fitbit HR overestimated
calories (334.9 kcal) under free-living conditions, but the monitor provided reasonable calorie estimates
compared to other activity monitors (i.e., Polar Loop, Misfit Shine, and Garmin VivoFit) [9]. There is an
important consideration when comparing the data with previous studies related to different criterion
measures used in the studies. For instance, while our study used ActiGraph GT3X, other studies
used SenseWear Armband Mini, ActiheartTM and BodyMedia Core as criterion measures [9,10].
Although many research-grade devices have shown high correlations with indirect calorimetry, it is
still debatable whether those can be accepted as criterion measures.

The major strength of the current study is the research design, which enables us to establish
evidence of both inter-device reliability and validity of Fitbit HR’s PA measurements. The study collects
all three common PA measurements: heart rate, calories, and step counts, which is also a strength
of the study. Although carefully designed, this study is not free of limitations. The study sample
was comprised of healthy young adults. Different activity levels of the population may influence the
difference in measurements among wearing placement. Results may not be generalizable to other
populations, particularly the clinical population. Another potential limitation is that the sample
is dominantly right-handed, so we could not compare left-handed and right-handed participants.
More research is needed to consider how handedness affects the study outcomes. Secondly, this study
may limit generalizing the overall results of fitness trackers. It is well known that different algorisms
built into each fitness tracker can create different outcomes [5]. However, we believe that our results
may provide substantial information to researchers or consumers when considering the use of Fitbit
devices such as Fitbit HR in the research or clinical environments. This is because placement has become
an important consideration to accurately monitor people’s PA levels as the number of wrist-worn
fitness trackers users increases. Especially, the PPG sensor can create a great variation of heart rate
outcomes based on the place (i.e., proximal vs. distal; dominant vs. non-dominant) applied even
though the same device is used [25]. Nevertheless, future studies testing various types of fitness
trackers are required to generalize the PA outcomes.

Lastly, we chose ten different activities as representative of the free-living condition in this study.
These activities may not fully represent the type of physical activity by young adults. However,
we have a broad range of activities ranging from sedentary to vigorous activities with a balanced
number of activities.

5. Conclusions

This study revealed that Fitbit HR placement does not have a significant influence on the
measurements of heart rate and calories during the laboratory and free-living settings. However,
there was a significant difference in the step counts measured between the left and right locations while
climbing stairs and during sports activities. The accuracy of heart rate and step-count estimations were
moderate in some light intensity activities, but the error grew during moderate- to vigorous-intensity
activities. Fitbit HR overestimated the calories regardless of their positions and activity types.
The results demonstrated that different placement of Fitbit HR does not influence the measurement
outcomes, but the device failed to satisfy accuracy against the criterion measure and this error increased
for moderate- to vigorous-intensity activities. Given the nature of our study with a limited fitness
tracker application, future research is warranted to generalize the placement effect of wrist-worn
activity monitors on PA outcomes such as heart rate, step count, and calories.
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