
 

 

 

 

 

 

 

 

 

Copyright 

by 

Erin Elizabeth Dooley 

2016 

 

 



The Thesis Committee for Erin Elizabeth Dooley 
Certifies that this is the approved version of the following thesis: 

 
 

Measuring the Validity of Self-monitoring Heart Rate and Activity 
Tracking Wearables 

 
 
 
 
 
 

 

 

APPROVED BY 
SUPERVISING COMMITTEE: 

 

 

 
John Bartholomew 

Esbelle Jowers 

 

  

Supervisor: 



Measuring the Validity of Self-monitoring Heart Rate and Activity 
Tracking Wearables 

 

 

by 

Erin Elizabeth Dooley, B.S.Psy. 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Health Behavior and Health Education 

 

 

The University of Texas at Austin 
May 2016 

 

 



 iv 

Acknowledgements 

 
I would first like to express my gratitude for my adviser, Dr. John Bartholomew, 

for mentoring me through this process and through the many ideas that was my thesis 
journey. I would also like to thank my lab director, Dr. Esbelle Jowers, for agreeing to be 
a part of my committee and providing the support I needed. Lastly, I would like to show 
my deepest gratitude to my lab members for all of their support. 

 



 v 
 

Abstract 

 

Measuring the Validity of Self-monitoring Heart Rate and Activity 
Tracking Wearables 

 

Erin Elizabeth Dooley, M.S.H.B.H.Ed. 

The University of Texas at Austin, 2016 

 

SUPERVISOR:  John Bartholomew 

 
PURPOSE: To examine the validity of wearable physical activity tracking 

devices. METHODS: Participants were 62 students. Participants wore a Polar HR chest 

strap, Actigraph GT3X+ Acceleremetor, Apple Watch, Fitbit Charge HR, Garmin 

Forerunner 225 and were connected to a metabolic cart. Participants completed a seated 

10-min baseline period, 4-min stages of light, moderate and vigorous intensities, and a 

10-min seated recovery. Heart rate (HR), energy expenditure (EE) and step count were 

examined for each bout of exercise. ANALYSIS: Two-way RM-ANOVA were 

performed to compare the ability of the wearable devices to accurately measure each 

outcome relative to the criterion. Paired-samples t-tests compared the number of steps in 

observed videos and those reported for Fitbit. RESULTS: For HR, Apple Watch was 

accurate at all stages except in light and moderate intensities, in which the device 

measured lower HR. The Fitbit Charge HR produced accurate results in moderate PA, but 
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measured significantly higher HR readings at baseline and light activity and lower HR 

readings at vigorous intensity. The Garmin Forerunner 225 was only accurate at vigorous 

intensity PA and measured significantly higher HR readings at all other intensities. For 

EE, the Fitbit measured significantly higher EE for all stages except vigorous intensity 

and recovery stages. The Apple Watch and Garmin measured significantly higher EE at 

all PA intensities. The Fitbit measured significantly lower step count than the criterion at 

all PA intensities. DISCUSSION: This study provides novel findings for Apple Watch 

and Garmin devices and provides new information regarding Fitbit accuracy. No studies 

have reported accuracy of these devices to measure HR. Future studies should investigate 

why differences between the devices exist. 
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INTRODUCTION 

The Physical Activity Guidelines for Americans (PAG) suggests 30 minutes of 

moderate to vigorous physical activity per day (1). According to self-report data, the 

proportion of adults meeting the guidelines was 62.0%, but this dropped to 9.6% for 

accelerometry measures of activity (2). This illustrates the importance of objective 

measures of activity. This importance is reflected in the commercial market with physical 

activity (PA) tracking wearables having emerged as an increasingly popular method for 

consumers to assess their daily activity. In 2015, 232 million wearable electronic devices 

were sold worldwide with a projected 18.4% increase in sales for 2016 (3). Wearable 

devices, provide opportunities for individuals to self-monitor their activity, offer 

individualized goal-setting, and deliver reinforcement (4) – all of which may increase 

motivation to be active. In addition to PA activity and energy expenditure, more recent 

wearable models are designed to measure heart rate (HR). 

Given their popularity, it is not surprising that wearable-based behavioral change 

interventions are becoming more prevalent. Wearable devices allow for researchers and 

clinicians to monitor current and long-term activity tracking, through steps, activity 

minutes or calories expended, across many populations. For example, in a randomized 

trial targeting women, wearing a Fitbit increased moderate to vigorous physical activity 

(MVPA) by 62 minutes per week, with 100% of participates reporting that they liked 

wearing the tracker (5). Thus, as the use of wearable activity monitors grows as an 

intervention tool, it is important to assess their accuracy for this purpose. Unfortunately, 

the minimal published research have centered primarily on the accuracy of step counts 
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and estimates of energy expenditure (EE) with the majority of these studies having used 

various, dated Fitbit models (i.e. One, Zip, Flex, Ultra) (4, 6, 7, 8, 9). For EE, Fitbits has 

been found to have a 10-15% variation from the criterion (8) with a particular tendency to 

overestimate EE during moderate activity (9). For step count, Fitbit devices tend to be 

more accurate at lower intensity exercise, but underestimate the number of steps at higher 

intensity exercise (10). To date, there is only one published study using the Garmin, 

which focused on the impact of the integrated GPS component of the device. This study 

showed that in children, decreased time spent in outdoor environments is associated with 

increased body weight and lower levels of MVPA (11). However, there is no indication 

of validity of the device. Although the Apple Watch has become very popular, it has yet 

to be used in any validation study.  

Research on wearable physical activity devices should reflect the current 

technology, such as the use of photoplethysmography (PPG) to measure heart rate (HR). 

PPG is a simple and low-cost optical technique that detects blood volume changes in the 

microvascular bed of tissue (12). PPG uses a light source to illuminate the tissue of the 

wrist and a photodetector to measure variations in light intensity associated with changes 

in perfusion. While PPG has many clinical applications, such as blood pressure, arterial 

stiffness, and endothelial function (12), it is becoming standard on consumer wearable 

devices. Despite this, only one published study has assessed HR accuracy in response to 

different levels of PA intensity. They found that HR measurement error tends to increase 

with the activity intensity (13). However, this was a validation study of different activity 
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trackers (Omron HR500U and Mio Alpha), which are not as consumer-popular as the 

ones in this study. 

Individual HR monitoring during PA greatly expands the options for intervention 

design. HR response to exercise has been shown to be moderated by both knowledge 

about suggested levels of intensity and feedback in meeting those levels (14). HR 

feedback has been shown to increase overall daily activity and percentage of time spent 

in MVPA (15). The potential benefit of HR monitors continues during recovery. 

Decreased HR recovery rate, or the ability for HR to fall rapidly during early recovery 

after exercise, is associated with increased overall mortality (16). Participants that 

monitored their HR were able to significantly lower their HR during recovery, compared 

to participants who did not have access to monitors (14).  

Wearable activity monitors are both quite popular and are of increased interest as 

a component of PA interventions. However, little research exists if these wearables – 

particularly those that measure HR – are reliable and valid for these purposes. Thus, the 

purpose of this study is compare three popular wearable activity monitors with regard to 

their accuracy to assess HR, dose of PA, and estimates of EE. The Apple Watch, Fitbit 

Charge HR, Garmin Forerunner 225 devices were selected based on review of top sales 

in three categories of wearable devices – smart watches, basic wearable bands, and 

portable navigation devices (17, 18). The findings from the current study will do much to 

guide researchers in the selection of wearable activity monitors for future studies 

intervention design.  
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METHODS 

Participants. The participants were 62 students (36 females, 46.8% non-white) aged 18-

38 years drawn from kinesiology and health courses at a large southwestern university. 

Participants were compensated with extra credit for their class upon completion of the 

study. Participants began the testing day 12 hours caffeine free and 3 hours fasted. 

Exclusion criteria included if they were current smokers, disability that was contra-

indicated for exercise, and if they had tattoos, piercings or braces on the wrist, where the 

device would be worn. Approval for the study was obtained from the Institutional Review 

Board (IRB) at The University of Texas at Austin. Before beginning, all participants 

signed a written informed consent. 

Wearable Devices.  

Participants simultaneously wore three, wearable physical activity monitors 

during testing: Apple Watch, Fitbit Charge HR and Garmin Forerunner 225.  

Apple Watch. The Apple Watch is an accelerometer-based device that provides 

estimates of HR, distance traveled, calories expended, activity minutes and standing time. 

While using the associated Workout app, the Apple Watch measures HR continuously 

during a workout, using PPG to calculate heart beats per minute through green LED 

lights paired with light-sensitive photodiodes (19). The HR sensor is also designed to 

compensate for low signal levels by increasing both LED brightness and sampling rate 

(19). Calories expended are reported in both active calories and total calories. 

Fitbit Charge HR. The Fitbit Charge HR is a tri-axial accelerometer-based device 

that provides estimates of HR, steps, calories expended, distance traveled, floors climbed 
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and sleep quality. The Fitbit Charge HR uses a technology that they label “PurePulse”, 

which uses LED lights to measure HR. Fitbit suggests wearing the device higher on the 

wrist, three finger widths above the wrist bone, to improve accuracy. Calories expended 

are reported in total calories. 

Garmin Forerunner 225. The Garmin Forerunner 225 is an accelerometer-based 

device that provides estimates of HR, steps, calories expended, distance traveled and 

sleep time. The device uses GPS and has a built-in optical sensor based on Mio Heart 

Rate Technology to measure HR at the wrist. Mio Optical Heart Rate Technology tracks 

heart rate using proprietary algorithms for LED light sampling. The frequency at which 

HR is measured varies, and depends on the level of activity – as activity increases, the 

optical HR monitor uses a higher sampling rate (20). Calories expended are reported in 

total calories. 

Criterion Measures.  

 In addition to the three wearable PA monitors, participants wore a series of 

devices to provide criteria measures against which to judge the accuracy of the wearable 

activity monitors. 

Polar HR Monitor. Polar HR T31 transmitter monitor (Polar Electro, Kempele, 

Finland) was used as the criterion measure of HR as it is a validated and reliable measure 

for HR compared to 12-lead ECG (21). The HR sensor is worn at the chest and transmits 

real-time HR for the user to a wristwatch ECG.  

ActiGraph GT3X+ Accelerometers. ActiGraph GT3X+ (Actigraph, Pensacola, 

FL) accelerometers were used to measure PA intensity. The tri-axial accelerometer 
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detects vertical accelerations and provides data on the dose of activity. Population-

specific equations (Freedson adult, 1998) were used to determine PA intensity for 

specific bouts of activity. ActiGraph GT3X+ was initialized at 30 Hz and data were 

exported in 5-s epochs. Accelerometers are a validated and reliable measure for physical 

activity (22).  

Energy Expenditure. ParvoMedics TrueOne 2400 (Parvomedics Inc., Sandy, UT) 

metabolic measurement system was used as the criterion measure in this study. TrueOne 

2400 uses a Hans Rudolf 3813 pneumotachometer to measure ventilation. EE was 

estimated from a direct measurement of oxygen consumption and carbon dioxide 

production. TrueOne 2400 volume and gas were calibrated before each trial. TrueOne 

2400 has been previously found to be a reliable measure of EE for research (15).  

Steps. Each trial was videotaped. Research staff viewed each video and conducted 

a manual count of steps. 

Other Measures. 

Height. A Perspective Enterprises stadiometer (Perspective Enterprises, Portage, 

MI) was used to measure height, to the 0.01 in. Each participant was measured in 

workout clothes and without shoes prior to participation. Height was measured twice, and 

an optional third measurement was taken if the two measurements differed by 0.1 in. 

Height was entered into each wearable device and metabolic cart prior to participation.  

Weight. Weight was measured using the Tanita BWB-800 scale (Tanita 

Corporation of America, Arlington Heights, IL). Weight was measured to the nearest 0.2 

lb, for each participant prior to participation and the scale was calibrated prior to each 
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trial. Participants’ weights were measured in workout clothes and without shoes. Weight 

was measured twice for each participant, and an optional third measurement was taken if 

the two measurements differed by 0.2 lb. Weight was entered into each wearable device 

and metabolic cart prior to participation. 

Waist Circumference. A waist circumference was measured, using an 

anthropometric tape measure, to the nearest 0.01 in. The proper waist measurement was 

determined by locating the participant’s upper hipbone and measuring around the 

participant’s torso.  

Hip Circumference. A hip circumference was measured, using an anthropometric 

tape measure, to the nearest 0.01 in. The proper hip measurement was determined by 

locating the widest part of the participant’s hips and measuring around the participant’s 

body.  

Wrist circumference. A wrist circumference was measured, using an 

anthropometric tape measure, to the 0.1 cm. Wrist measurement was determined by 

locating on the participants’ right wrist bone and measuring around the participant’s 

wrist. 

Seven-day physical activity recall. The Seven-Day Physical Activity Recall 

(PAR) designed by J. F. Sallis (1985) was used to measure subjective PA levels. The 

PAR estimates an individual’s time spent in PA, strength and flexibility activities for the 

7 days prior to administration. Respondents were asked to recall the amount of time spent 

in moderate, hard and very hard intensity physical activities in the morning, afternoon 

and evening of the past 7 days. In addition, they were asked to recall how much they slept 
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each night. The remaining time for the week is presumed to have been spent in light 

activities. The PAR has been validated as an acceptable measure of PA using objective 

measures such as accelerometers (23). 

Ratings of Perceived Exertion. Borg’s Ratings of Perceived Exertion Scale 

(RPE) was used to measure the participant’s perceived intensity of exercise. The scale 

value ranges from 6-20 and can be used to denote HRs ranging from 60-200 beats per 

min (24). The scale is anchored by no exertion (6), light (11), somewhat hard (13), hard 

(15), very hard (17), and maximal exertion (24). Participation was suspended if 

participants indicated they were at maximal exertion.  

Procedures.  

Upon entering the lab, procedures were explained and participants completed 

informed consent, demographic information, exercise history and were screened for 

fasting and caffeine use. Participants were rescheduled if they did not meet the criteria. 

Trained, graduate research assistants conducted anthropometric measures: height, weight, 

waist and hip measurements and wrist size. These measures were used to initialize the 

wearable devices for each individual prior to testing. 

Participants were fitted for Polar HR strap around the chest and the accelerometer 

was placed on a belt, along the right hip. Then, each of the three wearable devices was 

placed. To avoid unanticipated problems with device functionality, we had two available 

devices for each product (i.e. Fitbit #1 & Fitbit #2) available for each testing period. The 

specific device selected (i.e. Fitbit #1 or Fitbit #2) was randomized across participants. 
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Location of the three devices (i.e. right/left arm) was also randomized across participants.  

They were then fitted with the mouthpiece and nose plug for the metabolic cart. 

Protocol. Initial measures were taken during a 10-minute seated baseline 

assessment. This was followed by 4 stages of treadmill exercise. Each stage was 4-min in 

length and was followed by a 10-minute seated recovery period. The activity routine 

consisted of a warm up walking period, and measured stages of walking at 2.5 mph, brisk 

walking at 3.5 mph and jogging at 5.5 mph. There was a one-min break between each 

stage. To allow participants to reach a steady state, RPE were measured 1-min and 3-min 

into each 4-min stage. HR was then assessed three times for each wearable device and the 

Polar monitor, in the last 30 seconds of each stage (3:30-4 min). These were collected in 

a random order and averaged together to provide a measure of HR for that stage. Finally, 

exercise dose and EE were assessed. EE was assessed using the metabolic cart. Activity 

EE estimates were measured for all stages. Each device was evaluated against the EE 

estimate for the metabolic cart. Exercise intensity for each participant was evaluated 

through accelerometery.  

Data Analyses. Descriptive statistics were used to examine associations with the 

criterion measures. Pearson correlations were computed to examine overall group-level 

associations. Mean absolute percent errors (MAPE) were calculated as the average 

absolute value of the errors of each device relative to their criteria measures. Repeated-

measures analysis of variance (ANOVA) were performed to compare the ability of the 

wearable devices accurately measure each outcome relative to the criterion measures. 

Two-way repeated-measures analysis of variance (ANOVA) were performed to compare 
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the findings from the wearable devices to the criterion. Paired-samples t-test were 

performed when the two-way RM-ANOVA was significant. Mauchly’s test were used to 

test the assumption of sphericity. When violated, degrees of freedom were corrected 

using Greenhouse-Geisser estimates of sphericity. As there was only a single indicator of 

steps, paired-samples t-tests were conducted to compare the number of steps in the 

observed video and those reported for Fitbit. Cohen’s effect size measures were 

calculated by stage for each device. 

RESULTS 

 A total of 62 individuals participated, 37 of which were female. Forty-seven 

percent of participants were non-white. Participants’ ages ranged between 18-38 years. 

Body mass index ranged between 17.14-45.02. Descriptive statistics for the sample 

population are provided in Table 1. 

  Heart Rate. Table 2 provides descriptive statistics for each stage (means ± SD) 

for each device. Table 3 shows the correlation coefficients (Pearson r) amongst devices. 

The strongest relationship between Polar and the devices was for the Apple Watch, 

followed by the Fitbit Charge HR and the Garmin Forerunner 225. Figure 1 shows the 

MAPEs for the devices. The magnitude of errors across all stages was least for the Apple 

Watch (1.14-6.70%), followed by the Fitbit Charge HR (2.38-16.99%) and the Garmin 

Forerunner 225 (7.87-24.38%).  

Specific HR differences are presented by stage: 

Start. The start is the first 30 seconds of the baseline. The omnibus F-test test was 

significant, F(1.263, 77.04) = 21.498, p < .001. Pairwise comparisons indicate that Fitbit 
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Charge HR (p = .424 and Apple Watch (p = .126) are not significantly different from 

Polar HR readings, however the Garmin measured significantly higher HR readings than 

Polar (p < .001). Cohen’s effect size value (d = .69) suggested a moderate to high 

practical significance. Baseline. Following 10-min in sedentary behavior, the omnibus F-

test was significant, F(1.068, 64.091) = 18.196, p < .001. Pairwise comparisons indicate 

that the Apple Watch (p = .755) was not significantly different from Polar, however the 

Fitbit Charge HR (p <.001) measured significantly lower HR and Garmin (p < .001) 

measured significantly higher HR readings than Polar. Further, Cohen’s effect size value 

(d = .01) for Fitbit suggests a low practical significance and effect size value of Garmin 

(d = .48) suggests a moderate practical significance. Stage 1. During 4-min of light 

intensity PA, the omnibus F-test was significant, F(3, 177) = 15.681, p < .001. Pairwise 

comparisons indicate that the Apple Watch (p < .05) measured significantly lower HR 

from Polar, however the Fitbit Charge HR (p < .001) and Garmin (p < .001) measured 

significantly higher HR readings from Polar. Cohen’s effect size values of Fitbit (d = 

.25), Apple Watch (d = .68), Garmin (d = .77), suggests low and moderate to high 

practical significance, respectively. Stage 2. During 4-min of moderate intensity PA, the 

omnibus F-test was significant, F(3, 177) = 27.372, p < .001. Pairwise comparisons 

indicate that the Fitbit Charge HR (p = .344) was not significantly different from Polar, 

however the Apple Watch (p < .01) measured significantly lower HR readings and 

Garmin (p < .001) measured significantly higher HR readings from Polar. Cohen’s effect 

size values of Apple Watch (d = .35) and Garmin (d = .97), suggests moderate to high 

practical significance. Stage 3. During 4-min of vigorous intensity PA, the omnibus F-
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test was significant, F(3, 177) = 2.927, p < .05. There were no significant differences 

between Apple Watch (p = .839) or Garmin (p = .352) and Polar at vigorous PA. Fitbit 

Charge HR (p < .001) measured significantly lower HR than Polar. Cohen’s effect size 

values (d = .31), suggests low to moderate practical significance. Recovery. Following 

the 10-min of sedentary recovery, the omnibus F-test was significant, F(1.077, 64.635) = 

9.001, p < .01. Pairwise comparisons indicate that the Fitbit Charge HR (p < .001) and 

the Apple Watch (p < .01) measured significantly lower HR readings from Polar and 

Garmin (p < .05) measured significantly higher HR readings from Polar. Cohen’s effect 

size values of Fitbit (d = .13), Apple Watch (d = .03) and Garmin (d = .20), suggests low 

practical significance. 

 Energy Expenditure. Table 4 provides descriptive statistics for each stage 

(means ± SD) for each device. Table 5 shows the correlation coefficients (Pearson r) 

amongst devices. The strongest relationship between Met Cart and the devices was for 

the Apple Watch, followed by the Fitbit Charge HR and the Garmin Forerunner 225. 

Figure 2 shows the MAPEs for EE. The magnitude of errors across all stages was least 

for the Fitbit Charge HR (16.85-84.98%), followed by the Apple Watch (14.07-210.84%) 

and the Garmin Forerunner 225 (30.77-155.05%).  

Specific EE differences are presented by stage: 

Baseline. The omnibus F-test was significant, F(1.502, 70.600) = 43.518, p < 

.001. Pairwise comparisons indicate that the Fitbit (p < .05), Apple Watch (p < .001) and 

Garmin (p < .001) measure significantly higher EE from Met Cart readings. Cohen’s 

effect size values of Fitbit (d = .40), Apple Watch (d = 2.27) and Garmin (d = 1.41), 
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suggests high practical significance. The two-factor ANOVA showed a significant 

interaction effect of gender and device, F(1.502, 70.600) = 4.161, p < .05, specifically in 

regards to Apple Watch, F(1, 47) = 16.736, p < .001. For both males, t(24) = 12.63, p < 

.001, and females, t(33) = 10.64, p < .001, the Apple Watch measured higher EE than the 

criterion. The two-factor ANOVA showed a significant interaction effect of BMI and 

device, F(4.506, 70.600) = 3.105, p < .05, specifically in regards to Apple Watch F(3, 47) 

= 9.076, p < .001. Paired-samples t-test indicated all BMI categories were significantly 

different than the criterion. Stage 1. The omnibus F-test was significant, F(3, 144) = 

13.084, p < .001. Pairwise comparisons indicate that the Fitbit (p < .001), Apple Watch (p 

< .001) and Garmin (p < .001) measure significantly higher EE from Met Cart readings. 

Cohen’s effect size values of Fitbit (d = 1.96), Apple Watch (d = .52) and Garmin (d = 

1.09), suggests high practical significance. Stage 2. The omnibus F-test was significant, 

F(3, 144) = 31.946, p < .001. Pairwise comparisons indicate that the Fitbit (p < .001), 

Apple Watch (p < .001) and Garmin (p < .001) measure significantly higher EE from Met 

Cart readings. Cohen’s effect size values of Fitbit (d = 1.28), Apple Watch (d = .30) and 

Garmin (d = 2.27), suggests high practical significance for Fitbit and Garmin and low 

significance for Apple. The two-factor ANOVA showed a significant interaction effect of 

BMI and device, F(9, 144) = 2.365, p < .05, specifically in regards to Apple Watch F(3, 

48) = 8.568, p < .001. Paired-samples t-test determined overweight and obese BMI 

categories were significantly different from the criterion, however normal weight was not 

significantly different (p = .956). Stage 3. The omnibus F-test was significant, F(3, 144) 

= 7,867, p < .001. Pairwise comparisons indicate that the Apple (p < .01) and Garmin (p 
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< .001) measures significantly higher EE from Met Cart readings. The Fitbit (p = .837) 

was not significantly different than Met Cart. Cohen’s effect size values of Apple Watch 

(d = .27) and Garmin (d = .74), suggests moderate and high practical significance, 

respectively. Recovery. The omnibus F-test was significant, F(3, 147) = 37.258, p < .001. 

Pairwise comparisons indicate that the Apple Watch (p < .001) and Garmin (p < .001) 

measure significantly higher EE from Met Cart readings. Fitbit (p = .568) was not 

significantly different than Met Cart. Cohen’s effect size values of Apple Watch (d = 

1.83) and Garmin (d = 1.75), suggests high practical significance. The two-factor 

ANOVA showed a significant interaction effect of gender and device, F(3, 147) = 3.221, 

p < .05, specifically in regards to Apple Watch F(1, 49) = 4.958, p < .05. Both males, 

t(23) = 10.32, p < .001, and females, t(33) = 7.3, p < .001, measured higher EE than the 

criterion. The two-factor ANOVA showed a significant interaction effect of BMI and 

device, F(9, 147) = 3.050, p < .01, specifically in regards to Apple Watch F(3, 49) = 

8.009, p < .001. Paired-samples t-test indicated all BMI categories were significantly 

different from the criterion. 

Steps. Table 6 provides descriptive statistics (means ± SD) for the Fitbit Charge 

HR. Apple Watch and Garmin Forerunner 225 are not provided due to recording total 

distance (in miles) and not specific step counts for each stage. Figure 3 shows the MAPEs 

for EE. The magnitude of errors was the least for vigorous intensity (2.46%) and the most 

for baseline, sedentary activity (71.67%).  

Specific step differences are presented by stage: 
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Baseline. There were significant differences between observed steps (M = 0, S.D. 

= 0) and Fitbit (M = .72, S.D. = 2.23), t(59) = -2.486, p < .05. Cohen’s effect size values 

(d = .46) suggests low to moderate practical significance. Stage 1. There were significant 

differences between observed steps (M = 425.15, S.D. = 24.50) and Fitbit (M = 394.78, 

S.D. = 50.63), t(58) = 5.109, p < .001. Cohen’s effect size value (d = .74) suggests 

moderate to high practical significance. Stage 2. There were significant differences 

between observed steps (M = 488.77, S.D. = 33.90) and Fitbit (M = 447.17, S.D. = 

49.34), t(59) = 6.746, p < .001. Cohen’s effect size value (d = .98) suggests high practical 

significance. Stage 3. There were significant differences between observed steps (M 

=620.61, S.D. = 64.86) and Fitbit (M = 611.29, S.D. = 54.76), t(58) = 2.062, p < .05. 

Cohen’s effect size value (d = .21) suggests low to moderate practical significance. 

Recovery. There were no significant differences between observed steps and Fitbit (p = 

.056). Cohen’s effect size value (d = .36) suggests low to moderate practical significance. 

DISCUSSION 

 The present study investigated the accuracy of consumer-based activity monitors 

for estimating HR, EE and steps at various PA intensities. Stages included sedentary, 

light, moderate and vigorous PA intensities. For HR, the results showed favorable 

outcomes for the Apple Watch at all stages except in light and moderate intensities PA, in 

which the device measured lower HR than the criterion. The Fitbit Charge HR produced 

reasonably accurate results in moderate PA, but measured significantly higher HR 

readings at baseline and light activity and lower HR readings at vigorous intensity. The 

Garmin Forerunner 225 was only accurate at vigorous intensity PA and measured 
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significantly higher HR readings at all other intensities. For EE, the Fitbit measured 

significantly higher EE for all stages except vigorous intensity PA and recovery stages. 

The Apple Watch and Garmin measured significantly higher EE at all PA intensities. The 

Fitbit measured significantly lower step count than the criterion at all PA intensities. 

 This study provides novel findings for Apple Watch and Garmin devices. No 

published studies have focused on the accuracy of these devices. The performance of the 

Apple Watch to measure HR is quite impressive, as MAPE was between 1.14 and 6.70%. 

Fitbit showed reasonable results with MAPE between 2.38 and 16.99%. The Garmin was 

the least accurate of the wearable devices, with MAPE between 7.87 and 24.38%. The 

results of the current study contradict previous research which found that HR 

measurement error tends to increase with the activity intensity (13). The current study 

found the highest measurement error for all devices light and moderate PA intensities. 

The performance of the devices to measure EE is not as favorable. Apple Watch and 

Garmin report considerably more calories expended than the criterion. The results of the 

Fitbit can be compared to findings from previous studies. A recent study (8) found 

MAPE for Fitbit Zip (10.1%) and Fitbit One (10.4%) to be much lower than the results 

from this study, which found the MAPE between 16.85 and 84.98%. However, the 

previous study focused on overall EE and did not report EE at specific PA intensities. In 

regards to specific exercise intensity, this study is in line with previous research. Past 

research has found Fitbits overestimate EE during moderate activity (9). The MAPE for 

EE were the highest for Fitbit Charge HR at light and moderate PA intensities. The 

findings of the current study, in regards to step count, is consistent with previous research 
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that suggests Fitbit underestimates step count. Researchers found at slow, moderate and 

brisk walking, Fitbit had 16.3%, 10.6% and 11.3% underestimation (9). This study found 

at light, moderate and vigorous intensity MAPE was 8.97%, 8.78% and 2.46% 

underestimation from the criterion. 

 It is not clear why the differences between devices exist. For HR, the placement 

of the LED and photodectors vary amongst devices. Proper placement for optimal 

sampling is unknown. Differences in devices in the sampling rate of PPG may also be a 

cause of device error. The specific algorithms to determine EE for each device are not 

known. The increased error from previous studies in regards to Fitbit, suggests the Fitbit 

Charge HR may utilize HR in determining EE. Errors in HR readings would therefore 

contribute to errors in EE accuracy. The devices are initialized through user’s age, height 

and weight measurements. The lack of further anthropometric measures (i.e. body fat 

percentage, waist-to-hip ratio) to aid in EE, may lead to increased errors in measurement. 

For step counts, varying levels of arm swing may influence the ability of the devices to 

track steps. Wearable users who do not swing their arm may not have all steps recorded. 

Further research needs to address differences in engineering of the devices. 

An advantage and novel approach of the present study is the inclusion of specific 

PA intensities. Light-intensity activities are particularly of importance as older adults 

tend to spend a greater portion of their day performing light-intensity PA (25), with 

walking as the most prevalent activity reported amongst all socio-demographic statuses 

(26). Following walking, participation in aerobics is most prevalent in younger women 

and running most prevalent among younger men (26). Wearables provide opportunities to 
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track diverse PA activities. PA promotion through wearable device tracking is promising. 

Behavioral interventions utilizing Fitbit devices have found increased step count and 

daily PA minutes in both adults (5, 27, 28) and older adults (29). The addition of HR 

monitoring allows further opportunities for researchers to utilize these devices for 

interventions, specifically for PA intensity. Providing information regarding heart rate 

zones and corresponding exercise intensity, may be beneficial for further increasing daily 

minutes in MVPA. Heart-rate feedback has been found to increase overall activity and 

percentage of time spent being vigorously active (15).  

As wearable devices become tools to manage health and wellness, high error 

measurement becomes problematic, particularly in regards to overestimation of EE 

especially in light and moderate activities. Self-monitoring is significantly associated 

with weight loss and increased daily exercise (30). Devices that overestimate EE may be 

detrimental to weight loss. Overestimation of caloric expenditure may cause some users 

to over eat, which may ultimately lead to weight gain. Users need to be aware of the 

measurement error within these devices. 

There are a number of limitations to this study. One limitation is the challenge 

when interpreting the results. Discrepancies between findings, such as high Pearson 

correlations but significant ANOVA results, are found. For example, at the HR recovery 

stage, the Apple Watch (M = 84.02) is positively correlated, Person’s r = .997, with Polar 

(M = 84.47), but there are significant ANOVA results – suggesting differences in means 

are substantial. However, when Cohen’s d estimates are examined, it suggests this 

difference is a small effect size (d = .03). Therefore, it is important to examine all factors 
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when interpreting results. Another limitation is the use of Apple Watch’s activity 

tracking. Using the Workout App, all stages in this study were tracked under “Indoor 

run”. Operating indoor run may be one reason the Apple Watch measured significantly 

higher EE at baseline and recovery stages. Other Workout App activities include, but are 

not limited to, indoor walk, outdoor walk, elliptical and other. The differences in 

algorithms for obtaining EE under various activities may lead to varying EE estimates. 

The Apple Watch also reports both active and total calories per activity. This study 

applied statistical analyses to total calories and did not report active calories. Further 

investigation is needed to determine the impact of the Workout App activities on EE. The 

Garmin’s ability to track workouts is another limitation of the study. According to 

Garmin Ltd., the Forerunner 225 is a GPS running watch, which suggests that the EE 

algorithm is based solely on running activities, which may one cause to the 

overestimation at baseline and recovery stages – in which the participants did not engage 

in activity. However, both the Apple Watch and Garmin devices recorded little to no 

distance measured during these sedentary activities. Lastly, a limitation of activity 

tracking wearables is the present technology and devices available. Within the period of 

this study, all devices contained multiple software updates and Garmin Ltd. began 

manufacturing the Forerunner 235, yielding the Forerunner 225 an outdated model. 

Despite these limitations, this was the first study to examine the accuracy of 

consumer-based activity tracking wearables in regards to HR. The study used a novel 

approach to measure accuracy of these devices for HR, EE and steps at specific bouts of 

PA intensities. The results of this study provide consumers, researchers and clinicians the 
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error measurement of three popular consumer brands: Apple Watch, Fitbit Charge HR 

and Garmin Forerunner 225. Future research should continue to reflect the existing 

technology and determine why differences between the devices exist. Interventions 

targeting PA though the use of wearables, should consider these results when selecting a 

wearable device as an objective measure of PA. 
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Mean ±SD Range 

 Age (yrs) 22.55 4.34 18-38 
 Height (in) 67.03 4.49 58.88-75.4 
 Weight (lbs) 158.78 41.84 102.2-332.0 
 BMI 24.6 4.77 17.14-45.02 
 Abbreviations: BMI, Body mass index; SD, standard deviation. 

 
Table 1. Physical characteristics of 62 participants (n = 37 females, 46.8% non-white). 
Demographic variables included are age, height, weight and BMI category. 
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Stage Device Mean ±SD Minimum Maximum Cohen's d 
Start Polar 72.32 12.20 46.67 106.00 

 
 

Fitbit 73.08 10.44 55.00 102.33 0.07 

 
Apple 72.84 12.08 43.00 108.00 0.04 

 
Garmin 84.90 22.73 58.00 181.33 0.69 

Baseline Polar 72.99 11.30 45.00 103.83   

 
Fitbit 71.36 10.74 47.67 103.33 -0.15 

 
Apple 73.07 11.45 45.00 105.17 0.01 

 
Garmin 80.32 18.38 56.33 169.33 0.48 

Stage 1 Polar 92.45 13.66 72.00 139.00   

 
Fitbit 103.11 17.45 73.67 179.33 0.68 

 
Apple 89.19 11.94 65.00 117.67 -0.25 

 
Garmin 108.31 25.69 73.67 166.67 0.77 

Stage 2 Polar 106.84 16.44 78.00 152.00   

 
Fitbit 110.06 16.71 78.67 162.00 0.19 

 
Apple 101.01 16.48 68.00 133.00 -0.35 

 
Garmin 126.50 23.40 85.33 184.33 0.97 

Stage 3 Polar 150.63 21.26 112.00 197.67   

 
Fitbit 144.65 17.35 107.67 192.00 -0.31 

 
Apple 150.87 19.17 112.00 194.67 0.01 

 
Garmin 147.85 21.80 96.67 203.67 -0.13 

Recovery Polar 84.47 15.16 46.83 123.17   

 
Fitbit 82.57 15.17 46.83 119.83 -0.13 

 
Apple 84.02 15.27 45.17 119.83 -0.03 

  Garmin 87.23 12.48 60.50 120.67 0.20 
Abbreviations: SD, standard deviation. 

 
Table 2. Average heart rate (bpm) by stage per device. Measures included are mean, 
standard deviation, minimum, maximum, and Cohen’s d. 
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Stage Device Polar Fitbit Apple Garmin 
Start Polar 1 .797** .976** .484** 

 
Fitbit 

 
1 .806** .520** 

 
Apple 

  
1 .491** 

 
Garmin 

   
1 

Baseline Polar 1 .973** .989** .636** 

 
Fitbit 

 
1 .971** .594** 

 
Apple 

  
1 .621** 

 
Garmin 

   
1 

Stage 1 Polar 1 .160 .680** 0.168 

 
Fitbit 

 
1 -.007 -.052 

 
Apple 

  
1 .279* 

 
Garmin 

   
1 

Stage 2 Polar 1 .315* .591** .047 

 
Fitbit 

 
1 .154 .066 

 
Apple 

  
1 .179 

 
Garmin 

   
1 

Stage 3 Polar 1 .821** .904** .435* 

 
Fitbit 

 
1 .739** .313* 

 
Apple 

  
1 .295* 

 
Garmin 

   
1 

Recovery Polar 1 .993** .997** .753** 

 
Fitbit 

 
1 .992** .762** 

 
Apple 

  
1 .753** 

  Garmin       1 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 

 
Table 3. Correlation Matrix for devices and heart rate. Correlations are separated by 
stage.  
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Stage Device Mean ±SD Minimum Maximum Cohen's d 
Baseline Metabolic Cart 12.97 3.02 9 25 

 
 

Fitbit 11.80 2.79 8 19 -0.40 

 
Apple 40.41 16.82 17 103 2.27 

 
Garmin 32.36 19.27 8 126 1.41 

Stage 1 Metabolic Cart 14.44 4.14 9 32 
 

 
Fitbit 26.32 7.52 15 45 1.96 

 
Apple 17.15 6.08 9 39 0.52 

 
Garmin 24.97 12.98 8 73 1.09 

Stage 2 Metabolic Cart 19.62 4.98 12 32 
 

 
Fitbit 27.9 7.68 13 46 1.28 

 
Apple 21.49 7.24 10 48 0.30 

 
Garmin 33.75 10.80 16 69 2.27 

Stage 3 Metabolic Cart 37.28 9.75 22 64 
 

 
Fitbit 38.34 13.63 20 88 0.09 

 
Apple 40.35 12.51 23 81 0.27 

 
Garmin 47.23 16.36 16 92 0.74 

Recovery Metabolic Cart 16.61 4.27 10 28 
 

 
Fitbit 19.76 12.99 8 64 0.33 

 
Apple 43.03 19.92 17 105 1.83 

  Garmin 42.65 20.59 13 84 1.75 
Abbreviations: SD, standard deviation. 

       Table 4. Average Energy Expenditure (kcal) by stage per device. Measures included are 
mean, standard deviation, minimum, maximum, and Cohen’s d. 
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Stage Device Metabolic Cart Fitbit Apple Garmin 
Baseline Metabolic Cart 1 .623** .585** .187 

 
Fitbit 

 
1 .563** .581** 

 
Apple 

  
1 0.184 

 
Garmin 

   
1 

Stage 1 Metabolic Cart 1 .659** .865** .368** 

 
Fitbit 

 
1 .537** .216 

 
Apple 

  
1 .266* 

 
Garmin 

   
1 

Stage 2 Metabolic Cart 1 .581** .867** .366** 

 
Fitbit 

 
1 .520** .285* 

 
Apple 

  
1 .318* 

 
Garmin 

   
1 

Stage 3 Metabolic Cart 1 .640** .771** .734** 

 
Fitbit 

 
1 .549** .629** 

 
Apple 

  
1 .663** 

 
Garmin 

   
1 

Recovery Metabolic Cart 1 .422** .585** .613** 

 
Fitbit 

 
1 .449** .763** 

 
Apple 

  
1 .557** 

  Garmin 
 

    1 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 

 
Table 5. Correlation Matrix for devices and energy expenditure. Correlations are 
separated by stage.  
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Stage Device Mean ±SD Minimum Maximum Cohen's d 
Baseline Observed 0.00 0.00 0.00 0.00 

   Fitbit 0.72 2.23 0.00 12.00 0.46 
Stage 1 Observed 424.06 24.52 371.00 484.00 

   Fitbit 394.78 50.63 256.00 526.00 -0.74 
Stage 2 Observed 488.50 33.60 416.00 626.00 

   Fitbit 447.17 49.34 325.00 579.00 -0.98 
Stage 3 Observed 624.13 67.62 406.00 808.00 

   Fitbit 611.29 54.76 489.00 732.00 -0.21 
Recovery Observed 0.00 0.00 0.00 0.00 

   Fitbit 0.47 1.87 0.00 10.00 0.36 
Abbreviations: SD, standard deviation. 
 
Table 6. Average step count by stage per device. Measures included are mean, standard 
deviation, minimum, maximum, and Cohen’s d. 
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Figure 1. Average heart rate (bmp) by stage per device. Asterisks indicate significance (p 
< .05) in the RM-ANOVA.   
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Figure 2. Mean absolute percentage error (MAPE) (%) of the devices for heart rate from 
the Polar HR criterion. MAPE are presented by stage per device.  
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Figure 3. Average energy expenditure (kcal) by stage per device. Asterisks indicate 
significance (p < .05) in the RM-ANCOVA.   
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Figure 4. Mean absolute percentage error (MAPE) (%) of the devices for energy 
expenditure from the metabolic cart criterion. MAPE are presented by stage per device.  
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Figure 5. Average step count by stage per device. Asterisks indicate significance (p < .05) 
in the paired-samples t-test.   
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	 	 	 	Figure 6. Mean absolute percentage error (MAPE) (%) for steps from the observed steps 
video recording criterion. MAPE are presented by stage for the Fitbit Charge HR. 
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Appendix A 
 
ID: _______________________ 
 
 

Personal Information Survey 
 
DATE OF BIRTH:  ______________ 
 
 
AGE:      ______________ 
 
 
GENDER:             M           F 
 
 
DOMINANT HAND:      L           R 
 
 
Do you have any tattoos, piercings and/or braces on either wrist? 
 

_____ Yes, non-removable 
 

_____ Yes, removable 
 

_____ No 
 
 
Current smoker? 
 
 _____ Yes 
 
 _____ No 
 
 
(Check all that apply) 
ETHNICITY:     _______ HISPANIC/ LATINO   _______ NOT HISPANIC/ 
LATINO 
 
RACE:     ____ WHITE          _____ BLACK/    ____   ASIAN 
               AFRICAN AMERICAN 
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____  AMERICAN INDIAN/  ____  NATIVE HAWAIIAN/ 
            ALASKA NATIVE                      PACIFIC ISLANDER  

Do you have any medical issues that will be keep you from being able to fast for 3 hours? 
 
 _____ Yes 
 
 _____ No 
 
 
Are you willing to remain caffeine free for 12 hours before participation? 
 
 _____ Yes 
 
 _____ No 
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Appendix B 
 
Today’s Date _______________    Participant: _______________ 

 
The Seven-Day Recall 

 
1. Were you employed in the last seven days?   YES  NO 
 If NO, skip to question 4 
 
2. How many days of the last seven did you work?        _______  days 
 
3. How many total hours did you work in the last seven days? _______  hours last week 
 
4. What two days do you consider your weekend days?  _______________________ 
 
  Days 
  1___ 

 
2___ 

 
3___ 

 
4___ 

 
5___ 

 
6___ 

 
7___ 

 
 Sleep  

 
      

M
or

ni
ng

 Moderate        

Hard        

Very Hard        

A
fte

rn
oo

n Moderate        

Hard        

Very Hard        

Ev
en

in
g 

Moderate        

Hard        

Very Hard        

 Strength 
Flexibility 
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5. Compared to your physical activity over the past 3 months, was last week’s physical 
activity more, less or about the same? 
       1. More 
       2. Less 
       3. About the same 
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