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ABSTRACT

International Journal of Exercise Science 13(4): 438-454, 2020. Collecting objective physical activity
data from research participants are increasingly done using consumer-based activity trackers. Several validation
studies of Polar devices are conducted to date, but no systematic review of the current level of accuracy for these
devices exist. The aim of this study is therefore to investigate the accuracy of current wrist-worn Polar devices that
equips a triaxial accelerometer to measure physical activity. We conducted a systematic review by searching six
databases for validation studies on modern Polar activity trackers. Studies were grouped and examined by tested
outcome, i.e. energy expenditure, physical activity intensity, and steps. We summarized and reported relevant
metrics from each study. The initial search resulted in 157 studies, out of which fourteen studies were included in
the final review. Energy expenditure was reviewed in seven studies, physical activity intensity was reviewed in
four studies, and steps was reviewed in 11 studies. There is a large difference in study protocols with conflicting
results between the identified studies. However, for energy expenditure there is some indication that Polar devices
perform better in free-living, compared to lab-based studies. In addition, step counting seems to have less average
error compared to energy expenditure and physical activity intensity. There is large heterogeneity between the
identified studies, both in terms of study protocols and results, and the accuracy of Polar devices remains unclear.
More studies are needed for more recently developed devices, and future studies should take care to follow
guidelines for assessment of wearable sensors designed for physical activity monitoring.

KEY WORDS: Motor activity, fitness trackers, sports, exercise, energy expenditure, watch,
physical activity intensity, steps

INTRODUCTION

Accelerometers have been used to collect objective measurements on physical activity (PA) in
research for several years. Although traditionally collected using expensive and sometimes
intrusive research grade instruments, studies are increasingly taking advantage of the growing
list of available consumer-based activity trackers. These may be less accurate, but are generally
cheaper, provides less burden on participants, and can be worn for a longer time-period.
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A recent systematic review of wearable activity trackers used in research, by Shin et al. (36),
identified 463 articles published between 2013 and 2017 that included a consumer-based activity
tracker in their protocol. In addition, two recent systematic reviews with meta-analysis found
that including an activity tracker in PA interventions is likely to increase daily step count, energy
expenditure (EE), and minutes spent in moderate and vigorous PA (4), and a modest short-term
increase in PA may be achieved when using a wearable activity tracker as part of an RCT
protocol (41). Newer models appear on the consumer market every year, boasting improved
accuracy, additional sensors, and better user experience (18). The number of sold activity
trackers are expected to grow from approximately 125 million units in 2018 to 190 million units
in 2022 (43). We can therefore expect an increase in number of wearable enhanced research
studies in upcoming years.

A few previous systematic reviews have assessed the validity of activity trackers. Evenson et al.
(11) reviewed Fitbit and Jawbone activity trackers in 2015, Feehan et al. (13) published a
systematic review of Fitbit activity trackers in 2018, Straiton et al. (39) did a systematic review
in 2018 on validation studies conducted on participants aged 65 or above, and Bunn et al. (7)
conducted a systematic review of validation studies in 2018 on Fitbit, Garmin, Apple, Misfit,
Samsung, TomTom, and Lumo devices. Step validity was often high, but not always, and EE
and PA intensity were often under- or overestimated depending on study setting.

EE, PA, and steps can be measured using different techniques. The gold-standard for measuring
EE in free-living is the doubly labeled water (DLW) method. However, this is an expensive
technique, and indirect calorimetry (IC) is currently the most commonly used method for
measuring EE in both lab settings and free-living. IC converts measurement of oxygen
consumption into EE and is the best alternative to DLW (20). It is also possible to use
accelerometers to estimate EE, where activity counts are used to calculate EE using existing and
accepted cut-points. PA intensity is estimated using accelerometers, also using existing activity
cut-points and converted into minutes of e.g. light-, moderate-, and vigorous PA. Freedson et al.
(15) for uniaxial accelerometers and Sasaki et al. (33) for triaxial accelerometers cut-points are
most often used when estimating EE or PA in adults. The current gold-standard for measuring
steps in lab settings is manual counting. Under free-living conditions pedometers and
accelerometers are used to estimate steps (40). In contrast, how consumer-based wearable
activity trackers estimates these metrics is mostly unknown and considered company secrets.

Polar (Polar Electro, Finland) was founded in 1977 and has been a leading brand for consumer-
based activity trackers and heart rate data collection via a chest worn strap with an
electrocardiography monitor. Today Polar offer a range of activity tracker equipment utilizing
different sensors, including accelerometers, gyroscopes, electrocardiography (heart rate),
photoplethysmography (pulse), and global positioning systems.

Although Bunn et al. (7) and Straiton et al. (39) included some studies that reviewed a Polar
device, we could not find any reviews that aimed to specifically include Polar devices in their
search. However, in a previous study Polar was identified as one of the top five brands used in
research (18). There is a need to systematically review validation studies conducted on modern
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Polar activity trackers. The purpose of this review was therefore to investigate the accuracy of
current wrist-worn Polar devices that equips a triaxial accelerometer to measure EE, minutes in
different PA intensity levels, and steps.

METHODS

We performed a literature search on June 23, 2019, using MEDLINE (Ovid), EMBASE (Ovid),
CINAHL, Web of Science, and Scopus. Because the word “Polar” will result in hits in multiple
disciplines, we made keyword search variations for each database that specified all Polar wrist-
worn triaxial accelerometer based models: “Polar and (A300 or A360 or A370 or M200 or M400
or M430 or M600 or Polar Loop or Loop Crystal or V800 or Vantage)”. We combined this with
an additional search to limit results to validation studies: “Validate or validation or validity or
accuracy or comparison”. In addition to database searches, we conducted a reference search
among included studies. We also initially included a study by the authors of the current study,
which at the time only was available as a preprint (17) (now published).

In order for a study to be included in the final review, it had to 1) examine EE, time spent at
different PA intensity levels, or steps, 2) include an objective criterion measure, 3) assess a smart
phone compatible wrist-worn triaxial Polar activity tracker, and 4) include an analysis of effect
size or error prediction. Non-English articles, review articles, and abstracts were excluded. We
also excluded studies that only examined heart rate, because this metric is not based on
accelerometer data, and only some models have the required sensor.

After merging results from each database and studies identified through other sources, we
removed duplicates. For remaining studies, titles and abstracts were reviewed to determine
relevance in accordance with the selection criteria. A full-text review was conducted on
remaining studies to assess eligibility. Two investigators independently performed the search
and evaluated the retrieved studies for inclusion. Differences between investigators were
resolved through discussion. In the case of disagreement, a third author was brought in to
support the decision-making.

We grouped studies into categories based on which variable they tested. Three categories were
defined: 1) EE, 2) PA intensity levels, and 3) steps. For each study, results were divided into
studies performed in lab settings and studies performed under free-living conditions.
Furthermore, for each study we extracted effect sizes, prioritizing Pearson’s correlation
coefficient and intraclass correlation coefficient (ICC), as well as mean absolute percentage error
(MAPE) to predict accuracy between device and criterion. We consider a MAPE above 3% as
high for studies conducted in lab-settings (35), and MAPE above 10% as high for studies
conducted under free-living conditions (34).

Included studies were assessed for risk of bias using a modified criterion validity subscale (42)
from the Consensus-Based Standards for the Selection of Health Status Measurement
Instruments (COSMIN) checklist (25). This subscale evaluates studies for missing data report,
missing data handling, acceptable sample size, acceptable criterion used, methodological design
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flaws, and acceptable accuracy assessment. Studies were deemed excellent, good, fair, or poor,
in each area.

This research was carried out fully in accordance to the ethical standards of the International
Journal of Exercise Science (26).

RESULTS

Study selection: The initial search resulted in 157 studies, where 70 were duplicates and
removed. After screening title and abstract of the remaining 87 studies, we removed an
additional 69 studies. One was a review, two were abstracts, 20 did not investigate validity of
physical activity, 43 did not investigate Polar activity trackers, one investigated an older Polar
model outside the scope of this paper, and two studies did not use an objective criterion. We
assessed the remaining 18 studies for eligibility by performing a full-text review, after which an
additional four studies were removed. One study did not investigate Polar activity trackers and
three studies investigated the validity of Polar models outside the scope of this paper (i.e. not
wrist-worn triaxial). Fourteen studies met the final inclusion criteria and were included in the
review. The PRISMA breakdown is given in Figure 1.

Study characteristics: The most frequently used model was the Polar Loop (1, 5, 14, 37, 38, 45,
46), used in seven studies. The Polar V800 (19, 30) and Polar A360 (3, 6) were used in two studies
each, and the Polar A300 (2), Polar M600 (9), and Polar M430 (17) were used in one study. The
sample size ranged from nine to 95 participants. In all but two studies, participants were healthy
volunteers. One study (2) was based on data from participants with chronic obstructive
pulmonary disease, and one study (38) included participants with lower-limb prosthesis only.
Table 1 gives a summary of study characteristics, including Polar model tested, criterion
measurement used, study setting (lab or free-living), and outcome of interest. Seven, four, and
11 studies investigated validity of EE (2, 3, 5,17, 19, 30, 45), PA (2,9,17,19), and steps (1, 2, 6, 9,
14,17, 19, 37, 38, 45, 46), respectively.

In total there were 456 participants in the 14 studies, with sample size ranging between 18-95
participants, age ranging between 18-90 years, and height and weight (among studies who
reported this) ranging from 150-196 centimeters and 42-125 kilograms, respectively. Table 2
summarizes participant characteristics, including number of participants, and mean, standard
deviation, and range for age, body mass index (BMI), weight, and height, when available.
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Figure 1. PRISMA flowchart

Risk of bias: The majority of studies investigating EE, PA intensity levels, and steps against the
criterion, showed excellent reporting and handling of missing data (71-100%). In contrast, 50-
57% of studies investigating these parameters involved less than 30 participants and were thus
deemed poor in the sample size category (13). Only one of the included studies reported their
power calculation. For evaluation of steps and PA, most studies (75-82%) scored excellent in
using an acceptable criterion, while 43% of the studies investigating EE scored similarly. The
remaining 57 % of EE studies was deemed good or poor in terms of using an acceptable criterion.
Concerning methodology and design flaws, 82% of studies investigating steps scored good-to-
excellent, while the same estimation for EE outcome was true for roughly half of the studies. In
contrast, 75% of studies investigating PA intensity levels scored below excellent in terms of
design flaws. Lastly, almost all studies (> 80%) received good or excellent scores for acceptable
means of accuracy estimation for EE, PA, and steps. A summary table for the bias risk
assessment is given in Table 3.
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Tables 4-6 gives summaries of statistics used in studies investigating EE, PA intensity, and steps,
respectively. Each table present available effect sizes, error estimates, and 95% confidence
intervals, for each study, with one row for each sub-validation performed. For studies using
more than one criterion, we only list results for the criterion currently consider the gold
standard, as suggested by Diiking et al. (10).

Table 1. Study characteristics for all studies

Study Model Criterion Setting Outcomes
gfln"(‘g;ez'vweme V800 ActiGraph ActiTrainer Free-living, 7 days S, EE, PA
Indirect calorimetry, Moxus Lab, multiple percentage of
Roos etal. (30) Vv Modular Metabolic System VO, peak EE
Manual count, New Lifestyle Lab, Walkmg/ runhing
Anetal. (1) Loop multiple speeds/Free- S
pedometer livi
iving, 1 day
Brook et al. (5) Loop Bodymedia Se;ii‘i/vear armband Free-living, 1 day EE
Lab, walking/running
Fokkema et al. (14) Loop Manual count . S
multiple speeds
) Yamax Digiwalker SW-701, ..
Simunek et al. (37) Loop ActiGraph GT3X+ Free-living, 7 days S
Manual counting and Optogait Lab, walking/running
Wahletal. (45) Loop (S), Metamax 3B (IC) multiple speeds > EE
Wang et al. (46) Loop Manual count Lab, multiple intensities S
and movement types
. Lab, 140-meter walk,
Smith et al. (38) Loop Manual count patients with LLP S
Boudreaux etal. (3)  A360 IC, TrueOne 2500. Lab, ergometer cycle EE
exercise test
Bunn et al. (6) A360 Manual count Lab, running and walking S
. Free-living, 3 days, patients
Boeselt et al. (2) A300 Bodymedia SenseWear with COPD S, EE, PA
Degroote et al. (9) M600 ActiGraph GT3X+ Free-living, 1 day S, PA
Henriksen et al. (17) M430 ActiGraph GT3X-BT, Actiheart 4 Free-living, 1 day S, EE, PA

Note: S: steps, EE: Energy Expenditure, PA: physical activity intensity, LLP: lower limb prosthesis, COPD: chronic
obstructive pulmonary disease, IC: indirect calorimetry
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Table 2. Participant characteristics for all studies.

Sample BMI
Stud size Age, Age Weight,  Weight Height,  Height K /rr,12
Y (M/F).  years (SD) range kg (SD) range cm (SD)  range (gSD)
N=456
Hernandez-Vicente 158- 22.3
ctal. (19) 18(0/9) 210(12) 1923 64179 5380 17066 o gp
Roos et al. (30) 20 (12/6)  23.9 (1.9) 66.9 (10.0) 174 (0.1)
Anetal. (1) 35(17/18) 31.0 (11.8) 19-65 71.7 (13.4) 173 (7.3) éS '18)
154- 25.7
Brook et al. (5) 9 (34/61) 28509) 1960 786(142) 43109 17406 g0 3y
Fokkema etal. (14) 31 (15/16) 32.0 (12.0) (22246)
Simunek etal. 37) 20 (14/6)  24.0 (6.3) (24463)
Wahl et al. (45) 20 (10/10)  25.2 (2.5) 70.7 (13.7) 175 (10.0)
Wang et al. (46) 9(5/4)  22.0 (1.0) 58.0 (10.0) 169 (10.0)

. 49.7 1711 28.1
Smith et al. (38) 32 (21/11) (14.0) 87.8 (21.1) (11.6) (53)
Boudreaux etal. (3) 50 (22/28) 224 (2.9) 76.9 (17.7) 170 (10.6) (fo)
Bunn et al. (6) 20 (10/10) 266 (115) 1865 75.8(19.3) 163 (34.0) (266;54)
Boeselt et al. (2) 20(17/3) 664 (7.4)  40-90 (25849)

150- 23.0
Degrooteetal. (9 36(16/18) 394(178) 2065 684(121) 4298 172382 o 55
Henriksen et al. 173.7 152- 24.7
a7 50 (26/24) 450 (155) 1974 753 (164) 49-125 (104) Y

Note: Mean (SD) is presented for age, BMI, weight, and height. Ranges and height are rounded to nearest integer.
BMI: body mass index, M: male, F: female.

Table 3. Modified COSMIN criteria used for Risk of Bias Assessment.

Parameter Missing Missing .
and number Data Data Sasrpple Acc:ciptfable [}1&1351gn AAcceptable
of studies Report Handling 12€ rierion aws ceuracy
E=8(73%) E=8(73%) E=0 E=9(82%) E=5(46%) E=8(73%)
Steps G=2(18%) G=2(18%) G=19%) G=0 G=4(36%) G=2(18%)
(n=11) F=19%) =0 F=4(36%) F=19%) F=2(18%) F=0
P=0 P=1(9%) P =6 (55%) P=1(9%) P=0 P=1(9%)
Physical E=3(75%) E=3(75%) E=0 E=3(75%) E=1(25%) E=4(100%)
Yo G=1(25%) G=1(25%) G=1(25%) G=0 G=1(25%) G=0
?rclti"jf)y F=0 F=0 F=1(25%) F=0 F =2 (50%) F=0
P=0 P=0 P=2(50%) P=1(25%) P=0 P=0
Ener E=5(71%) E=6(86%) E=0 E =3 (43%) E =3 (43%) E=6(86%)
8}C’1' G=2(29%) G=0 G=3@43% G=2(285%) G=1(14%) G=1(14%)
‘E;‘Ee;‘) tture F=0 F=1(14%) F=0 F=0 F =3 (43%) F=0
P=0 P=0 P=4(57%) P=2(28.5%) P=0 P=0

Note: E = Excellent, G = Good, F = Fair, P = Poor.
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Energy expenditure: Validity of EE was investigated in seven studies (2, 3, 5,17, 19, 30, 45). Wahl
et al. (45), Roos et al. (30), and Boudreaux et al. (3) studied devices in a lab-setting. IC was used
as a criterion measure in these three studies using devices previously validated against DLW or
other techniques, i.e. Metamax 3B (44), Moxus Modular Metabolic System (31), or TrueOne 2500
(8). Brook et al. (5), Boeselt et al. (2), Hernandez-Vicente et al. (19), and Henriksen et al. (17)
conducted their studies under free-living conditions and used accelerometers to estimate EE,
using Bodymedia SenseWear armband mini (21), Bodymedia SenseWear (12), ActiGraph
ActiTrainer (28), or ActiGraph GT3X (24). MAPE was available in five studies. All studies
provided an effect size, either with the ICC, Pearson’s correlation coefficient, or both, using
accepted activity count cut-offs. An overview of reported correlations is given in Table 4.

When compared to IC in lab-settings, one Polar Loop (45) study showed poor agreement (ICC)
for EE, which was generally overestimated when compared to a Metamax 3B. However, in a
study under free-living conditions, the Polar Loop (5) was found to have a very strong
correlation (Pearson’s) when compared to a Bodymedia SenseWear armband mini. MAPE was
high in both studies, but lower under free-living conditions. The Polar V800 (30) showed a strong
correlation (Pearson’s) for EE in lab-settings using IC (Moxus Modular Metabolic System) as
criterion measure, but it was significantly underestimated. In contrast, another study compared
the Polar V800 (19) with an ActiGraph ActiTrainer under free-living conditions and found a low-
to-moderate accuracy, with a significant overestimation of EE. MAPE was high in the lab-based
study, and not supplied in the free-living-based study. The Polar A360 (3) showed poor
agreement (ICC) for EE in lab-settings testing against IC (TrueOne 2500), with a tendency to
overestimate EE. The Polar A300 (2) on the other hand showed good agreement (ICC) compared
to a Bodymedia SenseWear when conducted in free-living. Finally, the Polar M430 (17) showed
strong correlation and excellent agreement (ICC) when conducted in free-living and compared
to an ActiGraph GT3X.
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Table 4. MAPE, correlations, and 95% confidence interval for all studies on energy expenditure.

Study Sub-study MAPE (%)  Correlation 95% CI
Wahl et al. (45)° 43km/h 56.40 -0.11t -0.26-0.31t
7.2km/h 53.80" 0.02t -0.25-0.48t
10.1 km/h 51.20° -0.09t -0.26-0.33t
13.0 km/h 41.20° -0.25t -0.45-0.33t
Intermittent 10.1, km/h 5.60° -0.30t -0.89-0.43t
Outdoor 22.10° -0.18t -0.56-0.48t
Mean 38.38
Roos et al. (30) VO2 peak 30% 22.76
VO, peak 50% 11.43
VO, peak 70% 10.09
VO, peak 90% 29.98
VO, peak 110% 39.52
Mean 22.76 0.63-0.85p
Boudreaux et al. (3) 38.18 0.28t
Brooke et al. (5) 13.00 0.90r
Boeselt et al. (2) 0.83t
Hernandez-Vicente (19) TEE All week 0.48p
TEE Weekdays 0.34r
TEE Weekend 0.67r
TEE-RMR All week 0.57p
TEE-RMR Weekdays 0.43r
TEE-RMR Weekend 0.74p
. TEE ActiGraph hi 0.78-0.95p
Henriksen et al. (17) i E 6.94 0.91p/0.91 0.80.0.9¢1
AEE ActiGraph hi 0.54-0.87p
riadal 2401 0.760/0751 0.53-0.871

Note: MAPE: mean absolute percentage error, ICC: intraclass correlation, TEE: total energy expenditure, RMR:
resting metabolic rate, AEE: activity energy expenditure, CI: confidence interval. PPearson’s correlation, fICC.
‘Some MAPE:s in this study are reported with negative numbers. These MAPES may therefore actually be mean
percentage error and not MAPE.

Physical activity intensity levels: Four studies investigated validity of PA intensity levels (2, 9,
17,19). One study each used the Polar V800 (Hernandez-Vicente et al. (19)), Polar A300 (Boeselt
et al. (2)), Polar M600 (Degroote et al. (9)), and Polar M430 (Henriksen et al. (17)). All studies
were conducted under free-living conditions, using different accelerometers previously
validated for PA intensity (i.e. ActiGraph ActiTrainer (28), Bodymedia SenseWear (12), or an
ActiGraph GT3X (15, 32, 33)). MAPE was reported in one study, but Pearson’s correlation
coefficients, Spearman’s rank correlation coefficient, or ICCs were provided in all studies. An
overview of reported correlations is given in Table 5.

The Polar V800 (19) performed well on most tests when compared with an ActiGraph
ActiTrainer and gave accurate results for all active time and non-vigorous PA time. However,
accuracy was lower in this study for sedentary behavior and vigorous PA. The Polar A300 (2)
gave inaccurate results when compared to a Bodymedia SenseWear. The Polar M600 (9)
compared to an ActiGraph G3TX showed moderate correlation and poor agreement. The Polar
M430 (17) compared to an ActiGraph GT3X was the only PA intensity study reporting MAPE,
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which was high for all intensities. Strong correlations were found for light PA, vigorous PA, and
MVPA. Agreement was mostly poor, with a moderate agreement for vigorous PA.

Table 5. MAPE, correlations, and 95% confidence interval for all studies on physical activity intensity

Study Sub-study MAPE (%) Correlation 95% CI
Boeselt et al. (2) All days 0.36t
Hernandez-Vicente et al. (19) All week
Sedentary time 0.69p
Active time 0.88p
Walking vs lifestyle time 0.52p
Walking vs moderate time 0.73p
Non-vigorous time 0.85¢
Vigorous time 0.34r
Weekdays
Sedentary time 0.66r
Active time 0.84r
Walking vs lifestyle time 0.49p
Walking vs moderate time 0.81rp
Non-vigorous time 0.81r
Vigorous time 0.25r
Weekend days
Sedentary time 0.76r
Active time 0.93r
Walking vs lifestyle time 0.57p
Walking vs moderate time 0.64p
Non-vigorous time 0.90r
Vigorous time 0.44r
Degroote et al. (9) MVPA, day level o R
MVPA, 15-minute level " Ry
. 0.52p 0.15-0.73p
Henriksen et al. (17) Sedentary 29.24 0,33t 0.10-0.51t
. 0.70p 0.53-0.81r
Light 3809 0.501 0.37-0.65¢
0.57p 0.27-0.70p
Moderate 40.89 0,36t 0.18-0.52t
. 0.76r 0.52-0.85¢
Vigorous 79.53 0.62t 0.42-0.88
0.75p 0.54-0.84p
MVPA 4349 0.44t 0.31-0.57t

Note: MAPE: mean absolute percentage error, Cl: confidence interval. PPearson’s correlations, sSpearman’s rank

correlation, TICC.

Step count: Eleven studies investigated step counts validity (1, 2, 6,9, 14, 17, 19, 37, 38, 45, 46).
Bunn et al. (6), Wang et al. (46), Fokkema et al. (14), Smith et al. (38), and Wahl et al. (45)
conducted studies in lab-settings counting steps manually. Wahl et al. (45) also used an Optigate
system (23). Hernandez-Vicente et al. (19), Boeselt et al. (2), Simunek et al. (37), Degroote et al.
(9), and Henriksen et al. (17) conducted studies under free-living conditions, using an ActiGraph
ActiTrainer (28), a Bodymedia SenseWear, or an ActiGraph GT3X (22). An et al. (1) used manual
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step counting in the lab-based sub studies and a New Lifestyle pedometer in the free-living sub-
study. Seven studies reported MAPE. All studies reported effect size using Pearson’s correlation,
Spearman’s rank correlation, Cohen’s d, Analysis of Variance (ANOVA), and/or ICC. An
overview of effect sizes is given in Table 6.

For the studies on Polar Loop (1, 5, 14, 37, 38, 45, 46), agreement varied from poor to good,
depending on test setting and walking speed. Some studies reported an overestimation of steps,
and some reported an underestimation of steps. In a study conducted under free-living
conditions, the Polar A300 (2) gave highly accurate results, when compared to Bodymedia
SenseWear, but with a tendency to underestimate steps. The Polar V800 (19), when compared
to an ActiGraph, also produced very accurate results, but steps were overestimated. The Polar
M600 was only tested in one study (9) where it showed moderate to good agreement with an
ActiGraph. Similarly, the Polar M430 (17) was tested against an ActiGraph in one study and was
shown to give very strong correlations, moderate agreement, but with high MAPE.
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Table 6. MAPE, correlations, and 95% confidence interval for all studies on step counting

o Correlation/ o
Study Sub-study MAPE (%) Cohen’s d 95% CI
Bunn et al. (6) Walking 4.03-6.44 km/h 4.60 0.490/-0.06% -1.18-0.08*
Running 8.06-19.3 km/h 10.66 -0.24p/-1.29¢ -0.59--0.94%
Mean 7.63
Wahl et al. (45) 43 km/h -8.70° 0.06t -0.19-0.40t
7.2km/h -9.60° -0.27t -0.55-0.16*
10.1 km/h -5.40° 0.39t -0.08-0.72t
13.0 km/h -3.30° 0.69t 0.26-0.88t
Intermittent, 10.1 km/h -13.30° 0.31t 0.09-0.70t
Outdoor -1.90° 0.83t 0.32-0.96t
Mean -7.03
Wang et al. (46) Preferred speed w/arm swing 6.75
Preferred speed w/arm constraint 10.00
Faster speed w/arm swing 6.17
Faster speed w/arm constrain 10.94
Slower speed w/arm swing 7.87
Slower speed w/arm constraint 17.76
Walking winding path 7.53
Walking on treadmill 11.82
Walking up stairs 27.87
Walking downstairs 16.27
Mean 12.30
Fokkema et al. (14) 3.2km/h 24.60 0.08t -0.15-0.35*
48km/h 3.00 0.26t -0.06-0.54*
6.4km/h 3.60 0.24t -0.09-0.53*
Mean 11.00
Hernandez-Vicente et All weekdays 0.90r
al. (19) Weekdays 0.89p
Weekend days 0.92r
Boeselt et al. (2) All speeds 0.99t
Simunek et al. (37) ActiGraph 28.0 0.70t 0.17-0.91t
Anetal. (1) Treadmill 3.2 km/h 23.80
Treadmill 4.0 km/h 17.60
Treadmill 4.8 km/h 15.70
Treadmill 5.6 km/h 9.90
Treadmill 6.4 km/h 15.20
Treadmill 8.0 km/h 14.30
Mean 32.17 0.7p
Over ground 4 km/h 17.90
Over ground 5.2 km/h 17.40
Over ground 6.4 km/h 17.80
Mean 17.70 0.5p
Free-living 0.4r
0.85¢ 0.66-0.94s
Degroote et al. (9) Day level 0.70t 0.55-0.801
. 0.89¢ 0.88-0.90¢
15-minute level 0.79t 0.78-0 81+
. . o 0.85p 0.75-0.91p
Henriksen et al. (17) ActiGraph hip triaxial 25.98 0.63t 0.49-0.75
Smith et al. (38) Walking 13.10 0.72t 0.4-0.87t

Note: MAPE: mean absolute percentage error, Cl: confidence interval. PPearson’s correlation, sSpearman’s rank
correlation, tICC, *Cohen’s d. "Reported with negative numbers in paper and may therefore actually be mean
percentage error and not MAPE.
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DISCUSSION

In this systematic review on Polar wrist-worn devices, we identified 14 validation studies that
assessed six different Polar models: Polar Loop (released in 2013), Polar V800 (2014), Polar A300
(2015), Polar A360 (2015), Polar M600 (2016), and Polar M430 (2017). Five Polar models were
tested among the seven studies on EE, four studies on PA intensity tested one model each, and
tfive Polar models were tested among the eleven studies on step counting. There were large
differences in study setting (i.e. device model, measurement duration, lab vs free-living, and
reported metrics), few available studies for each Polar model, and occasionally conflicting result
for the same model.

Although there are too few studies to draw a clear conclusion, correlations coefficients
(Pearson’s/ICC) for EE seem to have increased between studies on earlier models compared to
newer models, and studies conducted in free-living reported higher ICC for EE compared to
studies conducted in lab-settings. For PA and steps, we could not see any specific trends over
time. In addition, although we could not see a clear improvement in MAPE between models
over time, there is less error when reporting steps compared to EE and PA. In addition,
correlations are occasionally higher for steps compared to EE and PA, but not always.

Step validation for Polar devices generally revealed lower MAPE, and thus higher
trustworthiness, compared to other variables, a finding that is in accordance with a systematic
review of validation studies on Fitbit devices by Feehan et al. (13). They also found that Fitbit
step count accuracy was acceptable in 50% of cases, whereas only two out of 40 Polar sub-studies
can be considered to have an acceptable MAPE when using a cut-off of 3% for lab studies (35)
and 10% for free-living studies (34). Feehan et al. also found a tendency for Fitbit devices to
underestimate steps conducted in lab-settings and overestimate steps in conducted under free-
living conditions. This pattern was not clear among currently investigated Polar studies, as some
studies overestimated steps and other underestimated steps.

In 2018, Diiking et al. (10) published recommendations for studies investigating reliability,
sensitivity, and validity when evaluating wearable activity trackers. Regarding validity, they
especially underlined the need for an appropriate criterion measure and that all studies should
at least calculate the Pearson’s correlation coefficient, in order for different studies to be
comparable.

The current review identified five studies that reported Pearson’s correlation coefficient, six
which reported ICC, two which reported both, and one that reported neither. Only about half
of the studies that reported Pearson’s or ICC also included a confidence interval, limiting the
interpretability of the results somewhat. We additionally found that the majority of studies used
sufficient criterion measures for steps and PA outcomes, however less than half of the
investigated studies used a gold-standard criterion for validation of EE. This result indicates
considerable bias and creates difficulty in interpreting and establishing the true ability of Polar
wearables to determine human EE.
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Furthermore, this review also identified several studies that used an ActiGraph as criterion
measure. Even though the ActiGraph is extensively used in research to measure EE, PA
intensity, and steps, its accuracy is not yet agreed upon. When compared with indirect
calorimetry, studies have found a high correlation for EE and steps when comparing with an
Ultima CPX (24), and valid measurements of PA when comparing VO2 measurements by the
Cosmed K4b wearable metabolic system (27). However, another study concluded that
ActiGraph did not provide valid estimates for EE compared to a portable gas analyzer (MetaMax
3B) (16), and one study found ActiGraph to be valid for step counting only at certain walking
speeds when compared to manual step counting (29). Nonetheless, the ActiGraph, and other
similar criterions, are currently the best choice when estimating steps and PA under free-living
conditions.

The global rise in the use of consumer-based activity trackers have attracted considerable
research interest. This is made clear by the increasing amount of validation studies and
systematic reviews where researchers are trying to evaluate the potential use for these devices
outside the commercial setting. For Polar devices, the observed large differences in study
protocols limits interpretability and makes it more difficult to compare results. Researchers who
are planning to use consumer-based activity trackers should therefore carefully consider the
need for measurement accuracy. If accuracy must be high, an adequately powered pilot test of
several activity trackers should preferably be performed before deciding which device to use, as
device accuracy seems highly dependent on the study setting. This pilot test setup should be
close to the setup of the final study, including participant characteristics.

This is the first systematic review targeting Polar validation studies. The main limitation in this
review stems from the large heterogeneity in study protocols and statistical analysis, which
made it challenging to evaluate study results. Due to the use of different statistical methods and
the lack of available confidence intervals in half of the studies, we could not conduct meta-
analysis.

Conclusions: The large differences in study protocols, criterion measures, and statistical
analyses, challenge comparisons between devices and concluding how accurate Polar activity
trackers are. However, there is less average error for step counting compared to other variables.
Future studies should take care to follow guidelines for assessment of wearable sensors
designed for physical activity monitoring.

There are too few comparable studies to make a conclusion on free-living versus lab-settings,
but the results seem to indicate that the Polar devices are more accurate under free-living, at last
when counting steps and measuring EE. Although further studies are required for confirmation,
this finding may be of interest since the opposite may be expected due to increased
standardization and test leader control in lab-settings. In addition, newer models are now
available, and the accuracy of these devices are still unknown. Validation studies on these
devices are thus needed.
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