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Abstract

Background: Physical inactivity is an important modifiable risk factor for chronic diseases. A new wrist-worn heart rate and
activity monitor has been developed for unobtrusive data collection to aid prevention and management of lifestyle-related chronic
diseases by means of behavioral change programs.

Objective: The objective of the study was to evaluate the performance of total energy expenditure and resting heart rate measures
of the Philips health watch. Secondary objectives included the assessment of accuracy of other output parameters of the monitor:
heart rate, respiration rate at rest, step count, and activity type recognition.

Methods: A within-person comparative study was performed to assess the performance of the health watch against (medical)
reference measures. Participants executed a protocol including 15 minutes of rest and various activities of daily life. A two
one-sided tests approach was adopted for testing equivalence. In addition, error metrics such as mean error and mean absolute
percentage error (MAPE) were calculated.

Results: A total of 29 participants (14 males; mean age 41.2, SD 14.4, years; mean weight 77.2, SD 10.2, kg; mean height 1.8,

SD 0.1, m; mean body mass index 25.1, SD 3.1, kg/m2) completed the 81-minute protocol. Their mean resting heart rate in beats
per minute (bpm) was 64 (SD 7.3). With a mean error of −10 (SD 38.9) kcal and a MAPE of 10% (SD 8.7%), total energy
expenditure estimation of the health watch was found to be within the 15% predefined equivalence margin in reference to a
portable indirect calorimeter. Resting heart rate determined during a 15-minute rest protocol was found to be within a 10%
equivalence margin in reference to a wearable electrocardiogram (ECG) monitor, with a mean deviation of 0 bpm and a maximum
deviation of 3 bpm. Heart rate was within 10 bpm and 10% of the ECG monitor reference for 93% of the duration of the protocol.
Step count estimates were on average 21 counts lower than a waist-mounted step counter over all walking activities combined,
with a MAPE of 3.5% (SD 2.4%). Resting respiration rate was on average 0.7 (SD 1.1) breaths per minute lower than the reference
measurement by the spirometer embedded in the indirect calorimeter during the 15-minute rest, resulting in a MAPE of 8.3%
(SD 7.0%). Activity type recognition of walking, running, cycling, or other was overall 90% accurate in reference to the activities
performed.

Conclusions: The health watch can serve its medical purpose of measuring resting heart rate and total energy expenditure over
time in an unobtrusive manner, thereby providing valuable data for the prevention and management of lifestyle-related chronic
diseases.

Trial Registration: Netherlands trial register NTR5552; http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=5552
(Archived by WebCite at http://www.webcitation.org/6neYJgysl)
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Introduction

With the increase in passive transportation, spectator-based
entertainment, and decreases in energy expenditure through
decreased activity during occupational and household work,
modern life has evolved to eliminate many forms of physical
labor that were prevalent in earlier times [1,2]. Together with
the rise in sedentary lifestyles, the incidence of chronic and
noncommunicable diseases (NCDs) such as cardiovascular
diseases, cancers, chronic respiratory diseases, and diabetes has
risen. According to the World Health Organization (WHO),
NCDs kill 38 million people each year [3]. Of those NCD
deaths, 16 million occur “prematurely” before the age of 70
years. With 17.5 million per year, cardiovascular diseases
account for most NCD deaths, followed by cancers (8.2 million),
respiratory diseases (4 million), and diabetes (1.5 million).
Modifiable behavioral risk factors for NCD development include
tobacco and alcohol use, unhealthy diet, and insufficient physical
activity [3]. Dietary risk factors and physical inactivity
collectively accounted for 10% of global disability-adjusted life
years in 2010 [4]. Additionally, approximately 3.2 million deaths
annually can be attributed to insufficient physical activity,
making this a primary candidate for low-cost interventions
aimed at preventing and controlling the impact of NCDs.
Guideline and recommendation documents based upon extensive
literature reviews from the WHO, European Society of
Cardiology, American College of Sports Medicine (ACSM),
American Heart Association, American College of Cardiology,
American Diabetes Association, and US Preventive Services
Task Force all come to the same conclusion regarding physical
activity and health: a sufficient level of physical activity is key
in primary and secondary prevention of chronic lifestyle-related
diseases [5-19]. For adults, at least 150 minutes of moderate to
vigorous physical activity in bouts of at least 10 minutes in
duration per week is generally recommended by the
aforementioned organizations [6,9-14,16,17,20,21].

To help people act on physical activity recommendations,
accurate assessment of the intensity, for example, expressed as
energy expenditure, and duration of their physical activity is
required. Currently, a considerable number of devices are on
the market that enable this assessment by their users. These
devices predominantly operate using accelerometers to estimate
energy expenditure. Recently, technology has advanced,
enabling inclusion of a photoplethysmography (PPG) sensor in
these devices for the measurement of heart rate. Data from this
additional sensor can enable more accurate estimations of energy
expenditure because heart rate has been shown to have a linear
relationship with oxygen consumption (a measure for energy
expenditure) during moderate- and high-intensity activity
[22-24]. Using PPG to derive heart rate from the blood volume
pulse observed in the microvascular tissue [25], by exploiting
the inverse relationship between blood volume and amount of
light reflected, has been used for decades in clinical applications
such as pulse oximetry and vascular diagnostic tools [26]. The

accuracy of the PPG-derived heart rate estimation compared
with electrocardiogram (ECG)-based reference measurements
has been validated as highly reliable [26-29]. However, when
considering energy expenditure, more variable performance of
the multisensor technology devices has been observed [27,30].
For instance, Lee et al [30] observed a mean absolute percentage
error (MAPE) of 23.5% for the Basis B1 multisensor device.

Another device exploiting multisensor technology for energy
expenditure estimation is the Philips health watch, which makes
use of the Philips Cardio and Motion Monitoring Module
(CM3-Generation-3), an accelerometer as well as a PPG sensor
module developed by the Philips Wearable Sensing
Technologies (WeST) division. Its purpose is seamless daily
monitoring of heart rate and physical activity and deriving
clinically relevant parameters such as total energy expenditure,
resting heart rate, step count, and types of activity performed.
Tracking these parameters enables self-care and (automated)
coaching in health plans complying with aforementioned
guidelines, to minimize the risk of developing chronic
lifestyle-related diseases and to manage existing morbidity.
Monitoring of physical activity as done with the Philips health
watch can give users important feedback regarding their daily
status on overall activity level, including activity intensity and
duration.

Next to heart rate and total energy expenditure, resting heart
rate is an important clinical parameter, which the Philips health
watch estimates as well. Systematic reviews and meta-analyses
indicate that high resting heart rate is an important risk factor
for adverse health outcomes, including all-cause mortality,
cardiovascular mortality, cardiovascular diseases, and type 2
diabetes [31-35]. In addition to being an informative risk factor,
resting heart rate has been demonstrated to be a modifiable
treatment outcome [36-47]. Although drug therapy has been
shown to result in the largest decline in elevated resting heart
rate, exercise therapy has also been shown to reduce resting
heart rate [41-44]. Measuring and monitoring resting heart rate,
and preventing long-term increases in an individual’s resting
heart rate by suitable exercise therapy, can therefore support
reduction of the risk of adverse health outcomes. In clinical
context, resting heart rate is generally measured by asking a
person to sit or lie down for 5-15 minutes, during which the
heart rate is measured. The heart rate after a short settling period
is then considered to be representative of the resting heart rate
[48-50]. It should be noted that this resting heart rate
measurement is influenced by the duration of the resting period
before taking the measurement, posture, and environmental
conditions [50,51]. The Philips health watch derives resting
heart rate values automatically from continuous heart rate
measurements throughout the day, applying automatic selection
of periods where a user is in a resting state but not asleep.

The aim of this study was to evaluate performance of total
energy expenditure and resting heart rate measures of the health
watch. Secondary objectives were to assess the performance of

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 2http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


the Philips health watch with respect to its continuous
measurement of heart rate, the estimation of respiration rate at
rest and the number of steps a user takes, and the correct
classification of activity types: walking, cycling, running, and
other.

Methods

Study Design and Compliance
The study was designed as a within-person comparative study
where parameters estimated by the Philips health watch
(DL8791, Philips, Stamford, CT, USA) were compared with
measurements of reference devices. The study was performed
in compliance with ISO (International Organization for
Standardization) 14155 “Clinical investigation of medical
devices for human subjects – Good clinical practice,” the
Declaration of Helsinki, and local regulations. An independent
medical ethics committee (METC Brabant) approved the study
and it was registered in the Netherlands Trial Registry
(NTR5552). Before participation all subjects gave written
informed consent.

Objectives
The primary objective of this study was to determine, in a
clinical study, the accuracy of the Philips health watch regarding
the estimation of total energy expenditure and resting heart rate.
Secondary objectives included the assessment of accuracy of
other output parameters of the monitor: heart rate, step count,
activity type, and respiration rate at rest.

Study Population
For this study, adult (≥18 years) participants with a body mass

index between 19 and 35 kg/m2 were recruited from the Dutch
general population. Respondents with any of the following
criteria were excluded from participation in the study:
pregnancy, presence of skin conditions or wounds in the wrist
area, presence of a chronic disease for which a physician had
contraindicated moderate-intensity exercise without medical
supervision, presence of a pacemaker or other implantable
electronic device, or presence of a functional or cognitive
impairment preventing compliance with the study protocol.

Clinical Procedures
For each participant, the study started with an evaluation of his
or her eligibility based on the inclusion and exclusion criteria
and, if positive, giving informed consent. Then participants
completed the Fitzpatrick skin type questionnaire [52] and
received detailed information about the study procedure and
the health watch that they received. Subsequently, a participant
wore the health watch at home for 3 days during which he or
she could carry out his or her normal daily life activities to
gather free-living data; participants did not wear reference
devices during the free-living period. The participants then
performed a laboratory test comprising a variety of daily life

activities, during which data were collected using both the health
watch and various reference devices. The purpose of this
laboratory test was to assess the accuracy of multiple health
watch parameters compared with reference measurements.

The standardized laboratory protocol comprised the following
activities: (1) indoor activities including rest (watching
television) for 15 minutes and treadmill (4.5 km/h), treadmill
uphill 5% (3 km/h), ergometer bike (60 rpm), cross trainer (60
W), household activities (mixture), desk work, lying down, and
standing for 3 minutes each and (2) outdoor activities including
walking, cycling, and running for 3 minutes each.

After each activity, there was at least 3 minutes of rest. The 15
minutes of rest at the start of the protocol was included for
measuring resting heart rate in the laboratory and respiration
rate at rest. The data from this activity were included in the
cumulative energy expenditure that was analyzed for the primary
objective. During this period, participants were sitting on a chair
while watching an emotionally neutral documentary on a
television. The mixture of household activities consisted of
three 1-minute subactivities: washing dishes, folding towels
and handkerchiefs, and vacuum cleaning.

If the outside temperature was less than 10°C (to remain

compliant with the K4b2 instructions for use) or when it was
raining, the outdoor activities were performed indoors. That is,
participants walked in the corridors at their own pace, cycled
at their own pace on the ergometer bike, and ran on the treadmill
at a pace that they set themselves. This occurred for 8
participants. Participants were asked to eat a light breakfast or
lunch before the test, to not take caffeine or smoke in the 2 hours
before their appointment, and to not carry out intense physical
activity in the period before the test.

Investigational Device and Comparators
The investigational device for this study was the Philips health
watch, a wrist-worn, PPG-based, heart rate and activity monitor
(Figure 1). The watch measures the health parameters at a 1-Hz
sampling rate and displays real-time heart rate values and daily
cumulative values for steps, active energy expenditure, and total
energy expenditure. The 1-minute average values for heart rate,
and cumulative steps and energy expenditure over 1 minute,
are logged in internal memory and transmitted via Bluetooth to
a phone running the companion app for 24/7 monitoring. The
companion app displays the parameters over time to provide
insights to the user by, for instance, color coding optimal or
suboptimal parameter values based on personalized settings that
are automatically determined from international standards (i.a.
WHO and ACSM) and based on user input and input from the
health watch. Additionally, based on a user’s personal program
for achieving, for instance, a certain daily energy expenditure,
coaching cards pushed via the app provide further insight and
motivation to promote behavior change toward a healthier
lifestyle.
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Figure 1. The Philips health watch with companion app running on a mobile phone.

Total Energy Expenditure
For total energy expenditure, the medical reference instrument

was a K4b2 (COSMED, Rome, Italy). The K4b2 is a portable
gas analysis system that was designed to be worn during (sports)
activities. This instrument has been shown to be valid for the
measurement of total energy expenditure [53,54]. For registering

heart rate by the K4b2 device, participants wore a Polar T34
chest strap (Polar Electro Inc, Lake Success, NY, USA). For
assessment of total energy expenditure estimation accuracy of
the Philips health watch, cumulative total energy expenditure
over the entire laboratory protocol as estimated by the Philips
health watch was compared against cumulative total energy

expenditure measured by the K4b2.

Resting Heart Rate
The Actiwave Cardio (CamNtech, Cambridge, UK) was the
reference device for resting heart rate. It is a single-channel
ECG waveform recorder that participants wore (only) during
the laboratory protocol and it reported heart rate at a frequency
of 1 Hz. Following current recommendations [50,51,55], resting
heart rate was acquired from the 15-minute rest at the beginning
of the laboratory protocol for the Philips health watch as well
as the Actiwave Cardio because no reference measurements
were taken during the free-living period. Resting heart rate was
derived by taking the lowest 5-minute median heart rate value
(determined using a sliding-window approach; that is, taking a
subset of the data, with a length of 5 minutes, that stepped
forward through the data at 1-second increments) during the
rest period where participants were watching television for the
Actiwave as well as the health watch. The lowest 5-minute
median was chosen to derive resting heart rate values that were

minimally influenced by measurement artifacts or disturbances
of the resting condition of a participant.

In addition, the free-living heart rate and resting heart rate data
were visually evaluated for all participants to verify that the
automatic resting heart rate estimation of the health watch did
indeed reflect participants’ heart rate in resting conditions.

Heart Rate
For assessing the accuracy of heart rate, the health watch heart
rate was evaluated over the whole duration of the laboratory
protocol. For this purpose, based on the 1-Hz sampled values,
mean heart rate values were calculated for 10-second
nonoverlapping epochs for the duration of the laboratory
protocol for both the reference device (Actiwave Cardio) and
the Philips health watch. These data were then compared
between devices to determine error values and coverage values,
which were defined as the percentage of time the difference
between both devices (either absolute in beats per minute, bpm,
or relative in percentage compared with the reference) was
within specific limits (10 bpm and 10%, respectively).

Resting Respiration Rate
As a reference device for the respiration rate during rest, the

K4b2 was used, which has been validated for this parameter
[56]. The respiration rate was evaluated over the rest part of the
laboratory protocol during which the participants were watching

television. The mean respiration rate from the K4b2 during this
activity was compared with the mean respiration rate of the
Philips health watch.

Step Counting
The accuracy of the step counting algorithm of the Philips health
watch was determined by comparing with a Fitbit One (Fitbit
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Inc, San Francisco, CA, USA) device that was clipped onto
participants’ trouser pockets as per manufacturer’s instruction.
This waist-mounted step counter has been shown to be highly
accurate for step counting during walking [57-59]. As a measure
of the accuracy of the step counting algorithm for walking and
running activities, the total number of steps for all these
activities in the protocol was compared between the Philips
health watch and the waist-mounted reference.

Activity Type Recognition
Activity type recognition was compared against the (reference)
list of activities from the protocol. The health watch classifies
measurement data into 4 different types of activities (walking,
running, cycling, and other), where changes between activity
types are registered with a corresponding time stamp. Each
activity from the laboratory protocol was timed using markers
at the beginning and end of each activity that were set by the
researcher using a Garmin Forerunner 620 (Garmin International
Inc, Olathe, KS, USA). The activity type classifications for the
laboratory activities were defined as follows: both treadmill
exercises and outdoor walking were defined as walking,
stationary cycling and outdoor cycling were defined as cycling,
outdoor running was defined as running, and, except for the
cross-trainer activity, the remaining activities were defined as
other. The cross-trainer activity was not taken into account for
determining the accuracy of health watch activity type
recognition, as it could be classified as walking or running
depending on the intensity at which the participant performed
the task. The accuracy of activity type recognition was
determined by calculating the average percentage of correct
classifications of the consecutive activity type outputs of the

device compared with the reference activity type on a
second-by-second basis.

Statistical Analysis

Sample Size Calculation
A 20% margin of equivalence has international consensus for
the assessment of equivalence of medicinal products [60,61].
No such guidance exists for medical device comparisons;
however, we chose to use more stringent margins in an effort
to assess more meaningful equivalence to the reference measures
while balancing the sample size of the study. Sample size was
calculated for total energy expenditure equivalence compared

with mobile metabolic measurements with a K4b2 system, based
on a 15% margin of equivalence, and for resting heart rate
compared with ECG measurements with an Actiwave Cardio
device based on a 10% margin of equivalence. As the
equivalence margins were expressed as percentages, the
statistical hypotheses were expressed in terms of ratios instead
of mean differences. Furthermore, data were log-transformed
to enable conventional analysis in terms of a difference [62].
Subsequently, the sample size was calculated in Minitab version
17 (Minitab Inc) as the minimal number of participants needed
to achieve a significance level of .05 and a power of .8 for the
total energy expenditure objective as well as the resting heart
rate objective for an equivalence test of paired means. For the
sample size calculations, we used data from internal tests (see
Table 1) with similar protocols to estimate the expected mean
and SD of the (log-transformed) ratio between the health watch
and reference measurements for both total energy expenditure
and resting heart rate. Factoring in a 10% loss to follow-up, a
total of 31 subjects were recruited.

Table 1. Means and standard deviations of the log-transformed ratio between the health watch measurements (x) and the reference measurements (y)
based on data from internal tests that were used to determine the sample size for this trial.

Resting heart rateTotal energy expenditureEquation

1.0320.925μ(log(x) – log(y))

0.0550.173σ(log(x) – log(y))

Analysis of Primary and Secondary Outcomes
For the primary outcomes, total energy expenditure and resting
heart rate, equivalence tests of paired means were performed.
As explained, log-transformation enabled conventional analysis
in terms of a difference [62]. Using this transformation, the
primary outcomes were tested using the two one-sided tests
(TOST) approach for testing equivalence, applying paired
sample t tests, at a significance level alpha of .05 and the
predefined margins of equivalence [62]. In addition, 95% CIs
of the difference of the means were determined, also expressed
as ratio and calculated using log-transformation of the ratios.

For the secondary outcomes step count and resting respiration
rate, equivalence tests for means were performed, similar to the
primary outcomes. For both parameters, equivalence margins
were set at ±10% compared with the reference measurement.
Additionally, mean errors, mean absolute errors, mean
percentage errors, and MAPEs were calculated. For activity
type recognition, the accuracy was measured in the form of a

confusion matrix, denoting the probability that the device
classifies a certain activity, given a certain activity performed
by the participants.

Before data analysis, all data were resampled to a common 1-Hz
resolution. Data processing and analyses of primary and
secondary outcomes were performed using MATLAB R2014b
(The MathWorks, Inc).

Data Exclusion
Because of a history of epilepsy resulting in a safety hazard for
laboratory testing in the trial, 2 subjects were excluded from
participation. Another 2 participants (P107 and P114)
experienced an adverse event that was classified as nonserious
and not device-related after assessment by the trial’s independent
medical monitor. Some data of participants were excluded from
specific analyses because data were not correctly logged or,
based on objective criteria, were found to be invalid (see Table
2).
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These data exclusions led to the following numbers of
participants available for each analysis: total energy expenditure,
n=26; resting heart rate, n=23; heart rate, n=23; step counting,

n=29 (overall); activity type recognition, n=26; resting
respiration rate, n=28.

Table 2. Overview of participant data that were excluded entirely or partially from analysis.

Activity recogni-
tion

Step countRespiration rate at
rest

Heart rateResting heart rateTotal energy expen-
diture

Participant

XXXXXXbP122a

XXXXXXP127a

XXXXP107c

XXXXP114c

XXP102d

XXXXP104d,e

XXP106d

XXP128d

XXP126f

aParticipant excluded before data collection.
bCrosses indicate for which analyses the data of the respective participant were deleted.
cData excluded owing to possible influence of adverse event.
dData excluded owing to reference device malfunction.
eData excluded owing to incorrect execution of treadmill walking.
fData excluded owing to heart rate being invalid (logged as 0).

Results

Participant Characteristics
A total of 31 participants were recruited, of whom 2 were
excluded before data collection. This left 29 participants who

took part in the trial, 14 male and 15 female. We observed the
following distribution of the 6 Fitzpatrick skin types (1-6): n=0,
7, 18, 4, 0, 0. Demographics are presented in Table 3.

Table 3. Overview of participants’ (averaged) demographic characteristics.

SDMaximumMinimumMeanCharacteristic

14.4651841.2Age, years

10.21026077.2Weight, kg

0.11.91.61.8Height, m

3.131.520.425.1BMIa, kg/m2

7.3774964RHRb, beats per minute

216.7208213611654BMRc, kcal/day

aBMI: body mass index.
bRHR: resting heart rate.
cBMR: basal metabolic rate.

Total Energy Expenditure
The TOST evaluation was applied at a significance level of .05,
for equivalence margins of ±15%, leading to rejection of both
null hypotheses [62] and therefore the conclusion that
cumulative total energy expenditure as measured with the health

watch and the K4b2 were equivalent. Results of the cumulative
total energy expenditure comparison between the Philips health

watch and the COSMED K4b2 ambulatory metabolic system
are shown in Figure 2. As can be seen in Figure 2, the mean
error (97% ratio, 95% CI 92%-101%) in total energy expenditure
estimation (indicated by the thick black line) was well within
the predefined 15% range of equivalence (indicated by the red
dashed lines). There was a mean underestimation of 10.0 kcal,
SD 38.9 kcal, which in relative terms was 2.9%, SD 13.1%, of
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the average reference value. The mean absolute error amounted to 27.5 kcal, SD 28.7 (MAPE 10.0%, SD 8.7%).

Figure 2. Boxplot (left-hand panel) of the ratio of cumulative total energy expenditure (TEE) between the Philips health watch (HW) and the K4b2
(K4) reference. The thick black line indicates the mean of the data, the red dashed lines the predefined ±15% equivalence interval, and the other thin
black lines represent the calculated 95% CI of equivalence. Right-hand panel: Bland-Altman plot of the cumulative TEE for the HW and the reference.
The solid black line indicates the average bias and the dashed black lines represent the 95% limits of agreement. Symbols represent participants’
individual data as indicated in the legend and are the same for both panels.

Resting Heart Rate
The TOST evaluation was applied at a significance level of .05,
for equivalence margins of ±10%, leading to rejection of both
null hypotheses [62] and therefore the conclusion that resting
heart rate as derived from the health watch and resting heart
rate as derived from the Actiwave ECG during the 15 minutes
of rest in the laboratory test were equivalent. Results regarding
the comparison are shown in Figure 3. The mean ratio was
100%, and the 95% CI was 99.5%-100.5%. In absolute terms,
the mean absolute error was 0.2 bpm as most values were
exactly equal to the Actiwave reference, with the maximum
deviation being 3 bpm.

Additionally, for each participant separately, we visually
assessed whether the resting heart rate from the health watch
coincided with the heart rate values at rest during the free-living
part of the protocol. Figure 4 shows an example of a heart rate
trace measured by the Philips health watch over 3 days of
free-living conditions, together with the resting heart rate that
was reported over time by the health watch (top), and the total
energy expenditure estimation for the same time period (bottom).
It can be seen that the resting heart rate corresponds with a low
segment of the heart rate trace. In addition, the values sampled
for each participant seem to correspond to time periods where
subjects were awake and inactive, as can be deduced from the
total energy expenditure graph, where sleep can be recognized
as periods of low total energy expenditure with relatively low
fluctuation.
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Figure 3. Boxplot (left-hand panel) of the ratio of resting heart rate (RHR) determined from the Philips health watch (HW) data during the rest protocol
in the laboratory to the RHR determined from the Actiwave data during the rest protocol in the laboratory. The thick black line indicates the mean of
the data, the red dashed lines the predefined equivalence interval, and the other black lines the calculated 95% CI of equivalence. Right-hand panel:
Bland-Altman plot of the RHR from the HW and reference. The solid black line indicates the average bias and the dashed black lines represent the 95%
limits of agreement. Symbols represent participants as indicated in the legend and are the same for both panels. bpm: beats per minute.

Figure 4. Example of free-living heart rate (HR), resting heart rate, and total energy expenditure (TEE) for participant P120. Top: Philips health watch
HR as a function of time for the free-living portion of the trial (black) and the resting heart rate from the health watch (green dashed line; note that
resting heart rate requires a 24-hour assessment and therefore day 1 does not have a resting heart rate value). Bottom: TEE as a function of time for the
free-living portion of the trial. bpm: beats per minute.
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Heart Rate
Table 4 presents the results regarding heart rate measurement
accuracy. The mean error was −1.7 bpm and the mean absolute
error was 3.1 bpm. This corresponds to a mean percentage error

of −1.3% and a MAPE of 3.1%. Of the available comparative
data, the health watch measured heart rate within a difference
of 10 bpm with the Actiwave ECG-based reference heart rate
94% of the time and within 10% of the ECG value 93% of the
time (see Table 5).

Table 4. Heart rate errors compared with electrocardiogram-based reference that were calculated using 10-second nonoverlapping windows, as means
and standard deviations, expressed in beats per minute and percentages.

Absolute percentage error, %Percentage error, %Absolute error, bpmError, bpmaActivity

SDMeanSDMeanSDMeanSDMean

3.02.23.11.01.71.51.80.6RHRb protocol

7.15.27.6−3.77.85.58.3−4.1Treadmill

3.93.84.0−0.44.23.94.2−0.3Treadmill 5%

1.01.31.10.30.91.31.10.3Ergometer bike

11.26.111.9−4.615.38.016.1−6.1Cross trainer

4.46.06.0−1.74.35.75.7−2.3Household

2.92.43.11.41.71.71.80.9Desk work

1.01.61.20.70.61.10.80.5Lying down

1.62.31.6−0.31.42.01.4−0.3Standing

6.86.78.3−3.87.87.19.2−4.3Walking

18.015.118.4−14.526.520.726.9−20.1Cycling

5.75.56.5−4.18.78.39.7−6.7Running

1.43.11.5−1.31.43.11.6−1.7Total

abpm: beats per minute.
bRHR: resting heart rate.

Table 5. Heart rate coverage parameters calculated using 10-second nonoverlapping windows for the individual activities as well as for the whole
protocol.

Coverage within 10%, %Coverage within 10 bpma, %Activity

97.898.8RHRb protocol

81.881.8Treadmill

85.985.2Treadmill 5%

94.994.9Ergometer bike

84.883.0Cross trainer

83.885.4Household

92.193.3Desk work

90.390.8Lying down

92.993.2Standing

70.764.5Walking

62.561.7Cycling

88.772.2Running

93.193.8Total

abpm: beats per minute.
bRHR: resting heart rate.
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Step Counting
Compared with the step count reported by the waist-mounted
reference, an overall (average) underestimation of 21 steps was
observed corresponding to an overall error of −1.6% (see Table
6). Again, the TOST evaluation was applied at a significance

level of .05, for equivalence margins of ±10%, leading to
rejection of both null hypotheses and therefore the conclusion
that cumulative steps as estimated by the health watch and by
the waist-mounted counter were equivalent. The calculated 95%
CI boundaries for all walking activities combined were at 97.1%
and 99.6% (Figure 5).

Table 6. Errors in step count estimation when compared with the waist-mounted reference, based on the total number of steps for each activity.

Mean absolute percentage
error, %

Mean percentage error, %Mean absolute error, stepsMean error, stepsActivity

SDMeanSDMeanSDMeanSDMean

3.23.93.4−3.711.113.411.5−13.0Treadmill (n=27)

10.57.312.90.326.319.833.20.0Treadmill 5% (n=29)

10.96.611.0−6.516.418.016.9−17.6Walking (n=28)

9.06.410.82.433.226.942.28.3Running (n=29)

2.43.54.0−1.634.347.955.6−21.1All walk activitiesa (n=29)

aThe last row shows the observed error for the total number of steps of all walking activities.

Figure 5. Boxplot (left-hand panel) of estimated step count as ratio between the health watch (HW) and the waist-worn reference (Fitbit One, FB), for
all walk activities combined. The thick black line indicates the mean of the data, the red dashed lines the predefined equivalence interval, and the other
black lines the calculated 95% CI of equivalence. Right-hand panel: Bland-Altman plot of the estimated step count of the HW and the reference
measurement. The solid black line indicates the average bias and the dashed black lines represent the 95% limits of agreement. Symbols represent
participants as indicated in the legend, and the legend is the same for both panels.

Activity Type Recognition
Overall, more than 90% of the time the correct activity type
was identified by the Phillips health watch during the annotated
laboratory activities (Table 7).
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Table 7. A confusion matrix denoting the percentages of correct and incorrect activity type classifications compared with reference annotated activity
types.

PHWa activity type classification, %Annotated activity types

CycleRunWalkOther

0.20.00.599.3Other

0.30.194.25.5Walk

0.289.96.23.6Run

91.60.00.48.1Cycle

aPHW: Philips health watch.

Resting Respiration Rate
The TOST evaluation indicated that respiration rate at rest as

measured by the health watch and the K4b2 were equivalent
(.05 significance level, ±10% equivalence margins). Figure 6
shows the boxplot of the ratio between the health watch and the

K4b2 respiration rate, both averaged over the 15-minute rest

period at the beginning of the laboratory protocol, with the
calculated 95% CI boundaries of 93.4% and 99.5%. These data
indicate a slight underestimation of respiration rate compared
with the reference by -0.7, SD 1.1, breaths per minute. In
percentages this amounted to an error of -3.8, SD 8.1, percent.
The absolute mean error was 1.2, SD 1.0, breaths per minute
(MAPE 8.3%, SD 7.0%).

Figure 6. Boxplot (left-hand panel) of the ratio of estimated respiration rate (RR) from the health watch (HW) and the K4b2 (K4) reference, during
rest. The thick black line indicates the mean of the data, the red dashed lines the predefined equivalence interval, and the other black lines the calculated
95% CI of equivalence. Right-hand panel: Bland-Altman plot of the estimated RR from the HW and from the reference measurement. The solid black
line indicates the average bias and the dashed black lines represent the 95% limits of agreement. Symbols represent participants as indicated in the
legend; the legend is the same for both panels.

Discussion

Principal Findings
In this study the measurement accuracy of the Philips health
watch, a wrist-worn heart rate and activity monitor, was
evaluated against (medical) reference instruments. Resting heart
rate was determined on heart rate sampled over a 15-minute
resting protocol in sitting position and fell within 3 bpm of the
Actiwave ECG comparator. During a protocol covering a variety
of activities of daily life, the health watch measured total energy

expenditure on average within the predefined 15% accuracy

compared with a K4b2 mobile metabolic system. These results
indicate that the watch can provide valuable information that
can help in the prevention and management of lifestyle-related
chronic diseases by measuring and tracking resting heart rate
and energy expenditure over time and interpreting these data in
the context of a user’s personalized range of a parameter value
or goal based on international standards (i.a. WHO, ACSM).
The (automated) coaching that the companion app provides
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uses the information to offer further support to making a lifestyle
change.

Total Energy Expenditure
Energy expenditure estimation by means of wearable devices
is not a new concept. There are many commercially available
activity monitors that provide energy expenditure estimates;
however, the reported accuracy of consumer-grade devices is
highly variable [30,63-66]. Comparison across studies is
hampered by differences in the type of reference measure (eg,
doubly labeled water, metabolic chambers, or mobile metabolic
systems) and differences in the type, intensity, and duration of
activities performed during the validation (eg, standardized
treadmill walking or free-living evaluation). Similar to our study,
Lee et al [30] evaluated several consumer-grade physical activity
monitors against a portable metabolic system (Oxycon Mobile)
over a 69-minute standardized protocol of various activities.
They reported MAPEs of 9.3% (BodyMedia FIT) up to 23.5%
(Basis B1 band). Another study that resembled our design was
performed by Bai and colleagues [67]. They evaluated activity
monitors against an Oxycon Mobile metabolic system over an
80-minute standardized protocol. MAPE values ranged from
15.3% (BodyMedia Core) to 30.4% (Misfit Shine) in this study.
Most recently, Nelson et al [68] evaluated several activity
monitors over a 65-minute protocol covering 10 minutes of rest

and a selection of 11 different activities using a COSMED K4b2

as reference. They reported MAPEs ranging from 13% to 35%
for energy expenditure prediction over the different activities.
In this study, the Philips health watch MAPE for total energy
expenditure was 10%, which is highly accurate for this type of
device when compared with the performance reported in the
aforementioned studies. It is important to realize that the heart
rate and acceleration measurements will give an estimation of
total energy expenditure, which is less accurate than objective
measurement techniques such as doubly labeled water or indirect
calorimetry by means of ambulatory metabolic systems.
However, these measurement methods are not feasible for
long-term 24-hour monitoring of total energy expenditure in
daily life and are not readily accessible to consumers [22]. In
comparison with self-report questionnaires for physical activity,
the Philips health watch provides a more objective measurement
of total energy expenditure that is well suited for long-term,
noninvasive monitoring. Similar to other validation studies of
energy expenditure estimation, our study was limited to an
evaluation of participants for a limited time frame at our test
facility, as home testing was not practically feasible with regard
to obtaining within-person reference measurements [63]. A
strength of the study was that the protocol included activities
of daily life, such as desk work, household activities, and
activities performed outdoors, in addition to more traditional
treadmill-based protocols. This will provide a better reflection
of daily life performance [69].

Resting Heart Rate
In this study the resting heart rate value determined with the
health watch was found to be equivalent to that of the Actiwave
reference (Figure 2). With the mean bias centered around 0 and
a maximum deviation of 3 bpm, the health watch is suited for
inspection of resting heart rate as a risk factor, as dose-response

investigations often report increments in hazards for 5-10 bpm
increments of resting heart rate [31,32,34,70]. A limitation of
the study was that it was not possible to evaluate the resting
heart rate produced by the health watch against a gold standard
because there is currently no international consensus on a
standardized manner to obtain resting heart rate values. We did,
however, follow current recommendations by assessing resting
heart rate based on multiple heart rate samples during a
15-minute resting protocol [50,55]. Furthermore, inspection of
individual free-living heart rate traces indicated that the resting
heart rate estimates of the health watch correspond to low heart
rate levels during nonactive, although nonsleep, periods
throughout the day. A strength of this method of obtaining
resting heart rate by means of continuous heart rate monitoring
is that it is much less influenced by circadian or temporary
factors such as the “white coat effect,” which can confound the
measurement [51,71].

Heart Rate
Continuous heart rate logging of the Philips health watch was
evaluated against Actiwave measurements over the complete
duration of the protocol. Values sampled at 1 Hz were averaged
over 10-second nonoverlapping windows. Parak and Korhonen
[29] performed a similar comparison over a 50-minute protocol
of various activities with a Mio Alpha, a wrist-worn device
using a predecessor sensor module to that of the Philips health
watch. They found a mean absolute error of 4.43 bpm and
MAPE of 5.23% using 5-second nonoverlapping windows. In
comparison, the Philips health watch performed better in this
study with a mean absolute error of 3.1 bpm and MAPE of 3.1%
(Table 4). Additionally, the coverage of the health watch within
10% of the reference device was higher in this study with 93.1%
(Table 5) versus 87.5% reported in the study by Parak and
Korhonen. For some activities, we observed lower accuracy
and coverage presumably owing to the relative short duration
of the activities. Our hypothesis was that the short duration of
the activities resulted in relatively steep rising and dropping of
heart rates, thus negatively affecting the estimation accuracy
for only these activities compared with a protocol with longer
activity durations resulting in more stable heart rates.
Furthermore, during the months of testing (February and March)
a temperature shift from the warmer indoor temperature to the
lower outside temperature may have caused temporary localized
vasoconstriction leading to lower coverage values for the
outdoor activities walking and bicycling (Table 5). This
phenomenon has been observed in an experimental setup by
Maeda and colleagues [72], who demonstrated that the pulsatile
AC (alternating current) component of the PPG signal is
significantly lower at skin temperatures below 20°C compared
with normal skin temperatures. This results in a significantly
lower AC/DC (direct current) component ratio and reduces the
correlation with ECG-based heart rate measurements. Although
the accuracy of the health watch is equivalent to an ECG-based
comparator for a high percentage of time, deviations due to, for
example, a poor sensor-skin contact or movement artifacts are
still possible. Attention to correct wearing of PPG-based devices
is therefore important. Furthermore, for the purpose of this
device, a 24/7 heart rate and activity monitor, a 93.1% coverage
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within 10% can provide a good overall representation of a user’s
heart rate over the course of a day.

Step Counting
Step counting of the health watch was compared against a
waist-worn step counter over walking activities at different
speeds, indoors on a treadmill and outdoors. From prior research,
it is known that waist-worn devices generally have less error in
step counts when compared with observed counts than
wrist-worn devices [57-59,73]. Compared with the waist-worn
counter, the health watch had a slight average overestimation
of 0.3% for treadmill walking at 3 km/h at a 5% inclination and
a small underestimation of −3.7% for treadmill walking at 4.5
km/h at 0% inclination (Table 6). These errors were smaller
than those reported by Diaz et al [58], who found a mean
underestimation of 16.3% and 10.6% when comparing a
wrist-worn step counting device with observer counts over
comparable slow and moderate speeds.

Activity Type Recognition
Activity type recognition is useful for physical activity monitors
as it can give insight to users into the duration of different types
of activities that were performed over the course of a day and
what amount of energy expenditure was associated with this.
Furthermore, activity type classification provides the potential

to enhance energy expenditure estimation [22,74-78]. Overall,
more than 90% of the time the correct activity type was
identified by the health watch during the annotated laboratory
activities. This is a good result when comparing with other
studies of automatic activity type recognition, where overall
correct classifications range from 42% to 96% depending on
the types of activities classified [79-82]. In Table 7 it can be
seen that the least accurate activity type was running at 89.9%.
Running was classified as walking approximately 6% of the
time. One reason that the running recognition was least accurate
could be the fact that 2 participants were actually walking during
the running part of the protocol.

Conclusions
This study showed that the health watch can estimate total
energy expenditure with 85% accuracy during daily life
activities and measure resting heart with ±3 bpm accuracy during
rest compared with medical device reference instruments. In
addition, the secondary outcome parameters, heart rate, step
counts, resting respiration rate, and activity type classification,
showed high levels of accuracy. On the basis of these results
the health watch can serve its medical purpose of measuring
resting heart rate and total energy expenditure over time in an
unobtrusive manner, thereby providing valuable data for the
prevention and management of lifestyle-related chronic diseases.

Acknowledgments
The authors thank Joëlle Dam for her help in collecting data for this study. This study was sponsored by Philips.

Authors' Contributions
JH, LR, LC, ES, and AG were involved in development of the study. LR, LC, PL, and ES were involved in execution of the
study. All authors made a significant contribution to writing, review, and approval of the manuscript.

Conflicts of Interest
JH, LC, PL, ES, and AG are employees of Philips. LR was an employee of Philips during the development and execution of the
study.

References

1. Archer E, Blair SN. Physical activity and the prevention of cardiovascular disease: from evolution to epidemiology. Prog
Cardiovasc Dis 2011;53(6):387-396. [doi: 10.1016/j.pcad.2011.02.006] [Medline: 21545924]

2. World Health Organization. Ec.europa. 2015. Factsheets on Health-Enhancing Physical Activity in the 28 European Union
Member States of the Who European Region URL: http://ec.europa.eu/sport/library/factsheets/eu-wide-overview-methods.
pdf[WebCite Cache ID 6lQXiDBqK]

3. WHO. 2015. Fact sheet #355 Noncommunicable diseases URL: http://www.who.int/mediacentre/factsheets/fs355/en/
[accessed 2016-10-21] [WebCite Cache ID 6lQXsNKi4]

4. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, et al. A comparative risk assessment of burden of
disease and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 1990-2010: a systematic analysis for
the Global Burden of Disease Study 2010. Lancet 2012 Dec 15;380(9859):2224-2260 [FREE Full text] [doi:
10.1016/S0140-6736(12)61766-8] [Medline: 23245609]

5. Interventions on diet and physical activity: what works: summary report. Geneva: World Health Organization; 2009.
6. Perk J, De Backer G, Gohlke H, Graham I, Reiner Z, Verschuren M, European Association for Cardiovascular Prevention

& Rehabilitation (EACPR), ESC Committee for Practice Guidelines (CPG). European Guidelines on cardiovascular disease
prevention in clinical practice (version 2012). The fifth joint task force of the European society of cardiology and other
societies on cardiovascular disease prevention in clinical practice (constituted by representatives of nine societies and by
invited experts). Eur Heart J 2012 Jul;33(13):1635-1701 [FREE Full text] [doi: 10.1093/eurheartj/ehs092] [Medline:
22555213]

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 13http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://dx.doi.org/10.1016/j.pcad.2011.02.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21545924&dopt=Abstract
http://ec.europa.eu/sport/library/factsheets/eu-wide-overview-methods.pdf
http://ec.europa.eu/sport/library/factsheets/eu-wide-overview-methods.pdf
http://www.webcitation.org/

                                            6lQXiDBqK
http://www.who.int/mediacentre/factsheets/fs355/en/
http://www.webcitation.org/

                                            6lQXsNKi4
http://europepmc.org/abstract/MED/23245609
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23245609&dopt=Abstract
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=22555213
http://dx.doi.org/10.1093/eurheartj/ehs092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22555213&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


7. Food and Agricultural Organization. Human energy requirements. Scientific background papers from the Joint
FAO/WHO/UNU Expert Consultation. October 17-24, 2001. Rome, Italy. Public Health Nutr 2005 Oct;8(7A):929-1228.
[Medline: 16277811]

8. European Association for Cardiovascular Prevention & Rehabilitation, Reiner Z, Catapano AL, De Backer G, Graham I,
Taskinen M, ESC Committee for Practice Guidelines (CPG) 2008-2010 and 2010-2012 Committees. ESC/EAS Guidelines
for the management of dyslipidaemias: the task force for the management of dyslipidaemias of the European Society of
Cardiology (ESC) and the European Atherosclerosis Society (EAS). Eur Heart J 2011 Jul;32(14):1769-1818 [FREE Full
text] [doi: 10.1093/eurheartj/ehr158] [Medline: 21712404]

9. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm M, et al. 2013 ESH/ESC guidelines for the management
of arterial hypertension: the task force for the management of arterial hypertension of the European Society of Hypertension
(ESH) and of the European Society of Cardiology (ESC). Eur Heart J 2013 Jul;34(28):2159-2219 [FREE Full text] [doi:
10.1093/eurheartj/eht151] [Medline: 23771844]

10. Task Force on diabetes, pre-diabetes, and cardiovascular diseases of the European Society of Cardiology (ESC), European
Association for the Study of Diabetes (EASD), Rydén L, Grant PJ, Anker SD, Berne C, et al. ESC guidelines on diabetes,
pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD - summary. Diab Vasc Dis Res 2014
May;11(3):133-173. [doi: 10.1177/1479164114525548] [Medline: 24800783]

11. Haskell WL, Lee IM, Pate RR, Powell KE, Blair SN, Franklin BA, et al. Physical activity and public health: updated
recommendation for adults from the American College of Sports Medicine and the American Heart Association. Med Sci
Sports Exerc 2007 Aug;39(8):1423-1434. [doi: 10.1249/mss.0b013e3180616b27] [Medline: 17762377]

12. Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM, American College of Sports Medicine.
American College of Sports Medicine position stand. Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for prescribing exercise.
Med Sci Sports Exerc 2011 Jul;43(7):1334-1359. [doi: 10.1249/MSS.0b013e318213fefb] [Medline: 21694556]

13. Colberg SR, Albright AL, Blissmer BJ, Braun B, Chasan-Taber L, Fernhall B, American College of Sports Medicine,
American Diabetes Association. Exercise and type 2 diabetes: American College of Sports Medicine and the American
Diabetes Association: joint position statement. Exercise and type 2 diabetes. Med Sci Sports Exerc 2010
Dec;42(12):2282-2303. [doi: 10.1249/MSS.0b013e3181eeb61c] [Medline: 21084931]

14. Pescatello LS, Franklin BA, Fagard R, Farquhar WB, Kelley GA, Ray CA, American College of Sports Medicine. American
College of Sports Medicine position stand. Exercise and hypertension. Med Sci Sports Exerc 2004 Mar;36(3):533-553.
[Medline: 15076798]

15. Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW, Smith BK, American College of Sports Medicine. American
College of Sports Medicine Position Stand. Appropriate physical activity intervention strategies for weight loss and
prevention of weight regain for adults. Med Sci Sports Exerc 2009 Feb;41(2):459-471. [doi:
10.1249/MSS.0b013e3181949333] [Medline: 19127177]

16. American College of Cardiology/American Heart Association Task Force on Practice Guidelines‚ Obesity Expert Panel‚
2013. Expert Panel Report: Guidelines (2013) for the management of overweight and obesity in adults. Obesity (Silver
Spring) 2014 Jul;22(Suppl 2):S41-410 [FREE Full text] [doi: 10.1002/oby.20660] [Medline: 24227637]

17. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston MN, Hubbard VS, American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. 2013 AHA/ACC guideline on lifestyle management to reduce cardiovascular
risk: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines.
Circulation 2014 Jun 24;129(25 Suppl 2):S76-S99 [FREE Full text] [doi: 10.1161/01.cir.0000437740.48606.d1] [Medline:
24222015]

18. LeFevre ML, US Preventive Services Task Force. Behavioral counseling to promote a healthful diet and physical activity
for cardiovascular disease prevention in adults with cardiovascular risk factors: US Preventive Services Task Force
Recommendation Statement. Ann Intern Med 2014 Oct 21;161(8):587-593. [doi: 10.7326/M14-1796] [Medline: 25155419]

19. Manore MM, Brown K, Houtkooper L, Jakicic J, Peters JC, Smith EM, et al. Energy balance at a crossroads: translating
the science into action. Med Sci Sports Exerc 2014 Jul;46(7):1466-1473. [doi: 10.1249/MSS.0000000000000318] [Medline:
24932615]

20. Health. 2008. 2008 Physical Activity Guidelines for Americans, advisory commite report URL: https://health.gov/
paguidelines/pdf/paguide.pdf [accessed 2016-10-26] [WebCite Cache ID 6lXtwuVlp]

21. Global recommendations on physical activity for health. Geneva: World Health Organization; Jan 2010.
22. Hills AP, Mokhtar N, Byrne NM. Assessment of physical activity and energy expenditure: an overview of objective

measures. Front Nutr 2014;1:5. [doi: 10.3389/fnut.2014.00005] [Medline: 25988109]
23. Brage S, Brage N, Franks PW, Ekelund U, Wong M, Andersen LB, et al. Branched equation modeling of simultaneous

accelerometry and heart rate monitoring improves estimate of directly measured physical activity energy expenditure. J
Appl Physiol 2004 Jan;96(1):343-351 [FREE Full text] [doi: 10.1152/japplphysiol.00703.2003] [Medline: 12972441]

24. Crouter SE, Churilla JR, Bassett DR. Accuracy of the Actiheart for the assessment of energy expenditure in adults. Eur J
Clin Nutr 2008 Jun;62(6):704-711. [doi: 10.1038/sj.ejcn.1602766] [Medline: 17440515]

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 14http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16277811&dopt=Abstract
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=21712404
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=21712404
http://dx.doi.org/10.1093/eurheartj/ehr158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21712404&dopt=Abstract
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=23771844
http://dx.doi.org/10.1093/eurheartj/eht151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23771844&dopt=Abstract
http://dx.doi.org/10.1177/1479164114525548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24800783&dopt=Abstract
http://dx.doi.org/10.1249/mss.0b013e3180616b27
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17762377&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e318213fefb
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21694556&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3181eeb61c
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21084931&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15076798&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3181949333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19127177&dopt=Abstract
http://dx.doi.org/10.1002/oby.20660
http://dx.doi.org/10.1002/oby.20660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24227637&dopt=Abstract
http://circ.ahajournals.org/cgi/pmidlookup?view=long&pmid=24222015
http://dx.doi.org/10.1161/01.cir.0000437740.48606.d1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24222015&dopt=Abstract
http://dx.doi.org/10.7326/M14-1796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25155419&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0000000000000318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24932615&dopt=Abstract
https://health.gov/paguidelines/pdf/paguide.pdf
https://health.gov/paguidelines/pdf/paguide.pdf
http://www.webcitation.org/

                                            6lXtwuVlp
http://dx.doi.org/10.3389/fnut.2014.00005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25988109&dopt=Abstract
http://jap.physiology.org/cgi/pmidlookup?view=long&pmid=12972441
http://dx.doi.org/10.1152/japplphysiol.00703.2003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12972441&dopt=Abstract
http://dx.doi.org/10.1038/sj.ejcn.1602766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17440515&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


25. Challoner AV, Ramsay CA. A photoelectric plethysmograph for the measurement of cutaneous blood flow. Phys Med Biol
1974 May;19(3):317-328. [Medline: 4445210]

26. Spierer DK, Rosen Z, Litman LL, Fujii K. Validation of photoplethysmography as a method to detect heart rate during rest
and exercise. J Med Eng Technol 2015;39(5):264-271. [doi: 10.3109/03091902.2015.1047536] [Medline: 26112379]

27. Wallen MP, Gomersall SR, Keating SE, Wisløff U, Coombes JS. Accuracy of heart rate watches: implications for weight
management. PLoS One 2016;11(5):e0154420. [doi: 10.1371/journal.pone.0154420] [Medline: 27232714]

28. Wang R, Blackburn G, Desai M, Phelan D, Gillinov L, Houghtaling P, et al. Accuracy of wrist-worn heart rate monitors.
JAMA Cardiol 2017 Jan 01;2(1):104-106. [doi: 10.1001/jamacardio.2016.3340] [Medline: 27732703]

29. Parak J, Korhonen I. Evaluation of wearable consumer heart rate monitors based on photopletysmography. Conf Proc IEEE
Eng Med Biol Soc 2014;2014:3670-3673. [doi: 10.1109/EMBC.2014.6944419] [Medline: 25570787]

30. Lee JM, Kim Y, Welk GJ. Validity of consumer-based physical activity monitors. Med Sci Sports Exerc 2014
Sep;46(9):1840-1848. [doi: 10.1249/MSS.0000000000000287] [Medline: 24777201]

31. Aune D, Ó Hartaigh B, Vatten LJ. Resting heart rate and the risk of type 2 diabetes: a systematic review and dose-response
meta-analysis of cohort studies. Nutr Metab Cardiovasc Dis 2015 Jun;25(6):526-534. [doi: 10.1016/j.numecd.2015.02.008]
[Medline: 25891962]

32. Khan H, Kunutsor S, Kalogeropoulos AP, Georgiopoulou VV, Newman AB, Harris TB, et al. Resting heart rate and risk
of incident heart failure: three prospective cohort studies and a systematic meta-analysis. J Am Heart Assoc 2015 Jan
14;4(1):e001364 [FREE Full text] [doi: 10.1161/JAHA.114.001364] [Medline: 25589535]

33. Lang CC, Gupta S, Kalra P, Keavney B, Menown I, Morley C, et al. Elevated heart rate and cardiovascular outcomes in
patients with coronary artery disease: clinical evidence and pathophysiological mechanisms. Atherosclerosis 2010
Sep;212(1):1-8. [doi: 10.1016/j.atherosclerosis.2010.01.029] [Medline: 20152981]

34. Li Y. Association between resting heart rate and cardiovascular mortality: evidence from a meta-analysis of prospective
studies. Int J Clin Exp Med 2015;8(9):15329-15339 [FREE Full text] [Medline: 26629022]

35. Zhang D, Shen X, Qi X. Resting heart rate and all-cause and cardiovascular mortality in the general population: a
meta-analysis. CMAJ 2016 Feb 16;188(3):E53-E63 [FREE Full text] [doi: 10.1503/cmaj.150535] [Medline: 26598376]

36. Bangalore S, Sawhney S, Messerli FH. Relation of beta-blocker-induced heart rate lowering and cardioprotection in
hypertension. J Am Coll Cardiol 2008 Oct 28;52(18):1482-1489 [FREE Full text] [doi: 10.1016/j.jacc.2008.06.048] [Medline:
19017516]

37. Bartlo P. Evidence-based application of aerobic and resistance training in patients with congestive heart failure. J Cardiopulm
Rehabil Prev 2007;27(6):368-375. [doi: 10.1097/01.HCR.0000300263.07764.4a] [Medline: 18197070]

38. Carlson DJ, Dieberg G, Hess NC, Millar PJ, Smart NA. Isometric exercise training for blood pressure management: a
systematic review and meta-analysis. Mayo Clin Proc 2014 Mar;89(3):327-334. [doi: 10.1016/j.mayocp.2013.10.030]
[Medline: 24582191]

39. Cucherat M. Quantitative relationship between resting heart rate reduction and magnitude of clinical benefits in
post-myocardial infarction: a meta-regression of randomized clinical trials. Eur Heart J 2007 Dec;28(24):3012-3019 [FREE
Full text] [doi: 10.1093/eurheartj/ehm489] [Medline: 17981830]

40. Cucherat M, Borer JS. Reduction of resting heart rate with antianginal drugs: review and meta-analysis. Am J Ther 2012
Jul;19(4):269-280. [doi: 10.1097/MJT.0b013e3182246a49] [Medline: 21804377]

41. Hanson S, Jones A. Is there evidence that walking groups have health benefits? A systematic review and meta-analysis. Br
J Sports Med 2015 Jun;49(11):710-715 [FREE Full text] [doi: 10.1136/bjsports-2014-094157] [Medline: 25601182]

42. Hespanhol Junior LC, Pillay JD, van Mechelen W, Verhagen E. Meta-Analyses of the effects of habitual running on indices
of health in physically inactive adults. Sports Med 2015 Oct;45(10):1455-1468 [FREE Full text] [doi:
10.1007/s40279-015-0359-y] [Medline: 26178328]

43. Huang G, Shi X, Davis-Brezette JA, Osness WH. Resting heart rate changes after endurance training in older adults: a
meta-analysis. Med Sci Sports Exerc 2005 Aug;37(8):1381-1386. [Medline: 16118586]

44. Liou K, Ho S, Fildes J, Ooi SY. High intensity interval versus moderate intensity continuous training in patients with
coronary artery disease: a meta-analysis of physiological and clinical parameters. Heart Lung Circ 2016 Feb;25(2):166-174.
[doi: 10.1016/j.hlc.2015.06.828] [Medline: 26375499]

45. Segal JB, McNamara RL, Miller MR, Kim N, Goodman SN, Powe NR, et al. The evidence regarding the drugs used for
ventricular rate control. J Fam Pract 2000 Jan;49(1):47-59. [Medline: 10678340]

46. van Dixhoorn J, White A. Relaxation therapy for rehabilitation and prevention in ischaemic heart disease: a systematic
review and meta-analysis. Eur J Cardiovasc Prev Rehabil 2005 Jun;12(3):193-202. [Medline: 15942415]

47. Van Gelder IC, Wyse DG, Chandler ML, Cooper HA, Olshansky B, Hagens VE, RACE and AFFIRM investigators. Does
intensity of rate-control influence outcome in atrial fibrillation? An analysis of pooled data from the RACE and AFFIRM
studies. Europace 2006 Nov;8(11):935-942 [FREE Full text] [doi: 10.1093/europace/eul106] [Medline: 16973686]

48. Eriksson P, Schiöler L, Söderberg M, Rosengren A, Torén K. Job strain and resting heart rate: a cross-sectional study in a
Swedish random working sample. BMC Public Health 2016 Mar 05;16:228 [FREE Full text] [doi:
10.1186/s12889-016-2900-9] [Medline: 26944255]

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 15http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4445210&dopt=Abstract
http://dx.doi.org/10.3109/03091902.2015.1047536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26112379&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0154420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27232714&dopt=Abstract
http://dx.doi.org/10.1001/jamacardio.2016.3340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27732703&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2014.6944419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25570787&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0000000000000287
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24777201&dopt=Abstract
http://dx.doi.org/10.1016/j.numecd.2015.02.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25891962&dopt=Abstract
http://jaha.ahajournals.org/cgi/pmidlookup?view=long&pmid=25589535
http://dx.doi.org/10.1161/JAHA.114.001364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25589535&dopt=Abstract
http://dx.doi.org/10.1016/j.atherosclerosis.2010.01.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20152981&dopt=Abstract
http://europepmc.org/abstract/MED/26629022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26629022&dopt=Abstract
http://europepmc.org/abstract/MED/26598376
http://dx.doi.org/10.1503/cmaj.150535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26598376&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S0735-1097(08)02724-1
http://dx.doi.org/10.1016/j.jacc.2008.06.048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19017516&dopt=Abstract
http://dx.doi.org/10.1097/01.HCR.0000300263.07764.4a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18197070&dopt=Abstract
http://dx.doi.org/10.1016/j.mayocp.2013.10.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24582191&dopt=Abstract
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=17981830
http://eurheartj.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=17981830
http://dx.doi.org/10.1093/eurheartj/ehm489
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17981830&dopt=Abstract
http://dx.doi.org/10.1097/MJT.0b013e3182246a49
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21804377&dopt=Abstract
http://bjsm.bmj.com/cgi/pmidlookup?view=long&pmid=25601182
http://dx.doi.org/10.1136/bjsports-2014-094157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25601182&dopt=Abstract
http://europepmc.org/abstract/MED/26178328
http://dx.doi.org/10.1007/s40279-015-0359-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26178328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16118586&dopt=Abstract
http://dx.doi.org/10.1016/j.hlc.2015.06.828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26375499&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10678340&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15942415&dopt=Abstract
http://europace.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=16973686
http://dx.doi.org/10.1093/europace/eul106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16973686&dopt=Abstract
http://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-016-2900-9
http://dx.doi.org/10.1186/s12889-016-2900-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26944255&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


49. Lee J, Kim HC, Kang JI, Suh I. Association between stressful life events and resting heart rate. BMC Psychol 2014;2:29
[FREE Full text] [doi: 10.1186/s40359-014-0029-0] [Medline: 25628890]

50. Vogel CU, Wolpert C, Wehling M. How to measure heart rate? Eur J Clin Pharmacol 2004 Sep;60(7):461-466. [doi:
10.1007/s00228-004-0795-3] [Medline: 15300345]

51. Valentini M, Parati G. Variables influencing heart rate. Prog Cardiovasc Dis 2009;52(1):11-19. [doi:
10.1016/j.pcad.2009.05.004] [Medline: 19615488]

52. Fitzpatrick TB. The validity and practicality of sun-reactive skin types I through VI. Arch Dermatol 1988 Jun;124(6):869-871.
[Medline: 3377516]

53. McLaughlin JE, King GA, Howley ET, Bassett DR, Ainsworth BE. Validation of the COSMED K4 b2 portable metabolic
system. Int J Sports Med 2001 May;22(4):280-284. [doi: 10.1055/s-2001-13816] [Medline: 11414671]

54. McLaughlin JE, King GA, Howley ET, Bassett DR, Ainsworth BE. Validation of the COSMED K4 b2 portable metabolic
system. Int J Sports Med 2001 May;22(4):280-284. [doi: 10.1055/s-2001-13816] [Medline: 11414671]

55. Palatini P. Medicographia. 2009. Medicographia: New insights into If inhibition: from ischemia prevention to improvement
in coronary outcomes URL: http://www.medicographia.com/wp-content/pdf/Medicographia101.pdf [accessed 2016-10-26]
[WebCite Cache ID 6lXuOIQ44]

56. Kim JH, Roberge R, Powell JB, Shafer AB, Jon WW. Measurement accuracy of heart rate and respiratory rate during
graded exercise and sustained exercise in the heat using the Zephyr BioHarness. Int J Sports Med 2013 Jun;34(6):497-501.
[doi: 10.1055/s-0032-1327661] [Medline: 23175181]

57. Case MA, Burwick HA, Volpp KG, Patel MS. Accuracy of smartphone applications and wearable devices for tracking
physical activity data. J Am Med Assoc 2015 Feb 10;313(6):625-626. [doi: 10.1001/jama.2014.17841] [Medline: 25668268]

58. Diaz KM, Krupka DJ, Chang MJ, Peacock J, Ma Y, Goldsmith J, et al. itbit®: an accurate and reliable device for wireless
physical activity tracking. Int J Cardiol 2015 Apr 15;185:138-140. [doi: 10.1016/j.ijcard.2015.03.038] [Medline: 25795203]

59. Storm FA, Heller BW, Mazzà C. Step detection and activity recognition accuracy of seven physical activity monitors. PLoS
One 2015;10(3):e0118723. [doi: 10.1371/journal.pone.0118723] [Medline: 25789630]

60. EMA.Europa. 2010. Guideline on the investigation of bioequivalence URL: http://www.ema.europa.eu/ema/pages/includes/
document/open_document.jsp?webContentId=WC500070039 [accessed 2016-10-21] [WebCite Cache ID 6lQUFU1Im]

61. FDA. 2001. Guidance for Industry: Statistical Approaches to Etablishing Bioequivalence URL: http://www.fda.gov/
downloads/Drugs/.../Guidances/ucm070244.pdf [accessed 2016-10-21] [WebCite Cache ID 6lQT95Vrm]

62. Schuirmann DJ. A comparison of the two one-sided tests procedure and the power approach for assessing the equivalence
of average bioavailability. J Pharmacokinet Biopharm 1987 Dec;15(6):657-680. [Medline: 3450848]

63. Dannecker KL, Sazonova NA, Melanson EL, Sazonov ES, Browning RC. A comparison of energy expenditure estimation
of several physical activity monitors. Med Sci Sports Exerc 2013 Nov;45(11):2105-2112 [FREE Full text] [doi:
10.1249/MSS.0b013e318299d2eb] [Medline: 23669877]

64. Plasqui G, Bonomi AG, Westerterp KR. Daily physical activity assessment with accelerometers: new insights and validation
studies. Obes Rev 2013 Jun;14(6):451-462. [doi: 10.1111/obr.12021] [Medline: 23398786]

65. Van Remoortel H, Giavedoni S, Raste Y, Burtin C, Louvaris Z, Gimeno-Santos E, PROactive Consortium. Validity of
activity monitors in health and chronic disease: a systematic review. Int J Behav Nutr Phys Act 2012 Jul 09;9:84 [FREE
Full text] [doi: 10.1186/1479-5868-9-84] [Medline: 22776399]

66. Ferguson T, Rowlands AV, Olds T, Maher C. The validity of consumer-level, activity monitors in healthy adults worn in
free-living conditions: a cross-sectional study. Int J Behav Nutr Phys Act 2015;12:42 [FREE Full text] [doi:
10.1186/s12966-015-0201-9] [Medline: 25890168]

67. Bai Y, Welk GJ, Nam YH, Lee JA, Lee J, Kim Y, et al. Comparison of consumer and research monitors under semistructured
settings. Med Sci Sports Exerc 2015 Jul 6;48(1):151-158. [doi: 10.1249/MSS.0000000000000727] [Medline: 26154336]

68. Nelson MB, Kaminsky LA, Dickin DC, Montoye AH. Validity of consumer-based physical activity monitors for specific
activity types. Med Sci Sports Exerc 2016 Aug;48(8):1619-1628. [doi: 10.1249/MSS.0000000000000933] [Medline:
27015387]

69. Westerterp KR. Reliable assessment of physical activity in disease: an update on activity monitors. Curr Opin Clin Nutr
Metab Care 2014 Sep;17(5):401-406. [doi: 10.1097/MCO.0000000000000080] [Medline: 25105926]

70. Zhang SY, Wu JH, Zhou JW, Liang Z, Qiu QY, Xu T, et al. Overweight, resting heart rate, and prediabetes/diabetes: a
population-based prospective cohort study among Inner Mongolians in China. Sci Rep 2016 Mar 31;6:23939. [doi:
10.1038/srep23939] [Medline: 27029423]

71. Kräuchi K, Gompper B, Hauenstein D, Flammer J, Pflüger M, Studerus E, et al. Diurnal blood pressure variations are
associated with changes in distal-proximal skin temperature gradient. Chronobiol Int 2012 Nov;29(9):1273-1283. [doi:
10.3109/07420528.2012.719961] [Medline: 23003124]

72. Maeda Y, Sekine M, Tamura T. The advantages of wearable green reflected photoplethysmography. J Med Syst 2011
Oct;35(5):829-834. [doi: 10.1007/s10916-010-9506-z] [Medline: 20703690]

73. Tudor-Locke C, Barreira TV, Schuna JM. Comparison of step outputs for waist and wrist accelerometer attachment sites.
Med Sci Sports Exerc 2015 Apr;47(4):839-842. [doi: 10.1249/MSS.0000000000000476] [Medline: 25121517]

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 16http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://bmcpsychology.biomedcentral.com/articles/10.1186/s40359-014-0029-0
http://dx.doi.org/10.1186/s40359-014-0029-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25628890&dopt=Abstract
http://dx.doi.org/10.1007/s00228-004-0795-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15300345&dopt=Abstract
http://dx.doi.org/10.1016/j.pcad.2009.05.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19615488&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3377516&dopt=Abstract
http://dx.doi.org/10.1055/s-2001-13816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11414671&dopt=Abstract
http://dx.doi.org/10.1055/s-2001-13816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11414671&dopt=Abstract
http://www.medicographia.com/wp-content/pdf/Medicographia101.pdf
http://www.webcitation.org/

                                            6lXuOIQ44
http://dx.doi.org/10.1055/s-0032-1327661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23175181&dopt=Abstract
http://dx.doi.org/10.1001/jama.2014.17841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25668268&dopt=Abstract
http://dx.doi.org/10.1016/j.ijcard.2015.03.038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25795203&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0118723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25789630&dopt=Abstract
http://www.ema.europa.eu/ema/pages/includes/document/open_document.jsp?webContentId=WC500070039
http://www.ema.europa.eu/ema/pages/includes/document/open_document.jsp?webContentId=WC500070039
http://www.webcitation.org/

                                            6lQUFU1Im
http://www.fda.gov/downloads/Drugs/.../Guidances/ucm070244.pdf
http://www.fda.gov/downloads/Drugs/.../Guidances/ucm070244.pdf
http://www.webcitation.org/

                                            6lQT95Vrm
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3450848&dopt=Abstract
http://europepmc.org/abstract/MED/23669877
http://dx.doi.org/10.1249/MSS.0b013e318299d2eb
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23669877&dopt=Abstract
http://dx.doi.org/10.1111/obr.12021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23398786&dopt=Abstract
http://www.ijbnpa.org/content/9//84
http://www.ijbnpa.org/content/9//84
http://dx.doi.org/10.1186/1479-5868-9-84
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22776399&dopt=Abstract
http://www.ijbnpa.org/content/12//42
http://dx.doi.org/10.1186/s12966-015-0201-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25890168&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0000000000000727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26154336&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0000000000000933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27015387&dopt=Abstract
http://dx.doi.org/10.1097/MCO.0000000000000080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25105926&dopt=Abstract
http://dx.doi.org/10.1038/srep23939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27029423&dopt=Abstract
http://dx.doi.org/10.3109/07420528.2012.719961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23003124&dopt=Abstract
http://dx.doi.org/10.1007/s10916-010-9506-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20703690&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0000000000000476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25121517&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


74. Bonomi AG, Plasqui G, Goris AH, Westerterp KR. Improving assessment of daily energy expenditure by identifying types
of physical activity with a single accelerometer. J Appl Physiol (1985) 2009 Sep;107(3):655-661 [FREE Full text] [doi:
10.1152/japplphysiol.00150.2009] [Medline: 19556460]

75. Staudenmayer J, Pober D, Crouter S, Bassett D, Freedson P. An artificial neural network to estimate physical activity energy
expenditure and identify physical activity type from an accelerometer. J Appl Physiol (1985) 2009 Oct;107(4):1300-1307
[FREE Full text] [doi: 10.1152/japplphysiol.00465.2009] [Medline: 19644028]

76. Trost SG, Wong W, Pfeiffer KA, Zheng Y. Artificial neural networks to predict activity type and energy expenditure in
youth. Med Sci Sports Exerc 2012 Sep;44(9):1801-1809 [FREE Full text] [doi: 10.1249/MSS.0b013e318258ac11] [Medline:
22525766]

77. van Hees VT, Ekelund U. Novel daily energy expenditure estimation by using objective activity type classification: where
do we go from here? J Appl Physiol (1985) 2009 Sep;107(3):639-640 [FREE Full text] [doi: 10.1152/japplphysiol.00793.2009]
[Medline: 19628722]

78. Brandes M, van Hees VT, Hannöver V, Brage S. Estimating energy expenditure from raw accelerometry in three types of
locomotion. Med Sci Sports Exerc 2012 Nov;44(11):2235-2242. [doi: 10.1249/MSS.0b013e318260402b] [Medline:
22776868]

79. Pärkkä J, Ermes M, Korpipää P, Mäntyjärvi J, Peltola J, Korhonen I. Activity classification using realistic data from wearable
sensors. IEEE Trans Inf Technol Biomed 2006 Jan;10(1):119-128. [Medline: 16445257]

80. Brezmes T, Gorricho JL, Cotrina J. Activity Recognition from Accelerometer Data on a Mobile Phone. In: Omatu S, Rocha
MP, Bravo J, Fernández F, Corchado E, Bustillo A, et al, editors. Distributed Computing, Artificial Intelligence,
Bioinformatics, Soft Computing, and Ambient Assisted Living: 10th International Work-Conference on Artificial ...
Computer Science and General Issues). Berlin: Springer; 2009:796-799.

81. Bao L, Intille SS. Activity Recognition from User-Annotated Acceleration Data. In: Ferscha A, Mattern F, editors. Pervasive
computing. Berlin: Springer; 2004:1-17.

82. Bussmann JB, Martens WL, Tulen JH, Schasfoort FC, van den Berg-Emons HJ, Stam HJ. Measuring daily behavior using
ambulatory accelerometry: the Activity Monitor. Behav Res Methods Instrum Comput 2001 Aug;33(3):349-356. [Medline:
11591066]

Abbreviations
AC: alternating current
ACSM: American College of Sports Medicine
bpm: beats per minute
DC: direct current
ECG: electrocardiogram
ISO: International Organization for Standardization
MAPE: mean absolute percentage error
NCD: noncommunicable disease
PPG: photoplethysmography
TOST: two one-sided tests
WHO: World Health Organization

Edited by G Eysenbach; submitted 26.10.16; peer-reviewed by J Parak, R Grainger; comments to author 17.11.16; revised version
received 13.12.16; accepted 03.01.17; published 02.02.17

Please cite as:
Hendrikx J, Ruijs LS, Cox LGE, Lemmens PMC, Schuijers EGP, Goris AHC
Clinical Evaluation of the Measurement Performance of the Philips Health Watch: A Within-Person Comparative Study
JMIR Mhealth Uhealth 2017;5(2):e10
URL: http://mhealth.jmir.org/2017/2/e10/
doi: 10.2196/mhealth.6893
PMID: 28153815

©Jos Hendrikx, Loes S Ruijs, Lieke GE Cox, Paul MC Lemmens, Erik GP Schuijers, Annelies HC Goris. Originally published
in JMIR Mhealth and Uhealth (http://mhealth.jmir.org), 02.02.2017. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in JMIR mhealth and uhealth, is properly

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 17http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://jap.physiology.org/cgi/pmidlookup?view=long&pmid=19556460
http://dx.doi.org/10.1152/japplphysiol.00150.2009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19556460&dopt=Abstract
http://jap.physiology.org/cgi/pmidlookup?view=long&pmid=19644028
http://dx.doi.org/10.1152/japplphysiol.00465.2009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19644028&dopt=Abstract
http://europepmc.org/abstract/MED/22525766
http://dx.doi.org/10.1249/MSS.0b013e318258ac11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22525766&dopt=Abstract
http://jap.physiology.org/cgi/pmidlookup?view=long&pmid=19628722
http://dx.doi.org/10.1152/japplphysiol.00793.2009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19628722&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e318260402b
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22776868&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16445257&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11591066&dopt=Abstract
http://mhealth.jmir.org/2017/2/e10/
http://dx.doi.org/10.2196/mhealth.6893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28153815&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


cited. The complete bibliographic information, a link to the original publication on http://mhealth.jmir.org/, as well as this copyright
and license information must be included.

JMIR Mhealth Uhealth 2017 | vol. 5 | iss. 2 | e10 | p. 18http://mhealth.jmir.org/2017/2/e10/
(page number not for citation purposes)

Hendrikx et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/

