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Abstract

Background: There is strong evidence suggesting that higher levels of cardiorespiratory fitness (CRF) are associated with a
healthier metabolic profile, and that CRF can serve asapowerful predictor of morbidity and mortality. In this context, asmartphone
app based on the 2-km walk test (UKK test) would provide the possibility to assess CRF remotely in individual s geographically
distributed around a country or continent, and even between continents, with minimal equipment and low costs.

Objective: The overall aim of this study was to evaluate the validity and reliability of 2kmFIT-App developed for Android and
iOS mobile operating systems to estimate maximum oxygen consumption (VO2max) as an indicator of CRF. The specific ams
of the study were to determine the validity of 2kmFIT-App to track distance and calculate heart rate (HR).

Methods: Twenty participants were included for field-testing validation and reliability analysis. The participants completed the
UKK test twice using 2kmFIT-App. Distance and HR were measured with the app aswell aswith accurate methods, and VO2max
was estimated using the UKK test equation.

Results: The validity results showed the following mean differences (app minus criterion): distance (—70.40, SD 51.47 meters),
time (—0.59, SD 0.45 minutes), HR (—16.75, SD 9.96 beats/minute), and VO2max (3.59, SD 2.01 ml/kg/min). There was moderate
validity found for HR (intraclass correlation coefficient [| CC] 0.731, 95% Cl —0.211 t0 0.942) and good validity found for VO2max
(ICC 0.878, 95% CI —0.125 to 0.972). The reliability results showed the following mean differences (retest minus test): app
distance (25.99, SD 43.21 meters), app time (-0.15, SD 0.94 seconds), pace (-0.18, SD 0.33 min/km), app HR (4.5, 13.44
beats/minute), and app VO2max (0.92, SD 3.04 ml/kg/min). Therewas good reliability for app HR (ICC 0.897, 95% CI 0.742-0.959)
and excellent validity for app VO2max (ICC 0.932, 95% Cl 0.830-0.973). All of these findings were observed when using the
app with an Android operating system, whereas validity was poor when the app was used with iOS.

Conclusions: This study showsthat 2kmFI T-App isanew, scientificaly valid and reliable tool able to objectively and remotely
estimate CRF, HR, and distance with an Android but not iOS mobile operating system. However, certain limitations such as the
time required by 2kmFIT-App to calculate HR or the temperature environment should be considered when using the app.

(JMIR Mhealth Uhealth 2021;9(1):€14864) doi: 10.2196/14864
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Introduction

Cardiorespiratory  fitness (CRF) indicates the global
cardiovascular, respiratory, and musculoskeletal capacity
required to perform prolonged exercise [1]. There is strong
evidence suggesting that higher levels of CRF are associated
with a healthier metabolic profile [2-4], and that CRF is a
powerful predictor of morbidity and mortality [1,5,6] Giventhe
well-known relevance of CRF to general health status, its
assessment has been strongly recommended in the recent
American Heart Association scientific statement, proposing the
assessment of CRF as a clinical vital sign [7]. Additionally,
CRF assessment is important for testing the success of an
intervention and for monitoring purposes.

The maximal oxygen consumption (VO,max) is an objective
measure of CRF and has been considered to beitsbest indicator
[8]. The American College of Sports Medicine provides
guidelines, including different methods for CRF testing and
ergo spirometry conducted during incremental maximal exercise
tests on treadmills or a cycle ergometer, as these methods are
considered the gold-standard measures of CRF [9]. In this
context, the 2-km walk test (UKK test) is a widely used
field-based battery of fitness tests such as the adult version of
the EUROFIT battery and more recently the ALPHA fitness
test battery for adults [10]. The UKK test has a distinct
characteristic from most other field-based tests aiming to
indirectly estimate VO,max (eg, the 6-min walk test). After
completing the exertion (ie, walking 2 km as fast as possible),
the tester records the time spent (which for a given distance is
ameasure of performance as an indicator of walk speed) plus
the physiological response to that exertion (ie, the heart rate
[HRY]). If either of thesetwo parameters changes, the estimation
of VO,max would aso change, making the test very sensitive
to detect small changes in the CRF level, which is important
for assessing the effectiveness of an intervention for monitoring
purposes. Despite these advantages of the UKK test for
measuring CRF, to properly perform this test, a valid and
reliable HR monitor, stopwatch, and instrument (eg, measuring
tape or GPS) arerequired to measure a2-km route. It would be
very useful and practical if avalid and reliable smartphone app
could replace al of these instruments. Moreover, if a sports
specialist, clinician, or researcher wantsto assessthe CRF level
of several individuals, the individuals requiring the test need to
visit the assessment center, which imposes a geographic limit
as to who can be tested.

In this context, an app based on the UKK test would provide
the possibility to assess CRF remotely for individuals who are
geographically distributed around a country or continent, or
even among those living on different continents, with minimal
equipment and costs. The app would require the calculation of
distance traveled, time, and HR at the end of the walk. To our
knowledge, there is no currently validated app to estimate
VO,max through the equations provided by the devel opers of
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the UKK test [11]. We have also not found any fitness app that
integrates a measure of fitness performance (ie, walking speed
estimated from measuring a 2-km distance and the time spent
to complete it) and the HR measured into an estimation of
VO,max using the camera of a mobile phone, which would
remove the need for an additional monitoring device (eg, HR
chest band).

Notably, some authors have demonstrated the validity of apps
for measuring distance or HR inisolation. For instance, Benson
et a [12] and Gordon et al [13] demonstrated the validity of a
GPS-enabled iPhone app to track exercise distance. In addition,
Martinez-Nicolas et al [14] revised the Runkeeper app and
suggested its suitability for tracking distance. Otherwise, over
the last few years, smartphone apps have gained the ability to
measure HR by detecting the pul se using photoplethysmographic
(PPG) imaging [15]. In this sense, Mitchell et a [16] examined
the accuracy of Instant Heart Rate (Azumio) for pulse rate
measurement, which was compared to that of an FT7 Polar HR
monitor. The app was proven to bevalid and reliable at rest and
immediately postexercise. Likewise, Poh and Poh [17] showed
strong agreement between HR assessments obtained using the
Cardiio app against a Food and Drug Administration—eared
pulse oximeter at rest and after moderate to vigorous exercise.
Based on this background, we decided to develop an app ad
hoc, named 2kmFIT-App, that can unite the measure of the
distancewalked, particularly the 2 km of the UKK test, thetime
needed to complete the 2-km walk, and the HR at the end of
the test using the phone camera.

The overal aim of this study was to evaluate the validity and
reliability of 2kmFIT-App developed ad hoc for Android and
iOS mobile operating systems to estimate VO,max, in
comparison with VO,max calculated following the original
instructions and instruments of the UKK test. The specific aims
of the study were to determine the validity of 2kmFIT-App to
track distance and calculate HR versus a measuring wheel and
HR monitor, respectively.

Methods

Development of 2kmFIT-App

We developed 2kmFIT-App (Figure 1), which is able to track
distance through the GPS of the smartphone, time, and HR using
PPG imaging from the phone camera. The app was created to
run on both major mobile operating systems. Android Studio
2.2.3and Java 1.8 112 were used to develop the Android app,
and the ButterKnife, Timber, Applntro, DBFlow, Saripaar,
Google Maps, CardView, and MPAndroidChart frameworks
(Android Inc, USA) were used to design the required
functionalities of the Android app. Likewise, Xcode 8.3.3 and
Swift 3 were used for the Mac operating system to develop the
iOS app, and the AV Foundation, MapKit, QuartzCore, Charts,
Realm, and PermissionScope frameworkswere utilized to create
the required functionalities of the iOS app.

IMIR Mhealth Uhealth 2021 | vol. 9 | iss. 1 | €14864 | p. 2
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH

Figure 1. Main screens of the 2kmFIT-App Android version.
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Different versions of 2kmFIT-App were developed, both for
Android (versions 1 and 2) and iOS (versions 1, 2, and 3),
aiming to enhance precision in measurements. Finally, the app
was programmed with the equations of Oja et a [18] based on
the origina UKK test and to estimate the VO,max in both
mobile operating systems. The CRF reference values of
Rodriguez et a [19] were also programmed into the app.
2kmFIT-App has been registered in Intellectual Property
Registry (Safe Creative register number 1904040536262). More
detailed information on the structure and content of
2kmFIT-App can be found in Multimedia Appendix 1.

Validation Protocol

Design

The validation evaluation of 2kmFIT-App was performed in
two phases. in-laboratory validation (phase 1) and field-test
validation and reliability (phase 2). A Samsung Galaxy Sll|
Neo (Android 4.4.2) and an iPhone 6s plus (iOS 11.3) were

used for testing 2kmFIT-App during the two phases on the
Android and iOS mobile operating system, respectively.

In-Laboratory Validation (Phase 1)

During this preliminary validation phase, different HR
measurementswere taken with 2kmFI T-App using the Android
(version 1 and 2) and iOS (version 1, 2, and 3) versions, at two
different exercise intensities (rest and moderate intensity). The
HR measurement was tested because it is the most novel and
challenging smartphone feature integrated into the app. In
addition, during the UKK test, HR is taken only when the
participant reaches the end of the 2-km walk. The objective of
thisfirst phase was to ensure that 2kmFIT-App could measure
HR at the end of thetest with areasonable margin of error. One
member of the research group examined the accuracy of
2kmFIT-App for HR measurement using both mobile operating
systems under three different conditions: at rest, and with
moderate and high exercise intensities. Additionally, four
commercial i0S-based HR apps available in the App Store
market were also tested to gather information on the accuracy
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of existing HR apps and to compare the HR accuracy of our
developed app (see Multimedia Appendix 1 for detailed
information).

Field Test Validation and Reliability (Phase 2)
Operating System

The second phase examined the validity and reliability of
2kmFIT-App using only the Android mobile operating system
(version 2) in field conditions with 20 study participants. The
iOS version of 2kmFIT-App was determined to have poor
accuracy for HR measurement at rest and at medium intensity,
and was therefore not included in phase 2. Accordingly, all

findings presented herein refer only to the app running on the
Android operating system.

Study Design and Participants

In this second phase, we used a cross-sectional design to test
the validity of 2kmFIT-App by comparing the results obtained
through the app data against criterion measures (UKK test).
Additionally, we developed a test-retest design for testing its
reliability in arepeated-measures analysis. A convenient sample
of 20 healthy adults (25% female), who were mainly students
from the University of Granada (Spain), were recruited for this
study. We estimated the sample size needed for detecting
correlation coefficients between the HR and VO,max assessed
with the app and with the criterion methods equal to or higher
than 0.7, with astandard a error of 5%. Our power calculation
model showed that with 17 participants we would have 95%
power to detect the expected correl ations between methods. We
finally included 20 participantsto have some additional residual
power. The study was approved by the Human Research Ethics
Commission of the University of Granada (ref: 280/CEIH/2017)
and abides by the bioethical principles set out by the Declaration
of Helsinki. Participants received information about the
characteristics of the study and data management. Participants
also provided written informed consent to participate in the
study. Datafrom the volunteerswereincluded in adatabase and
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were protected according to Spanish Law 15/1999 of December
13, 1999.

Instruments

A professional TM 12 measuring wheel from Top Measure was
considered an accurate criterion measure for distance on the
inner line of an athletic track. Criterion HR measurementswere
collected by an RS300X HR monitor from Polar (Kempele,
Finland) and a smartphone was used as a stopwatch reference
(LG G2 Mini, Android version 5.0.2). Weight (kg) and height
(m) were obtained in one step using an electronic scale with an
integrated stadiometer (Seca 769 scale with Seca 220
stadiometer, Hamburg, Germany) without shoes, in light
clothing, and the Frankfort plane. BMI was calculated using
the formula of weight/height? (kg/m?). 2kmFIT-App was used
during the performance of the UKK test asthe instrument to be
validated (see Multimedia Appendix 1 for afull description of
the 2kmFIT-App structure and content).

Testing Protocol

The test was performed by the participant from 9 AM to 5 PM
on an athleticstrack made of an artificial surface of polyurethane

Muntaner-Mas et al

in an outdoor setting. The weather was mainly sunny, and
temperatures ranged between 8°C and 26°C. All measureswere
collected from March 6 to 22, 2017 at the Faculty of Sports
Sciences of the University of Granada (Granada, Spain).
Participants performed the test twice (test-retest) with a 1-week
interval between assessments. Before starting measurements,
the experimental protocol was individually explained to
participants, and then their weight and height were measured
immediately afterward. The participants were then asked to
wear the Polar RS300X watch and the chest strap. A user profile
was created, and the name of the participant, along with their
gender, birth date, weight, and height were entered into the
“users’ section of 2kmFIT-App.

HR Instructions

At the starting line of the test, participants were instructed on
how to perform a valid HR measurement with 2kmFIT-App
following the instructions shown in Textbox 1. Once the
participantsfelt familiar with the process and obtained two valid
HR measures with the app, they were considered to be
sufficiently trained to perform the UKK test.

Textbox 1. Instructions for heart rate (HR) measurement using 2kmFIT-App.

Stay standing, relax, and breathe normally.
Try not to swallow while measuring.
Place the index fingertip vertically on the camera.

Do not apply excessive pressure.

Keep the phone stable until the HR measurement ends.

© N o g M W DN P

recovery.

Try not to move your finger, and apply constant pressure on the camera lens.

Tap the button (with your other hand) on the screen to start the HR measurement and at this moment the camera's flashlight will turn on.

When finishing the walked distance, it is recommended to tap the camera lens with the finger as quickly as possible to reduce the time of HR

9. If thefingertip or ambient temperature is cold, the use of gloves during the walked distance is recommended.

UKK Test Instructions and Procedures

The tester reminded the participants of the instructions for
performing the test following the origina protocols and
recommendations [18]. The app was then initialized (Figure
1A) and the UKK test was started. The distance was tracked
using the app’s GPS feature (Figure 1B). When the participants
approached the 2-km mark (1.8 km), the app emitted three beeps
indicating that the test will soon be complete, and participants
had to get ready for HR measurement using the smartphone
camera. The app then indicated the end of the test with another
audio signal. At this moment, the participants stopped walking
and measured their HR using 2kmFIT-App, as detailed in the
“HR instructions’ section (Figure 2). Once 2kmFIT-App
finished the HR measurement, the following outcomes were

http://mhealth.jmir.org/2021/1/e14864/

collected from the app: time spent to complete the test (ie, as 2
km estimated by the app), HR at the end of thetest, and VO, max
calculated by 2kmFIT-App. For the HR measurement, the tester
also noted the outcomes obtained using criterion instruments
on the provided datasheet. The outcomes were the three times
recorded from the stopwatch (TO, T1, T2) and HR measured by
the Polar monitor at three separate moments: PO, at the end of
thewalk (at the moment the final beep emitted by the app); P1,
when the app started to measure HR; and P2, when the HR
measurement was completed and shownin the app. 2kmF T-App
took an average of 25.85 (SD 0.98) seconds to obtain HR
measurements. Finaly, the criterion VO,max was calculated
using the original equations of the UKK test and al of the
criterion measures [11].
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Figure 2. Correct placement of the index fingertip on different locations of the camera lens to obtain a correct heart rate measurement by

photoplethysmographic imaging.

Statistical Analysis

For the field-test validation and reliability (phase 2), the data
of the UKK test from the 20 participants in total (2 trids) are
presented as the mean (SD). A one-sample t test was used to
evaluate whether the mean difference (ie, systematic error)
between the app criterion measures was significantly different
(P<.05) from zero (reference). The mean absolute percentage
error (MAPE) was also cal cul ated as the mean difference of the
2kmFIT-App outcome minus the respective criterion outcome
(x100/mean criterion outcome). To complement this analysis,
the intraclass correlation coefficient (ICC) was calculated
between the criterion and 2kmFIT-App measurements, and
between thetest and rest. Interpretation of | CC val ueswas based
on standardized guidelines, in which a value less than 0.5
indicates poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.9 indi cate good
reliability, and values greater than 0.90 indicate excellent
reliability. Additionally, the Pearson product-moment correlation
coefficient was cal culated and linear regressionswere performed
to analyzethe validity of 2kmFIT-App with criterion references
and test-retest reliability. The agreement between the traditional
UKK test and 2kmFI T-App measures was examined using the
Bland and Altman method [20]. The mean difference (error)
and 95% limits of agreement (error, 1.96 SD) were calculated.

http://mhealth.jmir.org/2021/1/e14864/
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Results were graphically examined by plotting the differences
against their mean. Bland-Altman analysiswas performed with
SigmaPlot 12.5 for Windows. Statistica analyses were
performed using the Statistical Package for the Social Sciences
softwareversion 23.0 (SPSSInc, Chicago, IL, USA). Thelevel
of statistical significance was set at P<.05.

Results

Participants Characteristics

Twenty participants were included in phase 2 for field-test
validation and reliability analysis. Of note, 6 participants (from
thetest and retest) were excluded due to the following reasons:
the participant failed to place thefingertip in the correct position
when measuring (n=1), the smartphone did not provide data
(n=2), or the smartphone froze during the test (n=3). Therefore,
16 men and 4 women ranging in age from 19 to 29 years (mean
24.96, SD 2.33 years) wereincluded in the analysis. Descriptive
characteristics of the participants are shown in Table 1, and
their 2-km walk UKK test and retest results are shown in Table
2. During phase 1, only the Android version of 2kmFIT-App
showed accuracy in HR measurement at medium intensity;
therefore, no dataare shown for iOSin phase 2 (see Multimedia
Appendix 1 for these results).

JMIR Mhealth Uhealth 2021 | vol. 9| iss. 1| e14864 | p. 5
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH Muntaner-Mas et &

Table 1. Characteristics of the sample (N=20).

Characteristic Mean (SD)
Age (years) 24.96 (2.33)
Weight (kg) 69.73 (10.52)
Height (m) 1.74(0.07)
BMI (kg/m?) 23.03 (2.29)

Table 2. Test and retest results of the 2-km walk UKK test (N=20).

Variable Overall (test and retest), mean (SD)  Test, mean (SD) Retest, mean (SD) P value®
Outside temperature (°C) 15.80 (3.28) 18.40 (4.32) 13.20 (4.58) .001
App distance? (meters) 1942.60 (38.31) 1929.61 (51.47) 1955.60 (34.91) 01
Pace (min/km) 8.29 (0.88) 8.37 (0.90) 8.20 (0.88) .03
Time (minutes)

Criterion® 16.57 (1.75) 16.75 (1.79) 16.39 (1.77) .03

App® 16.09 (1.82) 16.16 (1.93) 16.02 (1.83) 50
Time (seconds)

PO-P2° 25.85 (4.99) 25.40 (6.48) 26.30 (5.89) 59

p1-pot 19.24 (4.95) 18.78 (5.87) 19.70 (6.34) 57
Heart rate (beats/minute)

Criterion POY 142.08 (17.37) 142.35 (16.54) 141.80 (19.48) 81

Criterion P1" 139.90 (17.66) 140.65 (16.77) 139.15 (19.92) 53

Criterion P2 125.90 (19.78) 127.55 (16.84) 124.25 (23.89) 23

App 123.35 (21.49) 125.60 (18.32) 121.10 (26.05) 15
VO,max® (ml/min/kg)

Criterion PO 38.71 (5.17) 38.16 (5.27) 39.27 (5.20) 007

Criterion P1' 38.95 (5.25) 38.35(5.29) 39.56 (5.35) 004

Criterion P2 40.49 (5.71) 39.79 (5.73) 41.20 (5.87) .006

App" 42.21 (5.93) 41.75 (6.06) 42.67 (6.18) 19

3pajred-samplest test between test and retest.

bReal distance at which the test measured by means of the app ends.

CEstimated time of the UKK test if mean walking speed up to 2 km as measured by the criterion method would have been maintained.
%Time taken to perform the test measured by the app.

€P0-P2: time difference between the final beep emitted for the app and showing the heart rate on the app screen.

fP1-P2: time difference between the start of heart rate measurement and the end of heart rate calculation by means of the app.

9Polar heart rate immediately when the test finished.

PPolar heart rate when starti ng the measurement with the app.

iPolar heart rate at the end of the measurement with the app.

IHeart rate measured by the app at the end of the test.

kVOzmax: maximum oxygen consumption.

ICriterion VOomax PO, P1, and P2: VO,max estimated with the hypothetical arrival at the UKK test finish line considering walking speed and heart
rate at PO, P1, and P2, respectively.

IVOzmax estimated by the app calculation.
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Validity
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distance, time, and HR were underestimated by the app, and
conseguently overestimated VO, max. The systematic error was

significantly different from zero for all studied outcomes

Table 3 shows the mean differences among app minus criterion  (P<.001) except for HR at P2. In addition, there was moderate

measureswithintheapp, along withthel CC and MAPE values,  validity found for HR at PO and good validity found for VO,max
which express accuracy as a percentage of the error. Of note, 4 po pased on the ICC.

Table 3. Validity of 2km FIT-App (Android version) in comparison with criterion measures (UKK test).

Outcomes 2kmFIT-App mea-
sure, mean (SD)

Criterion measure
(UKK test), mean
(SD)

Difference (@pp—cri- pa  MAPEP (%)  1CCC (95% Cl) rd
terion), mean (SD)

Distance (meters) 1929.6 (51.47)
Time (min) 16.16 (1.93)
Heart rate (beats/minute)

pof _pod  N/A

p2-pt"  NA

P2 125.60 (18.32)

VO,max' (ml/min/kg)

P2-P0 N/A
P2-P1 N/A
P2 41.75 (6.06)

2000.0 (0.00)

16.75 (1.79)

142.35 (16.54)
140.65 (16.77)

127.55 (16.84)

38.16 (5.27)
38.35 (5.29)
39.79 (5.73)

—70.40 (51.47) <001 -352 N/A®

-0.58 (0.44) <001 -358 0.971(0.928-0.988)  0.97
~16.75 (9.96) <001 -11.77 0.731(-0.211t00.928) 0.84
~15.05 (9.56) <001 -10.70 0.770(-0.197t0.0939) 0.86
~1.95 (7.83) 28  -153 0.947 (0.869-0.979)  0.90
3.59 (2.01) <001 941 0.878(-0.125t00.972) 0.95
3.40 (2.03) <001 888 0.887(-0.102t00.974) 0.94
1.96 (1.89) <001 493 0.948 (0.569-0.986)  0.95

%0ne-sample t test: the intertrial difference was entered as a dependent variable; the P value indicates whether the mean difference is significantly

different from O for all measures.

bMAPE: mean absolute percentage error; calculated as ([study outcome — criterion measure]/criterion measure) x 100.
CICC: intraclass correlation coefficient; model two-way mixed and single measures.

Ypearson correlation coefficient.
EN/A: not applicable.

"Polar heart rate when the measurement of the app is completed and shown.
9Polar heart rate immediately when the test finished.

PPolar heart rate when starti ng the measurement with the app.
iVOzmax: maximum oxygen consumption; estimated with the hypothetical arrival at the UKK test finish line considering walking speed and heart rate

at PO, P1, and P2, respectively.

Figures3and 4, and Figures S1 and S2 in MultimediaAppendix  2kmFIT-App against criterion measures. The MAPE (Table 3)
1 show the Bland-Altman plots used to evaluate the agreement  revealed that 2kmFIT-App underestimated distance, time, and
between the estimated HR and VO,max measured through HR at PO, and consequently overestimated VO,max at PO.
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Figure 3. Agreement and regression plots for heart rate as measured by the app (2kmFIT-App, Android version) versus criterion. In the Bland-Altman
plot, the central line represents the mean difference (systematic error) and the upper and lower dotted lines represent the 95% limits of agreement (mean
difference, SD 1.96 of the differences). Criterion HR PO: polar HR taken immediately when the test finished; R: Pearson correlation coefficient; R2:
coefficient of determination; bpm: beats per minute.
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Table 4. Reliability of 2kmFIT-App (Android version) based on test-retest analysis with the app.

Variable Test, mean (SD)  Retest, mean (SD) Difference (retest  p g ue? ICCP (95% CI) rc
— test), mean (SD)

Distance (meters) 1929.61 (51.47)  1955.60(34.91)  25.99 (43.21) .01 0.620 (0.077- 0.56
0.848)

Time (minutes) 16.16 (1.93) 16.02 (1.83) -0.15(0.94) .50 0.935 (0.839- 0.88
0.974)

Pace (min/km) 8.37 (0.90) 8.20 (0.88) -0.18 (0.33) .03 0.957 (0.870- 0.93
0.984)

Heart rate P2Y (beats/minute) 125.60 (18.32) 121.10 (26.05) -4.5(13.44) 15 0.897 (0.742- 0.87
0.959)

VO,max P2¢ (ml/kg/min) 41.75 (6.06) 42.67 (6.18) 0.92 (3.04) 19 0.932 (0.830- 0.88
0.973)

%0ne-samplet test.
biCC: intraclass correlation coefficient.
Cr: Pearson correlation coefficient.

YHeart rate P2: Polar heart rate when the measurement of the app is completed and shown.
&/0,max P2: maximum oxygen consumption considering polar heart rate when the measurement of the app is completed.

Discussion

Principal Findings

The objective of this study was to analyze the validity and
reliability of a smartphone app (2kmFIT-App) for measuring
distance, HR, and CRF using Android and iOS mobile operating
systems. 2kmFIT-App was demonstrated to be valid and reliable
with the Android mobile operating system for measuring CRF,
HR, and distance in comparison with CRF estimated by the
UKK test, HR measured by a standard Polar HR monitor, and
distance measured with a measuring wheel, respectively. First,
our validity analysis revealed that 2kmFIT-App (Android,
version 2) underestimated distance (—70.40 meters) and HR
(-1.95 beatgminute), and overestimated VO,max (3.59
mi/min/kg) with an ICC higher than 0.73 for al variables.
Second, test-retest reliability showed that 2kmFIT-App
(Android, version 2) overestimated distance (25.99 meters) and
VO,max (0.92 ml/min/kg), but underestimated HR (4.5
beats/minute). Third, the iOS version of 2kmFIT-App did not
obtain accurate measures of HR at medium exercise intensity,
thereby its field-test validation and reliability were not further
investigated. Collectively, our investigation highlights the
potential of 2kmFIT-App asanew and portable devicefor safely
measuring CRF with a low margin of error in the Android
mobile operating system.

In-Laboratory Validation (Phase 1)

One of the mgjor challenges of thisinvestigation wasthe validity
of 2kmFIT-App iOS versions to measure HR. None of theiOS
versions we developed achieved precise HR measurements at
medium exercise intensities. This lack of accuracy was also
found when we tested other commercially available iOS-based
HR apps (see Multimedia Appendix 1). This finding concurs
with the study of Bouts et al [21] who did not find strong
correlations between an electrocardiogram and two iOS-based
HR apps (Instant Heart Rate: HR monitor; Runtastic Heart Rate
Monitor). More significant biasin HR measurement was found

http://mhealth.jmir.org/2021/1/e14864/

at medium exercise intensities. Although identifying the
technological reason for thiserror is complex, we can speculate
ajustification for this outcome. The iPhone 6 and later models
include ahybrid infrared radiation filter. Thisfilter is designed
to reflect or block infrared wavelengths and is usually used to
enhance poor lighting conditions. In resting conditions, the
difference between oxygenated (red color) and deoxygenated
(blue color) blood is low; however, during medium or higher
exercise intensities, the contrast becomes higher. Therefore, a
possible hypothesisisthat the hybrid infrared filter preprocesses
the finger image captured (diminishing the contrast between
oxygenated and deoxygenated blood), which increasesnoisein
the measurement of HR. Specifically, it could be assumed that
themorevariability in the blood volume, which occurs at higher
frequencies of HR, the greater the measurement error will be.

Field Test Validation and Reliability (Phase 2)

Our results revealed high levels of agreement between
2kmFIT-App and criterion references, with an 1CC ranging
from 0.73 to 0.97. Although ICC and r values suggested good
validity, we also found a systematic error. The criterion-related
validity analyses suggested that the app measure of distance
provided lower values than the criterion distance, which could
be interpreted as a dlight underestimation. Specifically,
2kmFIT-App underestimated the distance by 70.40 meters,
demonstrating a<4% MAPE from thereference (2 km). Similar
to this finding, Benson et al [12] obtained an underestimation
of 80 meters (trial 1) and 49 meters (trial 2) with the Motion X
GPSTM app against sport-specific global GPS with a criterion
distance of 2.4 km. The systematic error between repeated
mesasures (reliability) taken through 2kmFI T-App demonstrated
arelatively low error in the distance (25.99 meters). Of note,
our investigation was performed in an open-air area (on an
athletic track); however, some aspects such as the relatively
dense environment (eg, tall buildings, dense vegetation, urban
canyons), the manner of carrying the smartphone (pocket or
arm), and walking in a straight line or making circles might
influence satellite fixing, and therefore precision in distance
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measurement [22]. Despite these variables, theinterest in using
apps as stand-alone physical activity monitors is increasing
[23]; thereby, our app has proven accuracy in track distance,
indicating its validity for determining the walked distance.

2kmFIT-App showed a high degree of validity for measuring
HR against Polar RS300X at the end of the UKK test. The
systematic error between the app HR and criterion HR at P2
was —1.95 beatsminute, indicating an underestimation of the
app with a MAPE <2%. The accuracy of 2kmFIT-App was
equivalent regardless of the HR at which the UKK test was
finished. Moreover, it is worth mentioning that absolute
differences over 20 beats/minute were not observed in any
measurement, and only 14.63% (6 measures) reached a
difference of up to 10 beats/minute. These resultsdo not concur
with those of Coppetti et a [24] who found more than 20%
absolute differences at over 20 beats/minutes using some
commercialy available apps. Furthermore, in contrast to our
data, Coppetti and colleagues showed an overestimation for the
Instant Heart Rate app (4.52 beats/minute) and Heart Fitness
app (1.96 beats/minute) measured at resting conditions.
Nevertheless, our results arein line with those of Yan et a [25]
who found dlight underestimation by the Cardiio smartphone
app at different exercise intensities, thereby confirming our
findings.

The reliability results (retest minus test) indicated the good
reliability of 2kmFIT-App with an ICC of 0.89. Of note, this
study was conducted under uncontrolled light and temperature
conditions, which might have influenced the absorbed and
reflected light by the blood and finger tissues, and in turn
increased the measurement error [26]. Thus, using our app in
relatively controlled light and temperature environments could
achieve more valid results. Although 2kmFIT-App was proven
to be a portable and cost-effective tool for monitoring HR in
resting and postexercise conditions, such influencing factors
should be considered when using the app.

The most salient finding of this study isthat the Bland-Altman
graph showed valuable information about the high level of
agreement for app VO,max at P2 against VO,max estimated
by the UKK test, as revealed by the ICC (0.94) and MAPE
(4.93%). Furthermore, the accuracy of the app VO,max at P2
was the same regardless of the VO,max obtained at the end of
the test. In addition, the criterion-related validity analyses
suggested that app VO,max at P2 provides higher values than
the criterion, which was interpreted as an overestimation.
According to the UKK test guide, walking time is the most
important factor affecting the results of the test. In this sense,
2kmFIT-App underestimated the time by an average of 0.58
minutes, which provides one possible explanation for the
overestimation. Another important aspect that likely contributed
to the measurement error of app VO,max is HR. 2kmFIT-App
took an average of 25.85 seconds to measure HR from the end
of the test (time at PO —time at P2), and during that time the
HR fell 16.18 beatsminute on average with 59.46% variation
(between participants). Thus, the time needed for measuring
HR through 2kmFIT-App is the mgor drawback to be
recognized in our investigation. Nevertheless, this limitation
could be improved with two actions. decreasing the
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measurement time of HR by 2kmFIT-App (ie, improving
smartphone technol ogy) and applying a correction factor to the
equation for estimating app VO,max. In this context, the
equation VO,max corrected=2.24 + 0.89 x X can be used to
solve the overestimation of 2kmFIT-App in determining the
CRF, in which X is the estimated VO,max when using the
criterion methods recommended in the original UKK test.

Moreover, reliability analyses revealed excellent agreement
(1CC=0.93) within trials (retest minus test) of app VO,max.
These results suggest the suitability of 2kmFIT-App for
monitoring changesinintervention studieswith asmaller margin
of error, in which precise measurements are needed. Similarly,
Brookset al [27] demonstrated thereliability of the SA-6MWT
app to measure exertional capacity using the 6-minute walk test.
However, 2kmFI T-App is the only app that is currently able to
estimate VO,max considering a single physiological measure
(HR).

There is no doubt that apps have great potential in clinical and
research settings [28]; however, they may not always have an
acceptable margin of error. Therefore, researchers, clinicians,
and sports specialists should demand scientific validation of
apps. In this context, the risk of CRF testing should also be
considered, especially in maximal tests. Thus, an app using a
submaximal test to estimate CRF is a safer choice, especially
whentesting isnot supervised. 2kmFI T-Appisthefirst validated
app for this purpose that is capable of being self-administered
and to remotely monitor CRF, making it suitable for most
people. Although 2kmFIT-App is suitable for the genera
population, it can be an especially powerful tool for the
prevention and management of cardiovascular disease risk
factors[29].

Limitationsand Strengths

A limitation of our study is the time required by 2kmFIT-App
to calculate HR immediately at the end of the 2-km walk. This
fact leads to adecrease in HR (recovery) and resultsin aslight
overestimation of VO,max. Moreover, there were some
occasional technical issues that should be recognized, such as
app freezing or reduced blood circulation in the fingers when
acolder temperature could influence data collection. In addition,
as a common feature of device-based experiments, the
participantswere aware of the device worn and the study design,
and therefore were not blinded. Additionally, 2kmFI T-App was
tested with specific Android hardware, whereas other
smartphones with different hardware but the same operating
system might potentially present different results. The
gold-standard methods to measure HR and VO,max were not
used in thisinvestigation, since our goal wasto test whether we
could tranglate the original UKK test protocol to a smartphone
version, and therefore we followed the instructions of the
origina protocol. The validity of the UKK test to estimate
VO,max against gasanalyzed in laboratory conditionshasbeen
proven elsewhere [11,18,30,31]. However, to our knowledge,
2kmFIT-App isthefirst native app capable of estimating CRF,
including a physiological measure (HR), after exercise using
PPG technology. The high reliability shown by 2kmFIT-App
to estimate CRF, HR, and distance should be recognized as a
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strength. The possibility of self-administering thistest anywhere
in the world and at any time makes 2kmFIT-App a powerful
tool for public health.

Conclusion

Muntaner-Mas et al

and remotely estimating CRF, HR, and distance with a low
margin of error in the Android, but not in the iOS, mobile
operating system. Given the high reliability achieved,
2kmFI T-App can be used for measuring and monitoring changes

precisely with an Android phone. The utility of this app would
not only be for the scientific field but also for the millions of
peoplewho currently perform physical exercise at arecreational
level (not professionally) and want to track their level of CRF.

Theresults of this study provide important messages for sports
specialists and health care professionals. 2kmFIT-App isanew
and scientifically validated tool that is capable of objectively
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PPG: photoplethysmography
UKK test: 2-km walk test
VO2max: maximal oxygen consumption
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