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Abstract

Background: Smartphone apps for heart rate variability (HRV) measurement have been extensively developed in the last
decade. However, ultra—short-term HRV recordings taken by wearabl e devices have not been examined.

Objective: Theaims of thisstudy werethefollowing: (1) to comparethe validity and reliability of ultra—short-term and short-term
HRV time-domain and frequency-domain variables in a novel smartphone app, Pulse Express Pro (PEP), and (2) to determine
the agreement of HRV assessments between an el ectrocardiogram (ECG) and PEP.

Methods: Intotal, 60 healthy adults were recruited to participate in this study (mean age 22.3 years [SD 3.0 years], mean height
168.4 cm [SD 8.0 cm], mean body weight 64.2 kg [SD 11.5Kkg]). A 5-minute resting HRV measurement was recorded via ECG
and PEP in a sitting position. Standard deviation of normal R-R interval (SDNN), root mean square of successive R-R interval
(RMSSD), proportion of NN50 divided by the total number of RR intervals (pNN50), normalized very-low—frequency power
(nVLF), normalized low-frequency power (nLF), and normalized high-frequency power (nHF) were analyzed within 9 time
segments of HRV recordings: 0-1 minute, 1-2 minutes, 2-3 minutes, 3-4 minutes, 4-5 minutes, 0-2 minutes, 0-3 minutes, 0-4
minutes, and 0-5 minutes (standard). Standardized differences (ES), intraclass correlation coefficients (ICC), and the Spearman
product-moment correlation were used to compare the validity and reliability of each time segment to the standard measurement
(0-5 minutes). Limits of agreement were assessed by using Bland-Altman plot analysis.

Results. Compared to standard measuresin both ECG and PEP, pNN50, SDNN, and RM SSD variables showed trivial ES (<0.2)
and very large to nearly perfect ICC and Spearman correlation coefficient values in all time segments (>0.8). The nVLF, nLF,
and nHF demonstrated avariation of ES (from trivial to small effects, 0.01-0.40), |CC (from moderate to nearly perfect, 0.39-0.96),
and Spearman correlation coefficient values (from moderate to nearly perfect, 0.40-0.96). Furthermore, the Bland-Altman plots
showed relatively narrow values of mean difference between the ECG and PEP after consecutive 1-minute recordingsfor SDNN,
RMSSD, and pNN50. Acceptable limits of agreement were found after consecutive 3-minute recordings for nLF and nHF.

Conclusions; Using the PEP app to facilitate a 1-minute ultra—short-term recording is suggested for time-domain HRV indices
(SDNN, RMSSD, and pNN50) to interpret autonomic functions during stabilization. When using frequency-domain HRV indices
(nLF and nHF) viathe PEP app, arecording of at least 3 minutes is needed for accurate measurement.
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Introduction

Background

Smartphone apps are recognized as convenient tools for our
daily life activities in modern society. For health and fitness
issues, there is an increasing number of smartphone users that
utilize multiple free mobile phone apps to assess biosignals
[1,2], psychological functions [3,4], and social behaviors in
daily routines. Specific to healthy lifestyle promotion for
cardiovascular functions, using a smartphone or smartwatch to
monitor autonomic nervous system activitiesthrough heart rate
(HR) and HR variability (HRV) is accessible and economical
[5,6].

HRV isaphysiological marker of cardiac autonomic responses
that can be detected by recording heartbeat intervals over time.
Assessment of daily HRV can provide useful information for
understanding cardiac health with regards to labor force
workload [7], mental conditions[8,9], and fitness status[10,11].
In general, the conventional methodol ogy involves recording a
5-minute short-term HRV measurement, followed by a5-minute
stabilization [12].

Ultra=Short-Term HRV Studies

Recently, ultra—short-term recordingsfor HRV assessment have
received notable attention in cardiovascular medicine [13-15],
metabolic disease [16], cognitive function [8,9], exercisetesting
[17-19], and sports training [11,20] studies due to the time
efficiency it offers to both patients and practitioners.
Ultra—short-term recording only requires R-R intervals of less
than 60 seconds. Excellent limits of agreement and
reproducibility of 1-minute ultra-short recordings of root mean
sguare of successive R-R intervals (RMSSD) measurements
were observed during a 5-minute stabilization period in an
athletic population [11,21]. However, the methodological
considerations of ultra—short-term HRV assessment have not
been extensively explored in the literature. For example, a
shorter time segment of less than 1 minute tended to increase
measurement errors when RMSSD was log-transformed
(INRMSSD) [18].

Study Objectives

Today, several HRV smartphone apps have been developed to
evaluate autonomic health by using photoplethysmography
[19,22,23]. However, the compatibility of
photoplethysmographic detection islimited by physical contacts
between recording locations and mobile sensors. Thus, our
research group recently developed a free mobile app, Pulse
Express Pro (PEP), which is compatible with wearable HR
sensors and has Bluetooth functionality. The wirel ess app might
provide an option to clients and practitioners using mobile
phone-based HRV assessment. Therefore, the first aim of this
study was to compare the degree of validity and reliability of
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ultra—short-term and short-term HRV recordings of the
time-domain (standard deviation of norma R-R intervals
[SDNN], RMSSD, and the proportion of NN50 divided by the
total number of RR intervals [pNN50]) and frequency-domain
(normalized very-low—frequency power [nVLF], normalized
low-frequency power [nLF], and normalized high-frequency
power [nHF]) variables with standard 5-minute assessment
using a novel smartphone app, PEP. The second aim of this
study was to determine the agreement of ultra—short-term and
short-term HRV assessments by electrocardiogram (ECG) and
PEP. We hypothesized that ultra—short-term HRV indiceswould
show less valid and reliable measurements than that of
short-term HRV indicesfor frequency-domain variables but not
for time-domain variables.

Methods

Recruitment

In total, 60 healthy adults were recruited for this study (aged
22.3 [3.0] years, 168.4 [SD 8.0] cm tall; body weight: 64.2
[11.5] kg). Inclusion criteriawere healthy adults aged between
20 and 30 vyears. Exclusion criteria included current
neurological, cardiovascular, and metabolic diseases. All
participants signed an informed consent form and were
familiarized with experimental procedures. The participants
were requested to avoid vigorous exercise 24 hours beforevisits
and to avoid caffeine-containing substances and smoking 2
hours before the experiments. This study was approved by the
Human Ethics Committee of University of Taipel
(IRB-2019-005) and was conducted according to the Declaration
of Helsinki and its later amendments.

Sample size was determined based on convenience and post
hoc power analysis using dependent t tests carried out in
G*Power [24]. A sample size of 60 participants demonstrated
a 97% chance of obtaining a significant outcome measure at
P<.05 with a moderate effect size (d=0.50).

Experimental Procedure

The height and weight of each participant were measured during
the first visit using a portable stadiometer (Seca 213, SECA)
and electrical weight scale (Xyfwt382, Teco). At the second
visit, 5-minute resting HRV data were collected in a sitting
position. The ECG signalswith conventional lead |1 arrangement
were set for reference, while a portable Polar HR monitor (H7,
Polar Electro) was placed on the participant’s chest for HR
detection (Figure 1). A smartphone (PRA LX2, Huawei) with
the PEP app [25] was used to record HRV signalsviaBluetooth.
The participantswereinstructed to breathe spontaneoudly during
the HRV recording. The measurements were taken in a quiet
and spacious room between 8 AM and 12 PM. Room
temperature and humidity were controlled at around 25 °C and
70%-80%, respectively.
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Figure 1. Illustration of the experimental setting and testing position.

HRV Recording

All participants were requested to maintain a sitting position
during ECG recording. A multichannel biosignal recorder
(MP160, Biopac Systems) with conventional lead 11 arrangement
(MEC110C, Biopac Systems) was set for ECG recordings, while
atelemetric HR monitoring device was used to record theresting
HRV (H7, Polar Electro) via a customized smartphone app,
PEP. The sampling rate of the ECG recording was set at 1000
Hz. The HRV datawas exported to Google Drive and extracted
to a personal laptop for data analysis. Kubios HRV Premium
analysis software (Version 3.2; Kubios) was used to calculate
SDNN, RMSSD, pNN50, nVLF, nLF, and nHF parameters.
The SDNN, RMSSD, and pNN50 were calcul ated by using the
standard formulas for time-domain analysis [12]. In addition,
the power spectra of RR intervals were calculated by means of
Fast Fourier Transformation (FFT) for frequency-domain
analysis. The bands of VLF, LF, and HF ranges were set as
0-0.04 Hz, 0.04-0.15 Hz, and 0.15-0.4 Hz, respectively [12].
The normalized powers of VLF, LF, and HF were used as the
autonomic indices of the participants. The formulasto calculate
the normalized powers of VLF, LF, and HF bands were as
follows [26-28], with nu standing for normalized unit:

nVLF[nu] = VLF (ms) / total power (ms?) x 100 (1)
nLF[nu] = LF (ms) / total power (ms?) x 100 (2)
nHF[nu] = HF (ms?) / total power (ms?) x 100 (3)

Strong artefact correction and smoothing priors set at 500\
were used for HRV analysis to minimize the interference from
Bluetooth transmission and the artefact resulting from physical
contact between the chest strap and the skin [29,30]. The time
segments of HRV recordings were divided into 0-1 minute, 1-2
minutes, 2-3 minutes, 3-4 minutes, and 4-5 minutes for
ultra—short-term HRV recordings and 0-2 minutes, 0-3 minutes,
0-4 minutes, and 0-5 minutes (standard) for short-term HRV
recordings.
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Statistical Analysis

Statistical analyses were conducted using SPSS Statistics
(Version 25.0; IBM Corp) and Microsoft Excel 2013 (Microsoft
Corp). Descriptive data of the measured variables are presented
as median and interquartile range (25%-75%). Magnitude of
difference and agreement of HRV indicesin all time segments
(with the 5-minute criterion as a reference) were analyzed by
using the standardized differences of variables (effect size: ES),
Cohen d. The ES was interpreted as trivial (0.0-0.2), small
(0.2-0.6), moderate (0.6-1.2), large (1.2-2.0), and very large
(>2.0) [31]. Interms of validity and reliability between the ECG
and PEP assessments, intraclass correlation coefficients (1CC)
with a two-way random model and single measure were used
to determine the relative values of reliability. The ICC values
were expressed as small (0.0-0.3), moderate (0.31-0.49), large
(0.50-0.69), very large (0.70-0.89), and nearly perfect (0.9-1.0)
[31]. The correlation coefficient between the ECG and PEP was
assessed by using the Spearman rank correlation (r). The level
of the correlation coefficients was determined astrivia (r<0.1),
small (0.1<r<0.3), moderate (0.3<r<0.5), high (0.5<r<0.7), very
high (0.7<r<0.9), nearly perfect (r>0.9), and perfect (r=1) [31].
Lastly, aBland-Altman plot was used to eval uate the upper and
lower limits of agreement among time segments of the HRV
indices as determined by the ECG and PEP [32].

Results

Standardized Differences and Limits of Agreement

The descriptive information and standardized differences of
HRV indices for al time segments of the ECG and PEP
measurements are presented in Tables 1 and 2. The results
showed trivial ESin all time segments of the SDNN, RMSSD,
and pNN50, compared to the 0-5—-minute standard measurement.
In contrast, a variation of ES from trivial to small effect was
found in the nVLF, nLF, and nHF variables.
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Table 1. Median and interquartile range (25%-75%) of time-domain and frequency-domain heart rate variability parametersin different time segments
of the electrocardiogram and Pulse Express PRO measurements?,

Deviceandtimeseg-  SDNN, ms RMSSD, ms pNN50, % nVLF, nu nLF, nu nHF, nu
ment (minutes)
Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR)
ECG
0-5 (standard) 41.63 (30.24- 39.38 (27.73- 20.56 (6.89-35.12) 3.82(1.80-6.85) 54.61 (41.82- 41.02 (26.17-
53.93) 50.56) 65.32) 51.47)
0-1 37.83(28.75- 37.76 (30.40- 19.86 (6.88-40.09) 2.92 (1.30-7.62) 47.57 (33.56- 46.02 (31.52-
55.43) 58.16) 62.89) 61.12)
1-2 42.36 (30.27- 40.89 (26.92- 20.71(6.47-37.20) 3.23(1.80-7.10) 50.13 (37.36- 42.82 (23.30-
60.03) 55.40) 71.45) 50.14)
2-3 40.08 (29.24- 38.20 (27.85- 20.32(4.84-36.24) 5.09 (1.99-8.19) 47.92 (33.34- 45.22 (28.46-
55.39) 51.59) 63.49) 61.41)
34 39.59 (30.73- 37.84 (26.30- 19.64 (4.09-32.36) 3.39 (1.20-6.57) 45.97 (31.62- 49.34 (30.12-
54.09) 50.93) 65.00) 64.34)
45 39.13 (28.80- 35.27 (26.70- 15.53(5.12-33.94) 3.77 (1.74-7.87) 49.73 (27.99- 44.25 (24.85-
48.01) 47.15) 66.25) 63.73)
0-2 41.79 (29.81- 40.70 (29.05- 23.49(6.37-35.78) 3.42 (1.61-6.89) 43.04 (31.61- 51.65 (26.64-
58.74) 56.91) 61.63) 62.59)
0-3 40.87 (30.74- 40.06 (28.23- 21.84(5.82-34.26) 3.64 (1.36-6.67) 51.41 (38.21- 42.00 (27.84-
56.58) 52.88) 67.54) 57.41)
0-4 41.59 (30.63- 40.23 (27.66- 21.59(7.11-35.49) 3.51(1.91-6.62) 53.12 (43.26- 39.57 (27.73-
57.47) 52.04) 66.91) 51.41)
PEP
0-5 (standard) 41.51 (30.33- 39.09 (27.79- 20.20(7.08-35.16) 3.90 (1.80-6.98) 54.65 (42.63- 41.92 (26.95
53.85) 50.63) 65.55) 51.81)
0-1 39.52 (28.65- 38.72 (31.25- 20.24(7.91-38.26) 2.80 (1.20-7.78) 48.20 (32.93- 45.34 (32.66-
55.03) 57.80) 62.48) 60.23)
1-2 41.80 (30.20- 40.98 (27.00- 22.84(5.10-36.78) 3.35(1.55-6.54) 50.16 (35.69- 42.74 (24.45
60.71) 55.54) 71.22) 59.85)
2-3 40.44 (30.51- 38.26 (27.54- 21.19(4.82-36.46) 4.76 (1.91-8.75) 48.07 (33.45- 42.67 (27.55
55.29) 51.65) 62.41) 62.10)
34 39.31(30.53- 38.73 (26.70- 20.59 (4.95-32.33) 3.43(1.13-6.25) 46.18 (34.18- 48.33 (28.20-
54.32) 51.73) 64.19) 62.80)
45 39.01 (28.76- 36.30 (26.64- 17.29(5.11-33.81) 4.38(1.63-7.85) 48.97 (26.83- 44.56 (24.59-
47.35) 47.35) 64.78) 64.24)
0-2 42.90 (29.78- 40.90 (29.25- 24.67 (6.62-37.26) 3.46 (1.71-7.22) 42.11 (31.50- 52.88 (26.82-
59.09) 57.07) 59.15) 64.49)
0-3 41.62 (31.14- 39.99 (28.09- 22.13(5.89-35.72) 3.84(1.33-6.55) 51.19 (38.00- 41.64 (28.85
56.75) 53.32) 67.06) 57.86)
0-4 41.43 (30.74- 40.18 (27.79- 21.78(6.92-35.22) 3.46 (1.92-6.70) 53.55 (42.65- 39.36 (29.08-
57.72) 52.08) 67.67) 51.90)

3ECG: eectrocardiogram; ms: milliseconds; nHF: normalized high-frequency power; nLF: normalized low-frequency power; nu: normalized unit;
nVLF: normalized very-low—frequency power; PEP: Pulse Express PRO; pNN50: proportion of NN50 divided by the total number of RR intervals;
RMSSD: root mean square of successive R-R intervals, SDNN: standard deviation of normal R-R intervals.
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Table 2. Standardized differences (95% CI) of time-domain and frequency-domain heart rate variability parameters in different time segments of the
electrocardiogram and Pulse Express PRO measurements compared with the 0-5-minute standard®

Deviceandtime  SDNN (95% CI) RMSSD (95% Cl)  pNN50(95% Cl) nVLF (95% ClI) nLF (95% CI) nHF (95% CI)
segment (minutes)
ECG
0-1 0.01(-0.35t00.36) —0.07(-0.43t00.29) -0.10(-0.46t0 —-0.03(-0.39t0 0.40 (0.04t00.76) —0.38(-0.74t0
0.26) 0.33) -0.02)
1-2 -0.12(-0.48100.24) -0.04(-0.39t00.32) -0.09 (-0.44 to 0.05(-0.31to 0.08 (-0.28to —0.09 (-0.45to
0.27) 0.41) 0.44) 0.27)
2-3 0.05(-0.31t00.41) 0.05(-0.31t00.41) 0.01(-0.34to -0.01(-0.61to 0.34 (-0.02to -0.26 (-0.62to
0.37) 0.11) 0.71) 0.10)
34 0.05(-0.31t00.40) 0.05(-0.31t00.41) 0.04(-0.32to —-0.04 (-0.40to 0.29 (-0.07to -0.27 (-0.63t0
0.40) 0.32) 0.65) 0.08)
45 0.12 (-0.23t00.48) 0.08(-0.28t00.44) 0.11(-0.24to -0.20 (-0.56 to 0.25(-0.11to -0.20 (-0.56 to
0.47) 0.16) 0.61) 0.16)
0-2 -0.07(-0.43t00.29) 0.06 (-0.41t00.30) -0.09 (-0.45to -0.02 (-0.37t0 0.35(0.00t00.72) —0.34(-0.70to
0.26) 0.34) 0.02)
0-3 0.04 (-0.40t00.32) -0.03(-0.38t00.33) —0.06 (-0.41to 0.14 (-0.22to 0.08 (-0.28to -0.11 (-0.46 to
0.30) 0.49) 0.44) 0.25)
0-4 0.03(-0.38t00.33) —0.01(-0.37t00.34) —0.03(-0.39t0 0.06 (-0.30to 0.01 (-0.35t0 —-0.02 (-0.38t0
0.33) 0.42) 0.37) 0.34)
PEP
0-1 0.01(-0.35t00.37) -0.07(-0.43t00.29) -0.10(-0.46to 0.01(-0.35t0 0.38(0.02t00.74) -0.37 (-0.73t0
0.26) 0.36) -0.01)
1-2 -0.12(-0.48t00.24) -0.03(-0.39t00.32) -0.08 (-0.44 to 0.05(-0.31to 0.09 (-0.26 to -0.10 (-0.46 to
0.27) 0.41) 0.45) 0.26)
2-3 0.05(-0.31t00.41) 0.06 (-0.30t00.42) 0.03(-0.33t0 -0.25(-0.61to 0.33(-0.03to -0.24 (-0.60 to
0.39) 0.10) 0.69) 0.11)
34 0.04 (-0.31t00.40) 0.04(-0.31t00.40) 0.04 (-0.32to —-0.07 (-0.43to 0.25(-0.11to -0.23(-0.59to
0.40) 0.29) 0.61) 0.13)
45 0.12 (-0.24t0 0.48) 0.08 (-0.28t00.44) 0.10(-0.26t0 —-0.23(-0.59to 0.30 (-0.06 to -0.23(-0.59to
0.46) 0.13) 0.66) 0.13)
0-2 —-0.06(-0.42t00.29) -0.06(-0.41t00.30) -0.09 (-0.45to —-0.03(-0.39to0 0.38(0.03t00.75) —0.36 (-0.73t0
0.27) 0.33) 0.00)
0-3 —-0.03(-0.39t00.33) -0.02(-0.38t00.33) -0.05(-0.41to 0.13(-0.23to 0.10 (-0.26 to -0.12 (-0.48to
0.31) 0.49) 0.45) 0.24)
0-4 -0.02(-0.38t100.34) -0.01(-0.37t00.34) -0.03 (-0.38to 0.06 (-0.30to 0.02 (-0.34t0 —-0.03 (-0.39to0
0.33) 0.42) 0.37) 0.33)

3ECG: electrocardiogram; nHF: normalized high-frequency power; nLF: normalized low-frequency power; nVLF: normalized very-low—frequency
power; PEP: Pulse Express PRO; pNN5O0: proportion of NN50 divided by the total number of RR intervals, RMSSD: root mean square of successive

R-R intervals; SDNN: standard deviation of normal R-R intervals.

In Table 3, the Bland-Altman analysis demonstrated relatively
small biasin al comparisons of the SDNN, RMSSD, pNN50,

and nVLF. In contrast, a relatively small bias in the nLF and
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Table 3. Limits of agreement (+ 1.96* SD) of time-domain and frequency-domain heart rate variability parameters in different time segments of the
electrocardiogram and Pulse Express PRO measurements compared with the 0-5-minute standard®

Device and time SDNN (+ 1.96*SD) RMSSD (+ pNN50 (+ nVLF(+1.96*SD) nLF(+1.96*SD) nHF (+ 1.96*SD)
segment (minutes) 1.96*SD) 1.96*SD)
ECG
0-1 0.01 (-14.23to -1.40(-1348t0  -1.93(-17.10to0  -0.15(-9.88to 7.75 (-25.66 to —7.63(-40.54 to0
14.43) 10.69) 13.24) 9.58) 41.16) 25.29)
1-2 —2.31(-18.53t0 -0.72(-11.84t0  -1.61(-15.16t0 0.21(-8.49t0 1.59 (-30.41to -1.80(-32.81t0
13.96) 10.40) 11.94) 8.92) 33.59) 29.21)
2-3 0.83 (-12.63to 0.93 (-8.46to 0.26 (-9.93to -1.30(-8.59to 6.63 (-21.17to -5.32(-33.8310
14.30) 10.32) 10.44) 6.00) 34.44) 23.19)
34 0.83 (-14.72to 0.92 (-11.86 to 0.70 (-11.20to -0.20(-10.39t0  5.73(-25.74to —5.54 (-37.56 to
16.37) 13.71) 12.60) 10.00) 37.20) 26.49)
45 2.18 (-13.70 to 1.64(-13.16 to 2.04 (-11.47 to -1.00(-11.78to  5.08(-34.82t0  -4.12(-42.78t0
18.05) 16.44) 15.56) 9.82) 44.98) 34.54)
0-2 -1.24 (-13.01to0 -1.14(-1090t0  -1.73(-13.96t0 -0.06(-12.11to0  7.07 (-26.77to —7.03 (-40.37to0
10.53) 8.62) 10.51) 12.00) 40.92) 26.32)
0-3 0.66 (-7.35t08.66) 0.52 (-6.2810 -1.01(-6.62t0 -0.52 (-6.85t0 -1.50(-24.85t0  2.03 (—20.03 to
7.32) 8.64) 5.82) 21.85) 24.09)
0-4 -0.44(—4.14t03.26) -0.28(-3.85t0 -0.54 (-3.91to 0.24 (-2.78 10 -0.15(-10.98to0  —0.38 (-11.00to
3.30) 2.84) 3.26) 11.28) 10.23)
PEP
0-1 0.20 (-13.41to -1.35(-13.06to0 -1.86(-16.16t0  0.03(-9.77to 7.32(-26.30to —7.37 (-40.44 to
13.81) 10.36) 12.43) 9.82) 40.94) 25.70)
1-2 —2.24 (-22.67t0 -0.70(-21.94t0  -1.60(-24.24t0  0.20(-8.561t0 1.84 (-32.13to —2.04 (-36.20to
18.91) 20.54) 21.04) 8.96) 35.80) 32.12)
2-3 0.89 (-21.01to 1.18 (-18.49to 0.53 (-17.35t0 —1.40 (-9.61to 6.35(—22.36 to —4.94 (-34.00to
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3ECG: electrocardiogram; nHF: normalized high-frequency power; nLF: normalized low-frequency power; nVLF: normalized very-low—frequency
power; PEP: Pulse Express PRO; pNN5O0: proportion of NN50 divided by the total number of RR intervals, RMSSD: root mean square of successive

R-R intervals; SDNN: standard deviation of normal R-R intervals.

Intraclass Correlation Coefficients

The results demonstrated similar outcomes for |CC values for
the ECG and PEP measurements. The SDNN, RMSSD, and
pPNN50 ICC values were nearly perfect in all ultra—short-term
and short-term records compared to the 0-5-minute standard
ECG measurement (from very largeto nearly perfect, 0.89-1.0).
Furthermore, thetime-domain variables of PEP werevery large
to nearly perfect for ultra—short-term recordings, except the
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O-1-minute time segment (0.81-0.94). In terms of
frequency-domain analysis, nearly perfect ICC values were
found in the 0-4—minute time segment of the nVLF, nLF, and
nHF (0.92-0.96). Very large ICC values were found in the
0-3—-minute time segments for nLF and nHF (0.80-0.82). A
broad range of ICC values was identified among the other
comparisons (from moderate to very large, 0.37-0.71; Figure
2).
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Figure 2. Intraclass correlation coefficients between the ECG and Pulse Express PRO measurements in ultra—short-term and short-term heart rate
variability in time-domain and frequency-domain analyses. The grey areaindicateslow reliability. The black circleindicates the ECG recordings, while
the black triangle indicates the Pulse Express PRO recordings. ECG: electrocardiogram.
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Correlation Coefficient

Compared to the 0-5-minute standard measurement, the
Spearman correlation coefficients were nearly perfect for the
SDNN, RMSSD, and pNN50 variablesin all time segmentsfor
the ECG measurements (0.90-1.0). Furthermore, the correlation
coefficients were very large for the time-domain variables for
ultra—short-term recordings using PEP (0.80-1.0), except for
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nearly perfect values for the O-1-minute time segment. For
frequency-domain analysis, a nearly perfect correlation
coefficient was only found for 0-4—minute recordings
(0.91-0.96). Furthermore, a very large correlation coefficient
was found in the nLF and nHF 0-3-minute recordings
(0.77-0.81). In contrast, a wide range of values was identified
among the other comparisons (from moderate to very large,
0.40-0.77; Figure 3).
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Figure 3. Spearmen correlation coefficients between the ECG and Pulse Express PRO measurements in ultra—short-term and short-term heart rate
variability in time-domain and frequency-domain analyses. The grey areaindicates trivial correlation coefficient values. The black circle indicates the
ECG recordings, while the black triangle indicates the Pul se Express PRO recordings. ECG: electrocardiogram.
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The Bland-Altman plots comparing the ECG and PEP
measurements showed relatively narrow values of mean
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difference in all time segments (Figures 4-9). In addition, the
Bland-Altman analysis found a narrow standard deviation for
consecutive 2-minute recordings for SDNN, RMSSD, pNN50,
and nVLF. In addition, acceptable limits of agreement were
found after consecutive 3-minute recordings for nLF and nHF.
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Figure4. Bland-Altman analysis comparing the ECG and Pulse Express PRO measurements in ultra—short-term and short-term recordings of standard
deviation of normal R-R intervals (SDNN). The solid line represents the mean difference and the upper and lower dashed lines represent the upper and

lower limits of agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.
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Figure 5. Bland-Altman analysis comparing the ECG and Pulse Express PRO measurements in ultra—short-term and short-term recordings of root
mean square of successive R-R interval (RMSSD). The solid line represents the mean difference and the upper and lower dashed lines represent the
upper and lower limits of agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.

RMSSD 0-1 min

RMSSD 1-2 min RMSSD 2-3 min

60 60
40 40 <
=) 520 . S 204 . .
= - & o
. " o | N P A
<. S 20 S -20 1
H 0 Bias-0.18 o . «  Bias-0.20 "m Bias 0.02
: (-3.20;294) (-18.07; 17.67) . (-16.62; 16.66)
60 -60 -60
o 20 40 60 80 100 120 1] 20 40 60 80 100 120 (1] 20 40 60 80 100 120
(ECG+ PEP)/2 (ECG+ PEPY2 (ECG+ PEP)2
RMSSD 3-4 min RMSSD 4-5 min RMSSD 0-2 min
60 T 60 . 60 T
40 + L 40 40
& 20 = 520 * & 20
A R . A - - PR
g 0 dces - 5 g 0 X - v g 0 *
= =20 = -20 = -20
ik : Bias-027 = . Bias-029 < Bias -0.20
¢ (-19.03; 18.49) * (-21.16; 20.59) (-2.05; 1.64)
-60 + + + + + { -6l + + + + + { -60 + + + + + 1
0 20 40 60 80 100 120 o 20 40 L] 80 100 120 0 20 40 60 80 100 120
(ECG + PEP)/2 (ECG + PEP)2 (ECG + PEP)/2
RMSSD 0-3 min RMSSD 0-4 min RMSSD 0-5 min
60 + 60 60
40 T 40 40 1
=204 520 & 20 4
[-™ [-9 [
¢ 0 ? ¢ L] . g 0 .
| Bias-006 = Bias-0.19 = ] Bias -0.22
1as =0, 1as -U. 1as =,
-40 + -40 =40 +
-1.66; 1.34 -1.68; 1.30 -1.91; 1.47
-60 } } } 4 ¢ — ) ~60 } 4 4 ) ¢ — ) -60 ) ) } } ¢ } )
0 20 40 60 80 100 120 1] 20 40 L] 80 100 120 (1] 20 40 60 80 100 120
(ECG + PEP)2 (ECG + PEP)2 (ECG + PEP)2

https://mhealth.jmir.org/2020/7/€18761 JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 7| €18761 | p. 9

(page number not for citation purposes)

RenderX


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

JMIR MHEALTH AND UHEALTH Chenetd

Figure6. Bland-Altman analysis comparing the ECG and Pulse Express PRO measurementsin ultra—short-term and short-term recordings of proportion
of NN50 divided by the total number of RR intervals (pNN50). The solid line represents the mean difference and the upper and lower dashed lines

represent the upper and lower limits of agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.
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Figure7. Bland-Altman analysis comparing the ECG and Pul se Express PRO measurementsin ultra—short-term and short-term recordings of normalized
very low frequency power (nVLF). The solid line represents the mean difference and the upper and lower dashed lines represent the upper and lower
limits of agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.
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Figure8. Bland-Altman analysis comparing the ECG and Pulse Express PRO measurementsin ultra—short-term and short-term recordings of normalized
low frequency power (nLF). The solid line represents the mean difference and the upper and lower dashed lines represent the upper and lower limits of
agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.
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Figure9. Bland-Altman analysis comparing the ECG and Pul se Express PRO measurementsin ultra—short-term and short-term recordings of normalized
high frequency power (nHF). The solid line represents the mean difference and the upper and lower dashed lines represent the upper and lower limits
of agreement (+ 1.96* SD). ECG: electrocardiogram; PEP: Pulse Express PRO.
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Principal Results

This study is the first to report the validity and reliability of
ultra—short-term and short-term HRV via a novel smartphone
app, and to compare the app with the standard ECG assessment.
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time segments. Additionally, a large variation in ICC and
Spearman correlation coefficients was found in time segments
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under 2 minutes for the nVLF, nLF, and nHF parameters. The
3-minute and 4-minute nLF and nHF HRV recordings showed
excellent validity and reliability and could be considered a
surrogate of the standard 5-minute recording. Furthermore, with
the ECG signal as a reference, the accuracy of PEP HRV
recordings can be found with consecutive 1-minute recordings
in the time-domain analysis (SDNN, RMSSD, and pNN50).
Lastly, for the frequency-domain anaysis (nLF and nHF), a
recording of at least 3 minutesisrequired for accurate and valid
PEP HRV assessment.

Time-Domain Analysis

Based on our observations, a 1-minute ultra—short-term HRV
recording for the time-domain analysis revealed valid and
reliable HRV features (with the 5-minute criterion asreference),
despite aninitial 5-minute stabilization. This indicates that the
PEP app is a convenient surrogate for taking HRV
measurements. It is suggested that the RMSSD is independent
of respiratory sinus arrhythmia and is associated with
high-frequency changes of HR modulation in response to
respiratory patterns due to its strength of mathematical
calculation [33]. The RMSSD has been widely accepted to
evaluate  cardiac-related  parasympathetic  activation
[8,11,13,18,19,34]. Additionally, the RMSSD is recognized as
a sensitive parameter to detect autonomic adaptations in
response to mental stress [8,35,36] and psychophysiological
strain after exercise aswell asrecovery status during thetraining
period [10,37]. Long-term monitoring of resting HRV can
provide valuable information to identify the chronological
development of vagal-related changes related to psychometric
status during sports training [38]. As demonstrated by our
findings, PEP could be considered an alternative tool for
short-term HRV measurements.

It is arguable that the PEP presented valid and reliable
measurementsin SDNN accompanied by RMSSD and pNN50
for any HRV epoch. It seems that SDNN and pNN50 are good
optionsto integrate time-domain HRV indices. However, asthe
accuracy of ultra—short-term measurements of SDNN may be
influenced by psychological conditions (ie, being under mental
stress) [8,13], using the PEP app to facilitate 1-minute
ultra—short-term HRV recordingsin aquiet and relaxed manner
is documented in this study.

Freguency-Domain Analysis

It isimportant to note that nVLF, nLF, and nHF showed trivial
or small differencesin association with alarge variationin ICC
values, correlation coefficients, and biasacrossall time segments
compared to the standard O-5—minute criterion. The poor validity
and reliability of nVLF, nLF, and nHF in shortened epochs
could be related to interindividual variations in breathing rates
during measurements. Interindividual variations in breathing
patterns could increase the risk of increasing HR oscillations
in different time segments. Respiratory rhythm isthought of as
an essential way to record frequency-domain variables such as
LF and HF dueto oscillationsin HR responses [39]. However,
breath control during resting HRV measurement does not
increase accuracy and reliability during short-term recordings
of frequency-domain analysis [9]. Control of respiratory
frequency is not common in the general population (ie, people
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without appropriate respiratory training). Thus, we did not apply
thisinstruction due to limited popularity of use.

Our findings suggest using consecutive HRV recordings of at
least 3 minutes when the PEP app is used to monitor
frequency-domain variables. In contrast, the minimum time
requirement for HF and LF recordings has been suggested as 1
and 2 minutes, respectively [13,40]. Castaldo et al [8] showed
accurate frequency-domain measurements in 1 minute for HF
and 2 minutes for LF recordings after university examinations.
The inconsistent findings of this study might be related to the
different spectral analysis computational methods (spectrum
resolution: FFT versus autoregressive) and the stabilization
period prior to the HRV measurement.

Bland-Altman Analysis Comparing ECG and PEP
M easurements

In an attempt to identify the agreement of biosignal
measurements between the ECG and PEPR, a Bland-Altman
analysis was performed to compare the limit of agreement of
ultra—short-term and short-term HRV recordings of the SDNN,
RMSSD, pNN50, nVLF, nLF, and nHF. It isinteresting to note
that the PEP HRV recordings showed similar outcomes for the
SDNN, RMSSD, pNN50, nVLF, nLF, and nHF measurements
for all time segments, as compared to conventional lead || ECG
recordings. This study revealed the accuracy and acceptance of
PEP HRV recordings after consecutive 1-minute recordings in
the time-domain analysis. In contrast, the degree of agreement
between the ECG and PEP was relatively low for the first
3-minute assessment when freguency-domain analysis was
computed. One possible explanation for less accurate
measurements of frequency-domain HRV variableswith shorter
duration recordings may be the lack of adetrending method for
processing spectral signalsin the PEP app [41]. Another factor
that influences measurement accuracy isrelated to obtaining an
adequate amount of data throughout the entire measurement
[42]. Lastly, acute adaptation to postural changesfrom standing
to sitting (orthostatic stress) might be apotential mechanism to
attenuate valid and reliable measurements of nLF and nHF
during the 3-minute stabilization period [43,44]. Nevertheless,
the PEP app is an acceptable option for HRV data collection
duetoitsconvenience and reproducibility compared to the ECG
assessment.

Limitations

Thefirst limitation of this study is that atelemetric HR sensor
and a chest strap were required to detect HR responses during
the PEP measurement, and that these accessories may not be
commonly owned by the general population. In addition, the
recording position and the HR chest strap might not be
comfortable for specific populations (ie, senior adults) and
clinical settings. Despite the abovementioned limitations, this
is a novel study that reports the validity and accuracy of the
PEP app for short-term HRV recordings.

Functional Implication

Timemanagement iscritical for professionals, including clinical
practitioners and strength and conditioning coaches of elite
sports teams. The PEP app is compatible with the Android
operating system and can be used on low-cost smartphones. As
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growing numbers of studiesfocus on the methodological issues
related to utilizing ultra—short-term HRV recordings, the number
of nonprofessionals using this free mobile app can easily be
increased. We suggest that future studies should examine the

Chenet a

our findings support the use of the SDNN:RMSSD ratio as a
surrogatefor the LF:HF ratio to estimate sympathovagal balance
viaa smartphone app.

Conclusions

use of PEP HRV assessmentsin the context of multidisciplinary
approaches (eg, longitudinal applicationsin monitoring training
loads, daily evaluations during competitions, and clinical
evaluation).

In conclusion, the PEP smartphone app provides reliable and
valid HRV data. It isappropriate to use the PEP app to facilitate
1-minute ultra—short-term HRV recordings during stabilization
to save time when the time-domain analysis is used. Caution
should be taken when the frequency-domain analysis is
implemented for the interpretation of cardiac autonomic
modulation. Consecutive recordings of at least 3 minutes during
stabilization are suggested for accurate measurement of
frequency-domain nLF and nHF indices. The use of the PEP
smartphone app for ultra—short-term and short-term HRV
recordingsisrecommended as an easy and user-friendly tool to
monitor cardiac autonomic heath in people with various
lifestyles.

The accuracy and reliability of the LF and HF measurements
are critical to interpreting the shift of sympathovagal activities
[33,45]. Excellent validity and reliability of the SDNN and
RMSSD during ultra—short-term recordings indicated that the
SDNN:RMSSD ratio might be appropriate to use in the first
minute of PEP recording. The SDNN:RMSSD ratioisasensitive
HRV parameter that indicates autonomic adaptation in response
to pathological conditions [45] and acute exercise [46]. Taking
into consideration time efficiency and cross-battery assessment,

Acknowledgments
No funding was received for this study.

Authors Contributions

Y SC contributed to the study conceptualization, project administration, data collection, data analysis, methodology, and writing
(including reviewing and editing) of the manuscript. WAL contributed to the study conceptualization, project administration,
data collection, data analysis, and writing (including reviewing and editing) of the manuscript. JCP contributed to the study
conceptualization, dataanalysis, supervision, and writing (including reviewing and editing) of the manuscript. CDK contributed
to the study conceptualization, methodol ogy, supervision, and writing (including reviewing and editing) of the manuscript.

Conflictsof Interest
None declared.

References

1.  Proesmans T, Mortelmans C, Van Haelst R, Verbrugge F, Vandervoort P, Vaes B. Mobile Phone-Based Use of the
Photopl ethysmography Techniqueto Detect Atrial Fibrillationin Primary Care: Diagnostic Accuracy Study of the FibriCheck
App. IMIR mHealth uHealth 2019 Mar 27;7(3):e12284 [FREE Full text] [doi: 10.2196/12284] [Medline: 30916656]

2. LiKHC,WhiteFA, TipoeT, Liu T, Wong MC, Jesuthasan A, et al. The Current State of Mobile Phone Appsfor Monitoring
Heart Rate, Heart Rate Variability, and Atrial Fibrillation: Narrative Review. IMIR mHealth uHealth 2019 Feb 15;7(2):e11606
[FREE Full text] [doi: 10.2196/11606] [Medline: 30767904]

3.  CGristR, Porter J, Stallard P. Mental Health Mobile Apps for Preadolescents and Adolescents: A Systematic Review. JMed
Internet Res 2017 May 25;19(5):e176 [FREE Full text] [doi: 10.2196/jmir.7332] [Medline: 28546138]

4.  Landreani F, Faini A, Martin-Yebra A, Morri M, Parati G, Caiani EG. Assessment of Ultra-Short Heart Variability Indices
Derived by Smartphone Accelerometers for Stress Detection. Sensors (Basel) 2019 Aug 28;19(17) [EREE Full text] [doi:
10.3390/s19173729] [Medline: 31466391]

5. Landreani F, Martin-Yebra A, Casdllato C, Frigo C, Pavan E, Migeotte P, et al. Beat-to-beat heart rate detection by
smartphone's accel erometers: validation with ECG. Conf Proc |EEE Eng Med Biol Soc 2016 Aug;2016:525-528. [doi:
10.1109/EMBC.2016.7590755] [Medline: 28268385]

6. Salahuddin L, Cho J, Jeong MG, Kim D. Ultra short term analysis of heart rate variability for monitoring mental stressin
mobile settings. Conf Proc | EEE Eng Med Biol Soc 2007;2007:4656-4659. [doi: 10.1109/IEM BS.2007.4353378] [Medline:
18003044]

7.  Schneider F, Martin J, Hapfelmeier A, Jordan D, Schneider G, Schulz CM. The validity of linear and non-linear heart rate
metrics as workload indicators of emergency physicians. PLoS One 2017 Nov 30;12(11):€0188635 [ FREE Full text] [doi:
10.1371/journal .pone.0188635] [Medline: 29190808]

8. Castaldo R, MontesinosL, Méelillo P, James C, Pecchia L. Ultra-short term HRV features as surrogates of short term HRV:
acase study on mental stress detection in real life. BMC Med Inform Decis Mak 2019 Jan 17;19(1):12 [FREE Full text]
[doi: 10.1186/s12911-019-0742-y] [Medline: 30654799]

https://mhealth.jmir.org/2020/7/€18761 JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 7 | €18761 | p. 13

(page number not for citation purposes)


https://mhealth.jmir.org/2019/3/e12284/
http://dx.doi.org/10.2196/12284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30916656&dopt=Abstract
https://mhealth.jmir.org/2019/2/e11606/
http://dx.doi.org/10.2196/11606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30767904&dopt=Abstract
http://www.jmir.org/2017/5/e176/
http://dx.doi.org/10.2196/jmir.7332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28546138&dopt=Abstract
https://www.mdpi.com/resolver?pii=s19173729
http://dx.doi.org/10.3390/s19173729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31466391&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2016.7590755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28268385&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2007.4353378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18003044&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0188635
http://dx.doi.org/10.1371/journal.pone.0188635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29190808&dopt=Abstract
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-019-0742-y
http://dx.doi.org/10.1186/s12911-019-0742-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30654799&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Chenetd

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

Melo HM, Martins TC, Nascimento LM, Hoeller AA, Walz R, Takase E. Ultra-short heart rate variability recording
reliability: The effect of controlled paced breathing. Ann Noninvasive Electrocardiol 2018 Sep 04;23(5):e12565 [FREE
Full text] [doi: 10.1111/anec.12565] [Medline: 29863781]

Chen'Y, Clemente FM, Bezerra P, Lu Y. Ultra-short-term and Short-term Heart Rate Variability Recording during Training
Camps and an International Tournament in U-20 National Futsal Players. Int JEnviron Res Public Health 2020 Jan
26;17(3):775 [EREE Full text] [doi: 10.3390/ijerph17030775] [Medline: 31991887]

Pereiral, Flatt A, Ramirez-Campillo R, Loturco I, NakamuraF. Assessing Shortened Field-Based Heart-Rate-Variability-Data
Acquisitionin Team-Sport Athletes. Int J Sports Physiol Perform 2016 Mar;11(2):154-158. [doi: 10.1123/ijspp.2015-0038]
[Medline: 26115088]

Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart
rate variability: standards of measurement, physiological interpretation and clinical use. Circulation 1996
Mar;93(5):1043-1065. [doi: 10.1161/01.cir.93.5.1043]

Baek HJ, Cho C, Cho J, Woo J. Reliability of ultra-short-term analysis as a surrogate of standard 5-min analysis of heart
rate variability. Telemed J E Health 2015 May;21(5):404-414. [doi: 10.1089/tm].2014.0104] [Medline: 25807067]

Habibi M, Chahal H, Greenland P, Guallar E, Lima JA, Soliman EZ, et al. Resting Heart Rate, Short-Term Heart Rate
Variability and Incident Atrial Fibrillation (from the Multi-Ethnic Study of Atherosclerosis (MESA)). Am J Cardiol 2019
Dec 01;124(11):1684-1689. [doi: 10.1016/j.amjcard.2019.08.025] [Medline: 31575421]

Pecchial, Castaldo R, Montesinos L, Melillo P. Are ultra-short heart rate variability features good surrogates of short-term
ones? State-of-the-art review and recommendations. Healthc Technol Lett 2018 Jun;5(3):94-100 [FREE Full text] [doi:
10.1049/htl.2017.0090] [Medline: 29922478]

Nussinovitch U, Cohen O, Kaminer K, Ilani J, Nussinovitch N. Evaluating reliability of ultra-short ECG indices of heart
rate variability in diabetes mellitus patients. J Diabetes Complications 2012;26(5):450-453 [FREE Full text] [doi:
10.1016/j.jdiacomp.2012.05.001] [Medline; 22682758]

Chen X, Yao R, Yin G, Li J. Consecutive ultra-short-term heart rate variability to track dynamic changes in autonomic
nervous system during and after exercise. Physiol Meas 2017 Jun 22;38(7):1384-1395. [doi: 10.1088/1361-6579/aa52b3]
[Medline: 28640758]

Esco MR, Flatt AA. Ultra-short-term heart rate variability indexes at rest and post-exercise in athletes: evaluating the
agreement with accepted recommendations. J Sports Sci Med 2014 Sep;13(3):535-541 [FREE Full text] [Medline: 25177179]
Esco MR, Flatt AA, Nakamura FY. Agreement Between a Smartphone Pulse Sensor Application and Electrocardiography
for Determining INRM SSD. J Strength Cond Res 2017;31(2):380-385. [doi: 10.1519/jsc.0000000000001519]
NakamuraF, PereiraL, Cal Abad CC, Cruz I, Flatt A, Esco M, et al. Adequacy of the Ultra-Short-Term HRV to Assess
Adaptive Processes in Youth Female Basketball Players. JHum Kinet 2017 Feb;56:73-80 [FREE Full text] [doi:
10.1515/hukin-2017-0024] [Medline: 28469745]

Flatt AA, Esco MR. Heart rate variability stabilization in athletes: towards more convenient data acquisition. Clin Physiol
Funct Imaging 2016 Sep 09;36(5):331-336. [doi: 10.1111/cpf.12233] [Medline: 25754514]

Flatt AA, Esco MR. Smartphone-Derived Heart-Rate Variability and Training Load in aWomen's Soccer Team. Int J Sports
Physiol Perform 2015 Nov;10(8):994-1000. [doi: 10.1123/ijspp.2014-0556] [Medline: 25756657]

Plews DJ, Scott B, Altini M, Wood M, Kilding AE, Laursen PB. Comparison of Heart-Rate-Variability Recording With
Smartphone Photopl ethysmography, Polar H7 Chest Strap, and Electrocardiography. Int J Sports Physiol Perform 2017
Nov 01;12(10):1324-1328. [doi: 10.1123/ijspp.2016-0668] [Medline: 28290720]

Faul F, Erdfelder E, Lang A, Buchner A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behavior Research Methods 2007 May;39(2):175-191. [doi: 10.3758/BF03193146]

Pulse Express Pro. URL : https://play.googdle.com/store/apps/detail s?i d=pul seexpress.pro& hl=en us[accessed 2020-07-15]
Tarvainen MP, Niskanen J, Lipponen JA, Ranta-Aho PO, Karjalainen PA. Kubios HRV--heart rate variability analysis
software. Comput M ethods Programs Biomed 2014;113(1):210-220. [doi: 10.1016/j.cmpb.2013.07.024] [Medline: 24054542]
LuW, ChenY, Kuo C. Increased first and second pulse harmonicsin Tai Chi Chuan practitioners. BMC Complement
Altern Med 2016 Feb 29;16(1):87 [FREE Full text] [doi: 10.1186/s12906-016-1058-4] [Medline: 26931120]

ChenY, Liao C, Lu W, Kuo C. Sympathetic enhancement in futsal players but not in football players after repeated sprint
ability test. BMJ Open Sport Exerc Med 2015 Nov 27;1(1):e000049 [FREE Full text] [doi: 10.1136/bmjsem-2015-000049]
[Medline: 27900135]

GilesD, Draper N, Neil W. Validity of the Polar V800 heart rate monitor to measure RR intervals at rest. Eur JAppl Physiol
2016 Mar 26;116(3):563-571 [FREE Full text] [doi: 10.1007/s00421-015-3303-9] [Medline: 26708360]

Ali K, Bertoni HL. Blockage/Shadowing Polarization Measurements at 2.45GHz for Interference Evaluation between
Bluetooth and |EEE 802.11 WLAN. 2001 Presented at: | EEE Antennas and Propagation Society International Symposium,
8-13 July 2001; Boston p. 376. [doi: 10.1109/aps.2001.960112]

Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics for studies in sports medicine and exercise
science. Med Sci Sports Exerc 2009 Jan;41(1):3-13. [doi: 10.1249/M SS.0b013e31818ch278] [Medline: 19092709]
Martin Bland J, Altman D. Statistical M ethods For Assessing Agreement Between Two Methods Of Clinical M easurement.
The Lancet 1986 Feb;327(8476):307-310. [doi: 10.1016/S0140-6736(86)90837-8]

https://mhealth.jmir.org/2020/7/€18761 JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 7 | €18761 | p. 14

(page number not for citation purposes)


http://europepmc.org/abstract/MED/29863781
http://europepmc.org/abstract/MED/29863781
http://dx.doi.org/10.1111/anec.12565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29863781&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17030775
http://dx.doi.org/10.3390/ijerph17030775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31991887&dopt=Abstract
http://dx.doi.org/10.1123/ijspp.2015-0038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26115088&dopt=Abstract
http://dx.doi.org/10.1161/01.cir.93.5.1043
http://dx.doi.org/10.1089/tmj.2014.0104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25807067&dopt=Abstract
http://dx.doi.org/10.1016/j.amjcard.2019.08.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31575421&dopt=Abstract
http://europepmc.org/abstract/MED/29922478
http://dx.doi.org/10.1049/htl.2017.0090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29922478&dopt=Abstract
https://doi.org/10.1016/j.jdiacomp.2012.05.001
http://dx.doi.org/10.1016/j.jdiacomp.2012.05.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22682758&dopt=Abstract
http://dx.doi.org/10.1088/1361-6579/aa52b3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28640758&dopt=Abstract
http://europepmc.org/abstract/MED/25177179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25177179&dopt=Abstract
http://dx.doi.org/10.1519/jsc.0000000000001519
http://europepmc.org/abstract/MED/28469745
http://dx.doi.org/10.1515/hukin-2017-0024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28469745&dopt=Abstract
http://dx.doi.org/10.1111/cpf.12233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25754514&dopt=Abstract
http://dx.doi.org/10.1123/ijspp.2014-0556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25756657&dopt=Abstract
http://dx.doi.org/10.1123/ijspp.2016-0668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28290720&dopt=Abstract
http://dx.doi.org/10.3758/BF03193146
https://play.google.com/store/apps/details?id=pulseexpress.pro&hl=en_us
http://dx.doi.org/10.1016/j.cmpb.2013.07.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24054542&dopt=Abstract
https://bmccomplementalternmed.biomedcentral.com/articles/10.1186/s12906-016-1058-4
http://dx.doi.org/10.1186/s12906-016-1058-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26931120&dopt=Abstract
http://europepmc.org/abstract/MED/27900135
http://dx.doi.org/10.1136/bmjsem-2015-000049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27900135&dopt=Abstract
http://europepmc.org/abstract/MED/26708360
http://dx.doi.org/10.1007/s00421-015-3303-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26708360&dopt=Abstract
http://dx.doi.org/10.1109/aps.2001.960112
http://dx.doi.org/10.1249/MSS.0b013e31818cb278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19092709&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(86)90837-8
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Chenetd

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

Buchheit M. Monitoring training status with HR measures: do all roads lead to Rome? Front Physiol 2014;5:73 [EREE Full
text] [doi: 10.3389/fphys.2014.00073] [Medline: 24578692]

Flatt A, Esco M. Validity of theithlete™ Smart Phone Application for Determining Ultra-Short-Term Heart Rate Variability.
JHum Kinet 2013 Dec 18;39:85-92 [FREE Full text] [doi: 10.2478/hukin-2013-0071] [Medline: 24511344]

Melo HM, Hoeller AA, Walz R, Takase E. Resting Cardiac Vagal Tone is Associated with Long-Term Frustration Level
of Mental Workload: Ultra-short Term Recording Reliability. Appl Psychophysiol Biofeedback 2020 Mar 8;45(1):1-9.
[doi: 10.1007/s10484-019-09445-7z] [Medline: 31286301]

Salahuddin L, Cho J, Jeong MG, Kim D. Ultra short term analysis of heart rate variability for monitoring mental stressin
mobile settings. Conf Proc |EEE Eng Med Biol Soc 2007;2007:4656-4659. [doi: 10.1109/|EMBS.2007.4353378] [Medline:
18003044]

Nakamura FY, Antunes P, Nunes C, Costa JA, Esco MR, Travassos B. Heart Rate Variability Changes From Traditional
vs. Ultra-Short-Term Recordings in Relation to Preseason Training Load and Performance in Futsal Players [published
online ahead of print, 2018 Nov 13]. J Strength Cond Res 2020:1. [doi: 10.1519/jsc.0000000000002910]

Plews D, Laursen B, Kilding A, Buchheit M. Evaluating training adaptation with heart-rate measures: a methodol ogical
comparison. Int J Sports Physiol Perform 2013 Nov;8(6):688-691. [doi: 10.1123/ijspp.8.6.688] [Medline: 23479420]
Billman GE. The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance. Front Physiol 2013;4:26 [FREE
Full text] [doi: 10.3389/fphys.2013.00026] [Medline: 23431279]

Munoz ML, van RA, Riese H, Thio C, Oostenbroek E, Westrik |, et al. Validity of (Ultra-)Short Recordings for Heart Rate
Variability Measurements. PLoS One 2015;10(9):e0138921 [ FREE Full text] [doi: 10.1371/journal .pone.0138921] [Medline:
26414314]

Tarvainen M, Ranta-Aho PO, Karjalainen P. An advanced detrending method with application to HRV analysis. IEEE
Trans Biomed Eng 2002 Feb;49(2):172-175. [doi: 10.1109/10.979357] [Medline: 12066885]

PlewsDJ, Laursen PB, Le Meur Y, Hausswirth C, Kilding AE, Buchheit M. Monitoring training with heart rate-variability:
how much compliance is needed for valid assessment? Int J Sports Physiol Perform 2014 Sep;9(5):783-790. [doi:
10.1123/ijspp.2013-0455] [Medline: 24334285]

Barantke M, Krauss T, Ortak J, Lieb W, Reppel M, Burgdorf C, et a. Effects of gender and aging on differential autonomic
responses to orthostatic maneuvers. J Cardiovasc Electrophysiol 2008 Dec;19(12):1296-1303. [doi:
10.1111/j.1540-8167.2008.01257.x] [Medline: 18662181]

Young FL, Leicht AS. Short-term stability of resting heart rate variability: influence of position and gender. Appl Physiol
Nutr Metab 2011 Apr;36(2):210-218. [doi: 10.1139/h10-103] [Medline: 21609282]

Sollers JJ, Buchanan TW, Mowrer SM, Hill LK, Thayer JF. Comparison of the ratio of the standard deviation of the R-R
interval and the root mean squared successive differences (SD/rM SSD) to the low frequency-to-high frequency (LF/HF)
ratio in a patient population and normal healthy controls. Biomed Sci Instrum 2007;43:158-163. [Medline: 17487074
Esco MR, Williford HN, Flatt AA, Freeborn TJ, Nakamura FY. Ultra-shortened time-domain HRV parameters at rest and
following exercise in athletes: an alternative to frequency computation of sympathovagal balance. Eur J Appl Physiol 2018
Jan 11;118(1):175-184. [doi: 10.1007/500421-017-3759-x] [Medline: 29128939]

Abbreviations

ECG: electrocardiogram

ES. effect size

FFT: Fast Fourier Transformation

HR: heart rate

HRV: heart rate variability

ICC: intraclass correlation coefficient

INRM SSD: natura logarithm of root mean square differences between adjacent norma R-R intervals
nHF: normalized high frequency power

nLF: normalized low frequency power

nVLF: normalized very low frequency power

PEP: Pulse Express PRO

pNNS50: the proportion of NN50 divided by the total number of RR intervals
RMSSD: root mean square differences between adjacent normal R-R intervals
SDNN: standard deviation of normal R-R intervals

https://mhealth.jmir.org/2020/7/€18761 JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 7 | €18761 | p. 15

(page number not for citation purposes)


https://doi.org/10.3389/fphys.2014.00073
https://doi.org/10.3389/fphys.2014.00073
http://dx.doi.org/10.3389/fphys.2014.00073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24578692&dopt=Abstract
http://europepmc.org/abstract/MED/24511344
http://dx.doi.org/10.2478/hukin-2013-0071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24511344&dopt=Abstract
http://dx.doi.org/10.1007/s10484-019-09445-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31286301&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2007.4353378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18003044&dopt=Abstract
http://dx.doi.org/10.1519/jsc.0000000000002910
http://dx.doi.org/10.1123/ijspp.8.6.688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23479420&dopt=Abstract
https://dx.doi.org/10.3389/fphys.2013.00026
https://dx.doi.org/10.3389/fphys.2013.00026
http://dx.doi.org/10.3389/fphys.2013.00026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23431279&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0138921
http://dx.doi.org/10.1371/journal.pone.0138921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26414314&dopt=Abstract
http://dx.doi.org/10.1109/10.979357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12066885&dopt=Abstract
http://dx.doi.org/10.1123/ijspp.2013-0455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24334285&dopt=Abstract
http://dx.doi.org/10.1111/j.1540-8167.2008.01257.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18662181&dopt=Abstract
http://dx.doi.org/10.1139/h10-103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21609282&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17487074&dopt=Abstract
http://dx.doi.org/10.1007/s00421-017-3759-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29128939&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Chenetd

Edited by G Eysenbach; submitted 17.03.20; peer-reviewed by NJ Chang, M Altini, L Becker; comments to author 11.04.20; revised
version received 05.06.20; accepted 13.06.20; published 31.07.20

Please cite as:

Chen YS Lu WA, Pagaduan JC, Kuo CD

A Novel Smartphone App for the Measurement of Ultra—Short-Term and Short-Term Heart Rate Variability: Validity and Reliability
Sudy

JMIR Mhealth Uhealth 2020;8(7):e18761

URL: https://mhealth.jmir.org/2020/7/€18761

doi: 10.2196/18761

PMID: 32735219

©Yung-Sheng Chen, Wan-An Lu, Jeffrey C Pagaduan, Cheng-Deng Kuo. Originally published in IMIR mHealth and uHealth
(http://mhealth.jmir.org), 31.07.2020. Thisisan open-access article distributed under the terms of the Creative Commons Attribution
License (https.//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in IMIR mHealth and uHealth, is properly cited. The complete bibliographic
information, alink to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must
be included.

https://mhealth.jmir.org/2020/7/€18761 JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 7 | €18761 | p. 16
(page number not for citation purposes)

RenderX


https://mhealth.jmir.org/2020/7/e18761
http://dx.doi.org/10.2196/18761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32735219&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

