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Background and objective: Heart rate variability (HRV) has been proposed as a useful marker that can
show the performance adaptation and optimize the training process in elite athletes. The development
of wearable technology permits the measurement of this marker through smartphone applications. The
purpose of this study is to assess the validity and reliability of short and ultra-short HRV measurements
in elite cyclists using different smartphone applications.

Keywords: - Method: Twenty-six professional cyclists were measured at rest in supine and in seated positions through
App, Heart rate variability . . R .. .

Ultra-short the simultaneous use of an electrocardiogram and two different smartphone applications that implement
Exercise different technologies to measure HRV: Elite HRV (with a chest strap) and Welltory (photoplethysmogra-

phy). Level of significance was set at p < 0.05.

Results: Compared to an electrocardiogram, Elite HRV and Welltory showed no differences neither in
supine nor in seated positions (p > 0.05) and they showed very strong to almost perfect correlation
levels (r = 0.77 to 0.94). Furthermore, no differences were found between short (5 min) and ultra-short
(1 min) length measurements. Intraclass correlation coefficient showed good to excellent reliability and
the standard error of measurement remained lower than 6%.

Conclusion: Both smartphone applications can be implemented to monitor HRV using short- and ultra-
short length measurements in elite endurance athletes.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Heart Rate Variability (HRV), defined as the analysis of the vari-
ability of successive R-R intervals, has been established as a vari-
able to monitor and fine-tune the training process [1] and it has
been shown to be a useful marker to assess the autonomic ner-
vous system [2], which can reflect the performance adaptation and
the fatigue induced by daily stressors or physical training [3]. Re-
garding elite athletes, who have less room for further increases in
performance and large volumes of training and competition, the
monitoring process is highly relevant to optimize training adapta-
tion and to avoid a maladaptation process such as non-functional
overreaching [4]. To date, several studies have implemented the
use of HRV for the monitoring and optimization of the training
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process [5]. For instance, a body of literature has focused on the
use of HRV to perform day-to-day training changes aiming to opti-
mize the improvement of the performance of elite athletes [6-9].

In the last years there has been a simplification of HRV data
collection thanks to the new technology that has been developed
and the scientific evidence that has emerged. First, it has been sug-
gested that ultra-short recordings (< 1 min) offer a valid measure
of time-domain HRV when compared against standard length mea-
surement [10-12]. Second, the increase of wearable devices and
smartphone applications has allowed any person to record these
variables [13-15]. These reasons allow for a better compliance with
daily measurements of HRV because of their easy, fast, and friendly
usage.

To date, different smartphone applications have been validated
against gold standard electrocardiogram to measure HRV accu-
rately [14-17]. However, these previous validation studies were
carried out with sedentary or recreationally-trained athletes. Only
one study included elite endurance athletes (three subjects of
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a total sample of twenty-six participants) [15]. In this regard,
endurance-trained athletes have shown a higher vagal tone than
the sedentary population which may cause a parasympathetic sat-
uration during HRV recordings [4]. Thus, it remains unknown if the
currently available smartphone application technology could mon-
itor HRV accurately in highly endurance-trained individuals.

Therefore, the purpose of this study was to evaluate the va-
lidity of short- and ultra-short HRV measures with two different
smartphone applications that implement different technologies to
measure HRV: Elite HRV (with a chest strap) and Welltory (photo-
plethysmography).

2. Method
2.1. Experimental design

Four consecutive 5 min HRV recordings were taken in two posi-
tions (supine and sitting) with three different devices at the same
time: a 12-lead electrocardiogram Holter F12plus (Schiller Mediz-
intechnik GmbH, Baar, Switzerland), a smartphone app (Elite HRV)
connected via Bluetooth to a validated chest strap (Polar H10, Polar
Electro Oy, Kempele, Finland) [18], and a smartphone application
that performs HRV recordings using photoplethysmography (PPG)
technology (Welltory, New York, USA). The smartphone was the
same for all the measurements (iPhone 11, Apple Inc., USA). Be-
fore each 5 min recording, a 1 min stabilization period was carried
out [19].

2.2. Subjects

Twenty-six professional road cyclists participated in this study.
All of them were members of Professional-continental or Profes-
sional cycling teams and completed a standardized medical screen-
ing form. Before taking part in this study, the participants were
fully informed of the objectives of the study and provided a writ-
ten informed consent. The study was approved by the ethical com-
mittee of BLINDED INSTITUTION (Ref: DPS.JSM.02.18) and was con-
ducted to conform to the recommendations of the Declaration of
Helsinki.

2.3. Procedures

The Holter F12plus was chosen to register the electrocardio-
gram (ECG) signal. The gold standard measure for the quantifica-
tion of R-R intervals is ECG, which registers each heartbeat. In this
regard, the reference method for assessing R-R intervals in ambula-
tory conditions is an ECG Holter monitor [20,21]. Before recording
the R-R intervals, the ECG electrodes were placed on the chest fol-
lowing the standard recommendations'®: Six precordial electrodes
were place in the standard position. To prevent signal disturbances,
the two cranial limb electrodes were placed in the infraclavicu-
lar fossa on both sides. The caudal limb electrode was positioned
halfway between the costal margin and the iliac crest in the left
anterior axillary line while the other inferior electrode was placed
on the lower abdomen ground. For the electrode placement, the
skin of the participants was shaved and cleaned with alcohol rubs.

After the ECG electrode placement, the Polar H10 chest strap
was fitted to the participants. Previous research has demonstrated
the validity of this chest strap to measure R-R intervals [18]. Then,
the chest strap was connected via Bluetooth technology to the Elite
HRV application (version 5.2.1), which allows the recording and
calculation of the most common HRV indexes.

The Welltory app (version 3.2.3) is a free smartphone applica-
tion that allows the measurement of HRV data through PPG tech-
nology. PPG measures heart rate through the reflection of the illu-
mination of the skin when a light-emitting diode is applied (e.g.,
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the smartphone’s camera flash) as local blood volume increases
during cardiac systole, which reduces the light intensity and there-
fore detects the heart beats.

Before recording, a researcher placed 10 ECG electrodes, as well
as the chest strap, on each subject. This researcher also instructed
the participants to place the index finger of their right hand on the
smartphone camera and flash for PPG measurement. The same re-
searcher performed the recordings. The recordings were monitored
on all three devices simultaneously. In the event of a recording fail-
ure in any of the devices, the recording was repeated again with
the three devices simultaneously to avoid a desynchronized record-
ing. The measurements took place in a quiet dark room with con-
stant temperature and humidity conditions. After the recordings,
raw R-R data were exported and analyzed with Kubios HRV soft-
ware (version 3.2.0; Biosignal Analysis and Medical Image Group,
Department of Physics, University of Kuopio, Kuopio, Finland) to
obtain the HRV data [22]. The analysis and processing of the data
were performed according to the standard criteria [2,23]. The files
were corrected for ectopic beats and artifacts before the analysis
using a medium level of artifact correction. The interpolation of
the series was performed by a cubic spline interpolation method
provided by the Kubios’ software. A full description of the algo-
rithm can be found elsewhere [24]. This is the recommended tech-
nique by the literature for artifact and ectopic beats corrections
when examining R-R intervals [14,23]. The literature suggests to
hold the 80% of normal R-R intervals for the further analysis, and
for the present study, only the signals with less of a 20% of beats
corrected were included in the analyses. However, previous re-
search has shown statistical differences in low ratios of ectopic
beats even after applying an interpolation method [25]. There-
fore, caution must be exercised in the analysis of HRV recording
in free-living conditions [26]. The first minute of the data obtained
from the three measures (ECG, Elite HRV, and PPG) was then split
up with the aim to compare the ultra-short length measurement
against the full-length measurement of 5 min. The time-domain
root mean of successive R-R interval differences (rMSSD) was cho-
sen as the vagal index as it was the best indicator and the most
practical one to use [27]. The data were transformed by taking
the natural logarithm to allow for parametric statistical compar-
isons that assume a normal distribution (LnrMSSD). Despite we
displayed the LnrMSSD data only, the data set generated during
and analyzed during the current study, which includes the most
common time- and frequency-domain variables, are available in
the Elsevier repository, (DOI: 10.17632/d4kypz3m77.2).

2.4. Statistical analysis

Results are presented as mean + standard deviation (SD). A
Kolmogorov-Smirnov statistical test was used to confirm data nor-
mality. A one-way analysis of variance (ANOVA) was carried out
using the smartphone application and the Kubios software to as-
sess possible mean differences according to the length of the mea-
surement (1 min vs 5 min) or according to the device used to mea-
sure HRV in the analysis. A Bonferroni posthoc test was also used
to evaluate the pairwise comparison between the different mea-
surement devices. Besides, the standardized differences or effect
sizes (ES) at 95% CI between groups were expressed in Cohen’s d
units and interpreted as trivial (< 0.19), small (0.20-0.49), moder-
ate (0.50-0.79), and large (> 0.80). [28] The strength of association
between HRV measurements in 1 min and 5 min measurement
length as well as with different devices were assessed by Pearson’s
correlation coefficient (r). To interpret these results, the thresh-
olds were set as follows: trivial (< 0.09), small (0.10-.29), moderate
(0.30-.49), high (0.50-.69), very high (0.70-.89), and almost perfect
(> 0.90) [29]. Relative and absolute reliability among trials was as-
sessed by the intraclass correlation coefficient (ICC) [30] and the
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Table 1
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Comparison of the gold-standard ECG and the Elite HRV and Welltory smartphone applications.

Descriptive data Fazsy P ES (95%CI) 1 (95%CI)
Supine
ECG  EliteHRV (k) 409 + 064 412+065 023 10  —0.06(-0.50,0.38) 0.87* (0.76, 0.93)
Elite (app) 417 £067 057 1.0  —0.13 (057, 031)  0.85* (0.74, 0.92)
Welltory (k) 440 £ 049 219 030 —0.19 (-0.63, 025) 0.77* (0.61, 0.87)
Welltory (app) 435+069 180 070 —0.19 (-0.63, 0.25)  0.72* (0.53, 0.84)
Sitting
ECG  Elite (k) 413 £ 047 413+046 006 1.0  0.00 (—0.44, 0.44) 0.94* (0.88, 0.97)
Elite (app) 415+ 047 017 1.0  —0.04 (—0.48, 0.40)  0.93* (0.87, 0.96)
Welltory (k) 432+039 176 040 —0.44(-0.88,0.01) 0.92* (0.85, 0.96)
Welltory (app) 438 £ 056 235 020 —0.48(-092, 0.03) 0.86* (0.74, 0.92)
*p < 0.01;.
k: kubios analysed data.
app: smartphone application analysis.
Table 2
Comparison between standard 5 min and 1 min ultra-short recordings.
1 min 5 min Fas) P ES (95%Cl) 1 (95%C)
ECG Supine  4.17 + 0.60  4.09 + 0.64  0.33 057  0.13 (=031, 0.57) 0.94* (0.89, 0.97)
Seated  4.14 + 047 413 +£047 <001 098 0.2 (-0.42, 0.46) 0.92* (0.85, 0.96)
Elite HRV ~ Supine  4.17 £ 0.69 412+ 065 0.11 0.74  0.07 (-0.36, 0.51) 0.95* (0.90, 0.97)
Seated  4.12 + 046 413+ 046 <001 096 —0.02 (-0.46, 0.42)  0.92* (0.85, 0.96)
Welltory ~ Supine  4.49 + 055 440 + 049  0.62 043  0.17 (-0.27, 0.61) 0.86* (0.75, 0.92)
Seated 439 + 041 432 +039 054 047  0.17 (-0.27, 0.61) 0.90* (0.82, 0.95)
p < 0.01
standard error of measurement (SEM) [31], respectively. ICC val- Table 3 )
ues were interpreted as: excellent (> 0.90), good (0.75 to 0.90) Reliability of the ECG, Elite HRV and Welltory.
and poor to moderate (< 0.75) [32]. SEM values lower than 10% Mean change  ICC (90%CI) SEM (%)  MDC (%)
were considered acceptable and the minimal detectable change Supine
(MDC) was calculated based on SEM values through the formula ECG 0.05 0.95 (0.87, 0.98)  3.66 10.16
(196 x SEM x ,/2). To establish the agreement between the Elite (k) 0.09 0.95 (0.88, 0.98)  3.46 9.60
three HRV measurement devices, Bland-Altman analyses were per- \E/\l/ltlel (E‘PP)I g-(l); 82‘; (g-gg’ gg;) ;L(])g };g;
formed for the LnrMSSD parameter?®. This method geometrically wzutgg/ E; o 010 093 20'83’ 0'97§ 250 1246
illustrates the difference (and limits of agreement) between three Sitting '
measurement devices (i.e., Welltory smartphone application and ECG 0.02 0.87 (0.68, 0.95)  3.65 10.11
Elite HRV smartphone application vs. ECG) against each method’s Elite (k) 0.03 0.87 (0.70, 0.95)  3.72 1033
mean?®. All the analyses were performed using specific spread- Elite (app) 0.04 0.87(0.70, 0.95)  3.85 10.67
heets in Microsoft Excel (Microsoft, Seattle, USA) and JASP [33] Welltory (k) 0.09 085 (0.64,094)  3.27 9.06
sheets ) : : Welltory (app) ~ 0.13 0.93 (0.82,097) 3.77 40.46

The level of statistical significance to reject the null hypotheses
was set at p < 0.05.

3. Results

No differences were observed (p > 0.05) in the results of the
Elite HRV and the Welltory app when they were compared to the
ECG gold standard both in supine and seated positions (Table 1). In
addition, ES showed trivial effects (Cohen’s d < 0.19) in the supine
position in both smartphone applications and in the seated posi-
tion for Elite HRV. Welltory showed small effects for the seated
position. Correlation analysis showed a very strong to almost per-
fect correlation of both apps against the ECG gold standard. The
results from the Bland-Altman plots showed that there was no ap-
parent bias for the agreement in none of the two measurement
devices (the Welltory app and the Elite HRV app) against the gold
standard method ECG under neither of the two measurement con-
ditions (supine and sitting) (Fig. 1).

The ANOVA showed no differences between the 5 min standard
measurement and the 1 min ultra-short recording. In addition, ES
showed trivial effects and the correlation coefficient ranged be-
tween very strong and almost perfect (Table 2).

The reliability analysis of the consecutive HRV measurements
showed ICC values that ranged between very high to almost per-

ICC: Intraclass correlation coeficient.
SEM: Standard error of the measurement.
MDC: Minimal detectable change.

k: kubios analysed data.

app: smartphone application analysis.

fect (Table 3). The SEM values, as shown in Table 3, reported values
lower than the limit of 10% in all the measurements.

4. Discussion

The purpose of this study was to test the validity and reliabil-
ity of different smartphone applications to measure HRV against
an ECG gold standard in highly trained cyclists. Additionally, the
validity and reliability of ultra-short measurements (1 min record-
ings) were tested against standard 5 min recordings. The main
conclusion is that both, the Elite HRV and the Welltory apps, are
valid and reliable to measure time-domain LnRMSSD during short
(5 min) and ultra-short (1 min) recordings in both supine and
seated positions. To the best of our knowledge, this is the first
study to evaluate the validity and reliability of smartphone appli-
cations in elite endurance athletes.
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Fig. 1. Agreement (Bland-Altman plots, panels A and B supine position and C and D sitting position) between values of ECG vs Elite app and ECG vs Welltory app.

In this study, the validity of the Elite HRV and Welltory apps
were analyzed by 1. comparing the HRV analysis performed by
the smartphone applications against the ECG gold standard anal-
ysis, and 2. comparing the analysis performed with the Kubios
software using the raw data of the different smartphone applica-
tions against the ECG gold standard analysis. The results of the
present study revealed that there were no statistical differences
between ECG and Elite HRV and Welltory smartphone applica-
tions in any of the analyses both in supine and in seated positions
(Table 1).

Elite HRV showed trivial ES and ranged between a very strong
and an almost perfect correlation in the analysis performed by the
smartphone application and the analysis performed using the Ku-
bios software (Table 1). These results confirmed previous results
of another study with recreational athletes that did not find dif-
ferences in rMSSD and found an almost perfect correlation against
ECG. [17] Furthermore, our study was performed with participants
in two different body positions (supine and seated) and previous
studies suggested that for highly trained endurance athletes, the
supine position can lead to a parasympathetic saturation that af-
fects the measurement and the seated position could be more ap-
propriate for daily assessment in this population [4]. Indeed, the
seated position showed a slightly greater correlation (> 0.90) than
the supine position against the gold standard in both analyses
(Table 1). Therefore, this study design could be more appropriate
to evaluate the validity of this smartphone application in a highly
trained population and it confirms the suitability of Elite HRV to

assess HRV. To note is that this study included a 1 min stabiliza-
tion period before each measurement, which is reported to be the
minimum measurement length to obtain a valid and reliable time-
domain HRV measurement, [34] while the previous studies did not
include this stabilization period.

Regarding Welltory, these results suggest that this app is valid
to perform ultra-short recordings using PPG technology (Table 1).
This result is relevant because, in a field setting, it could be eas-
ier to implement the use of PPG than a chest strap to register
daily HRV measurements. To the best of the authors’ knowledge,
this is the first validated app that allows free download and usage
options that does not require another device (i.e., a chest strap).
The present findings seem to be consistent with a previous study
in another smartphone application that implements PPG technol-
ogy which found an almost perfect correlation against ECG [15].
However, the correlation coefficient was greater in the other study
than in the present study and the ES showed moderate effects al-
though there were no statistical differences (Table 1) against the
ECG gold standard. This difference could be due to the fact that
probably both smartphone applications implement different algo-
rithms to detect the RR intervals and this fact could lead to some
slight differences in the HRV data. Despite these differences, the
Welltory app could be an appropriate option to register daily mea-
surements HRV based on its easiness and friendly use through the
camera of the smartphone instead of a conventional chest strap
and could lead to greater compliance with the monitoring pro-
cess. Another point in favor of the use of Welltory is that it is



M. Moya-Ramon, M. Mateo-March, I. Pefia-Gonzdlez et al.

a free code application for Android (https://github.com/Welltory/
measure-stress-hrv-android) or iOS (https://github.com/Welltory/
measure-stress-heart-rate-ios) that allows the connection of third-
party applications through application programming interfaces.

No significant differences were found (p > 0.05) between short
(5 min) and ultra-short (1 min) recordings in either the supine or
the seated positions (Table 2). Additionally, the ES between both
measurements was trivial (Cohen’s d < 0.2). The Pearson’s mo-
ment correlation values were almost perfect in all the measure-
ments (r > 0.9), except for Welltory in the supine position, which
showed a very strong correlation (r = 0.86). Our results follow
those reported previously using ECG and other smartphone appli-
cations that used PPG [15] or near-infrared spectroscopy [16] to
measure HRV. Although previous articles have validated the use of
the Elite HRV app, [14,17] those articles analyze the validity of 5-
and 10 min recordings, while our study is the first to demonstrate
the validity of ultra-short recordings with this smartphone applica-
tion. Additionally, Bland-Altman plots revealed a good agreement
for the magnitudes of bias and 95% LoA between the PPG finger
monitor Welltory app and Elite app with Polar H10 chest strap
vs. ECG (Fig. 1). The confidence intervals obtained for the bias and
the limits of the agreement show that there are no differences be-
tween any of the two measurement positions (supine and sitting)
for the Elite app vs ECG system.

In this study, an excellent ICC (0.95) in conjunction with an
SEM lower than 10% in the supine position (Table 3) suggested
the reliability of the gold standard in the supine position. This is
the standard procedure to measure HRV using ECG in resting con-
ditions. Interestingly, the results obtained from a seated position
showed lower ICC values (0.87) than in supine. Although this value
is deemed as good reliability, further research should focus on the
proper position to assess HRV because previous research has rec-
ommended the seated position in highly-trained endurance ath-
letes and in population with low resting heart rate due to a possi-
ble parasympathetic saturation [4].

Finally, different limitations need to be considered. First, the
correction of ectopic beats and artifacts from the files was per-
formed according to the recommendations of the previous liter-
ature [14,23]. However, the data correction method implemented
by Elite HRV app and Welltory app are not known by the au-
thors. For this reason, the authors were not able to compare the
signal correction methods of each tool and it is possible that it
contributed to a bias in the HRV signal analysis. Further research
may explore the impact of different artifact correction methods
from the different smartphone apps to ensure a proper signal
analysis processing. Second, several articles have shown that the
PPG sensors are able to report HRV accurately but the assump-
tion that the pulse rate variability measured by PPG, and HRV are
the same physiological marker is imprecise [35]. This is because
the pulse wave needs a period of time to travel from the heart
to the finger (pulse wave transit) and this time may vary dur-
ing the heartbeats of the recording depending on different fac-
tors. For example, a recent study found that pulse rate variabil-
ity responds to cold exposure differently to HRV in peripheral sites
like the finger [36]. Despite this study did not find differences be-
tween ECG and Elite HRV (that directly measure HRV) and Well-
tory (that implements PPG technology), further research should
explore the effect of pulse wave transit in smartphone applica-
tions and wearables when their measures are compared against
ECG.

Concerning the smartphone applications, to the best of our
knowledge, this is the first study to assess the reliability of Elite
HRV and Welltory to measure HRV. These results showed simi-
lar levels of reliability than the ECG gold standard (Table 3) with
ICC values ranging from good to excellent and all SEM values un-
der 10% (the highest SEM value is 5.02). Thus, it seems that both
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smartphone applications can be implemented to register daily HRV
measurements in endurance athletes using the HRV.

Funding

The preparation of this article was financially supported by
Ministerio de Ciencia e Innovacion (Plan Nacional de I + D + I;
Ref: PID2019-107721RB-100).

Declaration of Competing Interest

The authors have no conflicts of interest to declare. All co-
authors have seen and agree with the contents of the manuscript
and there is no financial interest to report.

CRediT authorship contribution statement

M. Moya-Ramon: Conceptualization, Data curation, Writing -
original draft, Project administration. M Mateo-March: Conceptual-
ization, Methodology, Funding acquisition, Writing - review & edit-
ing. L. Pefia-Gonzalez: Data curation, Formal analysis, Writing - re-
view & editing. M. Zabala: Conceptualization, Data curation, Writ-
ing - review & editing. A. Javaloyes: Writing - original draft, Writ-
ing - review & editing, Project administration, Funding acquisition.

References

[1] J. Stanley, J.M. Peake, M. Buchheit, Cardiac parasympathetic reactivation fol-
lowing exercise: implications for training prescription, Sports Med. 43 (2013)
1259-1277.

Heart rate variability, Standards of measurement, physiological interpretation,

and clinical use. Task Force of the European Society of Cardiology and the

North American Society of Pacing and Electrophysiology, Eur. Heart J. 17 (1996)

354-381 Available from http://www.ncbi.nlm.nih.gov/pubmed/8737210 .

N. Singh, KJ. Moneghetti, ] W. Christle, D. Hadley, V. Froelicher, D Plews, Heart

rate variability: an old metric with new meaning in the era of using mHealth

technologies for health and exercise training guidance. Part two: prognosis
and training, Arrhythmia Electrophysiol. Rev. 7 (2018) 247-255 Available from

https://pubmed.ncbi.nlm.nih.gov/30588312/ .

D.J. Plews, P.B. Laursen, M. Buchheit, Day-to-day Heart Rate Variability (HRV)

recordings in world champion rowers: appreciating unique athlete characteris-

tics, Int. J. Sport Physiol. Perform. (2016) 1-19.

[5] J.G. Dong, The role of heart rate variability in sports physiology (Review), Exp.

Ther. Med. 11 (2016).

[6] A. Javaloyes, ].M. Sarabia, R.P. Lamberts, M. Moya-Ramon, Training prescription

guided by heart rate variability in cycling, Int. ]. Sports Physiol. Perform. (2018)

1-28.

A. Javaloyes, J.M. Sarabia, R.P. Lamberts, D. Plews, M Moya-Ramon, Training

prescription guided by heart rate variability vs. block periodization in well-

trained cyclists, J. Strength Cond. Res. 1 (2019) Available from http://insights.

ovid.com/crossref?an=00124278-900000000-94680 .

[8] AM. Kiviniemi, AJ. Hautala, H. Kinnunen, M.P. Tulppo, Endurance training
guided individually by daily heart rate variability measurements, Eur. ]. Appl.
Physiol. 101 (2007) 743-751.

[9] V. Vesterinen, A. Nummela, I. Heikura, T. Laine, E. Hynynen, J. Botella, et al.,
Individual endurance training prescription with heart rate variability, Med. Sci.
Sport Exerc. 48 (2016) 1347-1354.

[10] M.R. Esco, H.N. Williford, A.A. Flatt, TJ. Freeborn, Y Nakamura, Ultra-short-
ened time-domain HRV parameters at rest and following exercise in athletes:
an alternative to frequency computation of sympathovagal balance, Eur. J. Appl.
Physiol. (2018).

[11] EY. Nakamura, P. Antunes, C. Nunes, J.A. Costa, M.R. Esco, B. Travassos, Heart
rate variability changes from traditional vs. Ultra-short-term recordings in re-
lation to preseason training load and performance in futsal players, J. Strength
Cond. Res. 34 (2020) 2974-2981 Available from https://pubmed.ncbi.nlm.nih.
gov/30601391/ .

[12] EY. Nakamura, L.A. Pereira, M.R. Esco, A.A. Flatt, J.E. Moraes, C.C. Cal Abad,
et al, Intra- and inter-day reliability of ultra-short-term heart rate variabil-
ity in rugby union players, J. Strength Cond. Res. 1 (2016) Available from
https://insights.ovid.com/crossref?an=00124278-900000000-96446 .

[13] W.C. Dobbs, M.V. Fedewa, H.V. MacDonald, CJ. Holmes, Z.S. Cicone, D.J. Plews,
et al,, The accuracy of acquiring heart rate variability from portable devices:
a systematic review and meta-analysis, Sport. Med. 49 (2019) 417-435, doi:10.
1007/s40279-019-01061-5.

[14] A.S. Perrotta, A.T. Jeklin, B.A. Hives, L.E. Meanwell, D.E.R Warburton, Validity of
the Elite HRV Smartphone Application for Examining Heart Rate Variability in
a Field-Based Setting, J. Strength Cond. Res. 31 (2017) 2296-2302.

[2

3

4

17


https://github.com/Welltory/measure-stress-hrv-android
https://github.com/Welltory/measure-stress-heart-rate-ios
http://dx.doi.org/10.13039/501100004837
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0030
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0030
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0030
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0030
http://www.ncbi.nlm.nih.gov/pubmed/8737210
https://pubmed.ncbi.nlm.nih.gov/30588312/
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0024
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0024
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0024
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0024
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0005
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0005
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0011
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0011
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0011
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0011
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0011
http://insights.ovid.com/crossref?an=00124278-900000000-94680
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0013
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0013
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0013
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0013
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0013
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0033
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0006
https://pubmed.ncbi.nlm.nih.gov/30601391/
https://insights.ovid.com/crossref?an=00124278-900000000-96446
https://doi.org/10.1007/s40279-019-01061-5
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0023

M. Moya-Ramon, M. Mateo-March, I. Pefia-Gonzdlez et al.

[15] DJ. Plews, B. Scott, M. Altini, M. Wood, A.E. Kilding, P.B. Laursen, Compari-
son of heart-rate-variability recording with smartphone photoplethysmogra-
phy, Polar H7 chest strap, and electrocardiography, Int. ]. Sports Physiol. Per-
form 12 (2017) 1324-1328.

[16] A.A. Flatt, M.R Esco, Validity of the ithleteTM smart phone application for
determining ultra-short-term heart rate variability, ]. Hum. Kinet. 39 (2013)
85-92.

[17] R de A Pereira, JL de B Alves, JH da C Silva, M da S Costa, A.S Silva, Validity of
a smartphone application and chest strap for recording RR intervals at rest in
Athletes, Int. J. Sports Physiol. Perform. (2020).

[18] K.E. Speer, S. Semple, N. Naumovski, AJ. McKune, Measuring heart rate vari-
ability using commercially available devices in healthy children: a validity and
reliability study, Eur. ]. Investig. Heal Psycho.l Educ. (2020).

[19] N. Bourdillon, L. Schmitt, S. Yazdani, J.-M. Vesin, G.P. Millet, Minimal win-
dow duration for accurate HRV recording in athletes, Front. Neurosci. 11 (2017)
456.

[20] R. Gilgen-Ammann, T. Schweizer, T. Wyss, RR interval signal quality of a heart
rate monitor and an ECG Holter at rest and during exercise, Eur. J. Appl. Phys-
iol. (2019).

[21] L. Su, S. Borov, and B. Zrenner. 12-lead Holter electrocardiography: review of
the literature and clinical application update. Herzschrittmachertherapie und
Elektrophysiologie. 2013.

[22] M.P. Tarvainen, J.P. Niskanen, J.A. Lipponen, P.0. Ranta-aho, P.A Karjalainen, Ku-
bios HRV-Heart rate variability analysis software, Comput. Methods Programs
Biomed. (2014).

[23] M.A. Peltola, Role of editing of R-R intervals in the analysis of heart rate vari-
ability, Front. Physiol. (2012).

[24] J.A. Lipponen, M.P Tarvainen, A robust algorithm for heart rate variability
time series artefact correction using novel beat classification 43 (2019) 173-
181 101080/0309190220191640306 Available from https://www.tandfonline.
com/doi/abs/10.1080/03091902.2019.1640306.

Computer Methods and Programs in Biomedicine 217 (2022) 106696

[25] A. Choi, H Shin, Quantitative analysis of the effect of an ectopic beat on the
heart rate variability in the resting condition, Front. Physiol. 9 (2018) 922.

[26] D. Morelli, A. Rossi, M. Cairo, D.A Clifton, Analysis of the impact of interpola-
tion methods of missing RR-intervals caused by motion artifacts on HRV fea-
tures estimations, Sensors 19 (2019).

[27] DJ. Plews, P.B. Laursen, A.E. Kilding, M Buchheit, Evaluating training adaptation
with heart-rate measures: a methodological comparison, Int. ]J. Sport Physiol.
Perform. 8 (2013) 688-691.

[28] J. Cohen, A. Maydeu-Olivares, A Power Primer, Psychol. Bull. 112 (1) (1992)
155-159, doi:10.1038/141613a0.

[29] W. Hopkins, S. Marshall, A. Batterham, J. Hanin, Progressive statistics for stud-
ies in sports medicine and exercise science, Med. Sci. Sport Exerc. 41 (2009)
3.

[30] PE. Shrout, J.L Fleiss, Intraclass correlations: uses in assessing rater reliability,
Psychol. Bull. (1979).

[31] J.E. Lexell and D.Y. Downham. How to assess the reliability of measurements
in rehabilitation. Am. J. Phys. Med. Rehabil. 2005.

[32] Foundations of clinical research: applications to practice, Surv. Ophthalmol.
(2002).

[33] J. Love, R. Selker, M. Marsman, T. Jamil, D. Dropmann, J. Verhagen, et al. JASP:
graphical statistical software for common statistical designs. J. Stat. Softw. 2019.

[34] A.A. Flatt, M.R Esco, Heart rate variability stabilization in athletes: towards
more convenient data acquisition, Clin. Physiol. Funct. Imaging 36 (2016)
331-336.

[35] E. Yuda, M. Shibata, Y. Ogata, N. Ueda, T. Yambe, M. Yoshizawa, et al., Pulse
rate variability: a new biomarker, not a surrogate for heart rate variability, J.
Physiol. Anthropol. 39 (2020) Available from https://pubmed.ncbi.nlm.nih.gov/
32811571/ .

[36] E. Mejia-Mejia, K. Budidha, T.Y. Abay, ].M. May, P.A. Kyriacou, Heart Rate Vari-
ability (HRV) and Pulse Rate Variability (PRV) for the assessment of autonomic
responses, Front. Physiol. 11 (2020) 779.


http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0026
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0007
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0007
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0007
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0022
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0029
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0029
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0029
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0029
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0029
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0001
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0009
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0009
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0009
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0009
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0032
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0021
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0021
https://www.tandfonline.com/doi/abs/10.1080/03091902.2019.1640306
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0002
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0002
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0002
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0018
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0018
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0018
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0018
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0018
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0025
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0025
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0025
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0025
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0025
https://doi.org/10.1038/141613a0
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0010
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0010
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0010
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0010
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0010
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0027
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0027
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0027
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0036
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0008
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0008
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0008
https://pubmed.ncbi.nlm.nih.gov/32811571/
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017
http://refhub.elsevier.com/S0169-2607(22)00081-5/sbref0017

	Validity and reliability of different smartphones applications to measure HRV during short and ultra-short measurements in elite athletes
	1 Introduction
	2 Method
	2.1 Experimental design
	2.2 Subjects
	2.3 Procedures
	2.4 Statistical analysis

	3 Results
	4 Discussion
	Funding
	Declaration of Competing Interest
	CRediT authorship contribution statement
	References


