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Abstract

Background and Aims: Single-use electrocardiography (ECG) leads have been
developed to reduce healthcare-associated infection. This study compared the
validity and reliability of short-term heart rate variability (HRV) obtained from single-
use disposable ECG leads.

Methods: Thirty healthy subjects (33 + 10 years; 9 females) underwent 5-min resting
HRV assessments using disposable (single use) ECG cable and wire system (Kendall
DL™ Cardinal Health) and a standard, reusable ECG leads (CardioExpress, Spacelabs
Healthcare).

Results: Intraclass correlation coefficient (ICC) with 95% confidence interval (Cl)
between disposable and reusable ECG leads was for the time domain [R-R interval
(ms); 0.99 (0.91, 1.00)], the root mean square of successive normal R-R interval
differences (RMSSD) (ms); 0.91 (0.76, 0.96), the SD of normal-to-normal R-R
intervals (SDNN) (ms); 0.91 (0.68, 0.97) and frequency domain [low-frequency
(LF) normalized units (nu); 0.90 (0.79, 0.95), high frequency (HF) nu; 0.91 (0.80, 0.96),
LF power (ms?); 0.89 (0.62, 0.96), HF power (ms?); 0.90 (0.72, 0.96)] variables. The
mean difference and upper and lower limits of agreement between disposable and
reusable leads for time- and frequency-domain variables were acceptable. Analysis
of repeated measures using disposable leads demonstrated excellent reproducibility
(ICC 95% ClI) for R-R interval (ms); 0.93 (0.85, 0.97), RMSSD (ms); 0.93 (0.85, 0.97),
SDNN (ms); 0.88 (0.75, 0.95), LF power (ms?); 0.87 (0.72, 0.94), and HF power (ms?);
0.88 (0.73, 0.94) with coefficient of variation ranging from 2.2% to 5% (p > 0.37 for
all variables).

Conclusion: Single-use Kendall DL™ ECG leads demonstrate a valid and reproducible

tool for the assessment of HRV.
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1 | INTRODUCTION

Heart-rate variability (HRV), which represents changes in the time
intervals between consecutive heartbeats, is a recognized physiologi-
cal indicator of the autonomic nervous system (ANS) activity.? It
reflects neuro-cardiac interactions and dynamic nonlinear ANS
processes which operate on different time scales to maintain
neuro-cardiac homeostasis.2

The evaluation of HRV has gained significant interest as a simple,
noninvasive measure sensitive to physiological and psychological
variations.? It provides an insight into the human heart's capacity to
adapt to complex physiological, pathophysiological, or environmental
challenges.® Hence, HRV has been evaluated and reported to predict
mortality in the general population,* improve risk stratification in
cardiovascular disease,””” diabetes,® sleep deficiencyf’ cancer,'® and
mental health disorder.**2 In athletes, it has been proposed that
HRV measurement can guide exercise training programs, adaptation,
and recovery.t®14

Depending on the methodology and purpose, HRV is commonly
monitored briefly (ultrashort-term, <5 min), short-term (~5 min), or
during a 24-h period and evaluated using time-domain, frequency-
domain, and nonlinear measurements.? While the heart's response to
a wider range of environmental stimuli and workloads is sometimes
assessed during short-term monitoring, long-term monitoring is
representative of processes with slower fluctuations (e.g., circadian
rhythm) and is not exchangeable with short-term values.?

Time domain measures of HRV quantify variability in beat-to-
beat interval measurements. For example, the standard deviation of
normal-to-normal R-R intervals (SDNN); a representation of beat-to-
beat intervals without artefacts, provides estimates of overall HRV,
and the root mean square of successive beat-to-beat interval
differences (RMSSD), gives an indication of variations in para-
sympathetic activity.'> These two, are the only time-domain
measures recommended for short-term HRV analysis.'® Frequency-
domain measures evaluate the distribution of absolute or relative
power into frequency bands, that is, ultralow-frequency (ULF), very-
low-frequency (VLF), low-frequency (LF), and high-frequency (HF)
bands.'> The LF band, mediated by baroreflex mechanisms,*¢ is
associated with sympathetic and parasympathetic modulations. The
HF band reflects the respiratory sinus rhythm from centrally
mediated cardiac vagal control.*®

Although microbial contamination of the fomite electrocardio-
graphic telemetry systems is significantly reduced after cleaning,'”
ECG wires cannot be completely disinfected 100% of the time due to
the frequency of usage between patients. Thus, they may contribute
to the growth of resistant bacteria in clinical settings.*® Single-use,
disposable electrocardiography (ECG) leads have been developed to
serve as a means of reducing the transfer of disease-causing agents
to a new human host. Their validity and reliability in assessing heart
rate variability (HRV) have not yet been reported. This study aimed to
assess the validity and reliability of short-term HRV measures
obtained from the novel single-use ECG leads. The present study
tested the following two logical alternative hypotheses: (i) HRV

time- and frequency-domain measures obtained by a disposable ECG
lead will be significantly correlated and in agreement with those
obtained by the standard, reusable ECG leads and (ii) disposable ECG
leads will demonstrate acceptable reproducibility.

2 | METHODS
2.1 | Study design and procedure

This was a single-center, prospective, observational validity, and
reliability study approved by the Coventry University Institute of
Health and Wellbeing Research Ethics Committee (P109193). The
study protocol and procedures were in accordance with the
declaration of Helsinki, and participants provided written informed
consent before taking part in the study. To ensure a high level of
consistency in the physiological status of participants, individuals
without a history of cardiovascular, respiratory, or other chronic or
acute illnesses participated in the study. Participants attended the
Cardiovascular Research Laboratory, for two visits lasting approxi-
mately 1.5 h each. All participants were asked to refrain from alcohol
and caffeine on the study day and to avoid vigorous exercise 24 h
before the study visit as these could alter HRV. While supine,
participants’ blood pressure and heart rate were measured, and
participants’ skin was prepared for the attachment of the ECG
electrodes. The electrodes were placed on the participant's thorax by
trained technicians using the standard 12-lead placement'? and then
connected to the CardioExpress transducer. HRV measurements
were taken from the lead Il under light-controlled, thermo-neutral,
and calm conditions. HRV was assessed under normal breathing
conditions simultaneously for 5min each at rest using a single-use
disposable ECG cable and lead wire system (Kendall DL™, Cardinal
Health) and reusable ECG leads (CardioExpress SL18A, Spacelabs
Healthcare). The CardioExpress system with reusable leads was
chosen to provide criterion measures of HRV as an established
technology for cardiac rhythm assessment in clinical settings. The
sampling frequency was automatically set at 100 Hz according to
manufacturer recommendations.

Measurements were repeated 1 week apart using the same
approach, to assess the reliability of disposable leads in assessing
HRV. Signal processing and generation of R-R interval variability data
were made automatically by the CardioExpress software. HRV
measurements included the following variables: heart rate, R-R
interval, SDNN, RMSSD, HF power (in absolute and normalized

units), and LF power (in absolute and normalized units).

2.2 | Statistical analysis

Descriptive statistics were calculated for all variables. Data are presented
as mean = SD. Normal distribution was assessed via visual inspection of
frequency histogram and with either a Kolmogorov-Smirnov or
Shapiro-Wilk test. Heart rate, R-R intervals, LF power, and HF power
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in normalized units were analyzed using raw data, whereas RMSSD,
SDNN, LF power, and HF power were analyzed after log transformation
due to non-normal distribution. The agreement between disposable and
reusable leads was performed using Bland-Altman analysis (i.e., mean
difference [upper and lower limits of agreement]), intraclass correlation
coefficient (ICC), and Pearson's coefficient of correlation. An ICC and
Pearson's coefficient of correlation value above 0.9 was considered
excellent correlation, while value = 0.7 < 0.9 was considered very good.
Test-retest reliability of the disposable leads was performed using ICC
and coefficient of variation (CoV). CoV (%) was used to measure the
degree of dispersion around the mean of repeated measurements and
was calculated as the standard deviation of repeated measurements
expressed as a percentage of the mean. Data were analyzed using SPSS
(Version 27).

3 | RESULTS

Thirty healthy participants were recruited for the study. The physical
characteristics of participants are presented in Table 1. The total
number of beats detected after the automatic removal of artefacts by
CardioExpress software was 9356 for reusable leads and 9119 for
disposable leads (p > 0.05).

ICC with 95% confidence interval (Cl) between disposable and
reusable ECG leads was excellent for the time domain [R-R interval
(ms); 0.99 (0.91, 1.00), RMSSD (ms); 0.91 (0.76, 0.96), SDNN (ms); 0.91
(0.68, 0.97)] and very good to excellent for frequency domain [LF nu;
0.90 (0.79, 0.95), HF nu; 0.91 (0.80, 0.96), LF power (ms?); 0.89 (0.62,
0.96), HF power (ms?); 0.90 (0.72, 0.96)] variables (Table 2). Agreement
between both leads showed small mean differences and narrow limits
of agreement for time domain [R-R interval (ms); -25.5 (-74.4, 23.5),
RMSSD (ms); -0.07 (-0.31, 0.17), SDNN (ms); -0.07 (-0.25, 0.12)] and
frequency domain [LF nu; -1.9 (-24.3, 20.4), HF nu; 0.5 (-21.4, 22.3),
LF power (ms?); -0.18 (-0.68, 0.32), HF power (ms?); -0.16 (-0.68,
0.37)] variables (Table 2). Bland-Altman plots for R-R intervals,
RMSSD, LF nu, and HF nu are presented in Figure 1.

Repeated measures of disposable leads demonstrated excellent
reproducibility (ICC 95% Cl) for time-domain variables [R-R interval
(ms); 0.93 (0.85, 0.97), RMSSD (ms); 0.93 (0.85, 0.97), SDNN (ms);

TABLE 1 Demographic and physical characteristics of the study

participants
Parameter Mean +SD
Age (years) 33+10
Male/female 21/9
Weight (kg) 78.3+14.0
Height (cm) 174.9+8.5
Body mass index (kg/m?) 255+4.0
Systolic blood pressure (mmHg) 125+12
Diastolic blood pressure (mmHg) 79+8

Open Access

0.88 (0.75, 0.95)] with CoV <5%. Frequency domain variables also
showed very good to excellent reproducibility [LF nu; 0.77 (0.52,
0.89), HF nu; 0.74 (0.44, 0.86), LF power (ms2); 0.87 (0.72, 0.94), and
HF power (ms?); 0.88 (0.73, 0.94)] (Table 3) although CoV was higher
than the acceptable 10% limit for normalized units of LF and HF
power (Table 3). Relationships between repeated measures of R-R
intervals, RMSSD, LF nu, and HF nu are presented in Figure 2.

4 | DISCUSSION

This is the first study to evaluate the validity and reliability of
disposable ECG leads for measuring. The main findings of the
present investigation suggest: (i) Excellent agreement between
disposable and reusable ECG leads in the assessment of time and
frequency domain HRV measures and (ii) disposable ECG leads
demonstrated an excellent degree of reliability for time domain HRV
measures, and very good to excellent reliability for frequency
domain HRV measures.

Over the past two decades, several investigations have scruti-
nized the validity and reliability of commercially available technolo-
gies for the assessment of HRV.2°"2% However, these devices are
mainly designed for fitness/athletic purposes and may have little use
in clinical settings. This is the first study to provide evidence on
the performance accuracy of the novel; disposable ECG leads to
evaluate HRV, which is a highly sensitive physiological measure used
in a clinical setting for risk stratification and monitoring purposes.

Evidence from available literature assessing multiple technolo-
gies suggests large discrepancies in the design and analytical methods
used to analyze time and frequency domain variables leading to
conflicting results and difficulty in making comparisons among

studies. For example, some studies?2>2¢

analyzed HRV data using
independent commercially available software to interpret R-R
interval data, rather than the specific analytical tools designed, and
recommended by the device hardware provider. Our study is unique
as HRV data are collected using disposable and reusable ECG leads
but data were analyzed using the same analytical methods. Thus,
spectral decomposition of R-R interval sequence was automatically
performed by the CardioExpress software using Fast Fourier
Transformation (FFT). FFT is frequently used in reliability studies?¢~2®
and enables the analysis of the components of the power spectrum
density to be segmented into different frequency bands for further
analysis. This contrasts with autoregressive modeling, which is
dependent on criterion-defined models and algorithms. However,
there is evidence to show that data from FFT and autoregressive
spectral estimation methods agree well.??

Although there is no direct comparison with previous studies due
to the novelty, all HRV variables assessed in this study fall within the
normative range reported by previous studies.>® Our results show a
similar trend for method agreement and reliability with other studies
for time-domain HRV measures derived from short-term record-
ings.2%2% It was previously recommended to use higher sampling

frequencies, usually from 500 Hz, for HRV evaluations.'> However,
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TABLE 2 Comparison of time and frequency domain variables between reusable and disposable leads (n = 30)

Mean = SD
Parameter Reusable leads Disposable leads
Raw data
HR (bpm) 61.9+11.2 60.3+10.7
R-R Interval (ms) 991+176 1016 +179
LF nu 56.0+19.4 57.9+18.2
HF nu 36.5+18.8 36.0+18.9
Log-transformed data
RMSSD (ms) 2.57+0.26 2.64+0.22
SDNN (ms) 2.67+0.21 2.74+0.18
LF power (ms?) 3.68+0.53 3.86+0.39
HF power (ms?) 3.39+0.52 3.550.46

% Difference Mean difference (LOA) ICC (95% ClI)

2.6 1.6 (-2.1, 5.3) 1.00 (0.92, 1.00)
2.6 -25.5 (-74.4, 23.5) 0.99 (0.91, 1.00)
3.4 -1.9 (-24.3, 20.4) 0.90 (0.79, 0.95)
1.4 0.5 (-21.4, 22.3) 0.91 (0.80, 0.96)
2.7 -0.07 (-0.31, 0.17) 0.91 (0.76, 0.96)
2.6 -0.07 (-0.25, 0.12) 0.91 (0.68, 0.97)
4.9 -0.18 (-0.68, 0.32) 0.89 (0.62, 0.96)
4.7 -0.16 (-0.68, 0.37) 0.90 (0.72, 0.96)

Abbreviations: bpm, beats per minute; Cl, confidence interval; HF, high-frequency power; HR, heart rate; ICC, intraclass coefficient of correlation;

LF, low-frequency power; LOA, limits of agreement; ms, milliseconds; ms?2, absolute units; nu, normalized units; RMSSD, root mean square of successive
differences, square root of the mean sum of squared differences between the duration of all normal successive R-R-intervals; R-R, count number of mean
time between R waves; SDNN, standard deviation of the duration of all normal R-R-intervals.
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FIGURE 1 Bland-Altman plots with mean difference (solid line) and 95% limits of agreement (dotted lines) demonstrating the validity of
heart rate variability using disposable electrocardiography leads compared to reusable electrocardiography leads. Variables include (A) R-R
Interval, (B) log-transformed root mean square of successive normal R-R intervals (RMSSD), (C) low-frequency power in normalized units, and
(D) high-frequency power in normalized units.

such high frequency is often impractical in clinical settings due to

technological limitations of certain medical devices (e.g., Holter

monitors), which are compact with small battery capacities, thus

limiting sampling frequencies to around 125 Hz.3' Such limitations

have led to the down-sampling of frequencies up to 50 Hz

32,33

further complicating results. While a previous report suggested a

sampling frequency of 50Hz was acceptable for time domain

variables®* others suggest a higher cut-off frequency for valid
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TABLE 3 Reproducibility of time and
frequency domains variables using
disposable leads (n = 30)

Parameter
Raw data
HR (bpm)
R-R Interval (ms)
LF nu
HF nu
Log-transformed data
RMSSD (ms)
SDNN (ms)
LF power (ms?)

HF power (ms?)

Mean (SD)

Visit 1 Visit 2
60.3+10.7 60.7+11.3
1016 +179 1012+ 184
57.9+18.2 55.4+21.7
36.0+18.9 35.7+20.9
2.65+0.22 2.63+0.25
2.75+0.18 2.74+0.16
3.86+0.39 3.82+0.40
3.55+0.46 3.52+0.54

Health Science Reports ~WI LEY—m

Open Access

ICC (95% CI) CoV (%)
0.95 (0.89, 0.97) 4.8
0.93(0.85, 0.97) 4.8
0.77 (0.52, 0.89) 19

0.74 (0.44, 0.86) 30

0.93 (0.85, 0.97) 28
0.88 (0.75, 0.95) 22
0.87 (0.72, 0.94) 3.8
0.88 (0.73, 0.94) 5.1

Abbreviations: bpm, beats per minute; Cl, confidence interval; CoV, coefficient of variation; HF, high-
frequency power; HR, heart rate; ICC, intraclass coefficient of correlation; LF, low-frequency power;
ms, milliseconds; ms?, absolute units; nu, normalized units; RMSSD, root mean square of successive
differences, square root of the mean sum of squared differences between the duration of all normal
successive R-R-intervals; RR, count number of mean time between R waves; SDNN, standard deviation
of the duration of all normal to normal R-R-intervals.
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FIGURE 2 Relationship between reusable and disposable leads: (A) R-R Interval, (B) log-transformed root mean square of successive normal
R-R intervals (RMSSD), (C) low-frequency power in normalized units, and (D) high-frequency power in normalized units.
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measurements of 100 Hz for the time domain and 250 Hz for the
frequency domain variables.>® Below 250Hz, frequency domain
variables may lose small details of R-R intervals due to poor
concordance particularly in HF elements.3® This could be the reason
for high CoV in normalized units of low and HF power in the present
study. Variations in frequency domain measures across repeated
tests, despite strict control measures, have led to reservations in the
utility of frequency variables in assessing treatment effects.243>3¢
While some extrinsic factors such as time and conditions of testing
can be controlled, intrinsic factors like mental activity, mood, and
ectopic rhythm are difficult to control and are potential sources of
random error irrespective of measurement instrumentation.

The present study is not without limitations. The reliability of
the disposable ECG leads was assessed by comparing the original
HRV values to values obtained 1-week later. Although our results
showed excellent reliability, any inherent error may have been
masked by the natural variation exhibited by participants during the
second measurement.

In conclusion, the present study has shown that disposable ECG
leads are a valid tool for evaluating HRV. The present study's authors
agree with other studies suggesting that HRV variables should always
be measured using the same device during HRV assessments.2%%°
It is also important to be aware of the algorithm used for calculating
HRYV variables while designing future studies or establishing criteria

for reference values.

AUTHOR CONTRIBUTIONS

Nduka C. Okwose: Formal analysis; investigation; supervision;
writing - original draft; writing - review and editing. Sophie L. Russell:
Formal analysis; investigation; writing - review and editing. Mushidur
Rahman: Formal analysis; investigation. Charles J. Steward: Investiga-
tion. Amy E. Harwood: Investigation; writing - review and editing.
Gordon McGregor: Writing - review and editing. Srdjan Ninkovic:
Writing - review and editing. Helen Maddock: Writing - review and
editing. Prithwish Banerjee: Writing - review and editing. Djordje G.
Jakovljevic: Conceptualization; funding acquisition; investigation;

methodology; project administration; writing - review and editing.

ACKNOWLEDGMENT

This research project was funded by the Investigator Initiated Study
grant provided by Cardinal Health, USA. Djordje G. Jakovljevic and
Nduka C. Okwose receive support from the Horizon Europe 2020
Research and Innovation Programme (952603). The study design,
data collection, analyses, interpretation of data, and drafting of the

manuscript do not reflect the views and opinions of the funders.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The corresponding author shall provide data upon reasonable
request. All authors have read and approved the final version of

the manuscript. Djordje G. Jakovljevic had full access to all the data in

this study and took complete responsibility for the integrity of the

data and the accuracy of the data analysis.

TRANSPARENCY STATEMENT

The lead author Djordje G. Jakovljevic affirms that this manuscript is
an honest, accurate, and transparent account of the study being
reported; that no important aspects of the study have been omitted;
and that any discrepancies from the study as planned (and, if relevant,

registered) have been explained.

ORCID

Nduka C. Okwose http://orcid.org/0000-0003-0145-2538

REFERENCES

1. SassiR, Cerutti S, Lombardi F, et al. Advances in heart rate variability
signal analysis: joint position statement by the e-Cardiology ESC
Working Group and the European Heart Rhythm Association
co-endorsed by the Asia Pacific Heart Rhythm Society. Europace.
2015;17(9):1341-1353.

2. Shaffer F, Ginsberg JP. An overview of heart rate variability metrics
and norms. Front Public Health. 2017;5:258.

3. Thayer JF, Ahs F, Fredrikson M, Sollers JJ, Wager TD. A meta-
analysis of heart rate variability and neuroimaging studies: implica-
tions for heart rate variability as a marker of stress and health.
Neurosci Biobehav Rev. 2012;36(2):747-756.

4. Dekker JM, Schouten EG, Klootwijk P, Pool J, Swenne CA,
Kromhout D. Heart rate variability from short electrocardiographic
recordings predicts mortality from all causes in middle-aged and
elderly men. The Zutphen Study. Am J Epidemiol. 1997;145(10):
899-908.

5. Ponikowski P, Anker SD, Chua TP, et al. Depressed heart rate
variability as an independent predictor of death in chronic
congestive heart failure secondary to ischemic or idiopathic dilated
cardiomyopathy. Am J Cardiol. 1997;79(12):1645-1650.

6. Kiviniemi AM, Tulppo MP, Wichterle D, et al. Novel spectral indexes
of heart rate variability as predictors of sudden and non-sudden
cardiac death after an acute myocardial infarction. Ann Med.
2007;39(1):54-62.

7. Yi HT, Hsieh YC, Wu TJ, et al. Heart rate variability parameters and
ventricular arrhythmia correlate with pulmonary arterial pressure in
adult patients with idiopathic pulmonary arterial hypertension. Heart
Lung. 2014;43(6):534-540.

8. Wegeberg AM, Lunde ED, Riahi S, et al. Cardiac vagal tone as a novel
screening tool to recognize asymptomatic cardiovascular autonomic
neuropathy: aspects of utility in type 1 diabetes. Diabetes Res Clin
Pract. 2020;170:108517.

9. Tobaldini E, Nobili L, Strada S, Casali KR, Braghiroli A, Montano N.
Heart rate variability in normal and pathological sleep. Front Physiol.
2013;4:294.

10. Crosswell AD, Lockwood KG, Ganz PA, Bower JE. Low heart rate
variability and cancer-related fatigue in breast cancer survivors.
Psychoneuroendocrinology. 2014;45:58-66.

11. Beauchaine TP, Thayer JF. Heart rate variability as a transdiagnostic
biomarker of psychopathology. Int J Psychophysiol. 2015;98(2 Pt 2):
338-350.

12. Chalmers JA, Heathers JAJ, Abbott MJ, Kemp AH, Quintana DS.
Worry is associated with robust reductions in heart rate variability: a
transdiagnostic study of anxiety psychopathology. BMC Psychol.
2016;4(1):32.

13. Gritti |, Defendi S, Mauri C, Banfi G, Duca P, Roi GS. Heart rate
variability, standard of measurement, physiological interpretation
and clinical use in mountain marathon runners during sleep and

85UB017 SUOWILIOD aAIIe8ID 8|aedljdde sy Aq peusenob a1 sajoie O 8sn Jo Sajni 1o Ariq1T aUIUO A3]1/W UO (SUONIPUOD-PUR-SLUBIAW0D A8 | IM° ARelg 11 |UO//SANY) SUONIPUCD PUe SWwie | 8Y)8eS *[220z/2T/6T] uo Aridiauliuo A8|iM S8 AJ ¥86°215U/200T OT/I0p/W0d A3 | m Ate.q 1jpuluo//:sdny Wwolj pepeojumod ‘T ‘€202 ‘SE8886EZ


http://orcid.org/0000-0003-0145-2538

OKWOSE ET AL.

Health Science Reports

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

after acclimatization at 3480 m. J Behav Brain Sci. 2013;03(1):
26-48.

Makivi¢ B, Niki¢ MD, Willis MS. Heart rate variability (HRV) as a tool
for diagnostic and monitoring performance in sport and physical
activities. J Exerc Physiol Online. 2013;16(3):103-131.

Malik M, Bigger JT, Camm AJ, et al. Heart rate variability: standards
of measurement, physiological interpretation, and clinical use. Eur
Heart J. 1996;17:354-381.

Moak JP, Goldstein DS, Eldadah BA, et al. Supine low-frequency
power of heart rate variability reflects baroreflex function, not
cardiac sympathetic innervation. Cleve Clin J Med. 2009;76(Suppl 2):
S$51-559.

Reshamwala A, McBroom K, Choi YI, et al. Microbial colonization of
electrocardiographic telemetry systems before and after cleaning.
Am J Crit Care. 2013;22:382-389.

Brown DQ. Disposable vs reusable electrocardiography leads in
development of and cross-contamination by resistant bacteria. Crit
Care Nurse. 2011;31:62-68.

Atwood D, Wadlund DL. ECG interpretation using the CRISP
method: a guide for nurses. AORN J. 2015;102(4):396-408. quiz
406-8.

Burma JS, Lapointe AP, Soroush A, Oni IK, Smirl JD, Dunn JF. The
validity and reliability of an open source biosensing board to
quantify heart rate variability. Heliyon. 2021;7(6):e07148.

Porto LGG, JUNQUEIRA LF, Jr. Comparison of time-domain short-
term heart interval variability analysis using a wrist-worn heart rate
monitor and the conventional electrocardiogram. Pacing Clin
Electrophysiol. 2009;32(1):43-51.

Mitchell K, Graff M, Hedt C, Simmons J. Reliability and validity of
a smartphone pulse rate application for the assessment of
resting and elevated pulse rate. Physiother Theory Pract. 2016;
32(6):494-499.

Hernando D, Roca S, Sancho J, Alesanco A, Bailon R. Validation
of the apple watch for heart rate variability measurements
during relax and mental stress in healthy subjects. Sensors.
2018;18(8):2619.

Nunan D, Donovan G, Jakovljevic DG, Hodges LD, Sandercock
GRH, Brodie DA. Validity and reliability of short-term heart-rate
variability from the Polar S810. Med Sci Sports Exerc. 2009;41(1):
243-250.

Gamelin FX, Berthoin S, Bosquet L. Validity of the polar S810 Heart
rate monitor to measure R-R intervals at rest. Med Sci Sports Exerc.
2006;38(5):887-893.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

—Wl LEY—M

Giles D, Draper N, Neil W. Validity of the Polar V800 heart rate
monitor to measure RR intervals at rest. Eur J Appl Physiol.
2016;116(3):563-571.

Gerritsen J, TenVoorde BJ, Dekker JM, et al. Measures of
cardiovascular autonomic nervous function: agreement, reproduc-
ibility, and reference values in middle age and elderly subjects.
Diabetologia. 2003;46(3):330-338.

Reland S, Ville NS, Wong S, Carrault G, Carré F. Reliability of heart
rate variability in healthy older women at rest and during orthostatic
testing. Aging Clin Exp Res. 2005;17(4):316-321.

Pitzalis M, et al. Short- and long-term reproducibility of time and
frequency domain heart rate variability measurements in normal
subjects. Cardiovasc Res. 1996;32(2):226-233.

Nunan D, Sandercock GRH, Brodie DA. A quantitative systematic
review of normal values for short-term heart rate variability in
healthy adults. Pacing Clin Electrophysiol. 2010;33(11):1407-1417.
Mohebbi M, Ghassemian H. Prediction of paroxysmal atrial fibrilla-
tion based on non-linear analysis and spectrum and bispectrum
features of the heart rate variability signal. Comput Methods
Programs Biomed. 2012;105:40-49.

Ellis RJ, Zhu B, Koenig J, Thayer JF, Wang Y. A careful look at ECG
sampling frequency and R-peak interpolation on short-term mea-
sures of heart rate variability. Physiol Meas. 2015;36:1827-1852.
Kwon O, Jeong J, Kim HB, et al. Electrocardiogram sampling
frequency range acceptable for heart rate variability analysis.
Healthc Inform Res. 2018;24:198-206.

Mahdiani S, Jeyhani V, Peltokangas M, Vehkaoja A. Is 50 Hz high
enough ECG sampling frequency for accurate HRV analysis? Annu
Int Conf IEEE Eng Med Biol Soc. 2015;2015:5948-5951.
Radespiel-Troger M, Rauh R, Mahlke C, Gottschalk T, Mick-
Weymann M. Agreement of two different methods for measurement
of heart rate variability. Clin Auton Res. 2003;13(2):99-102.

Pinna GD, Maestri R, Torunski A, et al. Heart rate variability
measures: a fresh look at reliability. Clin Sci. 2007;113(3):131-140.

Open Access

How to cite this article: Okwose NC, Russell SL, Rahman M,
et al. Validity and reliability of short-term heart-rate variability
from disposable electrocardiography leads. Health Sci Rep.
2022;e984. doi:10.1002/hsr2.984

85UB017 SUOWILIOD aAIIe8ID 8|aedljdde sy Aq peusenob a1 sajoie O 8sn Jo Sajni 1o Ariq1T aUIUO A3]1/W UO (SUONIPUOD-PUR-SLUBIAW0D A8 | IM° ARelg 11 |UO//SANY) SUONIPUCD PUe SWwie | 8Y)8eS *[220z/2T/6T] uo Aridiauliuo A8|iM S8 AJ ¥86°215U/200T OT/I0p/W0d A3 | m Ate.q 1jpuluo//:sdny Wwolj pepeojumod ‘T ‘€202 ‘SE8886EZ


https://doi.org/10.1002/hsr2.984

	A Open Access Coversheet (1) (1) (2)
	Health Science Reports - 2022 - Okwose - Validity and reliability of short‐term heart‐rate variability from disposable



