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Abstract

:

Heart rate (HR) and heart rate variability (HRV) can be monitored with wearable devices throughout the day. Resting HRV in particular, reflecting cardiac parasympathetic activity, has been proposed to be a useful marker in the monitoring of health and recovery from training. This study examined the validity of the wrist-based photoplethysmography (PPG) method to measure HR and HRV at rest. Recreationally endurance-trained participants recorded pulse-to-pulse (PP) and RR intervals simultaneously with a PPG-based watch and reference heart rate sensor (HRS) at a laboratory in a supine position (n = 39; 5-min recording) and at home during sleep (n = 29; 4-h recording). In addition, analyses were performed from pooled laboratory data (n = 11344 PP and RR intervals). Differences and correlations were analyzed between the HRS- and PPG-derived HR and LnRMSSD (the natural logarithm of the root mean square of successive differences). A very good agreement was found between pooled PP and RR intervals with a mean bias of 0.17 ms and a correlation coefficient of 0.993 (p < 0.001). In the laboratory, HR did not differ between the devices (mean bias 0.0 bpm), but PPG slightly underestimated the nocturnal recordings (mean bias −0.7 bpm, p < 0.001). PPG overestimated LnRMSSD both in the laboratory (mean bias 0.20 ms, p < 0.001) and nocturnal recordings (mean bias 0.17 ms, p < 0.001). However, very strong intraclass correlations in the nocturnal recordings were found between the devices (HR: 0.998, p < 0.001; LnRMSSD: 0.931, p < 0.001). In conclusion, PPG was able to measure HR and HRV with adequate accuracy in recreational athletes. However, when strict absolute values are of importance, systematic overestimation, which seemed to especially concern participants with low LnRMSSD, should be acknowledged.
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1. Introduction


Wearable technology has been ranked in the top three fitness trends in the ACSM annual survey for fitness professionals since 2016 [1]. Wearables include fitness trackers, smartwatches, heart rate monitors, and GPS tracking devices [1] that may provide information on functions, such as steps, estimated energy expenditure, and heart rate (HR) [2,3]. It has been suggested that data collected via wearables may be useful in a variety of populations. For example, HR and heart rate variability (HRV) provides information on autonomic nervous system (ANS) regulation, and HRV could be used as an indirect marker of cardiac parasympathetic nervous system activity [4]. Recently, Altini and Plews [5] illustrated how resting HRV may provide additional insights compared to HR only on responses to different types of stressors. Furthermore, monitoring of resting HR [6] or heart rate variability (HRV) [7,8] could be beneficial for predicting the risk of cardiovascular events, such as acute coronary syndromes or strokes. In the training context, daily resting HRV recordings have been used in the endurance training prescription of untrained [9], recreationally trained [10], and well-trained [11] participants, inducing greater improvements in endurance performance compared to predefined training. While there are more wearables available that claim to measure meaningful results, their validity should also be critically studied [2,12] and sources of inaccuracies acknowledged [13,14].



HR monitors have typically demanded a strap for accurate results, but several alternative innovations have been introduced lately. Resting HR and HRV can nowadays be measured with reasonable accuracy from a fingertip via a mobile app [15], from a ring [16], wrist-worn watches [17,18], and sensors placed under a mattress [19]. An additional benefit in terms of feasibility is that many of these devices collect the data automatically during the night [16,18,19], allowing data collection to occur without extra effort compared to traditional morning HR recordings.



Most of the alternative HR, or actual pulse rate, methods are based on photoplethysmography (PPG) [15,16,17,18]. The rationale behind the technology is that when the skin is exposed to LED-emitted light, the change in blood volume can be estimated through the intensity of the reflected light [15,18]. After systole, higher blood volume, and reduced intensity of the reflected light can be observed, while during diastole, blood volume decreases, and the intensity of the reflected light increases [15,18]. Based on these observations, pulse-to-pulse intervals (PP intervals) can be calculated. While pulse rate variability (PRV) may potentially be affected by factors not strictly related to HRV, it could even be argued that PRV should not illustrate exactly similar results compared to HRV [14]. However, PRV and HRV seem to agree quite well at least at resting conditions [20], and previous studies comparing PPG- and electrocardiography-derived HRV during sleep have shown decent agreement between the methods [16,18].



The validity of PPG-based wearables has been previously assessed mainly during exercise [21,22,23,24] and regarding HR only, but the capability of the current method (Polar Precision PrimeTM) to measure HRV in general, and either HR or HRV during sleep has not yet been examined. Since resting HR, and especially HRV assessments, provide relevant information that could be used to monitor health-related aspects and recovery from training if measured accurately, the purpose of this study was to analyze the validity of the Polar Vantage V2 wrist-based method to measure HR and HRV at rest and during sleep.




2. Materials and Methods


2.1. Participants


A total of 41 participants were recruited for a larger study project, during which the current validation protocol was executed. Participants were healthy, recreationally endurance-trained, 36 ± 7 year-old males (n = 21) and females (n = 20). Laboratory recordings were successfully conducted by 39 participants. One recording failed due to the early termination of the PPG recording, which was not noticed before analyzing the raw data. In addition, data from one participant were excluded due to poor data quality (more than 20% of the recorded data points missing after the applied proprietary filter). Nocturnal recordings were successfully performed by 29 participants. Data were unavailable due to missing the raw PPG-data (n = 5) or the raw reference data (n = 4), failing of the download process (n = 2), and dropping out from the study before performing the recording (n = 1).



The study protocol was approved by the ethics committee of the University of Jyväskylä.




2.2. Experimental Overview


The validity of the Polar Vantage V2 (Polar Electro Oy, Kempele, Finland) wrist-based PPG-method (PPG) to measure HR and HRV was assessed at rest in two different conditions: (1) Awake in a controlled laboratory setting, and (2) During the night sleep at home (Figure 1). On both occasions, PPG-derived values were compared to the Polar H10 (Polar Electro Oy) heart rate sensor (HRS), which has been reported to be highly accurate in the detection of RR-intervals at rest and during exercise [25]. Average HR and LnRMSSD (the natural logarithm of the root mean square of successive differences) were analyzed in both conditions and from both devices. Concerning variables were used since 4-h average HR and RMSSD are provided by the watch for the actual user in the “Nightly Recharge” feature. In addition, RMSSD [26] and its log-transformed version, LnRMSSD [27], have been suggested to be the most suitable markers for monitoring HRV in the context of training and recovery.



In the laboratory recordings, PPG and HRS were used simultaneously in a supine position during spontaneous breathing. The firmware update, provided by the manufacturer, allowed recording the data with both devices at the same time. The heart rate strap was moistened and attached tightly around the torso at the level of the xiphoid process. The watch was attached to the wrist according to the instructions provided by the manufacturer. The participants were advised to lie at rest without moving during the 7-min data collection, and the last 5-min period was used in the further analysis.



In the nocturnal recordings, PPG and HRS data were collected simultaneously with a watch and strap that was either connected to the Polar sensor logger-application (n = 24) or another Vantage V2 watch (n = 5). The participants were advised to attach the strap and the watch with the same instructions as during the laboratory visit. HRS recording was started manually when the participants went to sleep, while PPG recording started automatically after detected sleep onset. The 4-h analysis period started 30 min after detected sleep onset, in accordance with the “Nightly Recharge” feature in the watch.




2.3. HRV Analysis


The test app (for recording raw data) and software (Debugtool for extracting data from the watch; OHR log decoder for opening the packed data) that were specifically provided by the manufacturer for the research purpose allowed the collection and extraction of raw PP intervals from the watch. In the laboratory recordings, PPG-derived PP intervals and HRS-derived RR intervals were exported to Excel. The data were visually inspected to confirm the matching of the data points between the devices. Furthermore, reference data were critically evaluated for possible artifacts. The cardiologist confirmed two physiologically unlikely RR-interval lengths, and respective data points were removed from PPG and HRS to avoid distorting the results. While artifact correction is a crucial part of the HRV analysis, a similar proprietary filter that is used in the “Nightly Recharge” feature was applied for the PPG data to analyze results as they would have been provided by the watch. The exact algorithm behind the filter is not available, but it may remove data points that are estimated to represent insufficient data quality. The percentage of missing data points after applying the filter is reported in the results section. Average HR and LnRMSSD were calculated for PPG and HRS. In addition, similar to the work of Hernando et al. [17], pooled results were used for comparison between the PP and RR intervals.



The same tools were used for the extraction of nocturnal PP intervals, while RR data from HRS were exported via the Polar sensor logger-application or from Polar Flow. Data were first matched based on timestamps, and further synchronized according to the offset-values to induce the best signal fit. The “Nightly Recharge” algorithm, which uses a proprietary filter and averages data to 5-min segments, was applied to the HRS and PPG data after the synchronization. The final analysis period for nocturnal recordings consisted of an average 4-h time period (48 consecutive 5-min segments) starting 30 min after sleep onset. Sleep onset was automatically detected by the watch, and the accuracy of the method has been reported previously [28].



The exact algorithm behind the pulse wave detection of the current PPG method is not published by the manufacturer. However, based on the white paper [29] available on the company’s website, certain aspects regarding the method are possible to clarify. The watch basically calculates the time between high and low light intensities, which varies between systolic and diastolic phases due to changes in the blood volume in the arteries. The watch contains multiple LEDs (a total of 10 in Vantage V2) using several wavelengths of light. All paths provide their own signals, and these can be compared to confirm the origin of the signal (pumping heart, not movement). Another feature that is used to overcome issues related to data quality involves a 3D acceleration sensor that allows differentiating volumetric changes caused by the pumping heart from the changes caused by movements. Based on information combined from these sources, interbeat intervals could be obtained.




2.4. Statistical Analysis


All values are expressed as mean and standard deviation (SD). The normal distribution of the data was verified with the Shapiro–Wilk test. To assess differences between HRS- and PPG-derived results, paired-samples t-test, mean absolute error (MAE), and mean absolute percentage error (MAPE) were analyzed separately for 5-min and 4-h segments. Relationships between the methods were examined with the Pearson, intraclass (ICC), and Lin’s concordance (CCC) correlation coefficients, and the Bland–Altman plot was used to examine agreement between the HRS and PPG methods. Since pooled PP and RR interval data were not normally distributed, Wilcoxon signed-rank test was used for comparison between methods and Spearman correlation for regression analysis. The statistical significance level was set to p < 0.05. Analyses were performed with Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA) and IBM SPSS Statistics v.26-programs (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Laboratory Recordings


No differences were observed between the pooled PPG-derived PP intervals and HRS-derived RR intervals (mean bias 0.2 ± 2.2%) (Table 1). In addition, a very strong correlation (Figure 2) and high agreement (Figure 3) were observed between the methods.



When individual 5-min segments were compared, HR did not differ between the methods (mean bias 0.0 ± 0.1%), but LnRMSSD was overestimated (mean bias 5.4 ± 6.3%, p < 0.001) by PPG (Table 2). After the Polar proprietary filter was applied to the data, 0.66 ± 1.85% of the data points were excluded. In Figure 4, two case examples are presented, illustrating good agreement and the most typical type of error causing a difference between the measurements.




3.2. Nocturnal Recordings


In the nocturnal recordings, small but significant underestimation was observed by PPG in HR (mean bias −1.3 ± 1.2%, p < 0.001), and overestimation in LnRMSSD (mean bias 5.1 ± 7.3%, p < 0.001) (Table 2). However, a very strong correlation was found between the methods in HR and LnRMSSD (Figure 5). After applying the proprietary filter, 0.22 ± 0.85% of the 5-min data points was excluded, equal to three 5-min segments in total.



Figure 6 illustrates the Bland–Altman plot for nocturnal HR and LnRMSSD. Limits of agreement were defined as mean bias ± 1.96 × SD of differences between PPG and HRS (−0.69 ± 1.21 bpm for HR and 0.17 ± 0.40 ms for LnRMSSD).





4. Discussion


The main findings of the study were that the PPG method was able to measure PP intervals in the laboratory conditions with very good accuracy as compared to the HRS-derived RR intervals. In the nocturnal recordings, HR was slightly underestimated (bias −0.7 bpm) and LnRMSSD was overestimated (bias 0.17 ms) by PPG. Based on the Bland–Altman plot, overestimation in the LnRMSSD seemed to especially concern participants with low HRV. Correlation analysis illustrated strong correlations between the devices in both markers. Based on the results, the current PPG method could be regarded as sufficiently accurate to monitor nocturnal HR and HRV in recreational athletes.



While HR and HRV could be monitored with an increasing number of wearables, it is surprising how poorly their validity has been examined in many cases. One certain challenge is that the data given by the wearables (actually measured data vs. developed own metrics), as well as the analysis methods (measurement duration, time of the day), vary quite a lot between manufacturers. In addition, new manufacturers and products are continuously emerging [3], making it challenging to maintain updated research. Recently, Stone et al. [12] compared several PPG-based methods in the assessment of resting HR and RMSSD. In HR, MAPE compared to reference-ECG varied between 1.2% and 17.3%, while for RMSSD it varied between 4.1% and 112.4%. Compared to those results, current errors were smaller or at the lower end of the spectrum. However, none of the applied methods were wrist-based, and when setting current results into the perspective of wrist-based wearables somewhat comparable validation studies have been performed using Whoop’s wrist-strap during slow-wave-sleep [18] and the Apple Watch during relax and stress situations [17]. Bellenger et al. [18] found that Whoop’s PPG method accurately measured HR (bias ≤ 0.39%), but a larger error was observed between the devices in LnRMSSD (bias ≥ 1.66%). In turn, Hernando et al. [18] found no difference between the reference device and Apple Watch in the HR or RMSSD during relaxation. Possible explanations for the lower error values compared to the current study may relate to the different time-period used in the nocturnal analysis [18] and filters applied to the artifact correction [17,18]. It should also be acknowledged that Bellenger et al. [18] had only six participants, which makes it hard to draw broader conclusions, as in the present study it was observed that the agreement between devices may also vary between participants. Furthermore, Hernando et al. [17] reported only pooled results, leaving individual results and between-individual variability in the accuracy speculative.



In the ICC analysis, it has been suggested that values above 0.90 indicate excellent reliability [30]. The current PPG method fulfilled this criterion in the lab and sleep recordings of HR and LnRMSSD. On the other hand, in CCC, which is suggested to illustrate concordance between methods better than other correlation coefficients [20], values were slightly lower and below 0.90 in LnRMSSD, while in HR almost perfect relationships were found (r > 0.99) despite the correlation method being used. In previous studies measuring HR and HRV by PPG during the night, comparable ICC values have been observed [18,31] in HR, but in LnRMSSD higher values have also been found [18]. Some studies have reported only linear correlation values, and they have been both slightly higher using the PPG-based method [16] and lower with the ballistocardiography-based method [19] as compared to the present results. Regarding MAE and MAPE, desirable values depend highly on the context and the marker being used, and exact target values are therefore hard to define. Bellenger et al. [18] suggested that the accuracy of the wearables should be examined in the light of the smallest worthwhile change (SWC) of the parameter. In the HR and vagally mediated HRV parameters, Buchheit [26] proposed SWC of ~2 and ~3%, respectively. In the present study, MAPE of HR was lower than this, but LnRMSSD exceeded the value. However, it should be noticed that in 19 out of 29 participants, MAPE was below 3%, and few participants with poor agreement significantly affected the mean results. In addition, Plews et al. [32] have reported that recreational athletes may have higher day-to-day variation as compared to well-trained athletes (CV 10.1% vs. 6.8%), also increasing SWC. In the studies where HRV results have been used in the training prescription, SWC have varied between 1 × SD [9] and 0.5 × SD [11] of the preceding 10–28-day results. However, it is clear that for recovery-monitoring purposes, only sufficiently accurate methods should be used. If the method itself is the most significant source of error affecting the within-day variability, it makes it excessively challenging to find meaningful changes.



When thinking about the inaccuracies in wrist-worn wearables, Bent et al. [13] listed skin type, motion artifacts, and signal crossover as possible sources of error. Since in the current study, participants measured HR and HRV in a supine position, motion artifacts or signal crossover would be expected to be negligible. Although movement artifacts are not a similar problem in the resting measurements as they might be during exercise, movements during sleep may be a slight issue in restless sleepers. The current PPG recording started 0.5 h after detected sleep onset and continued for 4 h in line with protocols used in previous studies [33,34]. Since the first hours of sleep typically have the highest proportion of slow-wave sleep, representing the most restful and stable period of the night [35], the 4-h analysis period may speculatively have some benefits compared to the whole night recordings in terms of data quality. Another aspect possibly affecting the measurement accuracy of the nocturnal recordings in the current study is that they were performed at home without supervision, thus attachment of the watch (placement, tightness) was not strictly controlled. However, participants were instructed in detail during the laboratory measurement on how to wear the watch correctly. The current setting also presented a natural user environment, making the assessment more realistic compared to the laboratory setting. Because, slightly surprisingly, MAPE was even smaller and ICC and CCC were higher in the nocturnal recordings as compared to the controlled laboratory settings, it is unlikely that improper attachment of the watch would have affected the results, in general.



While precise determination of the PP intervals is critical for accurate HR and HRV results, artifact correction and treatment/filtering of the data once abnormal intervals have been found also play a crucial role, especially in the HRV recordings [36]. Detection of abnormal interbeat intervals is typically based on differences between consecutive or multiple previous RR/PP intervals [15,16]. If the measured RR/PP interval differs from the reference value more than a particular threshold, it would be corrected or excluded from the data. This represents a challenge when over-correcting should be avoided but false data points should still be excluded, distorting the results. In the present study, the proprietary filter applied by the watch was more permissible compared to previous studies reporting the amount of missing data being as high as ~10% [17] while resting awake (in the current study ~0.7%) or ~30% [19] during sleep (in the current study ~0.2%). As illustrated in Figure 4, a too permissible filter may ignore quite clear artifacts and may be one of the major reasons behind the inaccuracies. Since most of the manufacturers will not allow consumers to access the raw data in the PPG recordings, these aspects are in most cases hard to examine in detail.



After considering possible sources of inaccuracies in PPG, it is also important to acknowledge that differences in the results may not be related only to possible sources of errors, but also to different method variables are being produced. While traditional HRV, which can be obtained, e.g., via ECG or HR strap, reflects the variation in the RR-intervals that are detected based on the changes in the electrical polarity of the heart [25], PPG-based HRV, or basically PRV, is based on measured variability in the pulse-waves [20]. Yuda et al. [14] listed several transformation phases that may contribute to the potential differences in HRV and PRV: cardiac contraction after R wave causes pressure impulse in the aorta, leading to pulse wave conduction through the arterial wall, and upon reaching the target site, causes changes in blood volume that are finally detected by PPG. Because the aforementioned steps could be affected, e.g., by respiration and blood pressure, the same authors even suggested that HRV and PRV should be taken as separate biomarkers of the ANS function [14]. Schäfer and Vagedes [20] proposed that the relationship between these two methods may be altered especially during physical or mental stress, and interestingly PRV responses may also be affected by the location where the PPG signal is being recorded [37]. Regardless, as has been observed in previous studies examining PPG- and ECG-derived HRV at rest, only minor differences were observed [16,18,31], having hardly any significant effect on the interpretation of the results in settings comparable to the present study.



Current comparisons were performed with a heart rate sensor as a reference instead of a golden standard electrocardiography due to practical reasons. However, the H10 sensor has been examined to be very accurate in the detection of RR-intervals, and previous generation sensors from the same manufacturer (H7) have also been used as a reference in previous studies. The high number of failed recordings decreased the number of participants in the nocturnal measurements. Nevertheless, the current number of participants was most likely sufficient to study the accuracy of the method in the target population of recreationally trained athletes.




5. Conclusions


In conclusion, the current PPG method seems accurate in the measurement of PP intervals. In addition, despite nocturnal HR being slightly underestimated by PPG, an almost perfect relationship was observed between the methods. LnRMSSD was overestimated by PPG in the laboratory and nocturnal recordings, and more variation was observed between participants in MAE and MAPE as compared to HR. Overestimation seemed to especially concern participants with low HRV, suggesting that further validation may be recommended for such populations. However, current accuracy could be regarded as sufficient in athletic and healthy populations for the long-term monitoring of HR and HRV, provided that results are interpreted appropriately.







Author Contributions


Conceptualization, O.-P.N., E.K. and H.K.; methodology, O.-P.N., E.K., J.L. and H.K.; formal analysis, O.-P.N. and E.K.; investigation, O.-P.N. and E.K.; writing—original draft preparation, O.-P.N.; writing—review and editing, O.-P.N., E.K., J.L. and H.K.; supervision, H.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by Polar Electro Oy. The funders had no input in the interpretation of results.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the University of Jyväskylä (28 December 2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in this study.




Data Availability Statement


Data are available from the corresponding author on reasonable request.




Acknowledgments


Authors would like to thank Polar Electro Oy for their assistance with the measurement devices and analysis. The authors would also thank Elina Matikainen for her assistance during the data collection and Mirjaliisa Vuorikoski for revision of the language.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the interpretation of data or the writing of the manuscript.




References


	



Thompson, W.R. FACSM worldwide survey of fitness trends for 2021. ACSMs Health Fit. J. 2021, 25, 10–19. [Google Scholar] [CrossRef]

	



Fuller, D.; Colwell, E.; Low, J.; Orychock, K.; Tobin, M.A.; Simango, B.; Buote, R.; Van Heerden, D.; Luan, H.; Cullen, K.; et al. Reliability and validity of commercially available wearable devices for measuring steps, energy expenditure, and heart rate: Systematic review. JMIR Mhealth Uhealth 2020, 8, e18694. [Google Scholar] [CrossRef]

	



Henriksen, A.; Mikalsen, M.H.; Woldaregay, A.Z.; Muzny, M.; Hartvigsen, G.; Hopstock, L.A.; Grimsgaard, S. Using fitness trackers and smartwatches to measure physical activity in research: Analysis of consumer wrist-worn wearables. J. Med. Internet Res. 2018, 20, e9157. [Google Scholar] [CrossRef] [PubMed]

	



Martinmäki, K.; Rusko, H.; Kooistra, L.; Kettunen, J.; Saalasti, S. Intraindividual validation of heart rate variability indexes to measure vagal effects on hearts. Am. J. Physiol. Heart Circ. Physiol. 2006, 290, 640–647. [Google Scholar] [CrossRef] [PubMed]

	



Altini, M.; Plews, D. What is behind changes in resting heart rate and heart rate variability? A large-scale analysis of longitudinal measurements acquired in free-living. Sensors 2021, 21, 7932. [Google Scholar] [CrossRef] [PubMed]

	



Tulppo, M.P.; Kiviniemi, A.M.; Junttila, M.J.; Huikuri, H.V. Home monitoring of heart rate as a predictor of imminent cardiovascular events. Front. Physiol. 2019, 10, 341. [Google Scholar] [CrossRef] [PubMed]

	



Binici, Z.; Mouridsen, M.R.; Køber, L.; Sajadieh, A. Decreased nighttime heart rate variability is associated with increased stroke risk. Stroke 2011, 42, 3196–3201. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Wu, H.; Zhang, X.; Wei, X.; Hou, F.; Ma, Y. Sleep heart rate variability assists the automatic prediction of long-term cardiovascular outcomes. Sleep Med. 2020, 67, 217–224. [Google Scholar] [CrossRef]

	



da Silva, D.F.; Ferraro, Z.M.; Adamo, K.B.; Machado, F.A. Endurance running training individually guided by HRV in untrained women. J. Strength Cond. Res. 2019, 33, 736–746. [Google Scholar] [CrossRef]

	



Kiviniemi, A.M.; Hautala, A.J.; Kinnunen, H.; Tulppo, M.P. Endurance training guided individually by daily heart rate variability measurements. Eur. J. Appl. Physiol. 2007, 101, 743–751. [Google Scholar] [CrossRef]

	



Javaloyes, A.; Sarabia, J.M.; Lamberts, R.P.; Moya-Ramon, M. Training prescription guided by heart-rate variability in cycling. Int J. Sports Physiol. Perform. 2019, 14, 23–32. [Google Scholar] [CrossRef] [PubMed]

	



Stone, J.D.; Ulman, H.K.; Tran, K.; Thompson, A.G.; Halter, M.D.; Ramadan, J.H.; Stephenson, M.; Finomore, V.S., Jr.; Galster, S.M.; Rezai, A.R.; et al. Assessing the accuracy of popular commercial technologies that measure resting heart rate and heart rate variability. Front. Sports Act. Living 2021, 3, 585870. [Google Scholar] [CrossRef] [PubMed]

	



Bent, B.; Goldstein, B.A.; Kibbe, W.A.; Dunn, J.P. Investigating sources of inaccuracy in wearable optical heart rate sensors. NPJ Digit. Med. 2020, 3, 18. [Google Scholar] [CrossRef] [PubMed]

	



Yuda, E.; Shibata, M.; Ogata, Y.; Ueda, N.; Yambe, T.; Yoshizawa, M.; Hayano, J. Pulse rate variability: A new biomarker, not a surrogate for heart rate variability. J. Physiol. Anthropol. 2020, 39, 21. [Google Scholar] [CrossRef] [PubMed]

	



Plews, D.J.; Scott, B.; Altini, M.; Wood, M.; Kilding, A.E.; Laursen, P.B. Comparison of heart-rate-variability recording with smartphone photoplethysmography, polar H7 chest strap, and electrocardiography. Int. J. Sports Physiol. Perform. 2017, 12, 1324–1328. [Google Scholar] [CrossRef]

	



Kinnunen, H.; Rantanen, A.; Kenttä, T.; Koskimäki, H. Feasible assessment of recovery and cardiovascular health: Accuracy of nocturnal HR and HRV assessed via ring PPG in comparison to medical grade ECG. Physiol. Meas. 2020, 41, 04NT01. [Google Scholar] [CrossRef] [PubMed]

	



Hernando, D.; Roca, S.; Sancho, J.; Alesanco, Á.; Bailón, R. Validation of the apple watch for heart rate variability measurements during relax and mental stress in healthy subjects. Sensors 2018, 18, 2619. [Google Scholar] [CrossRef]

	



Bellenger, C.R.; Miller, D.; Halson, S.L.; Roach, G.; Sargent, C. Wrist-based photoplethysmography assessment of heart rate and heart rate variability: Validation of WHOOP. Sensors 2021, 21, 3571. [Google Scholar] [CrossRef]

	



Vesterinen, V.; Rinkinen, N.; Nummela, A. A contact-free, ballistocardiography-based monitoring system (Emfit QS) for measuring nocturnal heart rate and heart rate variability: Validation study. JBME 2020, 5, e16620. [Google Scholar] [CrossRef]

	



Schäfer, A.; Vagedes, J. How accurate is pulse rate variability as an estimate of heart rate variability? A review on studies comparing photoplethysmographic technology with an electrocardiogram. Int. J. Cardiol. 2013, 166, 15–29. [Google Scholar] [CrossRef]

	



Wang, R.; Blackburn, G.; Desai, M.; Phelan, D.; Gillinov, L.; Houghtaling, P.; Gillinov, M. Accuracy of wrist-worn heart rate monitors. JAMA Cardiol. 2017, 2, 104–106. [Google Scholar] [CrossRef]

	



Xie, J.; Wen, D.; Liang, L.; Jia, Y.; Gao, L.; Lei, J. Evaluating the validity of current mainstream wearable devices in fitness tracking under various physical activities: Comparative study. JMIR Mhealth Uhealth 2018, 6, e9754. [Google Scholar] [CrossRef]

	



Ruiz-Malagon, E.J.; Ruiz-Alias, S.A.; García-Pinillos, F.; Delgado-Garcia, G.; Soto-Hermoso, V.M. Comparison between photoplethysmographic heart rate monitor from Polar Vantage M and Polar V800 with H10 chest strap while running on a treadmill: Validation of the Polar Precision PrimeTM photoplestimographic system. Proc. Inst. Mech. Eng. Part P J. Sports Eng. Technol. 2021, 235, 212–218. [Google Scholar] [CrossRef]

	



Shumate, T.; Link, M.; Furness, J.; Kemp-Smith, K.; Simas, V.; Climstein, M. Validity of the polar vantage M watch when measuring heart rate at different exercise intensities. PeerJ 2021, 9, e10893. [Google Scholar] [CrossRef]

	



Gilgen-Ammann, R.; Schweizer, T.; Wyss, T. RR interval signal quality of a heart rate monitor and an ECG Holter at rest and during exercise. Eur. J. Appl. Physiol. 2019, 119, 1525–1532. [Google Scholar] [CrossRef]

	



Buchheit, M. Monitoring training status with HR measures: Do all roads lead to Rome? Front. Physiol. 2014, 5, 73. [Google Scholar] [CrossRef] [PubMed]

	



Plews, D.J.; Laursen, P.B.; Stanley, J.; Kilding, A.E.; Buchheit, M. Training adaptation and heart rate variability in elite endurance athletes: Opening the door to effective monitoring. Sports Med. 2013, 43, 773–781. [Google Scholar] [CrossRef]

	



Pesonen, A.K.; Kuula, L. The validity of a new consumer-targeted wrist device in sleep measurement: An overnight comparison against polysomnography in children and adolescents. J. Clin. Sleep Med. 2018, 14, 585–591. [Google Scholar] [CrossRef] [PubMed]

	



Polar Electro Oy. Polar Presicion Prime OHR [White Paper]. 2019. Available online: https://www.polar.com/sites/default/files/static/science/white-papers/polar-precision-prime-white-paper.pdf (accessed on 17 December 2021).

	



Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med. 2016, 15, 155–163. [Google Scholar] [CrossRef]

	



Hayano, J.; Barros, A.K.; Kamiya, A.; Ohte, N.; Yasuma, F. Assessment of pulse rate variability by the method of pulse frequency demodulation. Biomed. Eng. Online 2005, 4, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Plews, D.J.; Laursen, P.B.; Le Meur, Y.; Hausswirth, C.; Kilding, A.E.; Buchheit, M. Monitoring training with heart-rate variability: How much compliance is needed for valid assessment? Int. J. Sports Physiol. Perform. 2014, 9, 783–790. [Google Scholar] [CrossRef] [PubMed]

	



Hynynen, E.; Vesterinen, V.; Rusko, H.; Nummela, A. Effects of moderate and heavy endurance exercise on nocturnal HRV. Int. J. Sports Med. 2010, 31, 428–432. [Google Scholar] [CrossRef]

	



Nuuttila, O.P.; Nummela, A.; Häkkinen, K.; Seipäjärvi, S.; Kyröläinen, H. Monitoring training and recovery during a period of increased intensity or volume in recreational endurance athletes. Int. J. Environ. Res. Public Health 2021, 18, 2401. [Google Scholar] [CrossRef] [PubMed]

	



Brandenberger, G.; Buchheit, M.; Ehrhart, J.; Simon, C.; Piquard, F. Is slow wave sleep an appropriate recording condition for heart rate variability analysis. Auton. Neurosci. 2005, 121, 81–86. [Google Scholar] [CrossRef] [PubMed]

	



Rincon Soler, A.I.; Silva, L.E.V.; Fazan, R., Jr.; Murta, L.O., Jr. The impact of artifact correction methods of RR series on heart rate variability parameters. J. Appl. Physiol. 2018, 124, 646–652. [Google Scholar] [CrossRef]

	



Mejía-Mejía, E.; Budidha, K.; Abay, T.Y.; May, J.M.; Kyriacou, P.A. Heart rate variability (HRV) and pulse rate variability (PRV) for the assessment of autonomic responses. Front. Physiol. 2020, 11, 779. [Google Scholar] [CrossRef]








[image: Sensors 22 00137 g001 550] 





Figure 1. Segments used in the analysis of laboratory and nocturnal recordings. 
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Figure 2. Correlation between the PP and RR intervals. 






Figure 2. Correlation between the PP and RR intervals.



[image: Sensors 22 00137 g002]







[image: Sensors 22 00137 g003 550] 





Figure 3. Bland-Altman plot presenting the mean bias and limits of agreement in the laboratory recordings. 
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Figure 4. (a) Participant with an erroneous extra beat and missed beat, (b) Participant with a good agreement between the PP and RR intervals. 
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Figure 5. (a) Correlation between PPG- and HRS-derived nocturnal HR (b) Correlation between PPG and HRS-derived nocturnal LnRMSSD. 






Figure 5. (a) Correlation between PPG- and HRS-derived nocturnal HR (b) Correlation between PPG and HRS-derived nocturnal LnRMSSD.



[image: Sensors 22 00137 g005]







[image: Sensors 22 00137 g006 550] 





Figure 6. Bland-Altman plot presenting the mean bias and the limits of agreement in the laboratory recordings in the (a) nocturnal HR recordings and (b) nocturnal LnRMSSD recordings. 
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Table 1. Comparison between the mean (±SD) pooled PPG-derived PP-intervals and HRS-derived RR-intervals.
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	Pooled 5-min Results

(n = 11344)





	PPG, PP interval (ms)
	1022.9 ± 181.1



	HRS, RR interval (ms)
	1022.7 ± 179.8



	Bias (ms)
	0.2 ± 22.8



	MAE (ms)
	10.7 ± 20.2



	MAPE (%)
	1.1 ± 2.0







PPG, photoplethysmography; HRS, heart rate sensor; MAE, mean absolute error, MAPE, mean absolute percentage error.













[image: Table] 





Table 2. Comparison between the mean (±SD) PPG and HRS in the laboratory (5-min segment) and nocturnal (4-h segment) recordings.
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	PPG Mean
	HRS Mean
	Bias
	MAE
	MAPE
	ICC
	CCC





	5-min segment

(n = 39)
	
	
	
	
	
	
	



	HR (bpm)
	58.6 ± 9.5
	58.6 ± 9.5
	0.0 ± 0.1
	0.0 ± 0.1
	0.04 ± 0.08
	1.000 ***
	1.000



	LnRMSSD (ms)
	4.01 ± 0.48
	3.82 ± 0.51
	0.19 ± 0.21 ***
	0.20 ± 0.20
	5.57 ± 6.14
	0.913 ***
	0.849



	4-h segment

(n = 29)
	
	
	
	
	
	
	



	HR (bpm)
	53.8 ± 9.2
	54.5 ± 9.0
	−0.7 ± 0.6 ***
	0.8 ± 0.5
	1.49 ± 1.01
	0.998 ***
	0.995



	LnRMSSD (ms)
	4.06 ± 0.47
	3.90 ± 0.61
	0.17 ± 0.20 ***
	0.17 ± 0.20
	5.23 ± 7.36
	0.931 ***
	0.890







PPG, photoplethysmography; HRS, heart rate sensor; MAE, mean absolute error, MAPE, mean absolute percentage error; ICC, intraclass correlation coefficient; CCC, Lin’s concordance correlation coefficient. *** p < 0.001.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
RR interval (ms)

2000 T T
1750 + | ro=0.993 |
1500 L | P<0.001
1950 4

1000 +
750 +
500 +
250 +

0 ! I ; I I | | I
0 250 500 750 1000 1250 1500 1750 2000

PP interval (ms)






nav.xhtml


  sensors-22-00137


  
    		
      sensors-22-00137
    


  




  





media/file2.png
Lab recording
5-min period

ﬁ Recording started mp
0:00 0:02 0:07

Nocturnal recording _
4-h period
(the average of 48 consecutive 5-min segments)

Detected sleep onset wp RN ENERERNSNENR NSNS NSNS NSNS NSNSNENENEENE

10:00 |0:30 4:30






media/file5.jpg
Difference between the PP and

RR intervals (ms)

600

400

200

-200

-400

-600

+1.96x SD= 449 ms.
. ool ~1.96 % SD = 4.6 ms
500 750 1000 1250 1500 1750

Average of the PP and RR intervals (ms)





media/file3.jpg
RR interval (ms)

2000
1750
1500
1250
1000
750
500
250

250

500

750 1000 1250
PP interval (ms)

1500

1750 2000





media/file1.jpg
Lab recording.

rhl Recordingsared mp [
0:00

Nocturnal recording e
-h period

(the average of 48 consecutive 5-min segments)

slecp onsct = _ NUNNNNNNNNNNNNNRNNNNNNNNRN NN NN RNN RN NRRNNNENY

0:00 0:30 4:30





media/file7.jpg
RR/PP intervals (ms)

RR/PP intervals (ms)

2000 —ppl 2000 —pp1

—RRI —RRI
1500 1500
1000 1000
500 500
04 0

o 12 3 4 s 2 3 4 s

Time (min) “Time (min)
(a) (b)





media/file10.png
HRS-derived 4-h HR (bpm)

90
30
70
60
50
40

30

n=29

30

40

PPG-derived 4-h HR (bpm)

50

(a)

60

70

80

90

HRS-derived 4-h LnRMSSD (ms)

n=29
r=10.963
p <0.001

2

PPG-derived 4-h LnRMSSD (ms)

>

(b)

4

S

6





media/file12.png
PPG-derived - HRS-derived

HR (bpm)

2 -
o
I T +1.96 x SD = 0.52 bpm
0T o
_______Q.b?_oo__@_((l}_Q?D___?_?_..__0 ______
-1 + 0 0%0 o
o}
2 = Q
E o —1.96 x SD=-1.91 bpm
-3 I I I I
30 45 60 I 90
Mean of PPG- and HRS-derived
HR (bpm)

(a)

PPG-derived - HRS-derived

LnRMSSD (ms)

15

1 + Trend = —0.70 (p < 0.001)

O

o t1.96 x SD = 0.56 ms

—1.96 x SD =—-0.23 ms

-1.5 % i I I ! } I
2 Z8 &6 H8 4 W3 5 5D

Mean of PPG- and HRS-derived
LnRMSSD (ms)

(b)





media/file9.jpg
HRS-derived 4-h HR (bpm)

8

50

& 8 3 23

P<0001

HRS-derived 4-h LaRMSSD (ms)

<000

1

2 3 4 5
PPG-derived 4-h LIRMSSD (ms)

)

6





media/file0.png





media/file8.png
RR/PP intervals (ms)

2000 + — PPl
——RRI
1500 +
1000 +
500 +
0 | | | i
0 1 2 3 4 S
Time (min)
(a)

RR/PP intervals (ms)
2000

1500 -

1000 Yl s g g it

500 +

2 3
Time (min)

(b)





media/file11.jpg
PPG-derived - HRS-derived

e sD-0s200n

0 ETE T
s @ 5w

Mean of PPG-and HRS derived
HR (bpm)

@

PPG.derived - HRS-derivd

LRASSD (ne)

1 | =070

l

2 25 3 35 4 45 5 58

Mean of PPG-and HRS-derived
LaRMSSD ()

()





media/file6.png
Difference between the PP and

RR intervals (ms)

600

400

200

-200

-400

-600

__ ° e o o° ~1.96 x SD = —44.6 ms
T S a T B
500 750 1000 1250 1500 1750

Average of the PP and RR intervals (ms)





