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Abstract

Several novel cuffless wearable devices and smartphone applications claiming that they can 

measure blood pressure (BP) are appearing on the market. These technologies are very attractive 

and promising, with increasing interest among healthcare professionals for their potential use. 

Moreover, they are becoming popular among patients with hypertension and healthy people. 

However, at the present time there are serious issues regarding BP measurement accuracy of 

cuffless devices and the 2021 European Society of Hypertension (ESH) Guidelines on BP 

measurement do not recommend them for clinical use. Cuffless devices have special validation 

issues which have been recently recognized. It is important to note that the 2018 Universal 

Standard for the validation of automated BP measurement devices developed by the American 

Association for the Advancement of Medical Instrumentation, the ESH, and the International 

Organization for Standardization (AAMI/ESH/ISO) is inappropriate for the validation of cuffless 

devices. Unfortunately, there is an increasing number of publications presenting data on the 

accuracy of novel cuffless BP measurement devices, with inadequate methodology and potentially 

misleading conclusions. The objective of this review is to facilitate understanding of the 

capabilities and limitations of emerging cuffless BP measurement devices. First, the potential 
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and the types of these devices are described. Then, the unique challenges in evaluating the BP 

measurement accuracy of cuffless devices are explained. Studies from the literature and computer 

simulations are employed to illustrate these challenges. Finally, proposals are given on how to 

evaluate cuffless devices including presenting and interpreting relevant study results.
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THE POTENTIAL OF CUFFLESS BLOOD PRESSURE MEASUREMENT 

DEVICES

Cuffless blood pressure (BP) measurement devices offer great promise in the field 

of hypertension awareness, management, and control. First, cuffless BP measurement 

technologies embedded in wearable devices and smartphones can improve hypertension 

awareness by providing numerous out-of-clinic measurements in the mass population, 

allowing thereby early diagnosis and intervention of this very common and largely 

asymptomatic condition. Second, cuffless BP monitoring can optimize the estimation of 

the true burden of BP over time, by providing a complete evaluation of the BP level 

and behavior during all daily circumstances and for long periods of time. Eventually, by 

continually revealing high BP in individual patients they can improve antihypertensive 

drug treatment compliance and hypertension control rates. Thus, cuffless BP measurement 

devices have the challenging potential to change the measurement of BP, the diagnosis of 

hypertension and its long-term management and control, mitigating thereby the burden of 

hypertension – the leading cause of disability-adjusted life years lost worldwide.1

TYPES OF CUFFLESS BP MEASUREMENT DEVICES

There are two types of cuffless BP measurement devices: cuff-calibrated and calibration

free. The cuff-calibrated devices require periodic measurements with a conventional arm

cuff device, usually every few weeks for cuffless wearable devices, or few hours for 

devices used in anesthesia/surgery according to manufacturer specific instructions, aiming 

to yield cuffless measurements in units of mmHg in the time interval between the ‘cuff 

calibrations’. Calibration is usually performed using a validated automated oscillometric 

upper arm cuff device, as manual auscultatory BP measurement by users is impractical. 

However, different brands/models of oscillometric devices do not give identical readings, 

thus, influencing differently the consequent cuffless BP estimations. Hence, cuff-calibrated 

cuffless devices solely track BP changes relative to the preceding cuff BP measurement 

obtained for calibration (hereafter referred as calibration BP) in an individual in whom 

the device has been calibrated. Calibration-free devices do not require a cuff calibration 

procedure for each individual user, but accurate BP measurement may be more challenging 

to realize.
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VALIDATION OF CUFFLESS BP MEASUREMENT DEVICES

Challenges

Studies of both cuff-calibrated and calibration-free cuffless BP measurement devices 

have been increasingly appearing in the literature.2 More significantly, cuff-calibrated 

cuffless devices are increasingly emerging in the marketplace.3-5 Thus, understanding how 

well these devices work is more important now than ever. However, the evaluation of 

the BP measurement accuracy of cuffless devices against standard cuff devices is not 

straightforward and has several methodological issues that need to be addressed. There are at 

least three challenges.

Firstly, in the last three decades established validation protocols, including the Association 

for Advancement of Medical Instrumentation (AAMI) protocol, the British Hypertension 

Society (BHS) protocol, and the European Society of Hypertension International Protocol 

(ESH-IP), have served as the standard methodology for testing the accuracy of BP 

measurement devices,6 but these protocols are not intended for cuffless BP measurement 

devices. The 2018 AAMI/ESH/International Organization for Standardization (ISO) 

Universal Standard7 is designed to assess automated cuff devices (mostly oscillometric but 

also others) against reference manual auscultatory BP measurements taken by two observers 

simultaneously. Three pairs of measurements of the test and reference devices must be 

obtained from at least 85 individuals of diverse characteristics (e.g., ≥5% of the reference 

systolic BP readings must be ≥160 mmHg, ≥20% must be ≥140 mmHg, and ≥5% must be 

≤100 mmHg). The AAMI/ESH/ISO Universal Standard requires a device to pass specific 

criteria assessing individual BP readings (Criterion 1) and individual participant average 

BP readings (Criterion 2).7 The well-known Criterion 1 is bias and precision errors of 

individual BP readings (i.e., mean and standard deviation of the ≥255 BP errors) within 

5 and 8 mmHg (for test-reference BP comparisons), respectively.7 Criterion 2 investigates 

the precision errors of individual participants (standard deviation of the ≥85 average BP 

differences of triplicate comparisons per individual).7 Since the Universal Standard does not 

include invoking BP changes within an individual, it is not at all applicable to cuff-calibrated 

devices. The Universal Standard may make sense for assessing the accuracy of calibration

free devices, yet again certain aspects need to be reconsidered as they operate differently 

from automated cuff devices. Unfortunately, there is an increasing number of publications 

presenting data on the accuracy of novel cuffless BP measurement devices, with inadequate 

methodology and potentially misleading conclusions.8-11 More importantly, a recent search 

of self-home BP monitors which are commercially available in the Australian online market 

found that none of the wrist-band wearables BP monitors was validated in any standard 

way.12 Thus, the 2021 ESH Practice Guidelines for BP measurement do not recommend 

cuffless devices for clinical use.13

Secondly, the inclusion of inter- and intra-individual BP variations are crucial for cuffless 

device evaluation but difficult to obtain. For cuff-calibrated devices, evaluation of accuracy 

in static conditions shortly after calibration is certainly not enough, and it is mandatory 

to evaluate the accuracy during BP changes within each individual. Interventions may be 

performed to invoke BP changes (exercise, cold pressor test, mental test, drug effects, and 
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others14,15), or naturally occurring variations during daily life (due to, e.g., stress, meals, 

and activity) may be leveraged. However, interventions for decreasing and even increasing 

BP may pose risk to some individuals, and it may require numerous reference cuff BP 

measurements to attain sufficiently large spontaneous BP variations in a person. Whilst 

exercise significantly increases BP and post-exercise BP can be lower than pre-exercise 

levels,16 it may be relatively easy to detect exercise-induced BP changes (e.g., heart rate 

and arterial pulse amplitude rise significantly). A battery of interventions that change BP 

via different physiologic mechanisms appears necessary. Most studies implementing such 

interventions aiming to assess whether cuffless devices can track BP changes are performed 

in the context of technical development within pilot trials and therefore usually are not 

published. For calibration-free devices, the participant cohort must exhibit a wide BP range 

such as that required by the Universal Standard. However, identifying such a cohort can 

be difficult and costly especially for laboratory investigations of cuffless devices that have 

become popular. This might be a barrier especially for independent scientific teams.

Thirdly, cuffless devices often employ a mathematical model that takes demographics 

(e.g., age, gender) in addition to a cuffless measurement (i.e., arterial pulse) from the 

individual as inputs to ‘predict’ BP (machine learning),10,17-26 yet demographics alone 

are known to correlate with BP.27 As a result, it is unclear how much of the attained 

BP measurement accuracy especially of calibration-free devices is due to the actual 

hemodynamic measurement. For example, if the BP measurement accuracy were mainly 

predicted by age and gender, then the device does not offer any added value and would be 

superfluous (example presented below in simulation study – third case). This challenge does 

not apply to automated cuff devices, as they typically do not take individual demographic 

information as input.

Critical review of data presentation in recent studies

The abovementioned three challenges are evident in recent literature, which makes 

interpretation difficult. Many studies of cuffless devices claim BP measurement accuracy 

on the basis that the AAMI/ESH/ISO Universal Standard criteria are satisfied (i.e., bias and 

precision error limits within 5 and 8 mmHg), yet they do not follow all the key aspects of the 

Universal Standard.10,17-26

For cuff-calibrated devices, the intra-individual BP changes are typically induced by mild 

interventions (e.g., leg raise in seated posture), modest (e.g., one day or month after cuff 

calibration), or even minimal (e.g., immediately following the calibration).10,17,20,21,24,26 

Thus, in these cases, using only the calibration BP would yield small errors in predicting 

the subsequent BP. Furthermore, the results of cuff-calibrated devices are sometimes pooled 

over the individual subjects, which typically yields remarkable correlations.10,17,23,24,26 

However, because of the calibration, these results merely reflect the inter-individual 

differences in the reference BP levels. As a result, the accuracy of these devices in tracking 

short-term or long-term BP changes within an individual often remains unclear.

For calibration-free devices, the BP range of the participant cohort is often small.18,19,22,25 

In these cases, simply using the average BP of a similar population (i.e., the training data) 

to predict the BP of the cohort would result in low errors. Furthermore, the overall results 
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of the calibration-free devices are often only shown without revealing the contribution of 

the demographic inputs versus the hemodynamic measurement itself to the BP measurement 

accuracy.22,25 As a result, the ability of the actual measurement of these devices to predict 

BP across different people often remains unclear.

Even studies that do include interpretable results for cuff-calibrated or calibration-free 

devices often do not highlight them.18,26

Simulation study

To concretely illustrate the difficulty of interpretation, a basic simulation was performed. 

The simulation involved generating ten pairs of cuffless and reference cuff BP measurements 

from 100 individuals wherein the cuffless measurements had zero correlation with the 

reference measurements outside of age and gender (details concerning simulation analysis 

methods are presented in the Data Supplement). Figures 1, 2 and 3 show typical ways of 

displaying the results. The displayed results suggest good accuracy even though there is 

no correlation. The reason is that the simulated reference BP variations were not large and 

partially dependent on age and gender.

Three types of cuffless devices are simulated: (i) cuff-calibrated device, (ii) calibration-free 

device without demographic input, and (iii) calibration-free device with demographic input.

In the first case (cuff-calibrated device), the correlation between cuffless BP and reference 

BP may appear strong (black datapoints in Figure 1A). However, the cuffless BP change 

relative to the calibration measurement does not follow the reference BP change for each 

individual (color datapoints in Figure 1A and Figure 1B). Moreover, the BP errors of the 

cuff-calibrated device (‘Test Device’ in Figure 1C) are not smaller than those obtained by 

simply using calibration BP to predict the ensuing BP in each individual (‘Baseline Device’ 

in Figure 1D). In the second case (calibration-free device without demographic input), 

the cuffless BP errors may seem acceptable (Figure 2A), however, there is no correlation 

between cuffless and reference BP (Figure 2B). Moreover, the BP errors of the cuffless 

device (‘Test Device’ in Figure 2A) are not smaller than those predicted by a population 

average BP (‘Baseline Device’ in Figure 2C). Thus, the average BP of a similar population 

to predict the BP of the cohort results in smaller errors than inserting the hemodynamic 

parameter (i.e., the cuffless BP measurement) in the BP calculation model. In the third 

case (calibration-free device with demographic input), the correlation between cuffless and 

reference BP may seem strong, with cuffless BP errors appearing to be small (‘Test Device’ 

in Figure 3A and 3B). However, the correlation and the BP errors predicted by demographic 

inputs alone (e.g., age and gender) appear to be superior (‘Baseline Device’ in Figures 3C 

and 3D). As in the previous cases, the inclusion of the hemodynamic parameter (i.e., the 

cuffless BP measurement) in the BP calculation model may give worse results.

These simple simulations demonstrate that the overall accuracy of cuffless devices can 

appear to be satisfactory, whereas at the same time the cuffless measurement itself actually 

has a negative impact on BP measurement accuracy. This paradox, where a cuffless device 

might ‘measure’ BP more accurately only by predicting it based on the calibration BP, 
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average BP of a similar population, or demographics and less accurately when employing 

the hemodynamic measurement is at least surprising and needs to be carefully considered.

PROPOSALS

Due to the challenges of evaluating cuffless BP measurement devices, we make the 

following proposals.

1. We suggest that validation studies of cuffless devices should make every effort 

possible to be based on sufficient intra- or inter-individual BP variations.

a. For cuff-calibrated devices, a standard has been developed by 

the Institute of Electrical and Electronics Engineers (IEEE) with 

requirements for increases and decreases in BP within an individual 

(in addition to the participant BP range).27 However, the method for 

inducing these BP changes is not defined and arbitrary. We propose 

standardizing the approach to ensure that the validation includes BP 

changes induced by different physiologic mechanisms rather than only 

a single mechanism such as exercise. For example, such a standard 

could involve the requirement of at least three distinct BP interventions 

(e.g., dynamic exercise, cold pressor test, mental stress test, drug

induced BP change - rise or decline, Valsalva maneuver, etc.).

b. For calibration-free devices, we currently advocate for a full BP range 

in accordance with the AAMI/ESH/ISO Universal Standard. However, 

we suggest that this topic needs to be revisited given that the devices 

often use demographics as input to predict BP and are likewise intended 

to track intra-individual BP changes.

2. In addition, or alternatively, we advise to present the results as shown in Figures 

1, 2 and 3:

a. We strongly suggest showing the BP errors and correlations of naïve 

devices or ‘baseline devices’ [e.g., device in which constant BP via 

the cuff BP for calibration (Figure 1) or a population average BP is 

used to predict BP (Figure 2) or, preferably, a device that also includes 

demographic inputs (Figure 3)] side-by-side with the cuffless device.

b. It would also be helpful to statistically compare the cuffless device 

with the baseline devices (e.g., paired t-test for bias errors (μ); Pittman

Morgan test for precision errors (σ);28 or bootstrapping for root-mean

squared-errors [= √(μ2+σ2)].29

c. For cuff-calibrated devices, we just as strongly suggest showing 

correlations in terms of changes (e.g., plot of cuffless BP minus 

calibration BP versus reference BP minus calibration BP; Figure 1B) 

rather than absolute BP (i.e., plot of cuff-calibrated cuffless BP versus 

reference BP; Figure 1A). The latter plot may largely and trivially 

reflect the inter-individual differences in the reference BP levels.
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The results presented in these ways will clearly indicate whether the cuffless device provides 

added value or not in BP measurement accuracy and would be worthwhile to include even if 

the BP variations are extensive.

3. We propose to first evaluate the cuffless device in laboratory conditions ideally 

against a manual auscultatory cuff device and then, if successful, in field 

conditions against an ambulatory arm cuff device. The latter field testing will 

also indicate BP change tracking performance within individuals.

4. We advise that criteria for success as outlined in the IEEE standard for 

cuff-calibrated, cuffless devices or the AAMI/ESH/ISO Universal Standard 

should only be claimed in studies involving adequate BP variations. As 

argued elsewhere,30 we also believe the intended use of the cuffless device 

(e.g., screening versus diagnosis versus titrating therapy) should influence the 

accuracy thresholds which need to be fulfilled in validation studies.

CONCLUSIONS

As alluded to in this article, more work is needed to establish a universal standard for 

assessing the performance and accuracy of cuffless BP measurement devices. In 2014 the 

IEEE presented the specific accuracy issues of cuffless devices and proposed procedures 

for their evaluation.27 The ISO is currently developing a new standard specifically for 

the validation of cuffless BP measuring devices, which aims to address all the special 

issues of such technologies. In the meantime, we hope the article facilitates understanding 

of the capabilities and limitations of emerging cuffless devices in both the literature and 

marketplace.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Sources of Funding

This work was supported in part by US NIH Grants HL146470 and EB018818.

References

1. GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative risk assessment 
of 79 behavioural, environmental and occupational, and metabolic risks or clusters of risks, 
1990-2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet. 
2016;388:1659–1724. doi: 10.1016/S0140-6736(16)31679-8. [PubMed: 27733284] 

2. Bard DM, Joseph JI, van Helmond N. Cuff-Less Methods for Blood Pressure Telemonitoring. Front 
Cardiovasc Med. 2019;6:40. doi: 10.3389/fcvm.2019.00040. [PubMed: 31157236] 

3. Hosanee M, Chan G, Welykholowa K, Cooper R, Kyriacou PA, Zheng D, Allen J, Abbott D, 
Menon C, Lovell NH, Howard N, Chan WS, Lim K, Fletcher R, Ward R, Elgendi M. Cuffless 
single-site photoplethysmography for blood pressure monitoring. J Clin Med. 2020;9:723. doi: 
10.3390/jcm9030723.

4. Lee HY, Lee DJ, Seo J, Ihm SH, Kim KI, Cho EJ, Kim HC, Shin J, Park S, Sohn IS, 
Chung WJ, Ryu SK, Sung KC, Kim J, Kim DH, Pyun WB; Korean Society of Hypertension. 
Smartphone /smartwatch-based cuffless blood pressure measurement : a position paper from the 

Mukkamala et al. Page 7

Hypertension. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Korean Society of Hypertension. Clin Hypertens. 2021;27:4. doi: 10.1186/s40885-020-00158-8. 
[PubMed: 33494809] 

5. Arakawa T Recent research and developing trends of wearable sensors for detecting blood pressure. 
Sensors (Basel). 2018;18:2772. doi: 10.3390/s18092772.

6. Stergiou GS, Alpert BS, Mieke S, Wang J, O'Brien E. Validation protocols for blood pressure 
measuring devices in the 21st century. J Clin Hypertens (Greenwich). 2018;20:1096–1099. doi: 
10.1111/jch.13294. [PubMed: 30003697] 

7. Stergiou GS, Alpert B, Mieke S, Asmar R, Atkins N, Eckert S, Frick G, Friedman B, Graßl T, 
Ichikawa T, Ioannidis JP, Lacy P, McManus R, Murray A, Myers M, Palatini P, Parati G, Quinn D, 
Sarkis J, Shennan A, Usuda T, Wang J, Wu CO, O'Brien E. A Universal Standard for the validation 
of blood pressure measuring devices: Association for the Advancement of Medical Instrumentation/
European Society of Hypertension/International Organization for Standardization (AAMI/ESH/ISO) 
Collaboration Statement. J Hypertens. 2018;36:472–478. doi: 10.1097/HJH.0000000000001634. 
[PubMed: 29384983] 

8. Boubouchairopoulou N, Kollias A, Chiu B, Chen B, Lagou S, Anestis P, Stergiou GS. A 
novel cuffless device for self-measurement of blood pressure: concept, performance and clinical 
validation. J Hum Hypertens. 2017;31:479–482. doi: 10.1038/jhh.2016.101. [PubMed: 28124684] 

9. Bilo G, Zorzi C, Ochoa Munera JE, Torlasco C, Giuli V, Parati G. Validation of the Somnotouch
NIBP noninvasive continuous blood pressure monitor according to the European Society of 
Hypertension International Protocol revision 2010. Blood Press Monit. 2015;20:291–294. doi: 
10.1097/MBP.0000000000000124. [PubMed: 25932885] 

10. Watanabe N, Bando YK, Kawachi T, Yamakita H, Futatsuyama K, Honda Y, Yasui H, Nishimura 
K, Kamihara T, Okumura T, Ishii H, Kondo T, Murohara T. Development and Validation of a 
Novel Cuff-Less Blood Pressure Monitoring Device. JACC Basic Transl Sci. 2017;2:631–642. doi: 
10.1016/j.jacbts.2017.07.015. [PubMed: 30062178] 

11. Vybornova A, Polychronopoulou E, Wurzner-Ghajarzadeh A, Fallet S, Sola J, Wuerzner G. 
Blood pressure from the optical Aktiia Bracelet: a 1-month validation study using an extended 
ISO81060-2 protocol adapted for a cuffless wrist device. Blood Press Monit. 2021;26:305–311. 
doi: 10.1097/MBP.0000000000000531. [PubMed: 33675592] 

12. Picone DS, Deshpande RA, Schultz MG, Fonseca R, Campbell NRC, Delles C, Hecht 
Olsen M, Schutte AE, Stergiou G, Padwal R, Zhang XH, Sharman JE. Nonvalidated 
Home Blood Pressure Devices Dominate the Online Marketplace in Australia: Major 
Implications for Cardiovascular Risk Management. Hypertension. 2020;75:1593–1599. doi: 
10.1161/HYPERTENSIONAHA.120.14719. [PubMed: 32275193] 

13. Stergiou GS, Palatini P, Parati G, O'Brien E, Januszewicz A, Lurbe E, Persu A, Mancia G, Kreutz 
R; European Society of Hypertension Council and the European Society of Hypertension Working 
Group on Blood Pressure Monitoring and Cardiovascular Variability. 2021 European Society 
of Hypertension practice guidelines for office and out-of-office blood pressure measurement. J 
Hypertens. 2021;39:1293–1302. doi: 10.1097/HJH.0000000000002843. [PubMed: 33710173] 

14. Mukkamala R, Hahn JO, Inan OT, Mestha LK, Kim CS, Töreyin H, Kyal S. Toward Ubiquitous 
Blood Pressure Monitoring via Pulse Transit Time: Theory and Practice. IEEE Trans Biomed Eng. 
2015;62:1879–1901. doi: 10.1109/TBME.2015.2441951. [PubMed: 26057530] 

15. Mukkamala R, Hahn JO. Initialization of Pulse Transit Time-Based Blood Pressure Monitors. In: 
Solà J, Delgado-Gonzalo R 2019. (eds) The Handbook of Cuffless Blood Pressure Monitoring. 
Springer, Cham. doi: 10.1007/978-3-030-24701-0_10

16. Kenney MJ, Seals DR. Postexercise hypotension. Key features, mechanisms, and clinical 
significance. Hypertension. 1993;22:653–664. doi: 10.1161/01.hyp.22.5.653. [PubMed: 8225525] 

17. Nachman D, Gepner Y, Goldstein N, Kabakov E, Ishay AB, Littman R, Azmon Y, Jaffe 
E, Eisenkraft A. Comparing blood pressure measurements between a photoplethysmography
based and a standard cuff-based manometry device. Sci Rep. 2020;10:16116. doi: 10.1038/
s41598-020-73172-3. [PubMed: 32999400] 

18. Luo H, Yang D, Barszczyk A, Vempala N, Wei J, Wu SJ, Zheng PP, Fu G, Lee K, Feng ZP. 
Smartphone-based blood pressure measurement using transdermal optical imaging technology. 
Circ Cardiovasc Imaging. 2019;12:e008857. doi: 10.1161/CIRCIMAGING.119.008857. [PubMed: 
31382766] 

Mukkamala et al. Page 8

Hypertension. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Ruiz-Rodríguez JC, Ruiz-Sanmartín A, Ribas V, Caballero J, García-Roche A, Riera J, Nuvials X, 
de Nadal M, de Sola-Morales O, Serra J, Rello J. Innovative continuous non-invasive cuffless 
blood pressure monitoring based on photoplethysmography technology. Intensive Care Med. 
2013;39:1618–25. doi: 10.1007/s00134-013-2964-2. [PubMed: 23740275] 

20. Schoettker P, Degott J, Hofmann G, Proença M, Bonnier G, Lemkaddem A, Lemay M, Schorer 
R, Christen U, Knebel JF, Wuerzner A, Burnier M, Wuerzner G. Blood pressure measurements 
with the OptiBP smartphone app validated against reference auscultatory measurements. Sci Rep. 
2020;10:17827. doi: 10.1038/s41598-020-74955-4. [PubMed: 33082436] 

21. Poon CC, Zhang YT. Cuff-less and noninvasive measurements of arterial blood pressure by 
pulse transit time. Conf Proc IEEE Eng Med Biol Soc. 2005;2005:5877–5880. doi: 10.1109/
IEMBS.2005.1615827.

22. Xing X, Ma Z, Zhang M, Zhou Y, Dong W, Song M. An unobtrusive and calibration-free blood 
pressure estimation method using photoplethysmography and biometrics. Sci Rep. 2019;9:8611. 
doi: 10.1038/s41598-019-45175-2. [PubMed: 31197243] 

23. Liu Z, Zhou B, Li Y, Tang M, Miao F. continuous blood pressure estimation from 
electrocardiogram and photoplethysmogram during arrhythmias. Front Physiol. 2020;11:575407. 
doi: 10.3389/fphys.2020.575407. [PubMed: 33013491] 

24. Miao F, Liu ZD, Liu JK, Wen B, He QY, Li Y. Multi-Sensor Fusion Approach for Cuff-Less 
Blood Pressure Measurement. IEEE J Biomed Health Inform. 2020;24:79–91. doi: 10.1109/
JBHI.2019.2901724. [PubMed: 30892255] 

25. Chowdhury MH, Shuzan MNI, Chowdhury MEH, Mahbub ZB, Uddin MM, Khandakar A, Reaz 
MBI. Estimating blood pressure from the photoplethysmogram signal and demographic features 
using machine learning techniques. Sensors (Basel). 2020;20:3127. doi: 10.3390/s20113127.

26. Kachuee M, Kiani MM, Mohammadzade H, Shabany M. Cuffless blood pressure estimation 
algorithms for continuous health-care monitoring. IEEE Trans Biomed Eng. 2017;64:859–869. 
doi: 10.1109/TBME.2016.2580904. [PubMed: 27323356] 

27. IEEE Standard Association, “IEEE 1708a-2019 - IEEE Standard for Wearable, Cuffless Blood 
Pressure Measuring Devices - Amendment 1,” IEEE Std, 2019. https://standards.ieee.org/standard/
1708a-2019.html. Accessed May 24, 2021.

28. Snedecor G, Cochran W. Statistical Methods. 1980. 7th ed. Ames: Iowa State University Press.

29. Natarajan K, Block RC, Yavarimanesh M, Chandrasekhar A, Mestha LK, Inan O, Hahn JO, 
Mukkamala R. Photoplethysmography Fast Upstroke Time Intervals Can Be Useful Features 
for Cuff-Less Measurement of Blood Pressure Changes in Humans. IEEE Trans Biomed Eng. 
2021;PP. doi: 10.1109/TBME.2021.3087105.

30. Mukkamala R, Hahn JO. Toward Ubiquitous Blood Pressure Monitoring via Pulse Transit Time: 
Predictions on Maximum Calibration Period and Acceptable Error Limits. IEEE Trans Biomed 
Eng. 2018;65:1410–1420. doi: 10.1109/TBME.2017.2756018. [PubMed: 28952930] 

Mukkamala et al. Page 9

Hypertension. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://standards.ieee.org/standard/1708a-2019.html
https://standards.ieee.org/standard/1708a-2019.html


Figure 1. 
Graphic presentation of data evaluating the accuracy of cuff-calibrated cuffless versus 

reference BP measurements: Classic but potentially distracting versus more informative 

presentation revealing the important role of the calibration BP.

Figure derived from simulation analysis. (A) Classic presentation of correlation between 

cuffless and reference BP, despite poor correlation within each individual (see color 

datapoints); (B) Cuffless versus reference BP change relative to calibration BP for each 

individual; (C) Classic presentation of Bland-Altman scatterplot displaying cuffless (‘Test 

Device’)-reference BP difference versus their mean; (D) Additional informative scatterplot 

based solely on BP prediction via calibration BP, without including the hemodynamic 

cuffless measurement (‘Baseline Device’).
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Figure 2. 
Graphic presentation of data evaluating the accuracy of calibration-free cuffless device 

without demographic input versus reference BP measurements: Classic but potentially 

distracting versus more informative presentation revealing potentially better accuracy of 

the device when using simply the average BP of a similar population to predict BP.

Figure derived from simulation analysis. (A) Classic presentation of Bland-Altman 

scatterplot displaying cuffless (‘Test Device’)-reference BP difference versus their mean; (B) 

Additional informative presentation showing poor correlation between cuffless and reference 

BP; (C) Additional informative presentation of Bland-Altman scatterplot based solely on BP 

prediction via the average BP of a similar population, without including the hemodynamic 

cuffless measurement (‘Baseline Device’).
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Figure 3. 
Graphic presentation of data evaluating the accuracy of calibration-free cuffless device with 

demographic input versus reference BP measurements: Classic but potentially distracting 

versus more informative presentation revealing potentially better accuracy of the device 

when using only age and gender (which are known to correlate with BP) to predict BP.

Figure derived from simulation analysis. (A) Classic presentation of correlation between 

cuffless (‘Test Device’) and reference BP; (B) Classic presentation of Bland-Altman 

scatterplot displaying cuffless (‘Test Device’)-reference BP difference versus their mean; 

(C) Additional informative presentation of correlation between cuffless and reference BP, 

indicating better correlation when BP is predicted based solely on age and gender, without 

including the hemodynamic cuffless measurement (‘Baseline Device’) (D) Additional 

informative presentation of Bland-Altman scatterplot based solely on BP prediction via age 

and gender, without including the hemodynamic cuffless measurement (‘Baseline Device’).
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