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Abstract: Cuffless sphygmomanometers may be useful alternative blood pressure monitors for screening and
home healthcare. The main requirements for these devices are accuracy in the resting state, accuracy during
dynamic blood pressure changes, and long-term stability. Intermittent measurements can ensure that the
accuracy of active measurements mirrors that of measurements in the resting and dynamic states. This brief
report proposes a new protocol to evaluate long-term stability based on a comparison with a medically
approved cuff-based automated sphygmomanometer rather than an auscultatory sphygmomanometer.
Dynamic changes in blood pressure are not usually assessed based on intermittent measurement with an over-
the-counter (OTC) sphygmomanometer. Thus, validation testing focused on the accuracy of the OTC cuffless
sphygmomanometer in the resting state and the long-term stability of the device, and the results were similar
to those of the cuff-based sphygmomanometer. Further research and discussions are necessary to develop
standards derived from high-quality evidence for manufacturers of OTC sphygmomanometers.

Keywords: cuffless sphygmomanometer; accuracy; error propagation; long-term stability;
over-the-counter device; standards; variability

1. Introduction

Cardiovascular disease is the number one cause of death worldwide, and hypertension is a major
risk factor. An estimated 1.28 billion adults aged 30-79 have hypertension, with two-thirds living in
low- and middle-income countries. An estimated 46% of adults with hypertension are unaware that
they have the disease, while only 21% have hypertension under control. One of the global targets for
non-communicable diseases is to reduce hypertension prevalence by 33% between 2010 and 2030. In
recognizing hypertension as a public health problem, the World Health Organization has provided
evidence-based recommendations for the initiation of treatment, including blood pressure (BP)
monitoring [1,2].

Hypertension monitoring requires measurement accuracy and usability. Simple, inexpensive,
easy-to-use devices have been adopted throughout the years. The most reliable device is the cuff-
based sphygmomanometer, but its use may be difficult due to problems in finding the handling for
correct measurement and attachment of the cuff. A cuff-based sphygmomanometer is also used in
secondary healthcare settings, such as home monitoring of BP after a physical examination or
following the suggestion of the patient’s physician. However, many healthy people are also interested
in daily health monitoring, including daily BP measurements. The control of BP through exercise,
food intake, and sleep can prevent hypertension. As high BP is not a subjective symptom, it can be
diagnosed during a health checkup, after which daily BP monitoring is recommended. Thus, a
simple, easy-to-use device for monitoring BP that is also affordable for people in low- and middle-
income counties would be of value. Cuffless sphygmomanometers are useful devices for this
purpose. With the increasing popularity of cuffless blood sphygmomanometers, studies to determine
their safety and reliability are needed with methods for the post-marketing surveillance of these
devices.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Several studies have identified the major issues to be considered in validating cuffless
sphygmomanometers [3-6]. For example, their accuracy at rest should be similar to that of cuff-based
sphygmomanometers. Currently, there are no regulations regarding cuffless sphygmomanometers'
dynamic response and long-term stability. Thus, while the clinical application of these devices has
been discussed, a number of issues regarding their home use remain. For instance, whereas in clinical
practice, cuffless sphygmomanometers must demonstrate accuracy and validation, ease of handling
is also essential for home healthcare use.

The European Society of Hypertension (ESH) recently suggested several regulatory categories
for cuffless sphygmomanometers (see Section 3) depending on the intended use. A cuffless
sphygmomanometer intended for clinical practice will require stricter regulations than one intended
for use in home healthcare or during a physical checkup screening. This study focused on the
intermittent use of cuffless sphygmomanometers as an alternative to cuff-based
sphygmomanometers.

2. Currently Approved Cuffless Sphygmomanometers

Cuffless sphygmomanometers are popular devices and are readily available. The principles
underlying their operation have been described in several review articles that examined their
tonometry, pulse transit time, and pulse contour methods [7-11], while aspects such as ultrasound,
seismocardiography, microwave, and impedance are of research interest.

The principles of the currently approved device are briefly explained. An alternative approach
to continuous and non-invasive indirect BP measurement is based on changes in pulse wave velocity
(PWYV), which is the velocity of a pressure pulse propagating along the arterial wall; this can be
calculated from the pulse transit time (PTT), which refers to the interval required for the blood
pressure wave to transit from the proximal to distal arterial sites during the same cardiac cycle shown
in Figure 1(a).
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Figure 1. Principle of cuffless sphygmomanome78 ters: (a) pulse transit time and pulse arrival time,
(b) 79 pulse contour method, and (c) tonometry.

The pulse arrival time (PAT) obtained from the interval between the electrocardiography (ECG)
R wave and the starting point or peak of the photoplethysmographic (PPG) wave, which is the sum
of the PTT and the pre-ejection period (PEP), is gaining popularity for tracking BP because it is easy
to estimate. Faithfully, PAT and PTT are different; PAT includes PEP, which is the time elapsed
between the electrical depolarization of the left ventricle (Q-, R-, and S-wave complex (QRS) on the
ECG) and the beginning of ventricular ejection and represents the period of left ventricular
contraction with the cardiac valves closed. When blood pressure rises, the pre-ejection period (PEP)
occasionally exhibits a prolongation, contrary to the expected reduction. Therefore, the pulse arrival
time (PAT), which is equated with the pulse transit time (PTT) in some studies, does not consistently
mirror changes in blood pressure [12]. Nevertheless, if both methods accept the accuracy of blood
pressure change, the device can be used as a blood pressure monitor.

The most popular direction is now based on the pulse contour and the second derivative of the
PPG signal (SDPPG) methods shown in Figure 1(b). The measured PPG signal (solid line) and its
second derivative (grey line) indicate systolic and diastolic peaks. They represent alternatives for
estimating the BP. Pulse demodulation analysis (PDA) was developed to evaluate the arterial
pressure pulse, and estimation has confirmed the existence of two major reflection sites in the central
arteries.
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The downward traveling primary pressure pulse (P1) gives rise to upward traveling pulses (P2
and P3), originating from the renal and iliac reflection sites, respectively, where pulse P1 impinges.
The time difference between the arrival of P1 and the second reflection pulse (P3), referred to as T1-
3, corresponds to the changes in arterial pulse pressure.

In PDA models, lumped parameter models of the cardiovascular system are commonly used to
simulate arterial blood pressure waveform and wave propagation, which consist of resistor
impedance and capacitors to fit systolic and diastolic pressures. Then, the second derivative of the
PPG signal (SDPPG) is analyzed based on the amplitudes of waves “a”, “b”, “c”, “d”, and “e”, which
arise in the systolic phase of the heart cycle. The amplitudes of the waves are normalized as b/a, c/a,
d/a, and e/a. The SDPPG contains information on aortic compliance and stiffness, which are highly
correlated with BP. To make use of the PPG real waveform and SDPPG, the BP must be analyzed
numerically using a neural network and/or support vector machine.

The principle of applanation tonometry of the radial artery is that when a radial artery is
partially compressed or splinted against a bone, the pulsations are proportional to the intra-arterial
pressure shown in Figure 1(c).

However, the transducer needs to be situated directly over the center of the artery; hence, the
signal is very position-sensitive; this has been dealt with by using an array of transducers placed
across the artery. Although the technique has been developed for beat-to-beat wrist blood pressure
monitoring, it requires calibration in each patient and is unsuitable for routine clinical settings.

Like any newly developed device, regulatory authorities must approve cuffless
sphygmomanometers. However, the standards established for cuff-based sphygmomanometers are
currently applied, as thus far, the International Organization for Standardization (ISO) has not
developed specific standards for cuffless sphygmomanometers. The Institute of Electrical and
Electronics Engineers (IEEE) has published standards for intermittently used cuffless
sphygmomanometers. Consequently, while several wearable cuffless sphygmomanometers are
available on the market, only a few devices have been approved for medical use. These are briefly
described in Table 1, with a few examples shown in Figure 2.

Table 1. A list of cuffless sphygmomanometers approved for medical use.

Principle Product name  Manufacturer Regulation Reference
Standalone PPG+ECG ViSi Mobile Sot.era Wireless Inc., FDA 13
System United States
Freescan Maisense,
BPM-490 Taiwan CE 14
SOMNOtouch SOMNOmedics GmbH,
CE 15
NIBP Germany
Pressure .. .
sensing Caretaker Emplrlcal.Technologles FDA 16-19
Corp., United States
Wearable  PPG Aktiia Altiia SA, CE 20
Switzerland
BB613, Biobeat ~ Dic0¢at Technologies, ppy ooy
Israel
El i
Galaxy A Samsung ectronics, MFDS* ”
Seoul, Korea
CART-1 Plus SkyLabs, South Korea =~ MFDS* 23
SentiCor-100 Sensifree, United States CE
and Israel
HealthSTATS
Tonometry BPro Technologies, United FDA, CE 24,25

Kingdom
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CE: European conformity; ECG: electrocardiogram; FDA: U.S. Food and Drug Administration; MFDS: Korean
Ministry of Food and Drug Safety; PPG: photoplethysmogram.

g h i

Figure 2. Images of cuffless sphygmomanometers: (a) ViSi Mobile System (Sotera Wireless Inc.), (b)
Freescan (Maisense), (¢) SOMNOtouch NIBP (SOMNOmedics GmbH), (d) Caretaker (Empirical
Technologies Corp.), (e) Aktiia (Aktiia SA), (f) Biobeat (Biobeat Technologies), (g) Galaxy A
(Samsung), (h) CART-1 (SkyLabs), and (i) BPro (HealthSTATS Technologies).

The first cuffless sphygmomanometer to be approved by the U.S. Food and Drug Administration
(FDA) for medical use was the BPro in 2006 (FDA 510(K), number K060315), followed by the ViSi
Mobile System, Caretaker, and Biobeat devices in 2012 (K112478), 2016 (K151499), and 2019 (K190792),
respectively. These devices require a prescription for clinical practice in the USA. In addition, several
devices have received CE approval. In Korea, the Ministry of Food and Drug Safety has approved
two Korean products: the Galaxy A watch and the CART-1 Plus ring sensor. Despite the absence of
standards for cuffless sphygmomanometers, the devices have been approved for static measurements
with a required accuracy of 5 + 8 mmHg. The intended use of these cuffless sphygmomanometers is
within a hospital setting and for continuous monitoring during surgery or in an intensive care unit
(ICU).

Regulatory issues have impeded physicians' interest in using cuffless sphygmomanometers in
clinical practice. In response, the EHS working group developed and published a set of
recommendations for cuffless sphygmomanometers [26].

3. Standards for Cuffless Sphygmomanometers

According to the ISO and regulatory authorities, standards for BP monitors address quantitative
measurements, weight, range, and clinical utility. However, no ISO standards or other regulations
are yet available

for cuffless sphygmomanometers. Using cuffless sphygmomanometers in clinical practice has
elicited positive [27-32] and negative [33-38] reactions. In response, the ESH has recommended six
validation tests to evaluate the safety and reliability of cuffless sphygmomanometers for clinical use:
static testing, testing of accuracy at different measurement sites, testing in patients using
antihypertensive drugs, testing during different sleep stages and during exercise, and long-term
variability. In clinical practice, sphygmomanometers are used mainly for short-term monitoring.
While cuff-based sphygmomanometers provide intermittent (snapshot) measurements, cuffless
sphygmomanometers have the additional advantages of beat-to-beat and continuous monitoring,
which can be used in the ICU and operation room and for nocturnal monitoring and the detection of
sudden changes in BP. However, in hypertension management for home healthcare, BP is typically
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only measured early in the morning and before bedtime. For this intermittent use, the six validation
tests may not be necessary; rather, fundamental tests of static accuracy, dynamic response, and long-
term stability may suffice.

Many over-the-counter (OTC) medical devices, defined as those not requiring a prescription and
sold directly to the consumer in physical or online stores, are available for use at home and in nursing
homes or other long-term care facilities. They allow patients to self-monitor and, thus, potentially
self-treat their condition. The device's instructions must be written to allow patients to use it without
any help from a healthcare provider. OTC cuffless sphygmomanometers are safe and effective for
standardized BP measurements in the home healthcare setting. Doubts regarding their accuracy can
be resolved by clinical confirmation. Therefore, the following section proposes validation tests for
OTC cuffless sphygmomanometers.

4. Proposed Regulation for OTC Cuffless Sphygmomanometer

A simple validation protocol is required for OTC devices used for home screening and simple
physical checkups. The proposed tests were developed with reference to the ISO standards for cuff-
based sphygmomanometers (ISO 81060-2:2018; Non-Invasive Sphygmomanometers Part 2: Clinical
Investigation of Intermittent Automated Measurement Type) and continuous BP monitors
(ISO81060-3:2022; Non-Invasive Sphygmomanometers Part 3: Clinical Investigation of Continuous
Automated Measurement Type), as well as the IEEE standards for wearable cuffless blood pressure
monitoring systems (IEEE 1708:2014 and 1798a:2019). The three validation tests described herein refer
to standards for static accuracy, dynamic accuracy, and long-term stability,

4.1. Static Accuracy

The validation protocol developed to measure resting-state BP using an OTC cuffless
sphygmomanometer followed that of a cuff-based sphygmomanometer, i.e., the auscultation
method. The protocol was tested by measuring the resting-state BP of 35 volunteers with a wide
distribution of BP values, as recommended by the ESH.

The static test is conducted as illustrated in Figure 3, with the individual sitting comfortably in
a chair with his or her back straight. A cuff-based reference BP monitor —in this study, an auscultation
sphygmomanometer —is attached to either the left or right arm, and the test device is attached to the
same or the opposite arm. The sensor of the test device should be placed at the same height as the
cuff on the upper arm, i.e., at the heart level (red dotted line in Figure 3). The height differences
are critical [40]. The height of the smartwatch and wristbands must be the same as the heart
level. Manufacturers must emphasize the importance of maintaining this height equivalence in their
instructions, particularly for static measurements, and provide clear guidelines on measuring and
adjusting for any height discrepancies. Two observers measure the resting-state BP by following the
instructions of the reference and test devices. The reference and test measurements can be performed
simultaneously or consecutively. If the measurements are simultaneous, the absence of interference
between the two devices must be ensured. If the measurements are consecutive, there should be an
interval of at least 60 s between measurements.

The data are excluded if the reference systolic BP (SBP) range is > 20 mmHg or if the reference
diastolic BP (DBP) range is > 12 mmHg during or before determination by the test device. For the test
device, three pairs of measurements are obtained for snapshot BP measurement devices, and three
recordings of 60 s each are obtained for beat-to-beat measurement devices.
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Auscultatory
sphygmomanometer

Figure 3. Blood pressure measurement according to the static test.

4.2. Dynamic BP Changes

While the measurement of dynamic BP changes is not required for snapshot monitoring of BP
during home healthcare, it may be useful in other settings. The current standard for cuff-based
sphygmomanometers also includes a protocol for determining dynamic BP changes. A cuffless
sphygmomanometer can be used in the continuous beat-to-beat measurement of BP changes, as is
often desirable during a clinical setting. Simultaneous recordings with a cuffless sphygmomanometer
and a direct BP sensor can provide accurate and valuable BP data. For OTC devices, simultaneous
recordings with a continuous volume-clamp device are recommended. The ISO81060-3 standard also
recommends direct BP monitoring, but this method is problematic in terms of both ethics and safety.
For ethical reasons, the specialized techniques required for direct BP measurement are not approved
for use in clinically healthy individuals in some countries. Moreover, the FDA has not approved the
use of volume-clamp devices for standard continuous BP monitoring. However, the accuracy of OTC
devices is sufficient for healthcare purposes.

Methods for measuring BP changes are not included in current standards, but testing during
exercise [41,42] or cold stress is recommended. The cold stress test demonstrates increased blood
pressure during a one- to two-minute immersion of one foot in ice water at 4-10 °C shown in Figure
4. Three pairs of measurements for snapshot BP measurement devices and three recordings of 60 s
each for beat-to-beat measurement devices are made using observers 2 min after the induction of a
BP change. The highest BP reading obtained while the foot is in the ice water is recorded as the
response index.
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Figure 4. Blood pressure measurement according to the cold stimulus test.

4.3. Long-Term Stability

Long-term stability is the most important issue in measuring BP at home, as hypertension
management requires the long-term tracking of BP values. For hypertension patients prescribed an
antihypertensive drug, testing is usually conducted after 1 month. Thus, accuracy validation for OTC
devices at 1 month is sufficient.

This study's time interval between measurements used to evaluate long-term stability followed
the current standard. We recommend a medically approved device, such as an oscillometric
automated sphygmomanometer. The long-term accuracy of the test device can then be evaluated
based on the propagation error, defined as the sum of the error of the standard device, in this case,
the oscillometric automated sphygmomanometer (Xosc), and that of the test device (Xaut), with each
error containing the mean + standard deviation (SD). Thus:

Total error

= |M(er)| i SD(Xn.qr.) + |M(Xd|1r)| i SD(XdIII')

Let us assume that the specifications of reference device Xosc are errors in mean measurement
€u, and errors in standard deviation measurement Eg.r, measured mean X,, and measured SD §,. To
derive the total error €yt Of the cuffless device, as shown in (1), the deterministic error in mean
€x. and SD ¢ are calculated by (2) and (3), respectively, where X, and S, are the measured mean

— 2 2
€total = IERC G M
A\

and measured SD of the cuffless device.

€x, = \/Eﬁr + & — %c)? 2)
€s, = \/Egr,. + (51 —5¢)? 3)

The error of the reference device €x t€gshould be within 5 + 8 mmHg, as reported by the
manufacturer or recommended sphygmomanometers from two organizations: dabl Educational Trust

and STRIDE BP [45]. For the test device, the error is based on its static error. If the static error of the
test device is 5 + 8 mmHg, then the total device error is 10 + 11.3 mmHg. However, most cuffless
sphygmomanometers are more accurate when used under resting conditions. The error criteria are
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smaller than the above error. Regardless, if the test device's long-term stability error is satisfied within
the above errors, the device must be accepted as an OTC device.

The differences between the reference BP monitor and the test device during the test, specifically
whether the differences are within 5, 10, 15, or > 15 mmHg, are determined. This flexibility aids in the
evaluation of accuracy. For high-grade sphygmomanometers, a difference <10 mmHg is defined as
a slight but acceptable inaccuracy. The number of absolute BP differences (i.e., test BP minus mean
versus reference BP readings) within 5, 10, and 15 mmHg for SBP and DBP is also determined. A
device is considered acceptable if its estimated probability of a tolerable error (< 10 mmHg) is at least
85% [46].

For a recalibration period between 1 and 10 days, readings should be taken twice daily for the
first 3 days (9 + 3 h apart) and then once daily thereafter, including on day 10, or as specified by the
manufacturer. Thereafter, recalibration should be performed once every 10 days until day 30 or as
specified by the manufacturer (up to 30 days).
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5. Preliminary Results

In our preliminary study, a 1-month validation test of the modified Checkme device (Sanei
Medisys Ltd., Japan) was performed according to the proposed protocol perspective. This case report
was conducted with the approval of the Ethical Committee of Sanei Medisys Ltd. The static errors
were -0.12 + 5.49 mmHg for SBP and -1.17 + 5.06 mmHg for DBP, respectively. Based on the
propagation error, the accuracy criteria for the long-term stability of SBP and DBP measurements
obtained using the oscillometric automated sphygmomanometer were -5.12 + 9.70 mmHg and —6.17
+9.48 mmHg. In particular, the total error for SBP was |5/+8 mmHg for the assumed oscillometric
automated sphygmomanometer + |—0.12| + 5.49 mmHg for the static error of the test device, and
then it was -5.12+ 9.70 mmHg. The total error for DBP was |5|+8 mmHg for the assumed oscillometric
automated sphygmomanometer + |-1.17| +5.06 mmHg and then it was —6.17 + 9.48 mmHg,.

For the test device in our long-term stability test, the errors were -3.38 + 7.10 mmHg for SBP and
-1.38 £ 5.40 mmHg for DBP, which met the accuracy criterion.

Figure 5 shows the number of absolute BP differences between 10 and 20 mmHg for SBP and
DBP, depicted using standardized Bland—Altman scatterplots. According to the above criteria, the
test device was considered acceptable.
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Figure 5. Scatterplots of the absolute BP differences (test BP minus mean versus reference BP
readings) during a 1-month validation study. 3 The ratios of absolute BP differences to the total
number of data points are 85.2% SBP/91.9% DBP within + 10 mmHg and 88.6% SBP/94.8% DBP within
15 mmHg, respectively.

6. Limitations

We proposed and evaluated new standards for using cuffless sphygmomanometers in home
healthcare. Although the cuffless sphygmomanometer is a medically approved device in the hospital
setting, its long-term stability is the most important operating factor for home healthcare purposes.
In this study, a commercially available cuffless sphygmomanometer was tested by comparison with
a standard device. Not all OTC devices for home use require approval by regulatory authorities, but
OTC sphygmomanometers should be medically approved to allow BP monitoring at home or for
screening and physical checkups. During COVID-19, OTC pulse oximeters without medical approval

became popular and were sold directly as cutometers to estimate oxygen saturation. However, OTC
devices could not be used for medical purposes. The OTC cuffless sphygmomanometer must be
approved by regulatory agencies because of its safety and accurate long-term stability. Accurate
trends are important for hypertension management. Additionally, medically approved OTC device
reviews cover general healthcare and wellness purposes.

7. Future Prospective

Most current literatures on cuffless blood pressure monitoring focuses either on mathematical
models based on cardiovascular parameters or on artificial intelligence (AI) and Neural Networks
(NN) with non-calibrated devices. Since the publication of the ESH recommendation, only a few
articles have addressed validation, regulation, and standards in this area. The challenge of long-term
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stability remains, with no specific solutions proposed yet. Evidence, regulation, and reliable
validation tests still require time to develop to a point where they are market-ready [47,48].

Long-term validation in routine practice remains a topic of discussion, especially since the
validation study presented in ISO81060-3 standard is complex and may not be suitable for home
healthcare protocols. Our study proposes simpler and more easily acceptable standards. It's
noteworthy that the standard for cuffless blood pressure is now available in IEEE1708, and new
standards in both IEEE and ISO are expected in the near future. We anticipate the establishment of
one unified standard for clinical practice through the collaboration of ISO and IEEE, which will
further the discourse on home healthcare applications.

Furthermore, the role of Al and NN in cuffless blood pressure measurement needs to be
discussed beyond existing protocols. We have added relevant references to support these points,
including both positive and negative comments on current research in the field.
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