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Blood pressure measurement techniques,
standards, technologies, and the latest futuristic
wearable cuff-less know-how

Shubham Kumar, ©2° Sanjay Yadav®® and Ashok Kumar*®®

Regular blood pressure (BP) monitoring is the keystone to early prevention of hypertension, a major factor
of heart-related disease and the leading cause of mortality worldwide. As human health is of the utmost
concern, tremendous efforts have been made to advance health monitoring devices over time. At present,
various techniques, broadly classified as invasive, cuff-based, and cuff-less non-invasive techniques, are
used to measure human BP. In the past few years, flexible and wearable healthcare technologies have
attracted great attention toward continuous BP monitoring and enabling long-term human health
surveillance. To keep all this in mind, we have reviewed the literature and present a comprehensive survey
of various types of BP measurement techniques and their algorithms. This review also focused on flexible
and wearable continuous BP monitoring technologies and their validation according to the universal
standard. Furthermore, recently developed state-of-the-art wearable devices are also discussed, which
show a great potential to estimate BP in the future. Eventually, this review will provide a better
understanding of BP measurement techniques and wearable technologies and expose the reader to new

rsc.li/sensors

1. Introduction

Blood pressure (BP) is one of the most important measurable
physiological = parameters, indicating how well the
cardiovascular system functions. High blood pressure or
hypertension is a leading cause of heart attack, stroke, and
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perspectives on continuous BP monitoring.

early death." Global Burden of Disease (GBD) reported that
hypertension causes more than one million deaths in India
annually and more than 10 million deaths worldwide.>™
Thus, the prevention of hypertension is the most important
challenge for public healthcare globally. However,
hypertension is an asymptomatic disease, and we cannot
figure it out without measuring it. Fortunately, it can be
controlled through medications and lifestyle changes if
detected in the early stages.” A survey reported that 25% of
the rural and 33% of the urban population in India are
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hypertensive, and less than 3% of the rural and less than 7%
of the urban population have their BP under control.’
Therefore, in order to prevent and diagnose hypertension, BP
measurement is necessary to be done on a regular basis.

Around the end of the 20th century, BP was measured
either invasively using a catheter, which is painful and
uncomfortable for patients/volunteers, or via auscultation,
which needs an expert with good hearing capability.” This
motivated the development of new automated techniques to
measure BP non-invasively. Although Marey first introduced
the oscillometric method at the end of the nineteenth
century, measuring systolic and diastolic pressures took
nearly a hundred years.® The oscillometric method provides
expert-free, self-BP monitoring and also provides healthcare
professionals with accurate, real-time healthcare data so they
can choose the optimal treatment plans. Additionally, this
kind of surveillance can save millions of lives all across the
world. At present, these oscillometric-based automated BP
devices are the best choice for monitoring BP at home as well
as in the clinic.’ Since these devices mainly rely on cuff-
based measurement and measure the BP intermittently, this
limits their utilization for portable and wearable applications
in our day-to-day life.

In the past few years, interest in wearable sensor devices
has increased and attracted more attention toward
continuous health monitoring technologies. Early efforts in
this field focused on physical sensors such as pressure and
strain sensors that can monitor the signal from different
locations (Fig. 1). Wearable sensors hold considerable
promise for non-invasive biomedical applications due to their
low-cost  development, portability, and low power

consumption. Furthermore, good interfacing with the skin
and body also helps in the adoption of wearable sensor
devices." The increasing number of recently published
proof-of-concept studies demonstrates the potential of
wearable sensors.
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The dimension of wearable device applications has
exponentially increased with the branching out from tracking
physical activities, muscle movement during exercise, and
health monitoring."** To execute these goals, exceptional
efforts to the development of wearable devices have been
made by the researchers. The wearable sensor devices provide
portable strategies and enable people to observe long-term
changes in health. Recently, wearable devices that can
quickly and accurately measure BP have gained great
attention towards early detection of hypertension."*'* In
contrast to the conventional method, which records the
information about blood pressure via auscultation or a
sensor by applying external pressure, the wearable sensor
network or device employs passive measurement and
provides continuous beat-to-beat measurement as no external
stimuli are applied. However, several of these technologies
are under clinical validation and their commercialization is
underway. This advancement in technologies follows the
paradigm of miniaturization of existing cuff-based devices
with reasonable accuracy. Modern flexible pressure sensors
based on different mechanisms, such as a piezocapacitive,
piezoresistive, piezoelectric, triboelectric, and organic
photodetector, and integration with digital health ecosystems
are just a few examples of technological advancements in BP
monitoring.">° Moreover, integration with the ‘internet of
things’ can strengthen the future of the ‘internet of medical
things’.*

Several studies emphasize this area's significance and
suggest that a timely assessment is required. Previously,
several review articles have been published that focused on
the historical evolution of BP measurement techniques,
instruments, and their calibration,” systematic approach in
invasive techniques,”” oscillometric BP measurement,> cuff-
less measurement techniques,>** advances in non-invasive
BP monitoring,*®*”  piezoelectric ~approach for BP
monitoring,”® and wearable two- and three-dimensional
sensors for BP measurements.’>**?° §till, a comprehensive
systematic study of the BP measurement techniques and the
recently developed flexible and wearable technologies using
these techniques is missing in the literature. Additionally,
the validation of these developed wearable technologies from
the universal standard is not discussed in the literature.
Therefore, in this study, we have reviewed the various
techniques and algorithms used for BP measurement and
also focused on flexible and wearable technologies for BP
monitoring. Furthermore, the accuracy and validation of the
developed devices are also discussed. Additionally, this study
summarizes the new technology proposed for the detection
of biosignals that may be used for BP monitoring in the
future.

This review has been organized by dividing it into
five sections as follows. In section 1, we have already
discussed the necessity of BP measurement and a brief
of advanced technologies towards wearable devices.
Section 2 and its subsections discuss the techniques and
their algorithms used to calculate BP. The history of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative examples of wearable sensors for pulse monitoring. Anticlockwise from the top right: temporal pulse monitoring, carotid
arterial pulse monitoring, radial pulse monitoring, doralis pedis pulse monitoring using a soft iontronic capacitive pressure sensor (adapted from P.
R. et al.*®), proper digital pulse monitoring using an organic photodetector (adapted from T. Y. et al.*°), and brachial pulse monitoring using a strain

sensor (adapted from Y. C. et al.>).

validation protocol and the current standard for BP
measurement are discussed in section 3, in which the
acceptable accuracy of any device is highlighted. In
section 4, recent advances in BP measurement using
new miniaturized and wearable technology are reviewed.
In section 5, we discuss the advantages and
disadvantages of traditional and new measurement
technologies and their validation. The review ends with
a summary in section 6.

2. Blood pressure measurement
techniques

Understanding the impact of diverse methodologies for BP
measurement is crucial for designing accurate sensing
devices suited for healthcare. The heart pumps the blood
and circulates it in the arterial network, which creates a
pressure gradient on the arterial wall. That amount of
pressure applied by the blood onto the arterial wall is
known as blood pressure. Systolic blood pressure (SBP) is
produced during the cardiac cycle as blood is pumped by
the heart, and diastolic blood pressure (DBP) is produced
while the heart is at rest in between heartbeats. The term
pulse pressure (PP) is sometimes used to evaluate heart
function and is defined as the difference between SBP and

© 2024 The Author(s). Published by the Royal Society of Chemistry

DBP during a cardiac cycle. The mean arterial pressure
(MAP) or mean blood pressure (MBP) is the average
pressure during one cardiac cycle and is calculated by
dividing the area of the cardiac cycle by the cycle duration.
Generally, a healthy person's SBP and DBP are less than
120 mmHg and 80 mmHg, respectively.’> An abnormal BP
reading may be linked to the occurrence of numerous
cardiovascular problems (e.g., stroke and heart failure).
Since arterial pressure changes continuously during the
cardiac cycle, the morphological characteristics of many
blood pressure-related signals also change.

There are several techniques to measure BP, which are
broadly classified into two categories: invasive and non-
invasive techniques (Fig. 2). Further, the non-invasive
category is divided into two groups: intermittent
techniques, which can monitor the BP in intervals, and
continuous techniques, which can monitor the BP in
continuous mode. The intermittent technique includes cuff-
based techniques such as palpatory, auscultatory, and
oscillometry. In contrast, the continuous technique includes
partial cuff-based techniques such as volume clamp and
tonometry as well as complete cuffless techniques such as
pulse wave propagation and pulse wave analysis techniques.
All these techniques and their algorithms are discussed in
the next section (Table 1).

Sens. Diagn., 2024, 3,181-202 | 183
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Fig. 2 Categorization of BP measurement techniques.

2.1 Invasive techniques

In the invasive technique, an intravascular catheter is
inserted into the artery. The catheter comprises (i) an intra-
arterial cannula, (ii) an infusion tube, and (iii) a pressure
transducer. The artery is accessed by the cannula made of
Teflon, Vialon, PU, and PVC to lessen the chance of arterial
thrombus development.**® Between the artery system and

the pressure transducer, a column of non-compressible fluid
is provided by the infusion tube, which is connected to the
cannula. The fluid in the tube is directly connected to the
flexible diaphragm, which produces a waveform in the
transducer. Utilizing silicon- or non-silicon-based MEMS, the
pressure transducer transforms this pressure wave into an
electrical signal.*’*° Some anatomical sites are commonly
used for catheter insertion, such as radial, femoral, and

Table 1 Comparison of BP measurement techniques in terms of advantages, disadvantages, and accuracy

Level of
S.no.  Measurement technique Advantage Disadvantage accuracy
1 Invasive (intra-arterial) Provides the exact BP value Performed only in the ICU Most accurate
2 Palpatory For estimation of BP in emergencies  Generally only measures SBP and Very less accurate
requires an expert
3 Manual auscultatory
(i) Mercury sphygmomanometer ~ Considered as the gold standard Contains mercury, which is High accuracy
in non-invasive techniques hazardous to human health
Also requires an expert with
good hearing capability
(ii) Aneroid sphygmomanometer ~ Mercury free Prone to malfunction due to High inaccuracy
its inherent mechanical design
(iii) Hybrid sphygmomanometer =~ Mercury free, minimizes the error Requires an expert with good High accuracy
by dial gauge hearing capability
Automated auscultatory Digital display Sensitive to noise and motion Relatively accurate
artifacts
4 Oscillometry Easy to operate, no expert required Depends on the algorithm, Relatively accurate
intermittent and inconvenient
5 Volume-clamp Continuous BP monitoring Uncomfortable for long time Low accuracy
monitoring
6 Tonometry Continuous BP monitoring Calibration required for Low accuracy
individuals
7 Photoplethysmography Continuous, can be integrated Calibration required for individuals =~ Low accuracy
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brachial arteries.*” Other than this, ulnar, axillary, temporal,
and dorsal pedis arteries are used less frequently.*® However,
this technique is usually restricted to the intensive care unit
(ICU) due to its complexity and inconvenience for the patient.
Still, it is the most accurate way for BP measurement and is
considered a gold standard compared to all other
techniques.

2.2 Cuff-based non-invasive techniques

Several non-invasive BP measurement methods have been
developed which require less expertise and are safer than
invasive techniques. These non-invasive techniques are
divided into two groups: manual and automated. The manual
BP measurement technique comprises a mercury-based
manometer and an inflatable cuff. The cuff is placed on the
subject's upper arm to occlude the brachial artery by applying
suprasystolic pressure, and then the cuff is deflated at a
certain rate. The following techniques estimate the BP during
deflation.

(i) Palpatory technique. In the palpatory technique, the BP
is measured by observing the palpation in the radial artery
from the subject's wrist (Fig. 3). The pressure corresponding
to the first pulse, which appears during cuff deflation, is
known as SBP.>* Since the fingers observe the palpitations,
the pulse with maximum amplitude is not easily found.
However, Sahu Dinesh et al. introduced a new technique to
estimate the DBP: the examiner puts the first three fingers
over the elbow at the antecubital fossa.*' During the cuff
deflation, the pulse is palpated. The pressure at which
palpitations disappear is known as the DBP. Additionally, the
palpatory technique is employed only in emergencies. Also,
the American Heart Association (AHA) recommends
estimating the BP by the palpation method before using the
auscultatory method.

(ii) Auscultatory technique

(a) Manual auscultatory technique. In 1905, Nikolai
Korotkoff developed the auscultatory technique to measure
BP.** In this technique, the brachial artery is occluded by an
inflatable cuff, as in the case of the palpatory method. As the
cuff pressure is gradually deflated, sounds originate from a

Inflatable cuff Korotkoff sounds

l Stethoscope | | | |
L |

Palpation

Artery

Fig. 3 Schematic
principle.

representation of palpation and auscultation
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turbulent flow of blood. These sounds become louder as the
cuff pressure decreases. When the artery is completely open,
the sounds disappear due to the laminar flow of blood
(Fig. 3). In this process, the observed sounds, known as the
Korotkoff sounds, have been divided into five phases: phase
I, clear tapping sound; phase II, softer and longer sound;
phase III, crisper and louder sound; phase IV, muffled and
softer sound; phase V, no sound. The BP is measured by
listening to these Korotkoff sounds with the stethoscope and
a mercury sphygmomanometer. The pressure corresponding
to the first Korotkoff sound (phase I) is the SBP, and the
pressure corresponding to the disappearance of the Korotkoff
sound (phase V) is the DBP.** Although this method is a
hundred years old, it is still the gold standard.”*°

Since mercury is hazardous to humans and the
environment, the aneroid and hybrid sphygmomanometer is
utilized instead of the mercury-based manometer. In the
aneroid manometer, the cuff pressure is observed using a
mechanical system of bellows that expand with the cuff
pressure. Since the aneroid manometer has less stability over
time and requires regular calibration, therefore its accuracy
decreases over time.**™ In a hybrid sphygmomanometer, an
electronic pressure gauge is used in place of a mercury
column. In this version, the deflation knob is pressured when
the systolic and diastolic pulse is heard, and the electronic
pressure gauge shows the systolic and diastolic blood
pressure on the digital display.*’

(b) Automated auscultatory technique. Instead of the
Korotkoff sound which comprises only the audible portion of
the pulse, the Korotkoff vibration comprises the audible as
well as the inaudible portion of the pulse. In the automated
auscultatory technique, these vibrations are detected by a
microphone placed over the brachial artery, where the
strongest pulse is felt. In a report, Xuegang X. replaced the
mercury column with an electronic air transducer to read the
pressure magnitude in the LCD monitor.*® In another report,
Li X. et al utilized a microphone with a polyvinylidene
fluoride film and air pressure transducer to record the
pulse.* The systolic and diastolic pressures were determined
traditionally by the first appearance and disappearance of
Korotkoff sound, respectively. Several novel deep learning-
based algorithms have been also developed to determine
blood pressure.*°

(iii) Oscillometric technique. The oscillometric method is
performed similarly to the auscultatory method using a
pressure sensor to collect the arterial pulses instead of
hearing the Korotkoff sound by the stethoscope. The
oscillometry method comprises (i) an inflatable cuff to
control the blood flow, (ii) a pressure sensor to convert the
pressure oscillation into an electrical signal, and (iii) an
algorithm to calculate the BP from the recorded
oscillations.>® Similar to the auscultatory method, the cuff is
inflated up to a suprasystolic pressure and deflated further
up to the sub-diastolic pressure at a certain rate. The sensor
continuously records the pressure throughout the time of
inflation and deflation. The recorded pressure curve during

Sens. Diagn., 2024, 3,181-202 | 185
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Fig. 4 Schematic representation of the principle of the oscillometry method.

the suprasystolic to sub-diastolic pressure is known as the
deflation This deflation curve comprises two
components: the base pressure in the cuff and the pulse
oscillation that arises due to the arterial pulsations (Fig. 4).

These superimposed oscillations are extracted by a
In the filtering
approach, band-pass filters are used to remove the frequency
components of cuff pressure,®”'>* whereas in the detrending
approach, a best-fit line or curve representing the deflation
curve is subtracted from the parent deflation curve.>® The
filtered or detrended pulse wave is known as the
oscillometric waveform (OMW). In this OMW, the pulse's
amplitude is increased up to a certain value and then
decreases with deflation. These OMWs contain the BP
information and different algorithms such as the maximum
amplitude algorithm, linear approximation algorithm,
derivative oscillometry approach, pulse morphology analysis,
and neural network approach are reported to calculate
BP.>**® These algorithms are discussed in the following sub-
sections.

curve.

filtering and a detrending approach.

(a) Maximum amplitude algorithm (MAA). The maximum
amplitude algorithm is the most often used algorithm for
calculating BP. As determined by the MAA, the pressure
corresponding to the upper envelope's global maximum is
known as the MBP. The SBP and DBP are estimated by a pre-
calculated ratio derived empirically from the MBP point,
known as the characteristic ratio of the algorithm (Fig. 5a).
In the MAA, the MBP can be measured more accurately due
to the global maximum of the OMW envelope, but the OMW
may vary with the pressure sensor, experimental set-up,
environmental conditions, subject postures, and many other
factors. Consequently, SBP and DBP cannot be measured
precisely. Various publications report the ratio to be in the
range of 0.30 to 0.75 and 0.60 to 0.90 for systolic and
diastolic pressure, respectively.>>>>*%°! Moreover, it has
also been observed that the OMW changes with various
health conditions and age groups.®*

Since the MAA measures the BP by using only the upper
envelope of the collected waveform and discarding the
pulse's rich informational content, oscillometric algorithms

. 1404 1404 1401
) Systolic point Systolic point Systolic point
: (a) ® || ©
g 120 4 . 1204 120 1
E Mean point Mean point Mean point
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Fig. 5 Graphical representation of the principle of (a) maximum amplitude algorithm, (b) linear approximation algorithm, and (c) derivative

oscillometry algorithm.
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that can assess the pulses during pressure deflation need to
be developed. Besides, the estimation of SBP and DBP
completely depends on the estimation of mean BP. Also, the
MAA is extremely sensitive to motion artifacts and noise that
could change the MBP's actual location, which can alter the
systolic and diastolic values. In most of the publications, the
characteristic ratio is derived empirically and kept constant
throughout the study. Therefore, a new algorithm with a
dynamic ratio or a characteristic ratio-free algorithm is
needed.

(b) Linear approximation algorithm (LAA). The LAA is
almost similar to the MAA except for the way to find the
MBP.®® This algorithm approximates the OMW envelope by
two best-fit lines; one for the rising side of the envelope and
another for the falling side. These two lines form a triangle
with the baseline. The pressure that corresponds to the
intersection point of these best-fit lines is taken as the MBP
(Fig. 5b). Compared to the MAA, this algorithm is less
sensitive to erroneous points on the envelope, occurs due to
noise or motion artifacts, and can also be used with a high
deflation rate.®”

(¢c) Derivative oscillometry. Since the characteristic ratios
are derived empirically and vary from device to device and
subject to subject, therefore a new trend of the characteristic
ratio-free oscillometric method was discovered.®® Similar to
the previous algorithms, derivative oscillometry also
calculates the BP using the upper envelope of the
oscillometric waveform (Fig. 5c). Instead of a characteristic
ratio, this method calculates the BP by analyzing the slope of
the oscillometric waveform envelope.®® It was reported that
the derivative of the envelope is maximum at the diastolic
pressure and minimum at the systolic pressure.’® However,
the derivative oscillometry method provides the characteristic
free measurement of SBP and DBP but it also depends on the
envelope, which is sensitive to motion artifacts. Therefore,
this algorithm also needs a high-quality signal to function
properly.

(d) Pulse morphology analysis. All the previously discussed
algorithms use the OMWE and ignore the inherent
information of the oscillometric pulses; the pulse
morphology method observes the variations in the nature
of the oscillometric pulse and calculates the BP. To do
this, various features are extracted from each pulse, and
their variations are analyzed against the deflation
curve.”%7?

In this method, the MBP is derived by mapping the
pulse with maximum amplitude (known as mean pulse) to
the deflation curve. The SBP and DBP can be obtained by
mapping the pulse (systolic pulse), whose amplitude is
equal to the division of the integral of the mean pulse. At
the same time, the DBP can be obtained by projection of
the pulse whose amplitude is equal to the difference
between the amplitude mean and the systolic pulse
(Fig. 6a).

However, this method is capable of estimating the BP
within the acceptable limit of error, but only under normal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 OMW with (a) regular pulse rhythm and (b) irregular pulse
rhythm.

pulse rhythm conditions. On the other hand, in the case of
irregular pulse rhythm, it is difficult to find the mean pulse.
To overcome this, Song et al proposed a new pulse
morphological analysis method in which a straight line is
drawn from peak to end for each pulse.””> The MBP is
calculated by mapping the pulse at which the area between
the straight line and the pulse is smaller than the previous
one (Fig. 6b).

(e) Neural network approach (artificial intelligence
technique). Similar to the previous algorithms, neural
network (NN) algorithms can perform in two ways: (1) by
extracting the feature of OMP (oscillometric pulse) and (2)
by extracting the feature of OMWE. The OMWE-based
algorithms include (i) a probabilistic method that finds
the characteristic ratios based on Bayesian inference,”* (ii)
a multiple linear regression method that estimates the
characteristic ratios by using ten features of the envelope
and area under the envelope before and after the
maximum amplitude position,”®> (iii) a support vector
regression method establishes the relation between the
characteristic ratios and extracted features using the
Lagrangian theory,’® (iv) a feed-forward NN method
estimates the BP by layered network named as input,
output, and hidden layer with nodes,”” and (v) a deep
learning regression method provides an advantage to the
feed-forward NN method of an unsupervised learning step
to initializing each layer in the network.”® Similarly,
algorithms such as (i) feed-forward NN
classification method, (ii) hidden Markov model-based
method, (iii) long-short-term-memory recurrent NN
method, and (iv) deep Dbelief network-deep NN
classification model are also reported to estimate the
BP.””® A detailed description of these algorithms can be
found in a previously reported review.®*

several
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2.3 Partial cuff-based non-invasive techniques

(i) Volume clamp method. The volume clamp method,
also known as the ‘vascular unloading method’, was first
introduced in 1973.° He demonstrated that beat-to-beat BP
monitoring is possible by using a finger cuff instead of an
upper arm cuff. In this method, the pulse is measured from
the proper digital artery. The cuff is partially inflated while
keeping the blood flow constant during the cardiac cycle.
Thus the applied counter pressure becomes equal to the
intra-arterial pressure. Therefore, as the arterial pressure
changes, the cuff pressure also changes continuously with it,
and the BP is evaluated. The change in the blood volume is
measured by a built-in photodetector and light source
(Fig. 7a).

(ii) Tonometry method. In the tonometry method, the
artery is compressed against the bone by an instrument
called ‘tonometer’, which is a pen-like device with a
pressure-sensitive tip. The device is placed over the artery,
and pressure is applied perpendicular to the artery
(Fig. 7b). The perfect counter pressure is achieved when
the applied external pressure equals the mean arterial
pressure.

Although this type of device was used for the first
time in the 19th century, motion artifacts, unstable
counter pressure, and misalignment make this technique
difficult. Besides, calibration is required for individuals,
due to which it cannot be considered suitable for
regular users and is limited to the intensive care unit
(Icu).

(a)

(b)
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2.4 Cuff-less non-invasive techniques

However, cuff-based techniques are safer and more
convenient than invasive techniques and provide continuous
blood pressure monitoring without any major side effects.
Since these techniques utilize a cuff, they can only measure
blood pressure intermittently. Additionally, interruptions in
regular blood flow make these techniques uncomfortable for
the patient, which are limited to the measurement for long-
term BP monitoring. Consequently, these measurement
techniques cannot be utilized for continuous blood pressure
monitoring. This motivates us to replace cuff-based
techniques with cuff-less techniques.

Recently, the photoplethysmography (PPG) approach has
shown great promise for continuous monitoring of BP. PPG
is an optical technique that calculates the BP by measuring
the change in blood volume per pulse. In addition to BP, PPG
is frequently used in the healthcare industry to provide a
prediction for critical health-related parameters such as
blood oxygen saturation, heart rate, atrial stiffness, and blood
glucose level.®*®

The PPG technique consists of two elements: a light-
emitting diode (LED) for illumination and a photodiode to
measure the absorption of incident light during
measurement. Two different modes, (i) transmission and (ii)
reflectance, are used to record the PPG waveform (Fig. 8).
Similar to the deflation curve in oscillometry, PPG also
consists of two components: first, the DC component arises
due to the absorption from non-vascular tissue and
respiration.>* Second is the AC component, superimposed on
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Fig. 7 Schematic representation of (a) volume clamp and (b) tonometry method.
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Fig. 8 Schematic representation of transmission and reflectance mode in the PPG technique.

the DC component, and arising due to blood flow in the
artery. This AC component is further processed through
several methods employed for BP measurement and
discussed in the next sections.

(i) Pulse wave propagation (PWP) method. The PWP
method estimates the BP by measuring either the velocity or
the time of pulse propagation. The terms pulse transit time
(PTT) and pulse arrival time (PAT) are typically used when the
propagation time is taken into consideration. In contrast, the
term pulse wave velocity (PWV) is used when the propagation
velocity is considered.

(a) Pulse transit time. The time taken by a pulse to transit
between two arterial locations is known as the PTT. Two PPG
sensors placed at two different locations on the arterial tree
are used to measure PTT. The most popular sites for PTT are
the toes and fingers.*®® The BP parameters are derived by
the time difference between the collected waveforms.’*?

PPG 1

PPG 2

Fig. 9 Graphical representation of PTT measurement using peak-to-
peak (p-to-p), peak-to-mid-point (p-to-m), peak-to-foot (p-to-f), and
foot-to-foot (f-to-f) time delay.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chen et al reported a strong relationship between the PTT
calculated by foot-to-foot time and DBP measured by an
invasive method.”* Nevertheless, according to a different
study, that is not always the case.®® Besides, PTT can also be
calculated as foot-to-peak, foot-to-mid point, and peak-to-mid
point time delay, as shown in Fig. 9.%°

The PTT technique usually has three operations: (i) two
PPG sensors for two sites’ waveform measurements, (ii) PTT
parameter calculation, and (iii) calibration. Therefore, the
PTT technique has several disadvantages in order to calculate
the BP. Firstly, two PPG sensors are required. Since these
sensors are very sensitive to the subject's movement, which
creates an error in estimated BP, these waveform motion
artifacts can be removed by smoothing or filtering. Secondly,
the physiological parameters varied from person to person.
Therefore it requires calibration for individuals.”*

(b) Pulse arrival time (PAT). The PAT technique is similar to
the PTT, except that in PAT an ECG sensor is used instead of
the first PPG sensor. Therefore, the pulse arrival time is the
amount of time the pulse takes to travel from the ECG to the
PPG sensor, ie., the time difference between the electrical

ECG

PPG

Fig. 10 Graphical representation of PAT measurement using the
R-peak of the ECG to peak (R-to-p), mid-point on the rising edge (R-
to-m), and the foot (R-to-f) of the PPG.
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signal activated by the heart and arterial sites such as the
toes, fingers, and forehead.

PAT is calculated by the delay between the R peak of ECG
and the rising edge of PPG. As shown in Fig. 10, three
features are considered to be calculated for the time
difference, such as peak-to-peak,”® peak-to-foot,”” and peak-
to-mid point of PPG.%® A report suggests that the PAT reduces
the accuracy of DBP but is still used due to its simplicity.”’
Zhang et al. reported that the pulse arrival time is not a
surrogate for PTT for SBP and DBP.'*° However, some studies
suggest that the PAT can measure SBP more accurately.'®"
Like PTT, PAT has the same disadvantage, such as it is
measured by two sensors. Both sensors are sensitive to
physiological movement and require smoothening and other
filtering approaches, which is not simple, particularly if
continuous or intermittent BP monitoring is desired. Similar
to PTT, it also needs calibration for every individual.

(¢) Pulse wave velocity. The PWV is another cuff-less
approach for blood pressure measurement. The PWV is a
measure of the pressure wave's speed that travels in the
artery. The rationale behind this method is that the speed of
the beating pulse can be used to calculate blood pressure.
During systole and diastole, the blood is forced via central
arteries down to smaller arteries.'®> This phenomenon
changes arterial elasticity and affects the speed of the pulse.
Basically, arterial elasticity determines the velocity at which
the pulse travels.'” Two PPG sensors at a known distance
apart are used to detect PWV on the same artery branch. By
using the artery distance (D) between the two measurements
and PTT, PWV can be calculated as follows:

PWV = D/PTT

A report used two PPG signals to compute BP using a PWV
technique by taking advantage of the correlation between
blood pressure and the flexibility of blood vessels.'®* The
distance (D) is measured by the arterial length, and the PTT
is measured by the time delay in pulse travel. The calculation
of PWV has a number of difficulties, making this method
challenging to use non-invasively. The arterial elasticity varies
from person to person and is greatly influenced by things like
age, food, etc. The length of the artery required for the
aforementioned calculation differs from person to person as
well. As a result, it needs to be calibrated frequently because
each person's physiological factors vary, and the calibration
lasts only for a limited time.'®® This issue is the roadblock
inhibiting the use of PWV in healthcare. Healthcare
regulations forbid calibration procedures.'’® PWV is,
therefore, neither a viable nor an appropriate replacement
for cuff-based measurement techniques.

(ii) Pulse wave analysis. Feature extraction and signal
processing from the PPG waveform is referred to as pulse
wave analysis (PWA)."”” This technique can estimate the BP
by using only one PPG sensor. Pre- and post-processing of
signals like the PPG and ECG have become simpler because
of computer and data analysis capability advancements. In
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Fig. 11 Graphical representation of PWA using four PPG features:
systolic upstroke time, diastolic time, 1/2 of amplitude, and 2/3 of
amplitude.

PPG pulse wave analysis, signal processing techniques,
including filtering, smoothening, and feature extraction, have
been used (Fig. 11).5>'°%'% These characteristics are
frequently used to build models for blood pressure
estimation utilizing deep neural networks and machine
learning.”® The viability of cuff-free and continuous BP
forecasting by only PPG sensors has been examined in several
types of research.®*»®71%"11 This method is particularly
intriguing and promising since it provides quick and precise
cuff-free blood pressure estimation. The PPG is susceptible to
motion artifacts generated by physiological mobility. Also,
the relationship between the PWA and the BP is not entirely
understood.****** These drawbacks are the principal ones
associated with this technique. Therefore, additional research
is undoubtedly required to comprehend this strategy better.

3. Validation protocol

Since BP is a hemodynamically variable phenomenon and a
sign of heart functioning, therefore its accurate
measurement is the key element in identifying a patient's
hypertension. which is
measured by the direct invasive technique, non-invasive

vital
Instead of true measurement,

techniques provide only the estimation of BP. Unfortunately,
clinical validation is not mandatory for marketing BP
monitoring devices in all countries at present. Consequently,
less than 20% of marketed devices have been subjected to
validation using established protocols.

3.1 History of validation protocol

(i) For cuff-based devices. The standard protocol for
automated BP monitors was first introduced by the joint US
Association for the Advancement of Medical Instrumentation
(AAMI) and the American National Standards Institute (ANSI)
in 1987. In 1990, the British Hypertension Society (BHS) also
established its protocol for the validation of automated and
semi-automated BP measuring devices and revised it in 1993.
AAMI also revised the protocol in 1992 and 2002. In 1999, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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German Hypertension League (GHL) released another
protocol. The European Society Group also published a
protocol named the European Society of Hypertension-
International Protocol (ESH-IP) in 2002 and revised it in 2010
with more stringent criteria. The European Committee for
Standardization (CEN) developed a protocol in 2004. Based
on the AAMI and CEN protocol, in 2009, the International
Organization for Standardization (ISO) established the
standard which has been adopted worldwide. Later, its
revised version, ANSI/AAMI/ISO standard, was developed in
2013. Until 2018, the ANSI/AAMI/ISO and ESH-IP standards
were the most widely accepted. However, there were many
similarities as well as some differences in the validation
procedures in both protocols. Both protocols define the
estimated probability of tolerable error of <10 mmHg in at
least 85% of measurements. On the other hand, the former
protocol requires a sample size of 85, in contrast to the latter,
which requires only 33. The ANSI/AAMI/ISO recommends the
invasive BP measurement as a reference, while ESH-IP
recommends the mercury sphygmomanometer as a
reference.""*

(if) For cuffless devices. The Institute of Electrical and
Electronics Engineering (IEEE) Standard Association also
established a standard for all types of cuffless devices with
different modes of operation (e.g beat-to-beat BP,
continuous, short or long-term BP measure). The first
standard protocol was published in 2014 with reference to
ANSI/AAMI SP10:2002, BHS protocol, and IEEE standard
11073-10407.""> The validation criterion was based on the
mean absolute difference in reference to the mercury
sphygmomanometer, which meets the requirement called for
by ISO 81060-2:2013. The procedure follows two phases:
phase 1 required 20 subjects, and phase 2 required 25
subjects.

3.2 Current validation protocol

(i) For cuff-based devices. All the protocols have a
common objective to establish a minimum standard of the
device's accuracy. Therefore, in 2018, the ISO, ESH, and AAMI
committees reviewed all the aspects of the validation
protocols to establish a single worldwide acceptable standard
that can replace all the previous protocols. This standard is
known as the AAMI/ESH/ISO universal standard. This current
standard defines the accuracy in terms of efficacy measures
and the pass criteria. Accordingly, for any device, (i) at least
85% of measurements should be within 10 mmHg of error,
and (ii) the mean and standard deviation error should be
within 5 and 8 mmHg, respectively. The sample size should
be at least 85. In addition, a scatter plot with 5, 10, and 15
mmHg error limit errors should be presented. The mercury-
based sphygmomanometer or any accurate mercury-free
device can be taken as a reference."**

(ii) For cuffless devices. According to the first amendment
of IEEE standard 1708a-2019, the devices are categorized by a
grading system based on their accuracy, i.e., devices with <5
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mmHg MAD will be grade A, 5-6 mmHg will be grade B, and
6-7 mmHg is grade C. The device with =7 mmHg MAD will
be unacceptable.'’” However, this amendment increases the
sample size from 25 to 65 in phase 2 to increase the
monitoring devices' reliability. ISO also developed a standard
for continuous automated measurement type devices known
as ISO 81060-3:2022, stating that no device should exceed 6
mmHg in mean bias and 10 mmHg in standard deviation
with a sample size of 30-120."'® On the other hand, ESH
recommends that the cuffless intermittent monitoring
devices should not have more than 5 mmHg mean bias and
8 mmHg standard deviation with a sample size of 85-175,
depending on the device type.'*’

4. Recent developments in BP
measurement technologies

Since the new development aims to eliminate the need for
a specialist, we can monitor blood pressure at home and
even during exercise. Thus, in this section, we will not
discuss the development of invasive techniques. The
palpatory method has no sensor or algorithm and is only
roughly used to measure blood pressure in emergency
conditions. However, the auscultatory technique is over 100
years old and is still used as the gold standard, but due to
its simplicity, this method has no scope for further
development. At the same time, developing a mercury-free,
expert-free monitoring device for future generations was
also necessary.

Various flexible and wearable sensors based on different
mechanisms have been developed with time. Among them,
flexible pressure sensors based on piezocapacitive,
piezoresistive, piezoelectric, and triboelectric mechanisms
show great potential to capture the biosignals as well as BP
measurement (Fig. 12).">7"®"°'27 In brief, piezocapacitive-
based sensors are generally fabricated by sandwiching a
dielectric material between the electrodes; as a result, the
capacitance changes with the arterial pressure, whereas, if a
conducting material and elastomer are sandwiched,
piezoresistive sensors can be fabricated, and the output can
be measured in the form of resistance. The piezoelectric
sensor can be fabricated using a piezoelectric material
integrated with any elastomer, and the output will be the
potential difference between the electrodes. The triboelectric
sensor is fabricated by sandwiching two different dielectric
materials, and the friction of the materials generates voltage.

However, these sensors are capable of detecting the pulse
from different locations, but generally, they need a preload
from the other side of the sensor. In contrast, wearable
optoelectronic devices based on the photodetector and
phototransistors overcome these limitations and provide the
PPG signal without any preload. Therefore, we will discuss
the developed technologies based on these mechanisms in
this section. Similar to the measurement technique section,
this section is also divided into parts, including cuff-based,
partial cuff-based, and cuff-less technique development. In
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Fig. 12 Schematic representation of flexible pressure sensors based on different sensing principles: piezoresistive (adapted from N. L. et al.*®),

piezocapacitive (adapted from Y. X. et al.?°), piezoelectric (adapted from Z. Y. et al.'’), and triboelectric (adapted from H. O. et al.%").

addition, we will also discuss the futuristic technologies 4.1 In cuff-based techniques

based on the above-mentioned sensor mechanism that can

measure arterial pulse and be used to monitor blood To replace the manual techniques, researchers developed
pressure in their future extended work. automated BP monitoring devices based on the oscillometric
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Fig. 13 (a) Cross-sectional optical microscopic image of the fabricated micro-hyperboloid structure embedded dielectric layer. Schematics of (b)
capacitive pressure sensor and (c) experimental set-up. (d) Collected OMW and (e) BP measurements using OMW and MAA with 0.487 and 0.658

characteristic ratios (adapted from S. K. et al.**3%),
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technique. Currently, many BP devices are available in the
market, such as Omron Healthcare devices, DrTrust BP
monitors, DrMorepeen BP monitors, etc., which work on the
inflationary or deflationary oscillometry method.”"*®
However, early digital devices had a microphone in the cuff
and measured BP using Korotkoff sound.'?® Over time the
algorithm, sensor quality, and electronics were improved.
Since these devices comprise a pressure sensor, usually a
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cavity-based resistive sensor, recently, a report has proposed
a flexible sensor for the replacement of the cavity-based
sensor.””® In this work, the sensor was fabricated using
polydimethylsiloxane (PDMS) polymer and ITO-coated PET
substrate (Fig. 13). The sensitivity was enhanced by
patterning the micro-hyperboloid structure on the surface of
the dielectric layer. The sensor is based on the capacitive

principle, ie., it shows the change in capacitance on
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