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Abstract
To measure blood pressure precisely and make the data comparable among facilities, measurement methods and devices
must be standardized. Since the Minamata Convention on Mercury, there is no metrological standard for
sphygmomanometers. The current validation methods recommended by non-profit organizations in Japan, the US, and
European Union countries are not necessarily applicable to the clinical setting, and no protocol for daily or routine
performance of quality control has been defined. In addition, recent rapid technological advances have enabled monitoring
blood pressure at home with wearable devices or without a cuff by using a smartphone app. A clinically relevant validation
method for this recent technology is not available. The importance of out-of-office blood pressure measurement is
highlighted by guidelines for the diagnosis and treatment of hypertension, but an appropriate protocol for validating a device
is required.
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Introduction

The aim of managing hypertension is to reduce cardiovas-
cular and renal complications and to obtain longevity of
health. To achieve this aim, blood pressure is the most
studied and commonly used biomarker of hypertension. The
history of non-invasive blood pressure monitoring started in
the early 20th century. Initial reports by Dr. Riva-Rocci [1]
and Dr. Korotkoff [2] enabled the noninvasive measurement
of blood pressure noninvasively with a cuff and ausculta-
tion. Since these reports were published, blood pressure has
been measured in the office for a long time. In the 1980s,
invasive and non-invasive ambulatory blood pressure
monitoring was developed. Invasive blood pressure mon-
itoring can collect all of the blood pressure data in 1 day that
is ~0.1 million data/day [3]. However, this monitoring is
invasive and not easy to perform repeatedly. Therefore,
invasive blood pressure monitoring is limited to research
purposes and not routinely used in the clinical setting. In

contrast, non-invasive ambulatory blood pressure monitor-
ing (ABPM) can be performed relatively easily. Clinical
studies of ABPM have provided a lot of information, such
as the importance of nighttime blood pressure, the morning
surge, viability of blood pressure, white-coat hypertension,
and others [4]. Currently, using not only office blood
pressure but also out-of-office blood pressure monitoring to
diagnose hypertension is recommended to evaluate the risk
of cardiovascular complications and monitor the therapeutic
effect of hypertensives. ABPM and home-measured blood
pressure are the two main out-of-office blood pressure
values currently used.

Two blood pressure measurement methods are used for
ABPM and home blood pressure monitoring devices. These
methods are the classical Korotkoff method and the oscil-
lometric method. The Korotkoff method has several lim-
itations, such as pseudo-hypertension in patients with
atherosclerosis and interference by environmental noise,
which interferes with the Korotkoff sound recording and
makes the results unreliable. The oscillometric method can
overcome the problem with noise and is widely used for
ABPM and for home blood pressure monitoring systems. In
addition, after the Minamata Convention on Mercury,
mercury was banned for use in the medical field, and
oscillometric methods are widely used in the clinical setting
in Japan. The disadvantages of the oscillometric method are
that it determines systolic and diastolic pressure by an
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algorithm that is different among devices, and manu-
facturers do not disclose the algorithm.

Biomarker measurements include several factors that
induce false positive and false negative results. These fac-
tors are classified as preanalytical, analytical, and post-
analytical factors. Preanalytical factors can be standardized
by educating patients to control dietary intake, lifestyles
such as smoking, exercise, and others. To monitor blood
pressure, a guideline for standardizing the patients’ status
has been published [5, 6]. The analytical error partly
depends on care providers’ methods of using the apparatus.
Proper use of a cuff and proper positioning of the arm are
among factors responsible for an error. These factors are
also standardized [5, 6]. Other causes for analytical errors
are due to the apparatus, such as the failure of sensors, air
inflation/deflation control, and others. Post-analytical errors
are mistakes, which include recording on charts and mis-
calculations of mean BP measurements.

This review focuses on standardization and validation,
and current issues of device-dependent analytical errors in
the measurement of blood pressure and the future scope.

Standardization

To provide better health care to as many people as possible,
healthcare services involve large healthcare facilities to small
private clinics. With regard to blood pressure, home blood
pressure monitoring is the utmost point of care testing (POCT).

Among POCT, semi-quantitative immunochromatography has
been used for a long time to diagnose pregnancy and influenza,
and for screening colon cancer by fecal occult blood. After the
coronavirus disease 2019 pandemic, immunochromatography
was used for an antigen test. In addition, some blood chemical
analyses, such as blood sugar and cholesterol concentrations,
can be measured as POCT, and the results are electrically
transferred to healthcare facilities. However, this testing mostly
requires commodities, functioning equipment, trained person-
nel, and infrastructure. Simplification, efficiency, high quality,
and affordability of testing are issues for service providers and
patients. To achieve these goals, the standardization of methods
is critical for strengthening clinical testing under limited
resource settings.

The first step in standardization is to select the appro-
priate method and equipment for measurements. An
example of this step is that, to measure aldosterone for
screening of primary aldosteronism, we should choose
liquid chromatography-mass spectrometry or the chemilu-
minescent enzyme immunoassay method, and then which
machine and kits should be used for measurement should be
decided. Each healthcare provider may choose different
methods and different equipment. Intra-facility standardi-
zation can be achieved by using the equipment appro-
priately including its maintenance [7]. The most frequently
used method of standardization is to measure low and high
concentrations of a known standard material, such as pure
aldosterone. These reference values are measured periodi-
cally, and the mean and standard deviation are calculated. A
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set of X-bar-R and R charts are constructed for relatively
small data sets, and a set of X-bar-S and S charts are con-
structed for larger data sets (Fig. 1). X-bar-R and R charts
are created from the absolute number of data, and X-bar-S
and S charts are created from the standard deviation of
measured data [7]. The Japanese Industrial Standards (JIS)
define eight abnormal patterns of these charts. However, in
the real world, too many abnormal criteria may lead to a
type I error and this is not clinically applicable. In most
laboratories, the shift and trend of these parameters are
routinely checked and used to evaluate the validity of tests.
A quality assurance (QA) program must include daily
quality control (QC) evaluation, documentation, on-site
assessments, inventory management, external quality
assessment (EQA), staff education, and equipment main-
tenance. However, when comparing data in an inter-facility
fashion, each facility may use different methods and dif-
ferent equipment. Therefore, inter-method standardization
and inter-equipment standardization are mandatory.

With regard to external quality control, it is performed by
non-profit organizations, such as the Japan Medical Asso-
ciation, the Japanese Association of Medical Technologists,
and the College of American Pathologists or Centers for
Mediate and Medicaid Services in the US. These organi-
zations send samples or photographs of pathology samples,
electrocardiographic results, and other laboratory test data
in a blinded fashion to each laboratory. Each laboratory
independently analyzes them and returns answers to vali-
date their accuracy.

To perform these steps, not only physicians but also
medical technologists, nurses, and other medical staff, are
necessary. Among these requirements, EQA may be diffi-
cult to perform for sphygmomanometers, but QC, staff
education, and equipment maintenance can be carried out.

Standardization of office blood pressure
measurement, current status, and future
issues

The Japanese Society of Hypertension [8] recommends
using the auscultation method with an electric sphygmo-
manometer or aneroid sphygmomanometer for blood pres-
sure measurement, and they should be inspected. In 1993, a
British guideline [9] recommended calibration before use by
a Y-connected tube and in connection with a mercury
sphygmomanometer. Eguchi et al. proposed a simple
method to validate an automatic oscillometric sphygmo-
manometer [10]. After the abolition of mercury, these
methods cannot be used anymore. A digital pressure gauge
specialized for a sphygmomanometer is a candidate method
for calibration, but this gauge is expensive and not easy to
use. Most of the healthcare providers might not be able to
routinely perform calibration or validation. The ISO81060-
2:2018 guideline (https://www.iso.org/standard/73339.html;
accessed 14 Jan 2023) recommends sequential blood pres-
sure measurement in humans by one reference and one
under a tested device. This process requires 85 people, and

Fig. 1 X-bar and range (X-bar-R) chart of aldosterone by the chemi-
luminescent enzyme immunoassay (CLEIA) method in International
University of Health and Welfare (IUHW) Narita Hospital in 2022.
This chart is composed of two charts used in tandem. The chart’s
x-axes are time-based so that the chart shows a history of the process,
day-by-day, and time-to-time deviations. The X-bar chart is used to
evaluate the consistency of process averages by plotting the average of

the values when a known concentration of aldosterone is measured.
The R chart plots the ranges of each measurement. The R chart is used
to evaluate the consistency of process variation. The R chart should be
viewed first. If the R chart is outside of control limits, then the control
limits on the X-bar chart are meaningless. A low concentration of
aldosterone, B high concentration of aldosterone
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at least 3 valid paired blood pressure values should be
obtained, with a maximum of 255 values. In addition to the
number of samples, this guideline requires a particular sex
distribution (>70% of the subjects should not be one sex)
and an age distribution that is older than 12 years. Addi-
tionally, in children, another set of validation by 35 children
is required. This ISO recommendation is for the manu-
facturers and not for health care providers. Therefore,
healthcare providers rely on the report from the manu-
facturers. In Japan, the JIS and the ISO regulate the accu-
racy of sphygmomanometers, but they do not request QA
follow up. In contrast, QA control has been discussed for
long time in using ultrasound and electrocardiography, and
many guidelines have been published [11, 12] on QA of
these devices. QA is required for the ISO 15189 standard,
and most clinical laboratories worldwide are accredited for
this standard (in Japan, ~300 physiology laboratories are
accredited as of January 2023).

The current issues of validating devices that should be
solved are as follows: 1) establishment of validation and a
QA method applicable to health care providers; and 2)
establishment of a reference method of pressure monitoring
after the discontinuation of mercury manometers. With
regard to the sphygmomanometer, a guideline on how to
validate its accuracy in the clinical setting should be pro-
posed by ISO 15189 or other non-profit organizations. The
current requirement for validation is to perform a quality
check when the manufacturer delivers the device, which is
too difficult for daily use and impossible to perform. With
regard to the second issue, if there was a common and easily
accessible reference for a manometer, validation would be
much easier. A mercury sphygmomanometer was originally
used for standardization, but as mentioned above, it cur-
rently cannot be used.

Oscillometric method for in-home and office
blood pressure monitoring

The oscillometric method was originally developed for
home blood pressure monitoring, but its reliability was
questioned in the clinical setting [11]. Tolonen et al. [12]
claimed that there is difficulty in comparing devices because
the algorithms used for determining systolic and diastolic
blood pressure are different in each device and not openly
accessible. This problem causes difficulty in replicating
validation studies for older models. However, the reliability
of this method has been improved, and many validated
devices are currently available in the healthcare setting [13]
(lists of validated devices are found at: https://www.valida
tebp.org/, https://medaval.ie/; accessed in January 2023).
The Kidney Disease: Improving Global Outcomes guideline
for blood pressure management in chronic kidney disease

[14] clearly states that the oscillometric method is superior
to the auscultatory method, and the oscillometric method
should be used. This guideline states that the automated
oscillometric method does not have the above-mentioned
observers’ bias. Negative aspects of oscillometric blood
pressure devices are a potentially higher cost of the device
compared with that for a manual device and the requirement
of an electric power source. Therefore, oscillometric devices
are not able to be used in economically restricted countries.
Recent clinical trials used automated office blood pressure
(AOBP) because it is more closely correlated with 24-h
ambulatory blood pressure than regular blood pressure
measurement at the clinic. Additionally, the device used in
AOBP mostly uses the oscillometric method. Canadian
guidelines [15] recommend using AOBP. These guidelines
also state that the total time required to measure blood
pressure by AOBP is 4–6 min and shorter than that in the
conventional auscultatory method. The conventional
method takes ~7–8 min, including a 5-min rest period,
before starting the measurement. They also recommend
unattended AOBP to avoid the white-coat phenomena, and
this method can reduce the work burden of health care
providers. However, the AOBP device might increase the
deviation of data owing to aging of the sensor, air tube, or
other parts. Validation of the device should be performed
not only when it arrives from the manufacturer but also
while using the device. Physicians should ask the patients to
bring their devices to the clinic routinely to perform vali-
dation. However, fulfilling the requirements by the ISO, the
JIS, and other organizations requires a certain number of
blood pressure data from a wide variety of patients. A new
appropriate protocol for validating a home blood pressure
monitoring device is urgently required. In addition, there
remain controversial discussion if AOBP stands for home
blood pressure and clinic effect on blood pressure would not
be negligible. And in Japan, it is often difficult to spare a
room for AOBP in the clinic and we doubt AOBP is fea-
sible in Japan [16].

Ambulatory blood pressure monitoring
device

The importance of out-of-office blood pressure is stressed in
most of the guidelines. A Japanese guideline [5] defines
hypertension by ambulatory blood pressure monitoring
(ABPM) showing ≥130/80 mmHg in 24 h, and ≥135/85 and
≥120/70 in the daytime and nighttime, respectively. This
guideline also compared office and home blood pressure,
and classified blood pressure levels in adults (Table 1).
Validation of these automatic and unattended measurable
devices is legitimate. As discussed above, current validation
methods are complicated and require professional
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knowledge and a special environment to perform them.
ABPM is carried out by health care providers, its validation
can be obtained using a sphygmomanometer, and staff
education is easily performed. However, there is a concern
that a certain percentage of patients have paroxysmal atrial
fibrillation or extrasystole during the 24 h of monitoring.
The reliability of blood pressure values by an automatic
device in the presence of arrhythmia is an important issue.
In contrast to a home blood pressure monitoring device,
ABPM records reliable blood pressure in patients with
sustained atrial fibrillation. Recently, Watanabe et al.
reported a novel algorithm to detect paroxysmal atrial
fibrillation by an ABPM device [17].

Next generation of blood pressure
monitoring devices and their validation

Novel wearable devices that can monitor physiological para-
meters, such as body temperature, heart rate, respiratory rate,
blood glucose concentrations, and extrasystole, have been
developed and are widely used. Additionally, blood pressure
monitoring devices are still under development. The advan-
tages of wearable devices over ABPM or home blood pressure
monitoring devices are that they are more comfortable and can
repeatedly collect data with less energy. There is one Japanese
government-approved device available and some in the US
and other countries. The blood pressure monitoring mechan-
isms are different between devices. The oscillometric method
at the wrist or at the fingers, photoplethysmography, and
tonometry is used. The Omron HEM-6410 T [18] (Heart-
Guide, Omron Healthcare Co., Ltd.) is approved in Japan and
the US, but its use is limited under the sitting position, and
blood pressure is monitored on demand. Night-time blood
pressure or blood pressure during exercise or walking cannot
be measured. The finger-type device is uncomfortable for daily
use because it is too large; therefore, further technological
advances are required. In contrast to the HEM-6410, the
tonometry method, which is also not applicable during exer-
cise or the standing position, is suitable for measuring

nighttime blood pressure [19]. The third method of photo-
plethysmography (PPG) is a non-invasive technique through
which changes in blood flow are detected during the cardiac
cycle [20]. Therefore, PPG requires monitoring of an elec-
trocardiogram, and the R-R time must be measured. The
device using this method has not been approved in any
countries yet because the stability of the PPG signal is affected
by movements, which restricts its use to only the non-
ambulatory setting. Another limitation is the need for frequent
calibration of the device. A recently integrated method of
oscillometry and PPG has been developed using a smartphone
[21], and it is a non-physical method of measuring blood
pressure by monitoring the color of the face [22].

Although there are great advantages in these wearable
devices, the development of appropriate calibration and
validation methods is an issue. Most of the clinical data are
accumulated with upper-arm blood pressure data and not by
wrist blood pressure. The calibration of absolute blood
pressure values is required. The device used for measuring
blood pressure should be validated in the long term and
repetitively. The current regulations by the JIS or the
Association for the Advancement of Medical Instrumenta-
tion/European Society of Hypertension/International Orga-
nization for Standardization (AAMI/ESH/ISO) protocol
require validation at the time point of when the device is
purchased and are not satisfactory to validate unattended
measurement of BP by professionals and for repeated
measurements. A proper alarm system when blood pressure
is measured inappropriately needs to be developed and
validated. As mentioned above, the timing of repeated
calibration and validation must be set, and the error
ranges must be set in a satisfactory narrow range. Tech-
nology advances much faster than expected. Therefore,
validation methods should keep up to date with the tech-
nology. Cuff-less techniques, such as PPG by face color,
cannot be calibrated by the current methods suggested by
the authorities. The scientific community and industrial
companies should collaborate and develop a reliable pro-
tocol for validation and QA that are applicable to the
real world.

Table 1 Comparison between
Office and Home BP criteria
from Japanese guidelines [8]

Classification Office BP Home BP

SBP DBP SBP DBP

Normal BP <120 and <80 <115 and <75

High Normal BP 120–129 and <80 115–124 and <75

Elevated BP 130–139 and/or 80–89 125–134 and/or 75–84

Grade I hypertension 140–159 and/or 90–99 135–144 and/or 85–89

Grade II hypertension 160–179 and/or 100–109 145–159 and/or 90–99

Grade III hypertension ≧180 and/or ≧110 ≧160 and/or ≧100
Isolated systolic hypertension ≧140 and <90 ≧135 and <90

BP blood pressure, SBP systolic blood pressure, DBP diastolic blood pressure (mmHg)

Quality is not an act, it is a habit—Aristotle 1225



Conclusion

Without mercury, there is no gold standard of calibration for
any blood pressure measurement device. Currently, simul-
taneous blood pressure measurement by auscultation and
comparison with other devices is used for calibration, and
an error (mean ± standard deviation) of 5 ± 8 mmHg is
acceptable. An increasing number of precise measurements
are possible in a variety of medical fields, and blood pres-
sure monitoring is also expected to be more precise and
reflect a variety of physiological changes. Out-of-office
blood pressure monitoring (i.e., unattended blood pressure
measurements) may meet some expectations, and technol-
ogy in this field is rapidly advancing. Flexible, but reliable,
protocols for QA of upcoming devices should be set
promptly and updated without delay.
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