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Abstract: Arterial hypertension is one of the most important public health problems,
especially in developed countries. The quality and calibration of blood pressure (BP)
equipment used for non-invasive blood pressure (NIBP) measurement are essential to
obtain accurate data that support correct medical diagnostics. This paper includes the
hardware and software description of a flexible, low-cost and algorithm-independent
calibrator prototype that can be used for the static and dynamic calibration of automated
blood pressure measuring devices (ABPMDs). In the context of this paper, the meaning
of calibrator flexibility is mainly related to its ability to adapt or change easily in response
to different situations in terms of the calibration of ABPMDs that can use a variety of
calibration settings without the need to use specific oscillometric curves from different
ABPMD manufacturers. The hardware part of the calibrator includes mainly an electro-
pneumatic regulator, used to generate dynamic pressure signals with arbitrary waveforms,
amplitudes and frequencies, a pressure sensor, remotely connected through a pneumatic
tube to the blood pressure (BP) cuff, a blood pressure release valve and analog conditioning
circuits, plus the A/D converter. The software part of the calibrator, mainly developed in
LabVIEW 20, enables the simulation of oscillometric pressure pulses with different envelope
profiles and the implementation of the main algorithms that are typically used to evaluate
systolic, diastolic and mean arterial pressure values. Simulation and experimental results
that were obtained validate the theoretical expectations and show a very acceptable level
of accuracy and performance of the presented NIBP calibrator prototype. The prototype
calibration results were also validated using a certified NIBP calibrator that is frequently
used in clinical environments.

Keywords: automated blood pressure measuring devices (BPMDs); oscillometric method;
electro-pneumatic pressure regulator; calibration; health primary care

1. Introduction

A recent report from the World Health Organization, dated March 2023, states that
hypertension affects 1.28 billion adults aged 30-79 years worldwide, that an estimated 46%
of adults with hypertension are unaware that they have the condition, that less than half of
adults (42%) with hypertension are diagnosed and treated and that hypertension is a major
cause of premature death worldwide [1-6]. Thus, blood pressure measurement (BPM) has
a real impact on the welfare of the worldwide population, on people’s quality of life and
on the reduction in the large costs associated with the control and treatment of this disease.
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Regarding BPM accuracy, it is important to note that the current gold standard is through
intra-arterial measurement, but this is an impractical method in ambulatory conditions due
to its highly invasive nature. Therefore, practically all clinical institutions rely on indirect
alternatives, and office BP measurements are mostly performed using automatic oscillomet-
ric devices with a brachial cuff. However, most of the automated blood pressure measuring
devices (ABPMDs) do not prove accurate readings according to international validation
standards [7], and their regular test and calibration are essential. Moreover, currently, there
are many thousands of unique automated BPMDs from different manufacturers, each one
using proprietary and empirical algorithms to estimate BP parameters [8-10]. Thus, each
manufacturer creates its own pressure curves or envelopes for NIBP measurement, which
are sometimes referred to as O’ curves, that are specific to a particular NIBP monitor. Those
curves, obtained during the deflation phase of the cuff, are a graphical representation
of the sensed pressure oscillation amplitude variations during the linear decreasing cuff
air pressure [11,12]. This paper proposes a low-cost NIBP calibrator that creates specific
envelope profiles that provide an algorithm-independent calibration of ABPMDs using a
common envelope profile for which the different ABPMDs give the same measurement
results if they use the same BP evaluation algorithm type, being it the fixed ratio or the
maximum slope algorithm. In this way, the proposed NIBP calibrator prototype, which will
be presented in this paper, enables the evaluation of the fixed heigh ratios implemented
by different ABPMD manufacturers and also enables us to check the differences between
different devices in terms of implemented algorithms. Regarding comparisons with similar
studies, it will be worth highlighting the EU-funded research project adOSSIG [13] that aims
to improve the reliability and accuracy of blood pressure (BP) measurements by developing
an interesting oscillometric signal generator (OSG). In this project, the hardware solution
that is presented for an oscillometric signal generator is capable of generating oscillometric
blood pressure pulses that pretend to be indistinguishable from real physiological human
signals [14]. However, the research that is developed by adOSSIG is more centered in
hardware issues than in software issues. The proposed simulator is developed consider-
ing a large database of physiological signals recorded from healthy patients and people
with heart diseases and aims to achieve a reliable reproduction of those signals. Thus,
the referred research project does not present any new methodologies to test ABPMDs
but proposes specific oscillometric pulse envelopes to obtain an independent algorithm
calibrator of the empirical algorithm used by each ABPMD. There are also a significative
number of papers [15-17] that present other solutions for the implementation of an ABPMD
calibrator, but almost in all of them, the performance evaluation of the proposed solutions
requires clinical validation and the usage of a significant group of persons and trained
medical staff. These requirements are expensive, not immune to different error types and
time consuming in terms of data acquisition. Regarding the flexibility of the proposed cali-
brator, the following capabilities can be underlined: it is possible to specify the calibration
mode, manual or automatic; to configure the calibration to be performed with any of the
most common oscillometric algorithms (systolic/diastolic rates or maximum/minimum
slope); to define the different parameters of the pulse envelope pressure signal; to generate
artificial pulse waveforms and pulse envelopes that mimic physiological BP signals with
specific characteristics, such as the typical oscillometric pulse envelope BP of people that
suffer from heart arrhythmia, arteriosclerosis, very high or low BP values, or other heart
diseases; and to perform ABPMD sensitivity tests using variable maximum envelope am-
plitudes that can vary between 1 and 50 mmHg, with a 0.1 mmHg resolution. The paper is
organized as follows: part one, already presented, is the introduction; part two presents
the common oscillometric blood pressure estimation algorithms and also the proposed
method to implement an algorithm-independent calibrator of ABPMDs; part three presents
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the hardware and software descriptions of the developed prototype; part four includes the
simulation and experimental results; and the last part, part five, is dedicated to conclusions.

2. Oscillometric Blood Pressure Estimation Algorithms

The oscillometric BP measurement technique is based on the measurement values ob-
tained from a pressure transducer that is connected to the arm cuff. The pressure oscillation
peaks around the mean arterial pressure (MAP) are processed by proprietary algorithms,
yielding the systolic and diastolic pressures. The most popular empirical algorithms used
to evaluate BP values from ABPMDs are the maximum amplitude, derivative, and fixed
ratio algorithms [18,19]. The maximum amplitude algorithm estimates mean BP as the
external pressure at which the BP oscillogram has a peak value [20,21]. Then, using in-
terpolating algorithms, such as polynomial or spline interpolation algorithms, the fixed
ratio algorithm estimates each diastolic BP and systolic BP reading as the external pressure
at which the BP oscillogram is at some fraction of its peak value [22]. Another algorithm
that is also commonly used is the derivative algorithm, which estimates diastolic BP and
systolic BP as the external pressures at which the oscillogram interpolated peak curve has
its maximum and minimum slopes, respectively [23,24]. It is important to underline that
these algorithms are proprietary [25,26] and are not commonly divulgated by ABPMD
manufacturers. Figure 1 includes a graphical representation of the key values that are used
to evaluate the systolic and diastolic BP values based on the BP oscillogram peak envelope.
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Figure 1. Graphical representation of the key values involved in the fixed ratio and maximum slope
algorithms (MAP—mean arterial pressure; Sy—systolic pressure obtained by using the fixed ratio
algorithm; Dy—diastolic pressure obtained by using the fixed ratio algorithm; Sy;—systolic pressure
obtained by using the maximum slope algorithm; Dy—diastolic pressure obtained by using the
maximum slope algorithm; Hyjap—oscillometric pulse envelope amplitude associated with mean
arterial blood pressure; Hg—oscillometric pulse envelope amplitude associated with systolic blood
pressure; Hp—oscillometric pulse envelope amplitude associated with diastolic blood pressure;
Scoef—systolic coefficient used in the fixed ratio algorithm; D ,.;—diastolic coefficient used in the

fixed ratio algorithm).

Thus, to implement an algorithm-independent calibrator of ABPMDs, three specific pulse
envelope profiles are considered, namely, the triangular, the trapezoidal and the parabolic
pulse envelope profiles. Basically, the objective of each one of the envelope profiles is to create
a reference profile that generates a similar measurement of the BP parameters independently
of the specific algorithm used in the ABPMD under test. Taking as an example the sphygmo-
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manometer pressure curve represented in Figure 2, the variables that are used to synthesize
the different envelope profiles are as follows: PM, maximum cuff pressure (mmHg); Pm,
minimum cuff pressure (mmHg) during the deflation phase; dT, duration of the deflation
phase (s); SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); MAP,
mean arterial blood pressure (mmHg); HBR, heart beat rate (b.p.m.); amp, amplitude of the
pressure pulses (mmHg); and SR, sampling rate (S/s). In the same figure, dT represents
the duration of the deflation phase, d_up represents the duration of the inflation phase and
d_down represents the duration of the release phase, which are the three pressure variation
phases associated with the cuff pressure curve.
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Figure 2. Synthesized cuff pressure curve (PM = 200 mmHg; Pm = 50 mmHg;; MAP = 100 mmHg;
dT =30s;d_up =5s; d_down =5s; amp = 6 mmHg).
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As an example, Figure 3 represents a triangular pulse envelope associated with the
following set of simulation parameters: dT = 30 s; SBP = 120 mmHg; DBP = 80 mmHg;
MAP = 100 mmHg; HBR = 90 b.p.m. and amp = 6 mmHg. When this envelope profile
is used to calibrate an ABPMD, since there is a linear and continuous variation in the
pulse amplitudes between 0 and its maximum value, it is possible to obtain, based on
the measurements of the ABPMD, the values of the height coefficients used in the fixed
ratio algorithm, but obviously only if this is the algorithm implemented to evaluate the
BP parameters. The values of the simulation parameters used to synthesize the triangular
pulse envelope are obtained from the following set of relationships:

toy — PM — SBP
m
tpy = PM — DBP
m
PM — MBP
tMAP = —

where m represents the slope of the linear interpolation of the deflation pressure variation,

given by
p(t) = PM — m-t where m = PMd;TPm
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Figure 3. Triangular pulse envelope to be used in the evaluation of the systolic and diastolic height
coefficients when using the fixed ratio algorithm.

According to the readings obtained from the ABPMD under evaluation, the coefficients
that are used to implement the fixed ratio algorithm are given by

Hp
Hpyap

Dcoeff =
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Hs
Hpap

Scoeff =

where Hp /Hpyap and Hg/Hyap represent the ratio values used to evaluate the diastolic
and systolic pressures, respectively. These coefficient values can then be checked out and
compared with the typical values used by the fixed ratio algorithm [24,27,28].

As an example, Figure 4 represents a trapezoidal pulse envelope associated with the
following set of simulation parameters: dT = 30 s; SBP = 120 mmHg; DBP = 80 mmHg;
MAP = 100 mmHg; HBR = 90 b.p.m. and amp = 6 mmHg. When this envelope profile
is used, it is possible check the correct operation of any ABPMD that uses the fixed ratio
algorithm if S e and Dyefr are higher than the coefficients used in the fixed ratio algorithm,
which are typically lower than 0.7 [29,30]. If this is the case, the measured values are ideally
equal to SBP and DBP, respectively.
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Figure 4. Trapezoidal pulse envelope to be used in the evaluation of the systolic and diastolic
pressures when using the fixed ratio algorithm.

Finally, also as an example, Figure 5 represents a parabolic pulse envelope associated
with the following set of simulation parameters: dT = 30 s; SBP = 120 mmHg; DBP = 80 mmHg;
MAP = 100 mmHg; HBR = 90 b.p.m. and amp = 6 mmHg. When this envelope profile is
used, it is possible to check the correct operation of any ABPMD that uses the maximum
slope algorithm since the maximum and minimum slopes occur for tsys and tp,,, respectively.
If in this case the measured values are ideally equal to SBPy; and DBP,,, respectively, the
coefficients BPSy, BPD,,, tsm and tp,, are defined by

(d(OPE(t)

) is maximum for BP = BPSyy and t = tgp
dt Max

(d(OPE(t)

> is minimum for BP = BPDy, and t = tp,,
dt Min

where the OPE(t) represents the oscillometric pulse envelope represented in Figure 1.
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Figure 5. Parabolic pulse envelope to be used in the evaluation of the systolic and diastolic pressures
when using the maximum slope algorithm.

3. System Description
3.1. Hardware

Figure 6 represents the hardware block diagram of the proposed measurement system.
The hardware includes a piezoresistive gauge pressure transducer [31] that is used in a wide
range of applications, namely biomedical applications, such as NIBP measurement. One
specific feature of the pressure transducer is its temperature compensation capability in the
temperature range between —40 °C and +125 °C, this being the compensation important to
minimize errors caused by temperature variations. The signal conditioning circuit (SC) of
the oscillometric pulse signal has an automated gain control (AGC) feature implemented by
a digital potentiometer, and this feature can be used to adjust the measurement’s sensitivity.
The two main electro-pneumatic components in the hardware part of the prototype include
an electro-pneumatic pressure regulator (EPPR), which is used to generate pressure signals
for static and dynamic calibration purposes [32], and a release valve [33], which is mainly
used to depressurize the cuff after the deflation BP measurement phase.

Data processing, control and transmission interface capabilities are provided by a
microcontroller [34] that includes an 8-bit microprocessor and a wireless transmission
interface that can give access to a Wi-Fi network. To perform the calibration of the pres-
sure sensor and SC circuits, the following components are used: a pressure gauge [35];
a digital multimeter [36]; a data acquisition board [37] and a pressure calibrator [38].
Table 1 summarizes the specifications of the main electrical components and devices
that were used.
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Figure 6. Hardware block diagram of the proposed measurement system (SC—signal conditioning;

AGC—automatic gain control; PS—pressure sensor; DUT—device under test; CAL—calibrator;
EPPR—electro-pneumatic pressure regulator).

Table 1. Summary of the specifications of the main electrical components and devices.

Component/Device/Reference

Main Specifications

Pressure Sensor

NXP SEMICONDUCTORS

MP3V5050

measures pressure range between 0 and 50 kPa; 2.5% maximum
error relative to Vgss, whose typical value is equal to 2.7 V;
sensitivity equal to 54 mV /kPa; response time equal to 1.0 ms and
temperature compensation capabilities in the temperature range
between —40 °C and +125 °C

Electro-Pneumatic Pressure Regulator (EPPR)

PARKER-OEM-P

pressure range between 0 and 5 p.s.i.; control voltage of 0-5 V;
monitor output voltage 0-5 V; pressure accuracy of +1.5% of
full-scale maximum; response time lower than 15 ms; linearity
better than 1.5% of full-scale maximum and availability of
internal vent

Pressure Calibrator
DRUCK DPI611

pressure range between —1 and 1 bar; accuracy of 0.0185% of FS
and total uncertainty of 0.025% of FS

Release Valve
KOGE
KSV05

exhaust time lower than 6.0 s for a pressure reduction from
300 mmHg to 15 mmHg; resistance 100 () £ 10% and leakage
maximum of 3 mmHg/min for a pressure equal to 300 mmHg

Data Acquisition Board
National Instruments
MYDAQ

two differential analog input channels with 16-bit resolution;
maximum sampling rate of 200 kS/s; timing resolution of 10 ns;
analog input range +2 V and +10 V and typical accuracy of
4.9 mV for analog input range 2 V

Digital Multimeter
Keithley
2000 SERIES

a total of 6 %2 digits; minimum voltage resolution of 0.1 p for
100 mV scale; linearity for 10 V DC range equal to (1 ppm of
reading + 2 ppm of range) and accuracy for a DC voltage range
from 100 nV to 1 kV equal to 0.002%

Figure 7 represents the block diagram of a multiple pressure sensor calibration plat-
form that was developed to calibrate, simultaneously and in a comparative mode, a set of
four different pressure sensors. It is also important to underline that the calibration platform
includes a pneumatic line that can have different lengths and diameters, with it being pos-
sible to calibrate the entire pressure measuring chain and not only the pressure sensor. This
feature can be very important since the accuracy of the ABPMD measurements is affected
not only by the pneumatic tube cuff position but also by its length and diameter [39].
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Figure 7. Hardware block diagram of a multiple pressure sensor calibration platform (DAQ—data
acquisition board; EPPR—electro-pneumatic pressure regulator; A.S.—air supply; PCal—pressure
calibrator; PS—pressure sensor; S—solenoid valve actuator).

3.2. Software

The LabVIEW graphical programming language was used to develop the main rou-
tines included in the software part of the proposed prototype. In addition to the generation
of the different pulse envelope profiles used for the evaluation of NIBP measurement
parameters using the amplitude ratio and the maximum slope algorithms, the proposed
NIBP simulator and analyzer also includes routines to perform the following tasks: static
pressure tests, leak tests and algorithm-independent BP calibrations. There are also routines
to record the measurement data, to generate arbitrary waveform pressure signals with
specific pulse envelope parameters and to represent the pressure signals that are used for
calibration purposes and the BP oscillometric pulses whose profile is selected according
to the algorithm-selected BP parameter evaluation. As an example, Figure 8a,b represent
two graphics contained in the panel of the developed software. Figure 8a represents the
cuff pressure variation during the three phases of a BP measurement: the pressure infla-
tion phase, which occurs between 0 and 5 s, the pressure deflation phase, which occurs
between 5 and 35 s, and the pressure release phase, which occurs between 35 and 37 s.
In this example, the maximum cuff pressure is equal 180 mmHg, obviously higher than
the SBP used for simulation that is equal 150 mmHg, and the cuff pressure during the
release is equal 50 mmHg, obviously lower than the DBP used for simulation that is equal
100 mmHg. Regarding Figure 8b, it represents the BP oscillometric pulse for a trapezoidal
pulse envelope associated with a maximum pulse amplitude equal to 3 mmHg and an
MAP equal to 120 mmHg.

For the same example that was previously considered, the upper part of Figure 9
displays the graphical representation of the pressure peaks of the oscillometric signal, and
the lower part of the figure represents the numerical values that were evaluated for different
BP parameters, obtained after processing the previous signal. It can be easily confirmed
that the evaluated parameters are very near the theoretical values used for the simulated
cuff pressure signal.

The main routines that were developed to generate the calibration signal are the
following: synthesis of the complete BP signal, which includes the inflation pressure
variation, the deflation pressure variation plus the small amplitude BP pulses, and the
pressure variation of the measuring release phase. All timing and amplitude parameters of
the synthesized cuff pressure curve, represented in Figure 2, can be adjusted by the user
according to the purpose of the calibration to be performed. On the other hand, the main
routines that were developed to acquire the BP signal are the following: signal filtering
and outlier removal, extraction of the BP pulse envelope, either the fixed ratio algorithm
or the derivative algorithm, and routines associated with signal display, data storage, and
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data transmission. It is also important to note that, regarding signal processing routines,
particular attention must be paid to the usage of filters and other processing operators to
minimize measurement errors caused by signal amplitude and phase distortions. Thus, for
example, the smoothing of the oscillometric waveform was performed using the Savitzky—
Golay filter [40] to ensure that the pulse shape remained preserved in terms of peak

amplitudes, positions, widths and areas.
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Figure 8. Example of two graphics contained in the LabVIEW front panel: (a) cuff pressure variation
during the three phases of BP measurement; (b) BP oscillometric pulse for a trapezoidal pulse envelope
associated with a maximum pulse amplitude equal to 3 mmHg and an MAP equal to 120 mmHg,.
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Figure 9. Graphical representation of the pressure peaks of the oscillometric signal and numerical
values evaluated for different BP parameters for the simulated cuff pressure signal (PM = 180 mmHg;
Pm =50 mmHg; dT =30 s; SBP = 150 mmHg; DBP = 100 mmHg; MAP = 120 mmHg; HBR =90 b.p.m.;

amp = 3 mmHg).
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4. Experimental Results

This section includes two parts: one part is related to prototype loop tests and the
other part is related to prototype performance evaluation. In the first part, the tests that
were carried out are based on a feedback configuration of the NIBP calibrator prototype,
which means that the output pressure signals generated by the EPPR were acquired and
processed by the pressure acquisition part of the prototype. This includes essentially
the pressure sensor, the data conditioning circuits and the associated data processing
routines that evaluate the measured BP parameters. In the second part, the tests that
were carried out include the following: a comparative analysis of the calibration results
of a previously calibrated ABPMD [41] using the proposed calibrator prototype, already
presented, and a commercial and certified BP calibrator [42] that performs dynamic blood
pressure simulations of ABPMDs and also static calibration, automated leak testing, and
high- and low-pressure release verifications of those devices.

4.1. Prototype Loop Tests

To evaluate the stand-alone performance of the developed prototype, a loop connection
between the output of the pressure signal generator and the input of the pressure signal
acquisition of the prototype parts was established. The tests that were performed evaluated
the measurement errors caused by the variations in the following parameters: SBP, DBP and
MAP; pulse envelope amplitude (AMPp,jsc); heartbeat rate per minute (HBR_M); mean
and standard deviation values; and the data acquisition sampling rate (SR). As an example,
Table 2 represents the absolute and relative errors of the evaluation of the SBP, DBP, MAP
and HBR_M parameters for a synthesized oscillometric trapezoidal pulse envelope whose
SBP, DBP and MAP, together with the maximum amplitude of the oscillometric pulses
(AMP) values, were pre-defined as the values that appear in the first column of the table
(SBP_DBP_MAP_AMP). The other parameters that were used for simulation purposes had
the following values: PM = 180 mmHg, Pm = 50 mmHg, HBR_M =90 b.p.m, dT =30 s and
SR =100 5/s. The last column of the table (N_Peaks) represents the number of oscillometric
pulses that were detected by the fixed ratio algorithm and then used to evaluate the BP
parameters that are represented in columns two, three and four of Table 2. As can be
easily verified from the table, the absolute error of the BP parameters that were evaluated
is always lower than 1.8 mmHg, a value that is well below the pass clinical validation
criterion defined by the British Hypertension Society (BHS), which is equal to 5 mmHg.

Table 2. Absolute and relative errors of the evaluation of the SBP, DBP, MAP and HBR_M parameters
for a synthesized trapezoidal pulse envelope whose SBP, DBP, MAP and AMP values appear in the
first column of the table.

120_80_100_3 1212 81.1 100.2 1.2 1.1 0.2 1.0 1.3 0.2 88.1 1.2 28
120_80_100_6 120.1  81.5 100.4 0.1 1.5 0.4 0.1 1.9 0.4 90.7 0.2 29
125_85_100_3 123.4 84.6 100.4 -1.6 —-0.4 0.4 -1.3 —-0.5 0.4 91.8 0.4 28
125_85_100_6 1242 86.8 100.5 —-0.8 1.8 0.5 —0.6 2.1 0.5 91.1 0.4 28
135_90_100_3 1334  90.8 99.7 —-1.6 0.8 —-0.3 -12 0.9 —-0.3 91.5 0.3 32
135_90_100_6 1355 88.8 100.4 0.5 -1.2 0.4 0.4 -13 0.4 89.1 0.3 32
150_100_120_3 149.7 1014  120.3 —-0.3 1.4 0.3 —-0.2 1.4 0.3 90.0 1.5 35
150_100_120_6 148.8 98.9 120.4 -1.2 —-1.1 0.4 —-0.8 —-1.1 0.3 91.7 8.9 35

Another set of experimental results is presented in Table 3. This table represents the
absolute and relative errors of the evaluation of the SBP, DBP, MAP and HBR_M param-
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eters for a synthesized oscillometric trapezoidal pulse envelope with SBP = 120 mmHg,
DBP = 80 mmHg and MAP = 100 mmHg when the maximum amplitude of the oscil-
lometric pulses (AMPs), which appear in the first column of the table (AMP), varies
between 1 mmHg and 6 mmHg, with increments of 1 mmHg. The other parameters used
for simulation purposes had the following values: PM = 180 mmHg, Pm = 50 mmHg,
HBR_M =90b.p.m, dT = 30 s, and SR = 50 S/s (instead of value that was previously
used, which was equal to 100 S/s). As previously referred to, the last column of the table
(N_Peaks) represents the number of oscillometric pulses that were detected by the fixed
ratio algorithm. In this case, for the lowest amplitude value of the oscillometric pulses,
namely for AMP =1 mmHg, which is an extremely low value in real measurement scenar-
ios, the absolute error of the BP parameters reaches 11.6 mmKHg, and it is not even possible
to evaluate the HBR_M parameter (NaN) for the lower AMP value of 1 mmHg. Thus, for
AMP =1 mmHg and SR = 50 S/s, the absolute is higher than 5 mmHg. However, if the
sampling rate is incremented to 100 S/s, the previous error of 11.6 mmHg is reduced to
2.6 mmHg, with the BHS criterion being verified. At the same time, it becomes possible to
evaluate the HBR_M parameter, with the evaluated value being equal to 86.8 b.pm, which
is 3.6% below the simulated value of 90 b.p.m.

Table 3. Absolute and relative errors of the evaluation of the SBP, DBP, MAP and HBR_M parameters
for a synthesized oscillometric trapezoidal pulse envelope with SBP = 120 mmHg, DBP = 80 mmHg,
MAP = 100 mmHg and HBR = 90 b.p.m. when the maximum amplitude of the oscillometric pulses
(AMP) varies between 1 mmHg and 6 mmHg.

Absolute Error (mmHg) Relative Error (%) HBR_M HBR_ M

AMP SBP DBP MAP N_Peaks
SBP DBP MAP SBP DBP MAP @) (std)
1 1084 916 1000 —116 116 00 -97 145 00  NaN 0.0 10
2 1231 836 3.1 36 02 26 44 02 879 1.0 28
3 1203 788 03 -12 -07 03 -15 —07 914 0.5 29
4 1214 810 14 10 —07 12 12 —07 881 0.2 29
5 1182 817 1002 -18 17 02  -15 21 0.2 90.3 0.3 29
6 1207 817 0.7 17 —01 06 21 —01 892 0.2 28

4.2. Prototype Performance Evaluation

To evaluate the performance of the developed prototype, a previously calibrated
ABPMD [41] was considered and a comparison between the calibration results that were
obtained with the proposed prototype and the calibration results obtained with a com-
mercial and certified BP calibrator [41,43] was performed. Regarding the ABPMD that
was used to compare the experimental calibration results, it is important to note that this
BP monitor is clinically validated in accordance with multiple certified entities, which
includes the European Society of Hypertension (ESH) and the German Association for
High Blood Pressure (DHL), among others. The commercial and certified BP calibrator
that was used for the comparative performance evaluation is a modular calibrator. It is
very versatile and supports the maintenance and calibration of NIBP equipment from the
simplest commercial ABPMD for home usage to highly accurate equipment used in hospital
intensive care units [44]. The previously referred to NIBP monitor has the following main
specifications: NIBP measurement capability using the oscillometric algorithm; capability
to measure the cardiac rate in the range between 20 and 240 beats per minute (BPM) with an
accuracy equal to £0.25 BPM; minimum diastolic blood pressure measurement capability
of 15 mmHg and maximum systolic pressure measurement capability of 275 mmHg. The
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BP monitor can also generate regulated pressure signals in the range between 10.0 and
400.0 mmHg with an accuracy of +0.5 mmHg and has a resolution of 0.1 mmHg. Figure 10
depicts the test setup that was used to calibrate the home blood pressure monitor.

(@) (b)

Figure 10. Test setup used to calibrate the commercial home blood pressure monitor: (a) equip-
ment interconnections (1—commercial and certified BP calibrator, 2—home blood pressure monitor,
3—dummy arm used to fix the ABPMD culff); (b) front view of the home blood pressure monitor
with an example of displayed measurement results.

The set of parametrizations used for the comparative performance evaluation between
the BP calibrator prototype and the commercial and certified BP calibrator includes the
following set of values for systolic and diastolic pressures and HBR: 30-15-22; 60-30-40;
80-50-60; 100-65-77; 120-80-93; 150-100-117; 200-150-167 and 255-195-205, respectively.
Figures 11 and 12 represent the experimental results that were obtained for the six values
of systolic BP.

From the calibration results, it is possible to see that regarding the calibration errors
obtained by the commercial and certified BP calibrator, the maximum absolute error is
lower than 2 mmHg, which corresponds to a maximum relative error almost equal to 1.4%
relative to the pressure measurement range that is equal to 140 mmHg. Regarding the
calibration errors obtained with the calibrator prototype, the maximum absolute error is a
little bit higher but still lower than 3.6 mmHg, which corresponds to a maximum relative
error almost equal to 2.6% relative to the same pressure measurement range. Moreover,
it is also important to underline that the Pearson correlation coefficient values that were
obtained with the commercial and certified BP calibrator and with the calibrator prototype
were equal to 0.999 and 0.997, respectively. In both cases, the calibration results that
were obtained verify the pass clinical validation criteria that, according to the British
Hypertension Society (BHS), require mean and standard deviation errors, against the gold
standard, to be lower than +5 mmHg and 8 mmHg, respectively.
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Figure 11. Calibration results of the home BP monitor (VEROVAL) when the calibration is performed
with a commercial and certified BP calibrator (DATATREND).
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5. Conclusions

This paper presents an NIBP calibrator that aims to assess oscillometric testing re-
sults without being affected by the empirical proprietary algorithms used by the different
ABPMD manufacturers. By adjusting the pulse envelope signal used for the evaluation of
the systolic and diastolic pressures, users can simulate different blood pressure parame-
ters and test how different NIBP monitors respond to those signals. Another interesting
characteristic of the proposed NIBP calibrator is related to the feedback topology of the
proposed prototype that enables easy implementation of auto-calibration and auto-testing
capabilities, which are essential in assuring accurate measurements as well as detecting
faulty equipment conditions of a BP calibrator. This feedback topology enables dual ca-
pabilities of pressure stimulation and pressure measurement, with it also being possible
to mimic the pressure patterns or pressure signatures previously acquired and to perform
not only the ABPMD test but also the complete test of the pressure measuring channel,
which includes the pneumatic channel, devices connecting the tubing and pneumatic loads,
as is the case of the BP measuring cuff. This capability is important not only for other
biomedical applications, such as the non-nutritive sucking measurement and stimulation
of premature babies, but also for other applications where the accuracy of the measurement
of time-variable pressure signals is essential. Simulation and experimental results that
were obtained validate the theoretical expectations and show a very acceptable level of
accuracy and performance of the presented NIBP calibrator prototype. Future work must
be targeted at validating the proposed prototype using a larger number of BP monitors
and calibrators from different certified manufacturers and at validating their algorithms
using patient data, real human data and available blood pressure datasets to obtain a more
complete characterization of the proposed prototype, identify potential limitations and
study the best way to surpass them.
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