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Thus paper describes the implementation on a micropro-
cessor of a new method for the indirect measurement and
recording of the systolic and diastolic blood pressure in
humans. The technique is based on a statistical analysis of
the cardiac pulse pressure signal. Polvnomual relations are
derived between the amplitude of the pulsatule pressure
waveforms at the svstolic and diastolic points and the am-
plitude of pulse signals detected when the arterv is fully
occluded. With the dual objective of automating the meas-
urement procedure and minimizing errors, an electronic
analog~digital sphygmomanometer that contains suitable

n recent years, the importance of reliable measure-

ments of systolic and diastolic blood pressures in hu-

mans has been recognized. Available measurement

techniques are generally classified into two cate-
gones: direct and indirect. - * Direct or invasive techniques
are more accurate and reliable, but require expert medical
intervention and may be the cause of patient discomfort.
Indirect methods rely on the use of an inflatable occlusive
cuff followed by analysis of the Korotkoff sounds by either
stethoscopic or electronic auscuitation methods.** Other
methods have also been proposed; these are generally
based on the detection and measurement of pressure signal
characteristics, &

Automated blood pressure techniques are generally dis-
tinguished into those that employ a microphone to detect
the onset and termination of Korotkoff sounds and those
that identify the magnitude and location of the systolic and
diastolic points on the basis of a priori information regarding
their characteristics. Unfortunately, devices based on these
techniques do not yield reliable resuits when used by nov-
ice operators. Experience has shown that. their utility re-
quires the intervention of clinical personnel. It is obvious,
therefore, that a new indirect method is needed that allows
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electronic instrumentation was developed. The functions
of processing the pressure signal, automating the meas-
urement, and recording the results are performed and
controlled by a microprocessor. A laboratory prototype
embodying this approach was constructed and its perform-
ance and reliability were venified using a series of clinical
tests. The test results indicate that the device is accurate
within acceptable bounds for automated biood pressure
instruments. (BIOMEDICAL INSTRUMENTATION & TECHNOL-
0GY 1990;24:31-36)

for the reliable automated measurement and recording of
the svstolic and diastolic pressures in humans. The cost-
effective implementation of any new technique must take
into consideration the latest advances in microcomputer
technology, which facilitates considerably the design, de-
velopment, and control of the measurement procedure.

Analysis of a staustical sample of clinical data has shown
a consistent relationship between the amplitude of the
“background” pulse signal that is detected with a sensitive
pressure transducer when the artery is fullv occluded and
the corresponding amplitudes of the systolic and diastolic
pressure points, Such a relationship is conveniently de-
scribed in terms of polynomials. The coefficients of these
polynomials are derived via curve fitting of the clinical data.
In accordance with these findings, the measurement pro-
cedure is initiated by detecting and storing the amplitudes
of the background pulses. The expected amplitudes of the
systolic and diastolic points are computed next through the
polynomual relationships.

Electronic blood pressure instruments that exploit either
the Korotkoff sounds or some other detection scheme are
of the analog, digital, or hybrid variety. The desigm phi-
losophy is basically the same for all of them: pressure
transducer; electronic processing of the signal, displav.
They differ as to the principle of operation. Thus, proposed
devices have used the minimax peak detection technique.®
strain gauges,’ analog preprocessing,!' balaficed blood
pressure amplification, ¢ and numerical display. ™

This paper describes the development of an electronic
sphygmomanometer based on the observations referred
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Figure 1. Simplified schemauc of the main parts of the proposed
sphygmomanometer.

to above and described in detail elsewhere. '+ 2 A prototype
instrument was constructed using a MICroprocessor with
appropriate analog intertaces. The advantages offered by
the microprocessor in processing the pressure waveforms
contribute to the improved measurement accuracy and
robustness of the device in its ability to reject noise and
identify faise measurements. The microprocessor also pro-
ides the ability to store test results for further analysis
anc diagnostic purposes.

GENERAL DESCRIPTION

Figure 1 shows the general functional diagram of the
proposed instrument. A conventional occluding cuff with a
mechanical relief valve is retained. The cuff pressure
mechanism may be easily automated by means of an ap-
propriate air pump regulated by the microprocessor. Cuff
pressure is transferred to a pressure transducer whose
electrical output is proportional to absolute pressure in the
brachial area. The transducer output signal, after appro-
priate preprocessing, branches into two paths and is di-
rected to the input of the miCTOProcessor. Two analog-to-
digital (A/D) converters are utilized to convert an analog
signal to digital form for further processing by the micro-
processor. The signals fed to the two branches are sub-
jected to different processing techniques. At each sampling
period the first branch computes the mean value of the
pressure waveform (P), while the second filters out the
mean value of the signal, thus leaving only the oscillating
component that represents cardiac pulses.. At the end of
the measurement cycle, the microprocessor has estimated
the systolic (SP) and diastolic (DF) cardiac pressures, which
are appropriately displayed. The measurement procedure
can be understood with the assistance of Figure 2, which
depicts the electrical signal p(t) at the output of the pres-
sure transducer as a function of time t. The figure is not
drawn to scale, in order to emphasize the signal charac-
teristics. The same figure shows the amplitudes (S,D) of
the oscillations during the systolic and diastolic time in-

an

stants, as well as the values of SP and DP. The velocity
of cuff pressure deflation influences measurement accu-
racv. The latter is inversely proportional to the speed of
cuff deflation. An acceptable accuracy level is achieved by
setting the rate of cuff pressure deflation at a value below
a certain limit. The amplitudes of the systolic and diastolic
pulses are related to the amplitude of the background
pulses,’* as shown in Figure 2, via the relations:

S =B x SR (1
D =B x DR )

il

The quantities SR and DR, which refer to the systalic and
diastolic ratios, respectively, are not constant, but depend
upon the amplitude of the background pulses, as demon-
strated by statistical analysis of clinical data. Thus, a cor-
rect cardiac pressure measurement reguires the imple-
mentation of some type of an adaptive control algorithm.
The dependence of SR and DR on the background pulse
amplitude is derived from a statistical analysis of a sumcient
sample of clinical data obtained with an early verzion of
the instrument. This functional dependence is approxi-
mated fairly accurately by two polynomual relations of the
form:

SR = s.B° + s,B' + ;B + ;B +sB+s
DR = dB° +dB + ¢B + dB +dB +d &

Furthermore, the statistical processing has indicated that
increased accuracy is achieved when the initial pressure
level (P,) is set according to the expected region of the
systolic pressure of the individual under test. Three dif-
ferent initial values for the pressure P, are, therefore,
used: 160 mmHg, 200 mmHg, and 240 mmHg. The above
two adaptive procedures, when combined, result in three

cuff pressure

(=)
0

_7 Deflation t

Figure 2. Schematic of the combined signal from the pressure
transducer during cuff deflation.
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Table 1. Coefficients s, and d, of the Polynomials (see text)

Coeficien: P = 160 mmHg P, = 200 mmHg P, = 240 mmHg
S 0.0 0.66993488 0.0
S, ~0.14562118 —7.242701 1.1758647
S, 0.47420055 29.495819 —14.9217
S: 2.2125144 —55.41825 40.5957
s, —10.92095852 46.44429 —44.86037
Sy 15.20197582 —9.249882 21.55773
d, 0.06916247 1.07702947 0.0
d, —0.758686 —-10.711811 — 18.7053966
d, 2.20527744 39.74743632 85.5096664
d. 2.27368307 - 68.038574 —135.8229523
d, —10.6591301 52.40162 85.2866897
d, 27.327362 —9.1540079 -10.71791
Bandpass A/D ‘
~ | filter- =] converter | | g ———t—
I |
M amplifier no. ! Y
_._.‘r,f . - _—r
Pressure | r-l Micro \ Display
transducer | — I-\‘ processor —
A
L A/D ||
P oypass = converter
filter o
no. 2

Figure 3. Block diagram of the analog and digital sections of the sphygmomanomeler.

groups of relations of the form (3) and (4), one for each
value of the initial pressure. The coefficients s, and d, of
the polvnomials (3) and (4), as determined from the sta-
tistical analysis of clinical data, are given in Table 1.

The following steps outline the measurement procedure:

1. The instrument is set at one of the initial values of
P,, which is larger than the expected value of the systolic
pressure by at least 40 mmHg.

2. The cuff is occluded until the cuff pressure reaches
the value P,, at which point the mstrument flashes a warn-
ing signal.

3. Cuff deflation begins.at this stage; and the instrument
monitors continuously the value of the cuff pressure (P),
as well as.the pressure waveform whose amplitude is com-
puted at each sampling interval.

4. The mean value of the background pulse amplitude
is estimated next from a sample of the first five pulses.
This mean is taken as the amplitude of the backgound
pulses (B).

5. The systolic (SR) and diastolic (DR) ratios are cal-
culated through relations (3) and (4) and taking into con-
sideration the amplitude B.

6. The amplitude of the systolic (S) and diastolic (D)
pulses is computed through equations (1) and (2) and the
amplitude B.

7. The time instant at which the amplitude of the os-
cilating pressure waveform becomes equal to the value S
is detected. At this time instant, the value of the cuff
pressure, which corresponds to the systolic pressure (SP),
is simultaneously stored and displayed.

8. Finally, the time instant at which the waveform am-
plitude is equal to D is detected. This point corresponds
to the diastolic pressure: (OP), which. is simultaneously
stored. and, displayed.

DESIGN METHOL:

The procedure described above is programmred to be-
executed by a microprocessor, which is the main com-
ponent of the proposed instrument. A block™diagram of the
overall configuration (Fig. 3) clearly distinguishes the par-
allel paths followed by the electrical signal after it exits the
pressure transducer. This signal separation is deemed nec-
essary since the pressure waveform is but a small per-
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Figure 4. Carcisc pressure osciliauons extracted from the com-
bined signal of Figure 2.

centage of the whole pressure signal. Otherwise, for sat-
isfactory accuracy of the quanuues referred to the pressure
waveform (instantaneous value of waveform, background
value), a high-resoluton A'D conversion would be re-
quired. Such an implementation would reduce processing
speed, however, and as a consequence other problems
such as increased cost of the instrumentation would arise.
One part of the signal is fec to a bandpass filter, which
has a bandwidth from 0.5 to 2.5 Hz. That is, it permits
the passage of those cardiac puises in the range from 30
to 150 pulses/min, while it cuts off completely the steady-
state component (mean pressure value) and the higher
harmonics that are due primarily to respiratory effects and
arm movements of the subject. The same stage performs
an appropriate amplification of the signal so that the res-
olution of the A/D converter is fully utilized. Well-distin-
guished cardiac pulses appear at the output of this stage
ready to be fed to the A/D-1 of the microprocessor. ‘
The second part of the signal is fed to a low-pass filter
so that undesirable higher harmonics may be rejected. This
stage performs a triple function: 1) it amplifies the signal
so that the latter fully utilizes the region of the input voltage
to the A/D converter; 2) it functions as a low-pass filter
for the further rejection of higher harmonics; 3) the con-
stant offset voltage superimposed on the signal by the
pressure transducer is eliminated through the assistance
of a potentiometer. The output signal from this stage is
fed directly to the A/D-2 input of the microprocessor and
is proportional to the mean value of the cardiac pressure.

Software

After program initialization, the initial pressure value
P .that is, one of the set values of 160, 200, or 240 mmHg
(step 1 of the measurement procedure described above),
is input. The P, value is used, on one hand, to provide a
warming signal when the actual cuff pressure. reaches P,
during inflation. On the other hand, a particular set of the

polynomial relations (Table 1) is selected on the basis of
the P, value.

Subsequently, the output of the A/D-2 converter, that
is. the cuff pressure, is monitored during initiation of cuff
inflation (step 2). At each sampling time, the instrument
checks whether the cuff pressure has reached the preset
value of P,. When this condition is reached, a signal warns
the operator to terminate cuff inflation. From this point
on, cuff deflation begins, with a constant and approprately
regulated speed (step 3). Now the instrument monitors
continuously the oscillating component of the pressure via
the A/D-1 (step 3). The instantaneous value P of the wave-
form is observed at the connecting port of the A/D-1 con-
verter and a check is performed to identify whether P has
reached a maximum or a minimum. When P reaches an
extremum, the following process is executed.

First. the time instant of a maximum or a MUmum. and
its value, are recorded. This value is subtracted from the
previous corresponding extremum and the amplitude of
the waveform is computed and stored in an appropriate
array (step 3).

Next, when the second cardiac pulse appears. the car-
diac pulse rate is computed and displaved in pulses min.
If the pulse order is less than 5, then tracking of the A/
D-1 port is repeated. When the fifth cardiac pulse is de-
tected. the following procedural steps are executed:

1. The mean value of the amplitudes of the first five
pulses is computed. This value is stored as the amplitude
B of the background pulse (step 4). This step is performed
in order to reduce the effects of the transient phenomena
at the beginning of the measurement procedure. Here. the
adaptive control procedure of the proposed measurement
method takes place.

9. The values of the systolic (SR) and diastolic (DR)
ratios are computed, taking into account the selected poly-
nomial set and the amplitude B of the background pulse
(step ). '

3. With the known values of SR, DR, and B, the am-
plitudes of the systolic (S) and diastolic (D) pulses are
computed adaptively (step 6). At this point, the expected
amplitudes of the systolic and diastolic pulses are knowir

From the sixth pulse on, the: following takes place:

1. The: pulse amplitude is checked to see whether it is.
equal to S. In the event that this is true, the value P of
the cuff pressure is read by the A/D-2 converter. This last
value is the systolic pressure (SP), whick is storeg and
displaved (step 7).

2. The procedure continues by monitoring the pulse
amplitude. When this becomes equal to D, the value of
the cuff pressure is read by the A/D-2 port and this value
corresponds to the diastolic blood pressure (DP). This DP
value is stored and displayed (step 8). With this step. the
measurement procedure terminates. The cardiac pulse rate
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and the systolic and diastolic pressures are avaiable for
displaving or further processing.

3. 1f the events of steps 1 and 2 above are not observed,
then monitoring of the A/D-1 port as well as the procedural
steps 1 to 2 are repeated.

RESULTS

Experimental results for verification of the proposed
blood pressure measurement method were derived using
a laboratory-constructed prototype. To keep observer er-
rors to a minimum level, clinical tests were conducted by
a large number of trained invesugators. Parallel measure-
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BICHMEITICAL INSTRUMENTATION & TECHNOLOGY

ments were also taken using a conventional sphygmo-
manometer so that the accuracy and relability of the pro-
posed method could be assessed by companson with the
conventional method.

Figure 5 shows typical samples of comparative meas-
urements using the proposed and conventional methods.
A comparison of systolic pressure measurements is ex-
emplified in Figure 5A, which shows both the conventional
svstolic pressure and the device's systolic pressure. The
largest dewviation found between the two techniques was
6 mmHg. Figure 5B shows a similar companson for dia-
stolic pressure. The largest deviation between the two
methods was 5 mmHg. Thus, the accuracy of the device
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lies well within accepted hmits according to AAMI stand-
ards.

The percentage deviations with the conventional method
as a base are shown in Figure 5C. The maximum dewviation
in the measurements of systolic pressure was = 6%, while
that for diastolic pressure was within *=7%. In Figure 5,
each of the data points shown is actually the mean value
resulting from a number of test measurements on the same
individual.

The most significant sources of error are estimated to
be 1) motion of the subject’s arm, 2) the respiratory func-
ton of the individual, and 3) any severe cardiac ailment.
A smaller percentage error (approximately 0.5%) 1s at-
tributed to the device itself because of transducer nonlin-
earities and the accuracy associated with the A/D con-
verters. The observer error in interpreting the results is
negligible since blood pressure readings are recorded dig-

ially.
CONCLUSIONS

The proposed device may be developed on an autono-
mous basis using a dedicated microprocessor. The re-
sulting implementation is relatively nexpensive and pro-

vides flexibility and ease of operation. It may also be
Integrated into an exasting computer system, such as a PC
equipped with a two-channel A/D board, with provision for
outside processing of analog signals (pressure transducer,
filters, amplifiers, and so on). The measurement program
is loaded only when a cardiac pressure measurement is to
be performed. The computer system is available for other
functions during the remaining time.

The proposed blood pressure measurement method,
which is based upon the relationship between the back-
ground pulses detected when the artery is fully occluded
and the magnitudes of the systolic and diastolic pressures
of an individual, as implemented on a microprocesser, per-
forms sausfactorly, as indicated by clinica] tests. Assess-
ment of the device's performance was based on compar-
ative results obtained from a conventional sphygmoma-
nometer. A more accurate verification procedure would
involve comparison with results of direct (invasive) tech-
niques, but, such a comparison is difficult to implement,
for obvious reasons. AAMI (1982) standards for electronic
or automated sphvgmomanometers suggest the auscul-
tatory method for comparson purposes. since it is easier
to implement than are invasive techniques. =
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