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1. Introduction

Diagnostic parameter “arterial pressure” known in medical practice from the earliest times
is now widely used for assessment of body state. Indirect occlusive methods are the most
popular measurement techniques. Although the indirect method of measurement is more
than one hundred years old there is no precise understanding of biophysical processes
taking place in compressed blood flow.

The idea of indirect arterial pressure measurement with the help of occlusive
cuff belongs to Riva-Rocci. However, the phenomenon of noise appearing and
disappearing in the blood flow distal of the brachial artery compression during the
equality moments of occlusive, systolic and diastolic pressure was called Korotkov
sounds. The origin of the sounds is considered from different viewpoints [1]. But it is
important to mention that their identification has no valid criteria. If their appearance
corresponds to the systolic pressure, their disappearance is not always characteristic for
the diastolic pressure. Thus, during the Olympic Games in Mexico continuous sounds
were recorded with the swimmers. But this fact didn’t mean that they had zero diastolic
pressure.

In case of measurement method computerization more reliably recorded biosignals in the
form of oscillogram are used [1]. Nowadays Korotkov sounds are out of use in case of
computerization of the arterial pressure measurement. The oscillometrical method of
measurement is more reliable. But this method has no explanation from the point of view of
biophysics as well.

The authors of the present research work have studied biophysics of the processes in the
occlusive blood flow for a long time. The study resulted in discovery of the objective law
concerning the origin of arterial pressure waves interference in occlusive blood flow. It
enabled to understand the processes taking place in occlusive blood flow and find the
criteria which systolic pressure and diastolic pressure correspond to.
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2. Biophysical processes of origin of the arterial pressure waves interference
in occlusive blood flow

Let us consider the occlusive method of the arterial pressure measurement. Big blood
vessels are compressed with occlusive pressure artificially produced in the rubber cuff put
as a rule on one of the patient’s arms. Then the pressure is measured at the moments of its
balance with the arterial pressure using the corresponding criteria. This method enables the
measurement of two parameters - systolic arterial pressure and diastolic arterial pressure.

Which criteria can be used for accurate measurement?

In practice the method of Korotkov sounds and the oscillometrical method are used. In case
of the measurement process computerization the sounds method is not used. It is not
reliable for noise recording. Oscillometrical method seems to be more reliable. Oscillogram
is the signal of pulse wave oscillations modulated by the occlusive pressure. When recorded,
these oscillations are extracted from the pressure signal in the cuff as a variable component
with the help of the filtering method. This process is technically simple and reliable.

To understand the biophysics of occlusive blood flow it is necessary to have at least its
hypothetical model. We propose to study the model ‘living body-mechanic system’. It can
help to define the real biophysical processes. In this case the model is represented by the
‘artery-cuff’ system.

Electronic converters quite accurately register the processes taking place in the system.
However different existing theories of biophysical processes give ambiguous characteristic
of the criteria of arterial and occlusive pressure balance [3]. This prevents the provision of
electronic arterial pressure measuring instruments with the corresponding metrology.
Practically metrology of the indirect method of arterial pressure measurement does not
exist.

Although the problem is quite serious we will try to study it. Let us consider the biophysical
phenomena in the system of the proposed “artery-cuff’ hypothetical model in the process of
indirect arterial pressure measurement [4].

Figure 1 shows the simplified version of this model. For convenience only a half of the cuff
is shown, it is conventionally in contact with the artery. Pulsating blood flow contacting
with the cuff influences it which is recorded in the form of the corresponding signals.

beginning of phase 1;

end of phase 1, beginning of phase 2;

transitory moment of phase 2;

end of phase 2, beginning of phase 3;

the first inflection moment in phase 3;

the second inflection moment in phase 3.

—> travel direction of the arterial pressure wave;

- - — changed travel direction of the arterial pressure wave influenced by the occlusive
pressure.

mo AN o

Figure 2 shows the synchronous record of decompression occlusive pressure. The
oscillogram (Fig.2, b) is received by means of filtration in the frequency band and increase of
the oscillations which exist against the background of occlusive pressure as pulsations with
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Fig. 1. Changes in the ‘artery-cuff’ contact profile during different phases of arterial

—_— a
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pressure measurement.

small amplitudes (Fig.2, a). Several heart cycles of the oscillogram and its derivatives can be
more closely seen in Fig.3. The extreme values of one cardiac cycle and the corresponding
derivatives are marked by points 1, 2 and 3.
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Fig. 2. Synchronous record of decompression occlusive blood pressure (11) ; oscillogram of
first-order derivative (b); oscillogram of second-order derivative (c); oscillogram of the part
of the second derivative (d); oscillogram of the plethysmogram (¢). The explanation is to be

found in the text.
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Fig. 3. Synchronous record of several cardiac cycles in the first phase of occlusive pressure
(a); oscillogram (b); first-order derivative (c); second derivative (d); part of the second
derivative (¢) and photoplethysmogram (f). 1, 2, 3 are extreme values of one cardiac cycle
and their corresponding derivatives.
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In the process of modulation of blood flow by occlusive pressure additional characteristic
vessel impedance is needed. Its value is calculated in compliance with the formula:

-c
S

7=F

where:
p - blood density; c - arterial pressure wave velocity; S - vessel area.

Increase of the additional characteristic vessel impedance causes the appearance of standing
wave proximal the occlusive place. Designed in such a manner interference pattern is
registered by the cuff against the background of the occlusive blood pressure (see Fig. 2, a).

We should mention that reflected waves emergence in physiological blood flow is
considered from a perspective of characteristic impedance disagreement in vessel branching
and curving points [2]. In scientific literature this approach is based on research in rigid
pipes imitating blood vessels. The received results are not proved by the experiments over
the living bodies [3]. Theoretic calculations of the arterial wave reflection level in case of
vessel branching for physiological blood flow can be found in [2]. It is marked that even in
case of 10% mismatch of the vessel impedances which significantly exceeds the real one, the
reflected waves are imperceptible and can not considerably influence the falling pressure
wave. Scientific literature does not provide the investigation of the process in case of local
increase of the characteristic vessel impedance which cuff occlusion under condition of
arterial pressure measurement is. Thus, the study of the phenomena in case of maximum
impedance change range arouses interest.

Deviation in extreme points amplitude by the falling wave is characteristic for interference
[5]. This phenomenon is presented on the second derivative (see Fig. 2,d; 3,d).

For convenience we shall divide the process of arterial pressure measurement into three
phases (see Fig. 1).

During the first phase (see Fig.1, a, b) the occlusive pressure exceeds the systolic pressure
and the characteristic impedance is maximum. In case of decompression in one phase it
remains constant. Increase of the ‘cuff-artery” contact area leads to cuff elasticity growth (see
Fig. 1, a, b). As a result the amplitudes of the recorded oscillations on the oscillogram rise
(see Fig. 2, b). Herewith the deviations of the extreme points remain maximum. This fact is
proved by the first and second derivatives character (see Fig. 2, ¢, d). Distal of the occlusion
place the arterial pressure oscillations are not to be found (see Fig. 2, f).

The second measurement phase starts from the moment of occlusive and systolic pressure
balance when the oscillating part of the arterial pressure wave begins to recover distal of the
occlusion place (see Fig., b, ¢; Fig.2, f) and finishes at the moment of occlusive and systolic
pressure balance (see Fig.1, d; Fig.2, b, d).

There exist two characteristic features of this phase. Firstly, the elasticity and area of the
‘artery-cuff’ contact continue to increase when the occlusive pressure falls. As a result
condition for continuous oscillation amplitudes growth on the oscillogram is created.
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Secondly, characteristic impedance remains maximum for the arterial pressure values that
are lower than those of the occlusive pressure. For the values that exceed the occlusive
pressure ones the impedance is proportional to difference of the current occlusive and
systolic pressure values. This fact is related to the alteration of the straight-line travel
direction of arterial pressure wave influenced by the occlusion (see Fig.1). The reflected
wave amplitude will decrease proportionately with the decrease of the vessel characteristic
impedance for the arterial pressure wave layers the values of which exceed the occlusive
pressure. This will lead to decrease of the corresponding layers amplitude offset against the
overall interference background. As a result offset of the indicated extreme points will
proportionally decrease.

For the described process of layer-by-layer vessel characteristic impedance alteration for the
arterial pressure falling waves the corner of triangle (marked with 2 in Fig.2, d, e) with a
definite error can serve as a criterion for systolic pressure measurement. In Fig. 2 ,e a part of
the second derivative shown in Fig.2 ,d can be seen. Point 2 characterizes the amplitude
offset of the dicrotic oscillogram part in case of interference of falling and reflected arterial
pressure waves during the occlusion. Figure 3 shows that point 2 being extreme corresponds
with the dicrotic oscillogram part.

Along the same line consideration of the extreme values of the oscillogram and its
derivatives indicated with 1 and 3 in Fig. 3 enables to mark similar triangles with the
corresponding corners (see Fig.2, d).

The triangle corner indicated with point I corresponds to the moment of diastolic pressure and
occlusive pressure balance (see Fig.1, d and Fig.2, d). At this moment the oscillating blood flow
part is fully recovering distal of the occlusion (Fig. 2,f). On the oscillogram the oscillation with
maximum amplitude and maximum leading edge steepness which corresponds to the
maximum of the first derivative conforms to the described process (see Fig.2, c).

The considered model of biophysical processes enables the pressure measurement of
different arterial wave layers according to characteristic maximums of oscillogram
derivatives, in particular, systolic and diastolic pressure.

The beginning of the third measurement phase is the moment of diastolic and occlusive
pressure balance (see Fig.1, d). This phase is characterized by the two inflections of
enveloping oscillogram, defined by the alteration of the cuff shape and elasticity as a result
of occlusive pressure fall (see Fig.1, e, Fig.2, b).

For the oscillating part of arterial pressure characteristic impedance is defined only by the
alteration of the arterial wave travel direction influenced by the occlusive pressure. At the
moment of enveloping oscillogram inflection (see Fig.2, b) the cuff loses its shape rigidness
(see Fig.1, d). At the same time characteristic impedance changes rapidly. During the period
preceding the second inflection (see Fig.1, f) the cuff takes almost the same shape as it would
have without the creation of the occlusive pressure. After the second inflection the cuff
perceives the arterial pressure oscillations at the expense of the occlusive pressure. Herewith
the cuff elasticity does not change.

The described biophysical phenomena allow concluding that indirect method can be used to
measure systolic and diastolic pressure with a definite error in the process of the oscillogram
and its derivatives recording. To accomplish this it is necessary to search and record the first
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oscillogram derivative maximum (see Fig.2,b) and a part of the second oscillogram
derivative maximum (see Fig.2, e).

The described process of falling and reflected arterial pressure waves interference is
accompanied by turbulence distal of the occlusion place. Let us consider the equation of
continuity:

D1‘S1=1)2‘52=D3‘83
where:

v; stands for velocity proximal of the occlusion place; v; is velocity at the place of occlusion;
vz is velocity distal of the occlusion place; Si23 - artery cross-section area at the
corresponding places.

Considering the equation of continuity it is possible to state that if S, at the place of
occlusion tends to zero velocity v, should tend to infinity. Velocity v, in Reynolds number
equation defining the interrelation of inertial and viscous forces in the blood flow is found
in numerator:

Rezu;d
v

where:
v - velocity; d - vessel diameter; v - kinematic viscosity coefficient.

As velocity v2 is found in the numerator of the above equation then during the systolic time
interval Reynolds number will exceed the value of 2500 which corresponds to turbulence
emersion. Turbulence promotes the acoustic noise called Korotkov sounds.

Synchronous record of occlusive decompression pressure is shown in Figure 4. According to
considered above criteria of occlusive and arterial pressure balance Korotkov sounds
appearance corresponds to the moment of systolic pressure measurement. The peak
amplitude of the sounds corresponds to the moment of diastolic pressure measurement and
the disappearance of sounds occurs during the second presented inflection of the
enveloping oscillogram. The connection of Korotkov sounds disappearance with the
moment of their maximum amplitude and the diastolic pressure measurement criterion is
possible using the ‘cuff-artery’ contact measurement. To achieve this, the cuff should not
bear against the patient’'s arm. As a result the second inflection almost matches the peak
amplitude and a drastic decrease of the enveloping oscillation and the sounds is registered.

3. Measurement criteria of systolic and diastolic arterial pressure based on
recording by the oscillogram derivative extreme point

3.1 The peculiarities of oscillogram recording

In the first part of this chapter the biophysical processes forming the oscillogram were
considered. It was proved that the oscillogram is a reflection of arterial pressure waves
interference process in the place of artery occlusion. The process of falling and reflected
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Fig. 4. Synchronous record of decompression occlusive pressure (a); oscillogram (b); the first
derivative (c); the second derivative (d) and Korotkov sounds (e).
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waves interference modulated by external pressure can be investigated only with the help of
mathematical derivatives. In this case we used the first-order and second-order derivatives.
We should notice that the first derivative reflects the process of the object alteration. The
extreme points of the first derivative always indicate the moment of transformation of an
object’s state or its function to a different state or function. The second derivative is a result
of interaction of the object or its functions with ambient environment. Here the extreme
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points are also informative. But their amplitude indicates the end result i.e. the fact of
interaction and its result.

In the process of investigation the authors faced an interesting problem. We would name it
“take something - not known what”. The fact is that both the engineers and the doctors
worked on the development of ECG and other bioelectric signals recording. The engineers
tried to provide the doctors with the instruments that show “a fine signal”. They were
unaware of the degree of distortion during the filtration process and its difference from the
real processes. Our research showed that these distortions are significant and reach 25% [5].
This situation could be improved but the received distorted ECG have for a long time
served for creation of cardiological standards in diagnostics. Moreover, the theory which
was formed had many “blank spaces”.

That is why here we shall reveal a secret. It is essential that the lower cut-off band in the
filter should be equal:

Fu=0,35Hz.

The signal upper this value is differentiated, the signal lower the value is integrated. If the
frequencies differ from the indicated ones it would be very difficult to understand what
happens in the occlusive blood flow. The same could be said about rheography.

For the engineers we should note that for the filtration process the rate of signal increase is
important as well. Different ECG phases have different amplitudes. In case of incorrect
choice of filtration band R deflection can be integrated increasing the RS phase to a
considerable extent. This process is influenced by the upper cut-off band. Inserting this
phase time in G.Poedintsev-O.Voronova hemodynamics equation we shall obtain
“fantastic” results which will be different from the real results.

3.2 Criteria of systolic and diastolic arterial pressure measurement

The considered above criteria of systolic and diastolic arterial pressure measurement using the
oscillometric method and Korotkov sounds method allow to obtain identical values. But these
methods have considerable discrepancies concerning diastolic pressure measurement. When
the oscillometric method is used diastolic pressure is measured by the maximum of the first
oscillogram derivative. When Korotkov sounds method is used diastolic pressure is measured
by the sounds disappearance. Figure 5,c shows these discrepancies in points 2 and 3.

The study showed that the difference approximately accounts for 15 mm.Hg (Fig.5, points 2
and 3). How do the engineers solve this problem when developing commercial arterial
pressure measuring instruments?

1. The oscillogram is recorded (Fig.5, b). At the beginning of its amplitude’s increase
comparator threshold is selected. Thus, systolic pressure is recorded.

2. Diastolic pressure is recorded when the oscillogram amplitude decreases below the
comparator threshold.

3. In automatic devices the oscillogram resembles the first derivative. It occurs due to
minimization of transient phenomena influence in the process of pumping pressure into
cuff.
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Fig. 5. Diastolic pressure measurement using the moment of Korotkov sounds
disappearance: a - occlusive pressure; b - oscillogram; c -first-order derivative; d - second
derivative; e - Korotkov sounds.

Thus, all automatic machines with comparator threshold of signal amplitude do not
measure diastolic pressure accurately. The measuring instrument developed by the authors
of the present research work makes it possible to solve the problem in the following way.
Figure 6 shows the signal records received from the commercially produced instrument.
These signals are used to record systolic and diastolic pressure by derivatives maximum.
After the measurement 15 mm.Hg. are deducted from diastolic pressure value.
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Fig. 6. Synchronous record of processed oscillogram derivatives and signals of amplitudes
relation analyses unit. The amplitudes were extracted from the commercially produced
measuring instrument based on arterial pressure waves interference. a -first-order
derivative; b - search of diastolic pressure measurement criterion; c - search of systolic
pressure measurement criterion; d -second-order derivative.

The end result will correlate with Korotkov sounds method and will not leave the doctors
asking questions. Thus, the measuring instrument provides two variants of the
measurement results presentation: 1) systolic pressure and average pressure (average
pressure conforms to the time of maximum of the first derivative and maximum sounds
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amplitude i.e. true diastolic pressure (point 2 on Fig.5,b); 2) systolic pressure and diastolic
pressure (diastolic pressure conforms to the second inflection of the enveloping oscillogram
or the moment of Korotkov sounds disappearance (point 3 on Fig. 5,b). It is close to the
value of comparator threshold in the measuring instruments produced by different firms.

4. Conclusion

1. The conditions of local increase of vessel characteristic impedance leading to
interference of falling and reflected arterial pressure waves are considered. Criteria of
systolic and diastolic pressure measurement compared with the used in practice
Korotkov sounds are revealed.

2. The described method enables to measure systolic and diastolic arterial pressure
accurately.

3. Commercially produced automatic arterial pressure measuring instruments using
comparator functioning as criteria for diastolic arterial pressure measurement during
oscillogram amplitude decrease do not measure diastolic pressure accurately; they
rather show the value which is 15 mm.Hg lower than the true value.

5. Acknowledgement

The problem of arterial pressure measurement is given much attention in the world
scientific literature. Specialized magazines are published. Scientific subpanels formed at
symposiums study the results of research in this scientific field. Having studied in Radio-
technical institute the authors of the present research work took interest in the popular at
that time idea of computerization of arterial pressure measurement process. In the 1970s the

Fig. 7. M. Rudenko is in the hostel soldering the pressure-voltage transformation junction.
The strain indicator is glued to the shoe cream box. Thus, the Big Science started (1978).
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problem of pressure measurement in the place of brachial artery and temporal artery was
set. Their magnitude relation should be equal to two. This coefficient was supposed to
indicate good physical fitness of the sportsmen. The young authors started to work
enthusiastically. We could not know then that the study of this problem would become a
foundation for considerable scientific research the authors would devote their life to. A
group of professionals would carry on research and develop medical instruments. Many of
the researchers would found their schools of thought and achieve good results in business.
Thirty years later the authors would receive a diploma for scientific discovery “Objective
laws of arterial pressure waves propagation in blood-vessels in the areas of their impedance
local increase”.

An outstanding school of thought with distinguished scientists was formed. Over the past
twenty years more than 150,000 copies of books were published. There emerged a need in
system research of human biophysics. All of the research works found practical use.

Fig. 8. The first in the world commercial instrument for indirect arterial pressure
measurement based on artery pressure waves interference (1986).
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Pocenitexns AKAACMAS CCTECTBERNLIX HayK

MeANYHAPOHAK AKAIEIR ABTOPOB HAYHBIX OTKPHITHiL 1 w30BpeTenHil
Me1yiAPOANag ACCOUIIATIHA ABTOPOR HAY'HEIX OTKPHITHA

SCIENTIFIC DISCOVERY

AUIIJIOM Ne 290

DIPLOMA pe—

«3AKOHOMEPHOCTb PACIIPOCTPAHEHHSI BOJIH
APTEPHAJIBHOTO JABJEHUSA
B KPOBEHOCHBIX COCYJIAX B OBJACTAX
JIOKAJIBHOT'O YBEJUYEHUS KX UMIEHJAHCA»

Me/KIyHAPOTHAS AKATEMHA ABTOPOB WA YHBIX OTKPLITHIi H H30BpeTeHHi @opmyna oTKpLITHR
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TTIOATBEP)KJIAET YCTAHOBJIEHHE
HAYYHOI'O OTKPBITHA Tpnopurer oTkpbiTHst

l4anpent 19861, - 10 M4TC TOCTYMICMMA B peXacumo ciarsn «Buogmsieckue
BICRNS B CHOTCMC KPOBOOGPAIIEHIE NPH KOCBEHHOM WIMEPCHHH
aPTCPHANEHOI JAIICHHA U 4HATS TPHGOPOB [LIA €TO HIMEpENHS»

«3AKOHOMEPHOCTB PACOPOCTPAHEHHS BOJTH (mypuan Menuuscxan exunkan, Ne 5, 1986).
APTEPUAJIBHOT'O JABJERUSL
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B KPOBEHOCHBIX COCY/IAX B OBJACTSIX MPABORKIX MONONCHIH YCTABA MOKIVIAPOAHAA AKAZEMHA GBTOPOR WaYSHEX OTKDETHIt
H30GpeTeHnli BELIUI RACTOALIMI TATIIOM Ha OTKPBITHE (3AKOIOMEPIOC pUcnpoCmpanents
JIOKAJILHOTO YBEJIWYEHHAS NX HMIEHJIAHCA» goan dasenua & cocplux ¢ ob .
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PYJIEHKO MHXAWJI FOPLEBHY
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Fig. 9. The documents of the official registration of scientific discovery “Objective laws of
arterial pressure waves propagation in blood-vessels in the areas of their impedance local
increase” (2005).
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