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Dear readers! 
 

The topics of the current issue cover creation of artificial heart: both engineering and 

ethics. Primarily it should be noted that our idea is to consider these problems not in the 

context of the latest technological advancements accompanied by a further definition of 

problems of this sort, but basically by shaping a discussion what research should be 

performed for this purpose at next stages.  

CARDIOMETRY has already made a significant contribution to the proper understanding of 

how the cardiovascular system functions. Gaining a more penetrating insight into all the 

particulars and specifics in the cardiac performance, and first and foremost into the anatomic 

design of the heart, builds a confidence that the heart is treatable even under most severe 

disease conditions. However this does not necessarily mean that we should give up 

developing of artificial heart or its components.  

We hope scientists can find herein a lot of useful information. Some of them who are 

engaged on scientific research and development of artificial heart will be capable of better 

evaluating their activity level. For others this issue will provide means for tackling challenges 

they are facing in their studies and investigations.  

It should be stressed that the aims of our journal are not only presentation of a new 

knowledge, but more likely assistance in applying of principles of scientific thinking. We are 

sure that establishing of an advanced expert community who will apply classical natural law 

methodology in medical research can really support medical practitioners in finding evidence 

for scientific discoveries and offering an explanation for factual data which were not 

unambiguously interpretable in the past. Moreover, what we really need is recruiting young 

scientist generation for use of the classical principles of the methodology and the culture of 

scientific thinking. 

    

We wish you success in all your future endeavors! 

  

Editorial Board 

Cardiometry 
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 Aims To overcome numerous contradictions in the knowledge of the blood 

transportation, a hypothesis was supposed asserting the swirling pattern of blood 

flow in the heart and main vessels which resembles tornado-like flows and which is 

widespread in nature. These flows can be exhaustively described by the exact 

solutions of the nonstationary hydrodynamic Navier-Stokes equations and the 

continuity equations for the class of viscous swirling flows offered by Kiknadze - 

Krasnov.  

 

 

 Materials and 

methods 

Using morphometric studies of human and canine left ventricular casts and 

Multislice Computed Tomography it has been shown that the trabeculae in the 

ventricular cavity are oriented along the streamlines of the tornado-like flow of 

appropriate dimension. Moreover, this principle covers both the diastolic trabeculae 

of the inlet part of the left ventricle and the systolic trabeculae of the outlet part of 

the left ventricle. 

 

 Results It is concluded that the main trabeculae function consists in the structural 

organization of the intraventricular tornado-like swirling flow of Kiknadze – 

Krasnov type.  

 

 Conclusion The hydrodynamic analysis of the blood flow laws is indispensable for the 

development of new diagnostics criteria in cardiology, cardiac surgery optimization, 

the design of new implantable and paracorporal devices contacting with blood flow 

and mathematical and physical modeling of circulation. 

 

 Keywords Tornado-like swirling flows • Intraventricular blood flow • Left ventricle   
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Introduction 

Hydrodynamics of blood flow and mechanisms of blood transportation in the heart and the 

main blood vessels are poorly known in circulation physiology. In this case, the flow is the 

only factor of the effect of force acting on the wall of the heart and blood vessel flowing 

channel. The effect takes place due to stresses arising in the boundary layer of the flow [1]. 

The structure of the boundary layer and the nature of the stresses occurring therein are 

closely associated with the pattern of the flow in itself. The mode of organization of the blood 

stream determines the level of energy losses along the stream, the value of hydrodynamic 

resistance and the value of the force required for fluid transportation that is of importance for 

an assessment of the blood circulation efficiency [2]. A structurally organized flow, i.e., a flow 

where all fluid elements move along certain streamlines, provides continuous flowing of fluid 

free of stagnation and separation zones. On the one hand, this condition points to the fact that 

we deal with a high energy efficiency of blood circulation, where energy losses for local 

turbulences are not available. On the other hand, flows of this sort do not give rise to 

conditions for activation or damage of biologically active components of blood or endothelium 

[3]. 

It should be mentioned that much research is devoted to issues on blood flow 

hydrodynamics [1, 4]. Some surveys show that the mode of the blood flow in the heart and the 

aorta is of turbulent nature partially or in full within a cardiac cycle. This assumption cannot 

be true because the turbulent flow is always associated with a considerable energy use, 

chaotic in its nature and shows an irregular field of velocities and shear stresses. The 

turbulent flow of blood implies a high risk of spontaneous thrombus formation. The 

hydrodynamic resistance of this flow type is high, and the boundary layer, which is formed 

between the core of the flow and the wall of the flowing channel, is increasing in its thickness 

along the stream that contributes to an even greater increase in the resistance [5].  

It is customary to analyze the blood flow in the heart and the main blood vessels based on 

the assumption that it is laminar [1]. But a laminar flow in such a complex-shaped 

configuration channel that is the case with the heart-aorta flowing system is difficult to 
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imagine, not to mention a degree of flow unsteadiness which is always present in the 

pulsating blood flow. Moreover, this is inconsistent with the criteria of the flow laminarity 

accepted by the conventional hydrodynamics: with the maximum blood flow velocities, a 

Reynolds number in the aorta achieves 12000, while the transition from laminarity to 

turbulence takes place at a Reynolds number Re=1960±160 [6].  

Many researchers call their attention to the fact that the particles in the blood flow move 

along the flow channel following their spiral paths. In doing so, no liquid mixing in the flow is 

seen that allows making a conclusion that the flow has its own structural organization [7, 8]. It 

has been experimentally found that a swirling flow is capable of maintaining its structural 

organization in curved channels and that it is accompanied by considerably lesser energy 

losses than those occurring in a turbulent flow [9, 10]. 

In the course of the experimental and clinical work, significant factual evidence has been 

accumulated in favor of our assumption that the flow of blood in the heart and the main blood 

vessels is of swirling type [11, 12, 13, 14, 15]. Based on the studies with corrosive preparation 

of casts of the heart cavities carried out by N.B. Kuzmina as early as 1976, it was suggested 

that the intracardiac and intraaortic flow should demonstrate its swirling structure, but the 

said hypothesis could not be unambiguously confirmed at that time because of lack of 

adequate measuring equipment and the absence of an adequate hydrodynamic concept to 

properly describe the flow [11]. According to data obtained in magnetic resonance and 

echocardiographic researches, it has been demonstrated as well that the spiral orientation of 

intracardiac trabeculae together with the effect of aligning by trabeculae, tendinous cords and 

papillary muscles during the cardiac contraction assists in formation of the diastolic and 

systolic intracardiac blood flow swirling clockwise along the stream direction [16].  

The present-day instrumentation methods furnish adequate tooling for visualization and 

measurements of velocity fields in the swirling blood flow. The fact that the intracardiac blood 

flow is of swirling type has been confirmed with the use of MRI [13] and color flow Doppler 

echocardiography [12]. But an analysis of the velocity field and blood quantification for 

obtaining the proper data, which could be used for an assessment of the state of the actual 
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blood flow, is possible only when an adequate hydrodynamic model is available that is 

capable of properly reflecting mechanisms of generation and evolution of flows of this sort. 

Such model was proposed upon publishing of the exact solutions of the unsteady equations 

in hydrodynamics (the Navier – Stokes equations and the continuity equations) in 1986 for 

the class of tornado-like swirling flows of viscous fluid [17].  

The properties of the flows of this class are in many ways similar to those well-known for 

the blood flow. The tornado-like swirling flows are twisted, axially symmetric self-organizing 

streams featuring minor energy losses, high efficiency of mass transfer at the expense of extra 

gradients formed due to response lags in rotational motion of a swirling jet [18]. To provide 

stability of flows of this type, their boundary layer should be organized in the manner other 

than it is the case with the axially symmetrical turbulent or laminar fluid flow. The boundary 

layer is a three-dimensional structure where the core of the flow contacts the wall via a 

number of smaller vortex jets which provide the proper conditions for the stream to move 

lengthwise of the wall, as it were sliding. In this case, at the wall, the condition of fluid zero 

velocity is met, and the shear stresses are substituted by those resulting from rolling.  

Medium in flows of this class moves along the streamlines directed to the convergent spiral 

with respect to the flow axis, i.e., a radius of the stream decreases always with the longitudinal 

coordinate Z increasing. If we deal with a flow in a channel having elastic walls or walls 

capable of intensively following the structure of the swirling jet, then the exact solutions of the 

above mentioned equations make possible to link the spatial configuration of the flowing 

channel with the field velocity of such type of the flow (s. relationship 1) (Fig. 1). 
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Figure 1. Schematic representation of the swirling jet with indication 

of the directions of the coordinate axes and the velocity components 

vectors. Noted is the formula of the longitudinal radial (left) and 

azimuthally radial (right) projections of the streamlines. 
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A small dissipation of energy of this flow class is attributed to the fact that a longitudinal 

and a radial component of velocity in such fields are independent of viscosity. Viscosity has 

influence on the value of azimuthal component of the velocity at small radii only, i.e., in the 

vicinity of the swirling flow, as it follows from the exact solutions (1): 

 

        (1) 

 
where (Vz) is a longitudinal component of velocity, (Vr) is a radial component of velocity, and 

(Vφ) is an azimuthal component of velocity, С0 I is a radial gradient of velocity [sec-1], Г0 is a 

circulation of jet [m2/sec.]; С0(t) and Г0(t) are independent time functions changing by virtue 

of flow unsteadiness, and ν is kinematical viscosity of medium [m2/s]. Therefore, it can be 

concluded that the flows under discussion are quasi-potential swirling ones showing a 

structure similar to that found in swirls of natural occurrence (like whirlpools, tornados, etc). 

It is well known that the streamlines can be obtained from the solution of differential 

equations (2), if velocity values in three directions of the cylindrical coordinate system are 

given, as follows:  
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where zi is the current value of the longitudinal coordinate determined according to its 

distance from the origin of the cylindrical system of coordinates of the swirling jet, ri is the 

value of a flow radius corresponding to the value of the longitudinal coordinate zi, φ0 is an 

angular coordinate chosen arbitrarily that defines an initial angle of flow swirling, and R0 is 

the greatest external radius of the flow within the area of its onset.  

For a jet of a relatively large diameter (a diameter that an exponent in the equation for Vφ 

(1) is close to 1), the relation between the longitudinal component and the radial component 

of velocity can be described through relationship С0(t)/Г0(t) (5) as follows: 

)(4
t)(
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)(
0

0

0 ZZR
Г
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ZV
ii

z +⋅= π
ϕ

.     (5) 

In connection with the fact that the value of longitudinal coordinate zi from relationship (3) 

cannot be measured from the origin of the coordinate system because of continuous change of 

the position of the above coordinate with the phase of evolution of the flow, a point along the 

longitudinal axis of the flow is chosen as the reference for measuring a distance to the 

measuring point of the relation С0/Г0. With a knowledge of the fact that the instantaneous 

value of the product ziri
2 along the stream direction is constant, and assuming that the value zi 

is said to be equal to Zi+Z0, where Zi is the measured value of the longitudinal coordinate 

referred to this point, it becomes possible to compute the value of Z0, and, consequently, the 

instantaneous position of the origin of the coordinates at least by two values of Zi. Following 

this way, it should be stated that Z0 is a free parameter determined by results of measuring, 

which corresponds to the instantaneous value of the distance from the moving origin of the 

coordinates to the point from where measuring of longitudinal coordinate Zi is started. For the 

sake of convenience, radial coordinate ri from relationships (3, 4) in relationship (5) is 

denoted by Ri . 
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From the above relationships (3,4,5), which stem from the exact solutions, we notice that 

the direction of a resultant vector of the flow velocity and the relation between the flow 

components Vr/Vφ and Vz/Vφ at any point of the swirling jet can be calculated if the 

streamlines in the longitudinal-radial and azimuth-radial projections are given. To provide 

such computation, it would suffice to know the values or magnitudes of time-related 

parameters С0(t)/Г0(t), Z0(t) and Q(t) (corresponding to value of Cons in relation (3)).  

The physical meaning of these parameters results from the exact solution of the equations, 

and the physiological interpretation of their value or magnitude can be presented as given 

below. 

A change in Г0 for the cardiac jet reflects the process of accumulation and consumption of 

the jet energy. Therefore, by virtue of unsteadiness of the flow and due to a change in the 

orientation by flow-aligning anatomic structures in the left ventricle cavity, Г0 can be 

increased with diastolic filling of the cavity (accumulation of energy) and decreased with 

systolic ejection into the aorta (consumption of energy).  

An analysis of the dynamics of parameter С0, or the radial gradient of velocity, makes 

possible, on the one hand, to assess intensity of cardiac contractility that is reflected in 

imparting of the velocity radial component to the flow, when the cavity walls are approaching 

each other. On the other hand, this parameter shows a degree of longitudinal acceleration or 

retardation of the jet due to changing in the radius of the flowing channel, and, 

correspondingly, a degree of convergence of the swirl tornado-like flow.  

Z0 is a distance from the instantaneous position of the cylindrical coordinate origin to a 

chosen anatomic reference point in the “left ventricle – aorta” channel used to determine 

longitudinal coordinate Zi. The Z0 coordinate is computed by the results of measurements 

based on relation (3). If the system of guiding elements (trabeculae and papillary muscles) 

changes dynamically its orientation in the flow, effecting on the swirling flow and controlling 

in such a manner its development, the origin of the coordinates will move with the flow 

according to the phase of the jet evolution [19, 20, 21, 22, 23].  
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A correlation made in previous reports [19, 20, 21, 22, 23] between the theoretical lines of 

tornado-like streams and the actual configuration of the flowing channel of the left ventricle 

and the aorta according to the corrosive preparation data has shown that there all conditions 

for existence of the swirling flow of the above mentioned class are available [19]. 

It is well known that the internal surface of the left ventricle cavity is lined with a muscle 

structure net, namely, with the trabeculae and papillary muscles immediately exposed to 

blood flow. These structures being projected into the cavity of the left ventricle have 

inevitably their influence on the flow pattern due to viscous interactions, by acting as guiding 

blades in the flow. An expression of different trabeculae groups within a cardiac cycle 

depends on a sequence of excitement propagation in the left ventricular myocardium. In such 

a manner, at the beginning of the systolic contraction, the long-sized longitudinal trabeculae 

of the anterior interventricular septum and the papillar muscles are most highly expressed. 

With the heart relaxation, these structures show a decrease in their volume and take up little 

space in the inflow portion of the left ventricle. A leading role in the organization of the flow 

entering the cavity of the left ventricle after passing through the atrium in the diastole should 

be assigned to the trabeculae of the free wall in the left ventricle which form the boundaries of 

the cavity inflow portion in the immediate vicinity of the mitral valve. An alternative blood 

flow exposure to diastolic and systolic trabecular structures in the left ventricle cavity leads 

necessarily to the fact that the main directions of the blood flow conform to the orientation of 

the intracardiac topology.  

In actual practice, the morphometric studies of left ventricular casts representing the 

diastole made it apparent that the space orientation of the trabeculae in the inflow portion of 

the left ventricle follows to a high degree of accuracy the direction of the streamlines of the 

flow described by the exact solutions of the equations and features the formation and 

evolution of the intracardiac flow within the phase of diastolic filling of the left ventricle. With 

the use of the left ventricular cavity casts representing the systole, it has been demonstrated 

that the space orientation of the trabeculae on the outflow pathway of the left ventricle and 

the papillary muscles is consistent with the streamlines of the same flow and features the 
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appropriate stage of the intracardiac flow evolution corresponding to ejection and 

acceleration of the blood jet, when blood is moving from the left ventricle into the aorta [21].  

Hence it has been proven in our earlier papers stating that the blood flow in the left 

ventricle of the heart and the aorta can be quantified with the use of the exact solutions of the 

of the hydrodynamic unsteadiness equations by Kiknadze – Krasnov and that the structural 

parameters of the flow are embodied in the spatial configuration of the flowing channel and 

the guiding trabecular topology in the left ventricle of the heart. 

In the previous papers, the calculation of parameters С0/Г0, Q and Z0 on the basis of the 

casts was carried out by tracing of point-by-point lines of the trabeculae in the cast, 3D 

reconstruction of the said lines and identifying correlations between the actually detected 

lines of the trabeculae orientation on the left ventricular cast surface and the theoretical 

streamlines of a vortex-type flow. For an analysis some individual specimens were prepared 

which provided a good visualization of the intracardiac topology and which were capable to 

minimize errors due to well-known flaws of anatomic methods, namely, postmortem changes 

in anatomy and casting irregularities.  

For collection of statically significant data on the said parameters with sufficient 

anatomical material, it became necessary to develop a method of measuring and calculation of 

flow parameters С0/Г0, Q and Z0 differing from that used in previous papers [19] that is the 

objective hereof. 

Materials and methods 

A geometrical configuration of the left ventricle cavity was studied with the use of 

postmortem corrosive preparations or heart cavity casts. The casts were made according to 

the standard procedure [19]. For this purpose, employed was cannulation of the pulmonary 

veins and the aorta followed by their washing with water and filling with the Protacryl-M 

material of semi-sold consistency at a pressure under 150 mm Hg. The filling material was 

supplied into the cavity through the pulmonary veins as long as the material appeared in the 

aorta, whereupon the aorta was clamped. Previously, the right compartments of the heart had 
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been filled with water with the clamped empty veins and pulmonary arteries in order to avoid 

bulging of the left ventricle to the right. Upon completion of the Protacryl polymerization, the 

heart was immersed in the 5N potassium hydroxid solution to provide etching of biological 

tissues. 2 days later, the finished cast was removed from the alkaline solution, washed with a 

substantial amount of running water and dried. 

Measurements were made on 12 human and 12 canine left ventricular casts. 

The methodology of measuring of structural parameters of blood developed for the cast 

measuring was employed for an analysis of dynamic images of the left ventricular cavity 

produced with the multi-spiral computed tomography (MSCT) (Siemens Definition AS 128). 

For this purpose, two patients showing insignificant changes in cardiac dynamics were 

enrolled into the above studies. 

Methods of calculation of parameters 

Since the swirling flow is symmetrical about the axis, any point in the flow can be analyzed 

with a velocity hodograph (s.Fig.2) in such a manner that it is located on the plane of the jet 

axis perpendicular to the viewing plan. 

 

 

 

Figure 2. Hodograph of the axially symmetrical swirling 

flow in the cylindrical coordinate system {Z, R, φ} (see the 

notations in the text of the paper). 
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In this case, the projection of the radial component of the velocity reduces to 0, and the 

projection of the resultant vector of the velocity becomes a sum of the longitudinal and 

tangential components, or: 

22
),( ϕϕ VVV zz +=

     (6)
 

which is a tangent line to the respective guiding trabecula governing the direction of the flow 

at the given point and at the given time within the cardiac cycle. Therefore, from relationships 

(3,5) deduced can be formulas to compute parameters Z0, Q and С0/Г0 for the guiding 

trabeculae identified on the cast. 

 

 (7) 

 

Here, Z1 and Z2 are two values of the longitudinal coordinate along the flow axis 

determined with reference to the characteristic anatomical mark on the cast; R1 and R2 are 

values of the cavity radius corresponding to the values of the longitudinal coordinate Z1 and 

Z2, and α1 and α 2 are angles of inclination of the trabeculae with respect to the flow axis at 

points located in the plane containing the axis of the flow. 

As evident from the exact solutions, the instantaneous status of the flow structure 

(direction of the resultant vector of the velocity) can be definitely characterized by values 

С0/Г0, Q and Z0, when the flow is considered at a given time as a stationary one. 

Measurement of parameters 

The postmortem left ventricular internal surface cast reflects to a certain degree the 

respective cardiac cycle phase at the time of death, and consequently, the corresponding 

phase of the flow evolution.  
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An identification of the heart contraction phase was carried out on the basis of certain 

criteria as proposed before [19, 21]. For this purpose, volumes of the left ventricular cavity 

and papillary muscles, general configuration of the cavity, the nature of trabecular topology 

expression were utilized as criteria. The set of the said criteria allows determining the 

corresponding heart contraction phase engraved in the postmortem left ventricular cast. 

However not every cast shows the required combination of the signs that is attributed to 

some terminal and postmortem changes in heart anatomy, like the type of asystole, the degree 

of progression or release due to cadaveric rigidity as well as technical artefacts related to 

heart cavity filling. 

On the basis of the previous publications it may be considered to be proven that the flow in 

the left ventricle refers to the class of tornado-like swirling flows being described by the exact 

solutions of the unsteady hydrodynamic equations by Kiknadze-Krasnov, and the lines of the 

orientation of the trabeculae follow the streamlines of the flow under discussion. Therefore, 

the principles of the structural organization of the flow resulting from the exact solutions of 

the above equations have been applied to the analysis of trabecular topology as stated below.  

1. The flow is convergent over its whole length, i.e., the flow radius always decreases with 

increasing in value Z. 

2. An angle of inclination of the resultant vector of the longitudinal and azimuthal 

components of velocity relative to the longitudinal axis of the flow always decreases with 

increasing in value Z.  

It makes possible to correspondingly correct the selection and the position of the axis, 

along which the analysis of the mutual arrangement of the trabeculae is carried out, on the 

one hand, and to correct a number of measurement errors unavoidable when spatial 

orientation of the trabeculae is registered without reference to the flow, on the other hand. 

Thus, limitations which allow selecting of those topology elements which form the blood flow 

pattern within the corresponding cardiac cycle phase in the complicated structure of the 

trabecular layer have been formulated. 
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In general, these limitations can be formulated in the following way: the axis of the helically 

oriented trabecular system should be arranged in such a way that everywhere along the axis, 

with the same value of Z, the angle of inclination of all the trabeculae under consideration 

relative to the axis should be the same; at points Z1 and Z2>Z1 the following conditions should 

be fulfilled: R2<R1 and α2<α1 (Fig. 3). 

 

 

 

Figure 3. Scheme of systolic (red) and diastolic (blue) 

trabecular groups on the left ventricle cast (a); the principle of 

selecting the trabecular topology lines for the calculation of 

the structural intracardiac blood flow parameters in 

compliance with the Kiknadze-Krasnov exact solutions for 

diastolic (b) and systolic (c) trabecular systems. 

 

The groups of trabecular structures which form the regular helices relative to the expected 

directions of the blood flow were selected on the cast. At the places where a trabecular line 

was interrupted or terminated, its direction was extrapolated according to the above 

limitations and color-coded on the cast surface. The direction of the symmetry axis of the 

selected trabecular group was approximately determined, and it was marked on the cast 

surface in such a way so that it would be possible to draw a line corresponding to the 

projection of the axis on the cast surface at any position of the cast (Fig. 4). Values of the 

cavity radii in the plane perpendicular to the jet axis and values of the angles of inclination of 
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the trabeculae relative to that axis with two longitudinal coordinate values, which were 

determined from the characteristic anatomical reference mark on the cast, were measured. 

 

 

 

Figure 4. Casts of the left ventricular cavity. The measured 

parameters are shown, namely: the α1 and α2 angles, radii of 

the R1 and R2 channel, the lengths of Z1 and Z2 for systolic 

(left) and diastolic (right) trabecular systems. 

 

The mitral valve fibrous ring plane was such a reference mark for the diastolic trabeculae, 

and the boundary between the middle and lower third of the free left ventricle wall was the 

reference mark for those systolic. The trabecular radii and the angles of inclination values 

were recorded by turning the cast through 360 degrees in steps of 30 to 60 degrees, 

depending on an the availability of the trabecular lines, so that at least two trabecular lines 

crossed the axis of the flow. The cast was photographed in each position to obtain flat images 

(Fig. 4,5). The angles of inclination of the available trabecular pairs with the fixed Z values 

along the selected axis at the point of intersection of trabecula and the projection of the axis 

on the cast surface and the cavity radii at those points were measured with a protractor and a 

ruler on the photos (Fig. 5). Those measurements were repeated several times for different 

positions of the axis, and the least error in the angle of inclination measurement with the 

same Z value was achieved. Upon identifying the best possible position of the axis followed by 

the respective measuring, the measurement data were utilized for calculating the values of 
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blood flow structural parameters С0/Г0, Q and Z according to the relations (9-11) derived 

from the exact solutions by Kiknadze-Krasnov. 

 

 

 

Figure 5. The cast of the human LV. The directions of the diastolic trabeculae and the 

projection axis of the flow filling the LV cavity at different positions of the cast are shown. 

 

The studies of canine left ventricular casts and dynamic images of the left ventricular cavity 

produced by MSCT were carried out according to the same methodology. 

The data were processed with IBM PC using Microsoft Excel. 

Results 

The measurement data of trabecular topology of the human left ventricular cast at different 

angular positions of the cast turned with a rotator are presented in Table 1 below. There were 

no cases recorded when a measuring error was under 10%. Nevertheless the error was in all 

cases less than the inaccuracy of measurements taken with the methods described in the 

earlier publications [21]. 
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Table 1. Values of structural parameters of flow calculated for each projection for one left 

ventricular cast 

Heart No. 13 С0/Г0, 1/m2 Z0, m Q, m3 

Projection1 20,26 1,34•10-02 3,25•10-05 

Projection 2 22,01 1,15•10-02 3,6•10-05 

Projection 3 17,88 1,31•10-02 4,01•10-05 

Projection 4 15,95 1,05•10-02 2,85•10-05 

Projection 5 21,96 9,12•10-03 3,91•10-05 

Projection 6 18,39 1,22•10-02 3,62•10-05 

Average value 19,41 1,16•10-02 3,54•10-05 

Standard deviation 2,42 1,64•10-03 4,27•10-06 

Error 12,49% 14,05% 12,08% 
 

A significant measurement error in a cast geometry analysis of this sort is quite explicable. 

First the intracardiac flow evolution occurs along a curved axis which is approximated as a 

straight line for the purpose of measurement. Second all parameters (position of the axis, 

turning angle for the cast, values of radii and longitudinal coordinates) are sensitive to 

positioning of the cast in space. The reproducibility of all measurements carried out with this 

method is a very important factor in this case. 

The exact solutions establish unique functional relations between the parameters. Thus the 

С0/Г0 value depends on the Q value in accordance with hyperbolic function of the first order: 

Q

R

Г

C

⋅
⋅=

π
α

4

 ctg 11

0

0       (8) 

The Q parameter is linearly dependent on the longitudinal coordinate (Zi+Z0).   

Constructing the plots showing the given dependences for human left ventricular casts has 

demonstrated that there is a high correlation between the measured values and the expected 

regularities (Fig. 6). This fact bears witness to the minor role of errors in measuring results.   
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Figure 6. The cast of the canine LV. The directions of the systolic trabeculae and the 

projection axis of the flow ejected from the LV into the aorta at different positions of the 

cast are shown. 

Similar measurements made on canine left ventricular casts confirmed the obtained 

regularity (Fig. 6). The only difference was in absolute values of the measured parameters 

that could be explained by differences in left ventricular cavity dimensions and the arterial 

bed length. 

Measurement of the structural parameters of intracardiac blood flow according to the left 

ventricular trabeculae orientation on the dynamic images of the cavity produced with the 

MSCT showed the same dependence as it is the case with the human left ventricular casts 

(Fig. 6). It was considered as a criterion for the correctness of the conducted measurements. 

As a result, a plot С0/Г0 and Q parameters vs. time during a heart cycle was constructed 

(Fig. 7). This plotted dependence illustrates the nature of the evolution of swirling blood flow 

in the left ventricular cavity. The curve consists of two phases: the first phase corresponds to 

the diastole and is characterized by an increasing prevalence of azimuthal component of the 

velocity in the overall flow structure; the second one represents the left ventricular systole 

and exhibits the significant prevalence of the longitudinal and radial components of the 

velocity that reflects the processes of contraction and ejection of blood into the aorta. The Q 
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parameter reflects the dynamics of change in the swirling flow volume in the left ventricular 

cavity. 

 

 

 

Figure 7. Images of the LV cavity produced by MSCT. The directions of the 

diastolic (left) and the systolic (right) trabeculae and the projections of the 

filling and the ejected flows. 

 

The detected phenomenon reveals the mechanisms of the formation and the evolution of 

the blood flow in the left ventricular cavity with attributing the specific blood flow pattern to 

the relevant anatomic structures responsible for its formation. Actually, contrary to the 

existing concept that the trabeculae undertake primarily a structural function in the left 

ventricular cavity, it has been detected that their alignment, orientation and coordinated 

contraction play the decisive role in the formation of the tornado-like swirling flow in the 

heart. And the internal surface topology is structured in such a way that as much blood 
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volume in the left ventricular cavity as possible is involved in the main dominant swirling 

where kinetic energy is accumulated owing to its rotation. 

The trabecular topology structure changes its orientation during the isometric contraction 

phase. The contracted trabeculae of the anterior septal area and the papillary muscles, which 

reorganize the flow in the direction of the aortic valve, are protruding into the cavity lumen, 

and at the time of the opening of the cusps the flow is being ejected with a considerable 

acceleration consuming the energy accumulated in the left ventricle. 

The fact that both systolic and diastolic trabeculae orientation provides continuity of the 

hyperbolic function indicates that a single dominant swirling is formed and evolved in the left 

ventricular cavity. 

Its structure is formed owing to the guiding activity of the trabeculae, and the point of 

origin of coordinates moves together with the swirl passing two valves during the flow 

evolution. Due to the above motion the curvature of the swirling flow axis always exceeds the 

swirl flow radius, on the one hand, and the condition of axial symmetry is fulfilled, on the 

other hand. A theoretical analysis of the experimental data allows concluding that the velocity 

field of intraventricular swirling flow corresponds to the quasipotential radial convergence 

swirl described by exact solutions (1), that is the cause of the least hydraulic losses in case of 

the norm. Loss increase takes place under any discoordination in the heart contraction.   

Along the whole length of channel “left ventricle – aorta” the blood flow follows the 

concave curvilinear surface. In this connection, mass forces of inertia act on the flow which 

transform the boundary layer into the three-dimensional one formed by surface swirls of 

Görtler type [2]. Such a boundary layer shows friction-related stresses being significantly less 

than it is the case with the Prandtl boundary layer [2] owing to the fact that shear stresses are 

replaced by stresses resulting from rolling of the flow when following the surface curvature. 

In this case the mechanism of hydraulic loss reduction is identical to that found in some 

aquatic animals, or to that found on streamlined surfaces modified with special hollows, the 

topology of which also generates the tornado-like quasipotential jets [24].  
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Due to necessary existence of the three-dimensional boundary layer organized by swirl 

types showing smaller sizes, as compared with the main flow, the secondary swirl flows 

providing the contact between the cavity wall and the main swirling flow can appear in the 

cavity. These secondary flows can be clearly seen on the intracardiac flow images obtained 

with MRI or colour Doppler echocardiography, and they might hinder the proper 

identification of the main swirled jet.  

The swirling flow formed in the left ventricular cavity is organized in such a way that no 

stagnation and separations in the flow are available. A flow of this sort can exist in a wide 

range of states within the norm. The flow pattern will change in case of pathologies, like 

contraction abnormalities, or an increase in ventricular and aortic wall stiffness. At the same 

time, the secondary swirl flows should gain a greater partial weight. In case of severe 

abnormalities in the cavity geometry, for instance, in case of the left ventricular aneurysm 

formation, a considerable stagnation area appears in the cavity of aneurysm that, as a rule, 

leads to thrombosis. It is well-known that the nature of trabeculation may alter due to a 

pathologic change in the anatomy of the left ventricular cavity. Actually, in pathologic 

remodeling, the flow in the changed cavity should move along other trajectories than it is the 

case under the normal conditions. In its turn, it requires other modes of the performance for 

trabeculae. The trabeculae interacting dynamically with the flow change their orientation and 

expression. Therefore, the nature and the direction of the trabecular topology are very 

important diagnostic marker allowing assessing the intracardiac blood flow state.  

It is possible to evaluate the main trabeculation features with the use of modern diagnostic 

methods, e.g., MSCT. Images produced with MSCT are sufficiently informative and may be 

utilized to take the required measurements and determine the peculiarities of the intracardiac 

blood flow (Fig. 8,9). 
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Figure 8. Dependences of the structural parameters C0/Г0, Q and Zi + Z0  of the flow 

obtained on the images of the left ventricle in two patients (the top plots show the human 

LV casts, the middle plots show the MSCT images, and the lower plots show the canine LV 

casts, respectively). 
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Figure 9. The dynamics of the change in the C0/Г0 

parameter during the cardiac cycle in two patients 

with no significant changes in the cardiodynamics 

according to MSCT (beginning of the ejection 0.5 s.). 

Discussion and conclusions 

Thus, the quantitative analysis of intraventricular swirling flow according to the 

morphometric studies of human and canine left ventricular casts and the MSCT data on the 

basis of the Kiknadze-Krasnov exact solutions for unsteady equations of hydrodynamics for 

tornado-like swirling flows in viscous fluid has been completed. 

It has been demonstrated that the varying expression of trabecular topology of the left 

ventricular inlet surface sequentially is suited for the respective stage of intracardiac swirling 

blood flow evolution at any instant of the heart cycle, and, moreover, this flow structure 

represents the structure of an isolated dominant swirl occupying the greater part of the left 

ventricular volume that is exhaustively described by the Kiknadze-Krasnov exact solutions. 
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 Aims Up to the present, ECGs have been classified on the basis of the analysis of the ECG 

curve shape. But this made impossible to classify many ECG shapes. The most 

promising methods for the classification must evaluate each of the 10 cardiac cycle 

phases both by their functions and hemodynamic parameters. The aim hereof is to 

develop the new classification principles for all possible ECG shape variations. 

 

 

 Materials and 

methods 

The heart cycle phase analysis method is used to calculate the hemodynamic 

parameters in each of 10 phases, like the phase-related blood volumes and the level 

of contraction of the corresponding cardiovascular musculature determining its 

function dynamics in the cardiac cycle phase structure related to the compensation 

mechanism for maintaining normal hemodynamics. 

 

 Results An ECG phase changes periodic table consisting of 10 groups of the actual ECG 

curves typical for the corresponding pathologies is proposed. Each group contains 4 

levels of characteristic phase changes. 

 

 Conclusion The ECG phase changes periodic table is the first attempt to classify the great variety 

of the ECG shapes. In this case the proposed system requires further investigations. 

It has been demonstrated that the theoretical concept of the table is in compliance 

with practice. Further it is planned to improve characteristics of every group and 

every level. 
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Introduction 

Electrocardiology is based on an ECG shape interpretation and correlation of its clinically 

justified changes with the relevant pathological processes. Hemodynamic and metabolic 

processes are not the subject of electrocardiology. However, the current knowledge of 

hemodynamics can significantly extend the concepts of electrocardiography. For this purpose, 

we must clearly understand the processes forming an ECG, or more precisely its phase 

structure. 

The aim hereof is to describe the phase structure of the heart performance on the basis of 

the heart and aortic baroreceptors functioning.  

Materials and methods 

Basic cardiovascular system characteristics 

All hemodynamic processes, performance and metabolism of the cardiovascular system are 

reflected in the cardiac cycle phase structure [1, 2]. It consists of the following sequence of 

phases: 

1. Phase of early diastole. 

2. Phase of atrial systole. 

3. Phase of closing of atrioventricular valves. 

4. Phase of contraction of interventricular septum (IVS). 

5. Phase of contraction of myocardium. 

6. Phase of tension of IVS and myocardium muscles. 

7. Phase of rapid ejection of blood from ventricles. 

8. Phase of slow ejection. 
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9. Phase of blood volumes distribution in aorta. 

10. Phase of buildup of systolic pressure in aorta.  

Each phase is responsible for its own functions. The quality of these functions depends on 

the muscles state. Therefore, it is reasonable to note the main features of the heart muscles. 

The main difference between the heart musculature and the smooth muscles is the nerve 

impulse action potential duration, or to be more precise, the time of their absolute non-

excitability (refractory period), which triggers the muscle contraction by acting on the cell 

membrane. This period is longer in the heart muscle, that provides the complete contraction 

required in a given phase, interlocking any external influence, which is considered as 

interference, resulting in a tetanic contraction. Thus, the duration of action potential in the 

smooth muscle is equal to 2 ms, and that in the cardiac muscle is 0.3s., respectively. In the 

atrial muscle it is 0.15 ms [1, 2]. It is a kind of a guarantee of the normal cardiovascular 

system performance. An elevated excitability threshold can also be referred to the protective 

functions of the heart muscles contraction. 

The duration of the action potential and the elevated threshold of excitability provide 

normal conditions for muscle contraction in each cardiac cycle phase. Another important 

factor is the quality of the muscle contraction and relaxation in each cardiac cycle phase. If the 

muscle is unable to fully perform its function of contraction in a phase, this function will be 

compensated by increasing the load of contraction in the other muscle groups in the next 

phase. It is called a compensatory mechanism. 
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(a) 

 

 
(b) 

 

Figure 1. A single muscle contraction:  

a) smooth muscle b) cardiac muscle. 

A - action potential; A1 , A2  - muscle contraction 

amplitude;  B1 - normal muscle contraction, B2 - 

weakened muscle contraction; 
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Therefore, important is the quality of contraction that depends on biochemical reactions it 

is provided by. The source of energy for muscle contraction is ATP. After ATP hydrolysis, 

inter-membrane Ca2+ transport is provided, which regulates the contraction and the 

relaxation of the muscles. In its turn, the content of Ca2+ has influence on the enzyme activity 

of myosin. Another important factor is the ionic concentration of the medium, characterizing 

the pH-acid-base balance. 

Change in the Ca2+ concentration on the muscle cell membrane surface is accompanied by a 

proportional change in the potential on the human skin. This process is reflected in the 

galvanic skin response that is registered by different instruments. The Ohm's law is the basis 

of such a registration. ECG is one of the forms of galvanic skin response registration (GSR). 

The method of ECG registration is based on recording potentials, but not the skin resistance. 

The signal is amplified in the frequency range of 0.35Hz to 15Hz. It is just the frequency range 

where the informational component of the ECG is not distorted, and where it carries more 

pronounced characteristics of the cardiovascular system phase processes. The lower band 

section of 0.35Hz is fundamentally important, as it is ideal and its increase leads to the ECG 

signal differentiation. Such increasing results in impossibility of unambiguous treating the 

ECG amplitude process or its rate of change which characterizes the energy characteristics 

during the analysis. 

Thus, the study of the key processes highlighted above allows identifying the 

cardiovascular system main characteristics in full for the purpose of using them in cardiology 

diagnostics. These are functions of muscle contraction, expressed in the amplitude of 

contraction, and biochemical processes determining the muscle contraction quality. The 

amplitude of contraction is determined by the shape of GSR, particularly on the ECG, to 

analyze the compensatory mechanism processes, and biochemical reactions are used for the 

analysis of energy basis of muscle contraction process. Registration methods are divided into 

invasive and non-invasive. Non-invasive technologies should be preferred. 

But the main indicator of the cardiovascular system performance is hemodynamics. Data 

on blood circulation are important [3]. It is the information that concentrates all the 
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physiological significance of the cardiovascular system. Cardiovascular system functions and 

biochemistry are target-oriented to the normal hemodynamics maintenance. With all the 

normal parameters of hemodynamics, which are expressed in the phase blood volumes, the 

functions may change. These changes are reflected in the compensatory mechanism that 

offers important diagnostic criteria. In conjunction with the hemodynamic and functional 

parameters, the biochemical indicators characterizing the aerobic and anaerobic processes 

should be also considered. 

Cardiovascular system baroreceptors and their role in hemodynamics control 

Cardiovascular system hemodynamics is controlled by three baroreceptors: the 

atrioventricular (AV) node, the sinoatrial (SA) node, and the aortic baroreceptors (AB). All the 

three types are called baroreceptors. This term implies a semantic concept defining the 

principle of work, namely, bar. The bar is a unit of measure of pressure, and “baros” in Greek 

means “weight” [4]. On this basis, the work of the baroreceptors is evaluated by pressure. If 

the nodes are blood-pressure-loaded, they generate an action potential, which is transmitted 

through the nerve fiber and the aortic heart muscles to provide the contraction. Therefore it is 

very important to know the phase blood volumes. It is precisely these phase-related volumes 

that load the baroreceptors and start the process of contraction. The SA node controls atrial 

contraction, the AV node controls the IVS and myocardium contraction, and the aortic 

baroreceptors (AB) control the aorta contraction. 

According to the laws of the formation of the ECG as a variety of GSR and based on the 

signal amplitude dependence on Ca2+ quantity that effects the muscles contraction, the P wave 

amplitude on the ECG corresponds to the amplitude of atrial muscles contraction, and the IVS 

and myocardium contraction amplitude corresponds to the R and S waves amplitude. The 

amplitude of the aorta dilation corresponds to the T wave amplitude. 

An ECG can be represented as a series of sequentially connected simple harmonic 

sinusoidal oscillations (Fig. 2). The beginning and the end of the complete oscillation 

correspond to the beginning and the end of the cardiac cycle phase. This idea follows from the 
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logic of the wave-like change of the energetic processes occurring in biological systems in 

nature [5-9]. 

 

 

 

Figure 2. ECG as a sequence of harmonic sinusoidal waves. Each complete 

oscillation corresponds to the cardiac cycle phase. 

 

There are phases of an increase and a decrease in every process of this sort. In each of the 

phases there is a maximum rate of the increase and a minimum rate of the decrease. These 

cases are defined by mathematical derivatives of the first order. Graphical differentiation 

illustrates these cases, which correspond to the maximum and minimum on the derivative 

curve (Fig. 3). 

 

 

 

Figure 3. Sinusoidal harmonic oscillation and 

its first order derivative. 
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The concepts mentioned above are important not only for an identification of the cardiac 

cycle phase boundaries, but also for estimating the energy of the muscle contraction in a given 

phase. The amplitude of the derivative characterizes the process rate. But the rate is related to 

energy expenditure. The higher is the rate, the more energy is expended. Therefore, muscles 

contraction energy in each cardiac cycle phase can be evaluated according to the amplitude of 

the derivative [10]. 

As a result, it is possible to consider an ECG as a sequence of harmonic sinusoidal 

oscillations and determine the periods of baroreceptors triggering. Let us consider Figure 4 in 

detail, where the principle of baroreceptors performance is shown. In the upper part of the 

figure the sinusoidal oscillation ECG with the indicated cardiac cycle phases is presented. 

Below are the graphs of baroreceptor response to the blood volumes pressure during the 

given time period. 

Results 

Correlation between the ECG and the functions of action potential generation by baroreceptors 

At the end of the early diastole phase, when the atrioventricular valves are open, the 

ventricles and the atria are filled with certain blood volumes, the pressure on the SA and AV 

nodes remains the same. However, the SA node threshold of excitability is lower. 

Because of the blood pressure in the atria it starts generating an action potential, which 

triggers the atrial muscle contraction that is reflected by the beginning of P-wave build up on 

ECG. The atrial contraction provides for atrioventricular valves closing. The P wave indicates 

that firstly the atria being filled with additional blood expand, and, starting from the point P 

on ECG, the atrioventricular valves closing begins, which ends at the point Q on ECG. 
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Figure 4. The principle of the heart and aortic  

baroreceptors performance forming an ECG. 
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At this time, the pressure at the AV node reaches its threshold value, and the AV node 

generates the action potential that triggers the IVS and myocardium contraction mechanism. 

This period begins at the point Q and ends at the point S on ECG. Normally, it lasts about 

90ms. 

It is important to know that if a blood volume is not high enough to properly load the AV 

node, the SA node being under the pressure starts generating an action potential for the 

second time contracting the atrial muscles that will be reflected on ECG as a second P-wave. In 

classical electrocardiology this is called atrial arrhythmia. Figure 5 shows the actual recording 

of the described process. 

Several processes occur during the period of the IVS and myocardium contraction that 

corresponds to the QRS complex. The first process is a transition from the relaxed state of the 

heart muscles to constantly contracted muscles state till the end of systole. Another process is 

the creation of vortex flows in the directed blood flow in the ventricles. The third process is 

the creation of rotational motions of blood elements. These processes are always available, 

otherwise the energy will be not enough to eject the required blood volume from the 

ventricles. 

At the end of the QRS complex, the heart muscles remain in a state of tension. In Figure 6 

this state corresponds to the appearance of the constant tension component, the processes of 

the IVS and the myocardium contraction will be repeated because of the tension. The repeated 

contraction occurs because the pressure at the AV node does not change, the action potential 

is generated again and again, and the processes are similar to those that occur during the QRS 

complex. This process will be reflected in the phase of tension S – L on ECG. Only the 

amplitude of the IVS and myocardium contractions will be considerably lower than that 

during the QRS complex. This is due to the fact that the muscles in this phase will be under a 

constant tension. The level of tension is manifested on ECG quite clearly in case of 

compensatory mechanism for the IVS or myocardium weakness as an elevation above the S - L 

phase isoelectric line. The process in this phase is responsible for the diastolic pressure 

regulation. Constant tension and alternating oscillations allow ejecting the necessary blood 
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volume through the closed aortic valve in cases of blood ejection from the peripheral organs 

or excessive aortic dilatation. 

 

 

 
 

 

Figure 5. The second P wave generation on the ECG  

because of residual pressure at the SA node. 
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It is important to know that during the QRS complex energy is expended on the basis of 

energy release from aerobic processes, and in the phase of S – L it occurs on the basis of 

release from anaerobic processes. The higher is the constant tension, the more lactic acid is 

accumulated in the muscles. 

In Figure 4 the S – L phase is denoted as the next QRS. This emphasizes the identity of the 

occurring processes. However, in the classical electrocardiology a repeated action potential is 

called re-entry and is interpreted as there re-entry of excitation pulse to the AV node, that 

actually is not observed, since the AV node is activated only by pressure, but not by electrical 

stimulation. 

In the next phase of rapid ejection L-j the valve opens, and blood starts flowing into the 

aorta. The pressure at the AV node begins to decrease, but remains sufficient to generate the 

third AV node action potential in the given cycle. The whole procedure is repeated again. 

Therefore, this phase is called the second QRS in Figure 4. The energy expended in this phase 

also depends on the anaerobic processes. But the ATP resynthesis will require larger 

expenditures of phosphocreatine. Therefore, the phosphocreatine biochemical process will be 

more pronounced here. 

The same process will be repeated in the next j - Tн phase of slow ejection. It is called the 

third QRS. The phosphocreatine process will also be strongly demanded here. Only at the time 

the blood volume is sufficient to create the necessary pressure at the aortic baroreceptors, the 

action potential leading to the aorta dilatation appears, which corresponds to the T wave on 

ECG. The aorta dilatation is necessary for transporting to the periphery the blood flow pattern 

created in the aorta in the L - j phase, which takes place in the elevated fluidity mode. 
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Discussion and conclusions 

The given above principles of performance of the cardiovascular system baroreceptors make 

it possible to interpret the electrocardiology in a new way. 
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 Aims A cardiac muscle performance assessment in terms of acid-alkaline balance has 

never been carried out before. The studies show it is possible to evaluate indirectly 

aerobic, anaerobic and phosphocreatine processes in the cardiac muscle using ECG 

only. The aim is to study the capabilities of acid-alkaline balance measurement in the 

cardiac muscle using ECG only, in combination with the heart cycle phase analysis. 

 

 

 Materials and 

methods 

The ECG of the ascending aorta is recorded with Cardiocode device. Amplitudes of 

the derivatives of leading and trailing edge of R, L and j waves are measured. The 

QRS complex amplitude depends on the amplitudes of the septum and myocardium 

muscles contractions. The septum is contracted because of the lesser resistance 

since the myocardium muscles are not loaded yet. When the myocardium muscles 

are contracted, they take a heavier load since the septum remains under static 

strain. It allows evaluating the difference in the energy consumption for each group 

of the muscles according to the respective ECG derivative. It will suffice to compare 

the amplitudes of the first derivative characterizing the muscle contractility rate 

during Q – R and R – S periods. 

 

 Results Over 500 patients were examined. As a result, ranges of every biochemical reaction 

changes have been established. The ranges of energy consumption assessment for 

the biochemical processes featuring the biochemical reactions in cardiac muscles 

are defined. 

 

 Conclusion The ECG heart cycle phase analysis allows obtaining the acid-alkaline balance data of 

biochemical reactions governing the cardiac muscle contraction that is an important 

diagnostic marker. 
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Introduction 

Attempts to noninvasively measure the acid-alkaline balance with an ECG have been made 

since 1984. [1] S.A. Dushanin developed a method for aerobic, anaerobic and phosphocreatine 

parameter measuring with a three lead ECG. He considered that there was an objective 

correlation between the ventricular depolarization rate and metabolic parameters, which can 

be determined by the R-wave amplitude percentage ratio to the sum of R and S amplitudes in 

the right and left chest leads of ECG at rest [2]. The method has been practically applied to 

condition athletes for competitions. 

The development of the cardiac cycle phase analysis revealed new possibilities for more 

accurate and easier metabolic parameter measuring using only single ECG lead [3, 4, 5]. 

Clinical investigations have proven the correctness of the chosen way. Metabolic reactions in 

both healthy and pathological cardiovascular systems were considered during the 

investigations. The general approach of the new method is presented herein. 

The aim is to develop a principally new method for evaluating aerobic, anaerobic and 

phosphocreatine reactions that determine the cardiovascular system performance, using only 

single lead ECG. 

Materials and methods 

The method is implemented in the way described below. Only single lead ECG is recorded. It is 

an original system, as it records an ECG of the ascending aorta [3, 4]. As opposed to the 

standard ECG leads, the ascending aorta ECG records the overall result of the heart 

performance. This  allows evaluating each of the 10 cardiac cycle phases with a high accuracy. 

The heart performance is controlled by three baroreceptors: SA node, AV node and aortic 

baroreceptors (AB). Fig. 1 shows an ECG curve as a sequence of harmonic signals. Periods of 

nerve impulse generation are marked on the curve. Every neural center is responsible for 

exciting the corresponding muscles of the heart and the aorta resulting in their contraction. 
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The amplitudes of these contractions are recorded by the device. These are precisely the 

amplitudes which form the ECG curve. 

The word "baroreceptor" contains the term "bar". This is the unit of measure of pressure. 

The word indicates the peculiarities of baroreceptor performance stressing their dependence 

on the blood volumes pressure. So, while the AV node will be pressure-loaded, the nerve 

impulses-action potentials will be generated, and the IVS and the myocardium will be 

contracted. It is shown as a sequence of QRS complexes on the ECG on Figure 1. The next QRS, 

then the second and the third QRS complexes follow the first well-known one. The difference 

between them is that the first complex is a transition of the muscles from their relaxation to 

their tension state, and the same contractions as it is the case in the first QRS complex are 

superimposed on the strained state in the second one. However, due to the constant muscle 

tension, oscillations similar to the QRS complex will have smaller amplitude. This process 

occurs in the phase of tension S – L. Then it repeats again, but with smaller amplitude [6-11]. 
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Figure 1. Principle of performance of heart and  

aortic baroreceptors forming an ECG. 
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During a very intensive short physical activity these oscillations can be repeated again up 

to three times (Fig. 2). But because of the energy consumed during oscillations, their number 

will decrease from cycle to cycle. 

 

 

 

Figure 2. ECG of a weightlifter at the moment of lifting and holding a 

weight. From cycle to cycle the number of phases called the third QRS 

following the rapid ejection phase decreases. 

The processes of the dynamic contraction and static muscle tension are provided by the 

biochemical reactions. Thus, the main QRS complex, in which the transition from the muscles 

relaxation to the static tension occurs, is provided with oxygen stocked during the diastole. At 

the same time, the initial process of muscle contraction is carried out with the maximum 

initial stock of ATP in the mitochondria. The low oxygen content is reflected in the rate of 

heart muscles contraction [6-11]. What can be controlled by the first derivative of ECG? The 

amplitude of the first derivative will indicate the power of contraction. The smaller is the 

amplitude, the less is the power. 
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Considering the heart anatomy and the fact that the QRS complex is formed by the 

interventricular septum and myocardium contraction amplitudes, first the interventricular 

septum contracts, as it is exposed to a lesser resistance since the myocardium muscles are not 

pre-loaded yet. When the myocardium muscles are contracted, they are exposed to a greater 

load than the interventricular septum, as the interventricular septum remains static. 

It allows evaluating the difference in energy consumption for each group of muscles. It is 

enough to compare the amplitude of the first derivative, characterizing the muscle contraction 

rate during the Q – R and R - S periods (Fig. 3).The general formula will be of a simple form as 

follows: 

W = R '/ S' (relative units) 

where: W – conventional energy of the process; R '-the amplitude of the ECG first derivative  

characterizing the interventricular septum contraction rate; S '-the amplitude of the ECG first 

derivative characterizing the myocardium contraction rate; 

 

 

 

Figure 3. Real ECG and first derivative curves. The 

first positive amplitude of the first derivative and the 

next negative one are used for calculations, absolute 

value is utilized. At the top of the figure, the points 

designate the corresponding phases, the derivative is 

shown at the bottom. 
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Results 

Analyzing the above formula, it is seen that if the energy values of both muscle groups 

contractions are equal, then W = 0,5. There are two variants of changing relations in the 

formula. The first variant is the decreasing of W when the interventricular septum energy 

goes down. The second one is the increasing of W when the myocardium contracts with 

smaller amplitude. But in this case it is necessary to distinguish two cases. The first case is 

when the myocardium muscle is strengthened by the training process, and its contraction 

amplitude is reduced, the other case is when the myocardium muscles obtain additional 

tension because of the compensatory mechanisms. Then the amplitude sharply descends, and 

the value of W can exceed 1. This is an extreme case which may occur with pathologies 

corresponding to the mode of reactivation in the system of body state evaluation by L.Garkavi 

[7]. 

Thus, ranges of relative energy costs norm for the processes occurring in the period of QRS 

complex can be identified (Fig. 4). 

 

 

Figure 4. Ranges of general energy costs. 

 

Middle initial normal level for untrained individuals will be in the range of 0.5...0.55. 

For individuals with a middle conditioning level the range will be 0.6...0.65. 

For individuals with a high conditioning level and endurance the range will be 0.7 ...0.85. 

Intermediate values between the ranges should be evaluated as boundary transitional 

ones. 

0.85 and greater is a pathological energy cost zone. 
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The practice shows that the method has a high sensitivity. The data before and after 

training are very informative and indicate trends of heart energy resource dynamics. 

Considering that the QRS complex is a basic part of the cardiac cycle and the muscles are 

evaluated from the time of complete relaxation to the time of creation of the initial conditions 

for other energy processes, the studies have shown that the W rate evaluates the energy level 

corresponding to the aerobic processes in the body. 

Therefore, Fig. 4 can be used for the aerobic processes evaluation. After an intensive load, 

the W rate for aerobic processes will decrease. 

The studies have shown that the W rate is linked to acid –alkaline balance. However, if W is 

greater than 1, it is close to the lower limit of blood glucose level. 

The processes in the S - L phase occur in the same way as it is the case with the QRS 

complex. The essential difference is that they occur against the background of the 

interventricular septum and myocardium muscles tension. A combination of dynamic and 

static muscle performance is observed herein. This phase is very important in hemodynamics 

of circulation. Its performance forms the blood flow structure that allows providing blood 

flow with minimal friction. Also, the synchronization of systemic and pulmonary circulation 

will depend on the condition of the lungs, or to be more precise, their resistance to blood flow. 

Static muscle tension requires extra energy costs. With an intensive consumption of oxygen 

that occurs during intensive physical activity, the mechanism of static muscle tension will be 

first affected by oxygen deficiency. Lactic acid will be accumulated in muscles under certain 

conditions. The studies have shown that the S - L phase, it may be also called next QRS, reflects 

the anaerobic-glycolytic reactions, which can also be evaluated by a similar formula, but with 

substituting the values of R ' and S' derivatives of the next QRS. 

The range of the relative norm for Wg will be different, it will be from 3 to 7 to say exactly 

(Fig. 5). The studies have shown that the values above 7 will indicate a high content of lactic 

acid (lactate) in muscles. The worse is overload capability of an athlete, the greater Wg value 

is detected. 
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Figure 5. Range of energy cost evaluation for anaerobic glycolytic processes.  

The norm is from 3 to 7. 

 

It is necessary to bring the lactate level to the normal range till the next training. A low 

initial value indicates a low concentration of carbon dioxide in the body. It does not provide 

the normal ATP re-synthesis, and an athlete is not ready for intense accelerations against the 

monotonous physical load. It is important to note that the lactate accumulation in muscle cells 

leads to the swelling of the cells due to the accumulation of water therein, which ultimately 

reduces muscle contractile capability. At the end of the sports career athletes often suffer 

from mitochondrial cardiomyopathy. The reason is a deranged ATP re-synthesis leading to 

excessive lactate formation, which was maintained within the norm by the athlete during his 

career and which cannot be maintained after sudden stopping of physical activity. The result 

is an accumulation of water in the heart cells. This is reflected in the R wave amplitude change 

on ECG during orthostatic test. Typically, the interventricular septum cells suffer. Under such 

conditions the myocardium cells are less affected. 

Then the L - j rapid ejection phase begins. At the beginning of this phase the aortic valve 

opens, and blood starts flowing into the aorta. The studies have shown that this phase can be 

manifested on ECG several times only in case of great physical load (Fig. 2).The multiple phase 

manifestation occurs only in case of necessity to intensify the phosphocreatine reactions due 

to high physical loads. Therefore it can be evaluated as it is the case with the amplitude ratios 

of derivatives. Then the range of energy cost evaluation for Wkf will be from 2 to 4 (Fig. 6). 

After physical load this parameter will decrease, indicating the reduction of ATP re-synthesis 

conditions. 
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Figure 6. Range of energy cost evaluation for phosphocreatine processes.  

The norm is from 2 to 4. 

 

It should be noted that all above reactions are closely interconnected. Their common basis 

is the balance of oxygen and carbon dioxide in the body. Their transport systems: L - carnitine, 

serotonin and tryptophan are also important. Nutrition and rest conditions are important.  

Taking into account all the above and using the noninvasive method for biochemical reactions 

evaluation according to the ECG only, an effective possibility to predict the conditioning 

process and achieve best athletic results comes to existence. 

    Let us consider an example of the metabolic processes analysis for an athlete before her 

world championship and her world record. Figure 7 shows the results of the analysis 

performed automatically. The use of these graphs as a reference for the further training of the 

athlete enabled her to become a twice world champion and establish more than one world 

record. 
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Figure 7. Results of biochemical processes evaluation two months before establishing the 

world record and winning the world championship. Recorded before the regular training. 

 

 

 

Figure 8. Results of biochemical processes evaluation after training with acceleration load 

elements. The tested sportsman was an Olympic bronze medal winner one month ago. 

 

Figure 8 shows the data obtained immediately after an intensive training of an Olympic 

prize winner. It is evident that the aerobic processes being at the lower limit of the norm: W = 
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0,57 are exhausted. Lactic acid level is Wg = 20,28. This indicates a large accumulation of 

lactic acid in the heart muscles. Phosphocreatine Wkrf is1, 71. It is below the norm and shows 

a lack of reserves in ATP re-synthesis. All parameters should be brought to the norm, as 

shown in Figure 7, before the next training. 

Discussion and conclusions 

The method allows efficiently and easily monitoring the metabolic processes in the heart 

muscle. Further research is aimed at building a scale of correlation between the relative units 

used in the method and the conventional generally accepted units mmol/liter. 
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Abstract A review and a critical analysis of the specialized literature on justification for the 

measurement equation and an estimation of a methodical error (uncertainty) of the 

measurement result are presented in the paper, and some prospects for solving of 

the issue are discussed herein. 
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Introduction 

Statement of the problem and analysis of publications. In recent years the measurement 

equation (model equation) has become an object enjoying close attention by researchers in 

metrology in many countries throughout the world. The measurement equation in metrology 

is interpreted [1, 2] as a functional relationship linking the quantity intended to be measured 

(measurand) with the quantity values immediately measured, as well as other quantity values 

which are essential for the measurement procedure under consideration. The measurement 

equation is required for solving many metrological issues, particularly for development of 

new measurement methods and measuring instruments, including an analysis of 

measurement result accuracy. 

The problem of measurement modeling is widely represented in scientific programs of the 

UK’s National Physical Laboratory (NPL) devoted to the development of mathematical models 

and software for metrology applications [3], and issues on modeling measurement equations 

have a significant place in papers by German [4 - 6], Russian [2, 7 - 10] and Ukrainian [11 - 18] 

metrologists. It should be noted that most papers give an analysis of the already known 

models to select the best suited measurement equations. At the same time, the general 

principles of justification for the equation of measurement and an estimation of a methodical 

error (uncertainty) of measurement result are still insufficiently treated. 

In the specialized literature on the subject, an extreme complexity of the issue on 

derivation (justification) of the measurement equation is emphasized; among other things, it 

is suggested that some specific approaches relating basically to arts rather than science 

should be required to derive the measurement equation [2]. It is also argued [8] that the 

measurement equation is one of the components of a priori knowledge obtained not by the 

procedures known from the point of view of metrology, but produced by methods used in 

some allied sciences. Perhaps that is the reason why there are no instructions in the Guide [1] 

on how to justify the measurement equation for metrological analysis. Instead, such unusual 

for scientific and technical literature recommendations as to rely on "critical thinking", 

"intellectual honesty" and "professional skill" are used therein. 
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It should be noted that the authors of the Guide to the Expression of Uncertainty in 

Measurement [1] are aware of the necessity to improve this document. A few years ago, a 

special working group WG1 was established under the Aegis of the International Bureau of 

Weights and Measures (BIPM). One of the main tasks of this Group is to prepare specific 

Supplements to the Guide, including a separate Supplement (JCGM 103) dedicated to the 

measurement procedure modeling and methodology of the measurement equation 

justification [19].  

Thereby it confirms the fact that the problem of a rigorous justification for an algorithm of 

obtaining the measurement equation remains highly topical, and the given problem is a 

subject of the theory of measuring which should be referred to the fundamental issues in 

metrology. 

The aim of this paper is to review and criticize the existing publications on the 

measurement equation justification and estimation of a methodical error (uncertainty) of the 

measurement result as well as discuss some promising ways for solving this problem. 

Summary and outlines  

The developments [4-6, 11-18], where the main aspects of the above problem are analyzed 

and general outlines for obtaining the measurement equation are provided, can be considered 

as a remarkable step on the way of finding the proper solution to the above issue. In the 

papers [4-6], for example, an outline of this sort consists of five successive stages which are as 

follows: 

I. Description of the measurement, identification of significant quantities (including the 

measurand and influence quantities) and applied method of measurement. 

II. Analysis of the measurement, its decomposition into separate elements , graphical 

representation of the cause-and-effect relations between the elements for a certain ideal (not 

exposed to external influences) measurement within the scope of the standard modeling 

components. 
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III. Consideration of all distortions, effects of an incomplete knowledge of quantities and 

external factors capable of affecting the ideal measurement. Graphical and mathematical 

interpretation of the cause-and-effect relations for the real (exposed to external influences) 

measurement. Use of corrections for taking into account distortions (external influences). 

IV. Identification of reciprocal influence of quantities, introduction of correlations. 

V. Transformation of mathematical relations which describe the cause-and-effect 

relationship for obtaining the model equation. 

It should be pointed out that the operations necessary for the mathematical formulation of 

the problem are not specifically treated in the above mentioned publications. 

In articles [11 - 18] an algorithm of obtaining the measurement equation is represented by 

seven stages as given below (you can find below the description of the algorithm for the case 

with the only one quantity to be measured to simplify the matter, and for the case with 

measuring more than one quantity the procedure should be similar): 

I. Selection of a measurement object and preliminary identification of its properties and 

attributes which are essential for formation of a data signal carrying information relevant to 

the quantity value to be measured (unknown quantity value). Concretization of the said 

quantity. 

II. Preliminary identification of physical processes which may influence the data signal and 

lead to a change in the latter during signal traveling from the object of measurement to the 

measuring device including traveling of the signal within the measuring device. Selection of 

quantities to be immediately measured. 

III. Formulation of a set of equations (with appropriate initial and boundary conditions) to 

describe the physical processes responsible for forming the data signal and influencing the 

latter during traveling of the signal from the measurement object to the measuring device 

including traveling of the signal within the measuring device (the mathematical formulation of 

the problem). 
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IV. Analysis of the initial equations. A quantitative assessment of influence of individual 

physical effects and processes on characteristics of the data signal during transmission of the 

signal from the measurement object to the measuring device, including transformation of the 

signal in the measuring device. Simplification of the mathematical formulation of the problem 

based on elimination of some physical effects and processes, which are insignificant for a 

given level of accuracy, from consideration. Evaluation of an error (uncertainty) caused by the 

said negligible effects and processes. 

V. Selection and justification of the methods for solving the simplified equations for solving 

the problem which allow establishing the relationship between the unknown quantity (the 

measurand) and the immediately measured quantity values. Generally, this relationship may 

contain known constants, parameters with fixed values as well as some additional unknown 

parameters which consider, as an example, an influence of some external factors and which 

are to be determined separately. 

VI. Solution of the equations solving the problem, analysis of the established relationship 

and transforming it to get the most convenient form for derivation of the measurement 

equation. In this case, two variants should be considered as follows: a) additional unknown 

parameters are represented as corrections provided they are empirically calculated in an 

independent way; b) the established relationship is used to formulate a set of equations that 

allows determining the quantity to be measured (the measurand) and some additional 

unknown parameters provided that they are instrumentally determined. 

VII. Derivation of the measurement equation and estimation of methodical error 

(uncertainty) of the measurement result. Reducing the measurement equation to a standard 

form relating to direct, indirect, collective, joint or system measurements. 

Let us consider a possible block diagram of the case of practical implementation of the 

above algorithm of the measurement equation justification [11 - 18] and estimation of the 

methodical error (uncertainty) of the measurement result for an exemplary indirect 

measuring. As before, we assume that there is only one unknown quantity value (while this 
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algorithm is valid to another case with more than one quantity value, where the singular form 

of “quantity value” should be replaced by its respective plural form). The block diagram is 

given herein below, where the numbers denote actions, and the Roman letters signify the 

conditions of execution of these actions, namely: 

 

 

 

Figure 1. Block diagram of the case of practical implementation of the 

above algorithm of the measurement equation justification. 
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1 – identifying of the measurement object, the quantity to be measured and the values to be 

measured immediately; 

2 - listing of effects that are essential for the formation of the functional relationship 

between the quantity to be measured and the values to be immediately measured; 

3 - based on an analysis of the literature on the subject, availability for relations connecting 

the immediately measured quantity values and the quantity to be measured (and their 

accuracy evaluation) should be defined; 

4 – formulating of the equations for the physical effects and processes with their initial and 

boundary conditions that reflect the measurement problem specificity (mathematical 

formulation of the problem) ; 

5 – using of the relations already available in the literature on the subject for justification of 

the equation of measurement, and the estimation of their accuracy should be applied to the 

evaluation of the methodical error (uncertainty) in the measurement; 

6 – completing an analysis and an assessment of contributions of the individual physical 

effects and processes to the formation of the relationship between the desired quantity to be 

measured and the immediately measured quantity values, specifying the list of the effects and 

simplifying the original problem statement; 

7 - solving the problem and obtaining the relations between the quantity to be measured 

and the immediately measured quantity values. Assessing of accuracy of the obtained 

relations on the basis of an analysis of the simplifications made before, when formulating and 

solving the problem; 

8 - formulating of a set of equations necessary for determination of additional unknown 

parameters and the desired quantity to be measured with the obtained relations, which are 

presented for various values of the recorded parameters and the corresponding immediately 

measured quantity values (for the same values of the quantities to be determined as well as 
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additional unknown parameters). Finding the equation of the measurement as a result from 

solving the above set of equations. Assessing of the methodical error based on the evaluation 

of the accuracy of the relations, as given above, which describe the relation between the 

desired quantity to be measured and the immediately measured quantity values; 

9 – obtaining of the measurement equation using the derived relations where the 

additional unknown parameters, determined by computation, play the role of corrections. 

Methodical error should be estimated based on the assessment of the relation accuracy, as 

given above, which describe the relation between the desired quantity to be measured and the 

immediately measured quantity values, taking into account errors for establishing the 

corrections; 

10 – transforming of the derived relations into the measurement equation. Utilization of 

the error caused by the inaccuracy of the relations as the methodical error of the 

measurement equation. 

A – relations are not available; 

B - relations are available, but without estimation of accuracy; 

C - relations are available with estimation of accuracy; 

D - accuracy does not comply with the specified requirements; 

E - accuracy complies with the specified requirements; 

F – the obtained relations contain not only the known constants, the recorded parameters, 

the desired quantity to be measured and the immediately measured quantity values, but also 

some additional unknown parameters (taking into account, for example, external 

environment influence), which should be determined separately; 

G - the derived relations contain the known constants, the recorded parameters, the 

desired quantity to be measured and the immediately measured quantity values only; 
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H - additional unknown parameters are determined with instrumentation; 

J - additional unknown parameters are determined by calculation using supplementary 

data. 

From the above algorithm description, it follows that in those cases when the relevant data 

are available in the literature, some steps of the algorithm may be skipped. Among the other 

things, it should be noted that the wording used to define the actions prescribed by the 

algorithm cannot be considered in isolation from the wording describing the conditions of 

execution of these actions. 

Conclusions 

The review and the critical analysis of the literature dedicated to the solution of the problem 

of justification for the equation of measurement and the estimation of the methodical error 

(uncertainty) of the measurement result have been conducted herein. It has been shown that 

the mathematical formulation of the problem within the context of the approach presented in 

[11 - 18] is based on the application of rigorous formulations of physical laws (laws of nature) 

with the relevant boundary and initial conditions, considering the specificity of the given 

measurement task. The algorithm proposed in the present paper can be utilized for derivation 

of the measurement equations necessary for the development of new measurement methods, 

as well as for the development of measuring instruments to implement such methods, 

including analysis of the measurement result accuracy. 

Statement on ethical issues 

Research involving people and/or animals is in full compliance with current national and 

international ethical standards. 

Conflict of interest  

None declared. 

 



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 67 
 

 

 

Author contributions 

The author read the ICMJE criteria for authorship. The author read and approved the final 

manuscript. 

References 

1. Evaluation of measurement data — Guide to the expression of uncertainty in measurement. 

JCGM 100:2008.   

2. Zemelman MA. Metrological foundations of technical measurements. Moscow: Izdatelstvo 

standartov; 1991. 

3. Mathematics & Modelling for Metrology — Publications. Available from 

http://www.npl.co.uk/mathematics-scientific-computing/mathematics-and-modelling-for-

metrology/publications/  

4. Sommer KD, Weckenmann A, Siebert BRL. A systematic approach to the modelling of 

measurements for uncertainty evaluation. J. Phys.: Conf. Ser.;13(224). doi: 10.1088/1742-

6596/13/1/052. 

5. Sommer KD, Kochsiek M, Siebert B, Weckenmann A. A generalized procedure for modelling 

of measurement for evaluating the measurement uncertainty. XVII IMEKO World Congress 

Metrology in the 3rd Millenium Dubrovnik, Croatia; 2003. 

6. Sommer KD, Siebert BRL. Systematic approach to the modelling of measurements for 

uncertainty evaluation. Metrologia. 2006;43:S200-10. doi: 10.1088/0026-1394/43/4/S06. 

7. Shlykov GP. The equations of measurement processes. Measurement techniques. 

2008;51(4):357-65. doi: 10.1007/s11018-008-9045-x. 

8. Tsvetkov EI. General approach to evaluation of measurement accuracy. Measurement 

Techniques. 20(12):1684-8. doi: 10.1007/BF00817122. 

9. Knorring VG, Solopchenko GN. Measurement Theory as an Independent Branch of 

Knowledge: Aims and Problems of Characterization. Measurement Techniques. 

2003;46(6):546-551. doi: 10.1023/A:1025451625853. 



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 68 
 

 

 

10. Granovsky VA, Siraya TN. Methods for Data Processing in Measurement. Leningrad: 

Energoatomizdat; 1990. 

11. Prokopov AV. Error, uncertainty and the issue on modeling in the theory of 

measurements. Ukrainian journal of metrology 2000(4):23-7. 

12. Moskalenko MV, Prokopov AV. Physical and mathematical modeling of measurement 

equations. Applied radio electronics. Current state and perspectives of development. The 2nd 

International forum on radio electronics; Kharkov, KNURE 2005. 

13. Prokopov AV. An Algorithm for Deriving the Measurement Equation and Estimating the 

Methodological Error (Uncertainty) in the Result for Indirect Measurements. Measurement 

Techniques.48(4):346-51. doi: 10.1007/s11018-005-0147-4. 

14. Moskalenko MV, Prokopov AV. Physical and mathematical modeling of measurement 

equations. Uncertainty in measurements:  scientific, methodical and production aspects. The 

2nd scientific technical seminar.  Kharkov National University of Radioelectronics; 2005.  

15. Moskalenko MV, Prokopov AV. On considering the measurement equation type in 

measurement uncertainty evaluation. Metrological and gaging equipment: International 

Scientific and Technical Conference; Kharkov; October, 12-14, 2004. 

16. Prokopov AV. Measurement equation as a fundamental issue of metrology. Metrological 

and Gaging Equipment: International Scientific Technical Conference; Kharkov:  National 

Scientific Center “Institute of Metrology”; October, 14-16, 2008. 

17. Prokopov AV. Measurement equation as a metrological issue in preventing the emergency 

situation. Kharkov: National University of Civil Defense of the Ukraine: Issues of emergency 

situations; 2010; 11:98-104. 

18. Prokopov AV. Issue on measurement equation substantiation and evaluation of the 

methodological component of error (uncertainty) in measurement result. Information 

Processing Systems. 2011;1(91):45-8. ISSN 1681-7710. 

19. News from the JCGM/WG1.  

Available on: http://www.bipm.org/utils/en/pdf/news_jcgm-wg1.pdf     



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 69 
 

 

 

Report 

Hydro-mechanical foundation for blood swirling vortex flows formation in the 

cardio-vascular system and the problem of artificial heart creation 

Sergey G.Chefranov1, Alexander G.Chefranov2*, Artem S.Chefranov1 

1 A.M.Obukhov Institute of Atmospheric Physics Russian Academy of Sciences,  

Pyzhyovskiy pereulok, 3, Moscow, Russia 
2 Eastern Mediterranean University, Famagusta T.R. North Cyprus via Mersin 10, Turkey 
* Corresponding author: Phone: +90 (392) 630-11-90 

E-mail: alexander.chefranov@emu.edu.tr 

Submitted: 10 September 2013 

Accepted: 18 October 2013 

Published online: 30 November 2013 

 Abstract Leonardo da Vinci perhaps was the first who paid attention to the energetic 

efficiency of existence of vortices emerging near sines of Valsalva and defining 

normal functioning (opening) of aortal valve. However up to now a fundamental 

problem of defining of mechanisms of mysterious energetic efficiency of functioning 

of cardio-vascular system (CVS) of blood feeding of the organism is still remaining 

significantly not solved and this is, for example, one of the main restriction for the 

creation of artificial heart and corresponding valve systems. In the present paper, 

results witnessing possible important role of the very hydro-mechanical mechanism 

in the realization of the noted energetic efficiency of CVS due to formation in the CVS 

of spiral structural organization of the arterial blood flow observed by methods of 

MRT and color Doppler-measuring in the left ventricular of the heart and in aorta 

(A.Yu.Gorodkov,et.al.).  
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Introduction 

It is known that spiral structural organization of the fluid flow and also for the blood flow is 

more stable to turbulent disturbances for significantly greater Reynolds numbers than for 

pure Hagen-Poiseuille type laminar flow. This stability of swirled flows in CVS may lead to the 

decreasing risk of thromb formation and to the increase of volumetric transfer though the 

vessel cross-section in comparison to with more subjected to turbulization flow in which 

natural spiral structural organization was broken e.g., by surgical   interference. In the present 

paper we show that, observed in many technical and natural systems and phenomena 

structurally stable organization of the flow of fluid (not only in CVS but in long living vortices 

of tornado and waterspouts, for example), may follow  from variational principles of hydro-

mechanics. We also show an important role of the value of spirality or helicity of the flow for 

the possibility of non-invasive and effective of conducted functional diagnostics of patients. 

The latter is possible on the base of recording of character periodic variability of pressure 

pulsations in the flow. On the other side, we give the new theory for linear instability of 

Hagen-Poiseuille flow (historically first time introduced by Hagen in relation to the very blood 

flow study) with respect to making spiral resulting flow quasi-periodic disturbances already 

for not large Reynolds numbers Re>450. 

Materials and methods 

Extremes of kinetic energy and rate of its dissipation in hydro-mechanics of the swirled flows 

In [1] it was obtained the next generalizations of well known hydrodynamic Kelvin’s theorem 

on flow kinetic energy T minimum and Helmholtz’s theorem on minimum  of the kinetic 

energy dissipation rate  (see below ) .  

1. First generalization can be obtained by consideration of next condition minimum for 

functional T 
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where S- integral helicity of vortex flow of the fluid with velocity V. In (1)-(3) 0ρ  is the 

constant dencity of the fluid. The solving of the problem is giving by variation of a functional 
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where 1µ and 2µ are Lagrange’s multipliers . 

From the condition 0=Fδ in (4) we have (5), (6): 
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 is the flow of Gromeka-Beltrami: 
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For the particular case (which is important for considerations taking below in paragraph 3) 

we have from (6) in cylindrical frame of coordinat:  
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1, JJo - Bessel functions of zero and first order. 

2. For the second variation problem we must consider the variation of the functional  
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where ν  is coefficient of kinematic viscosity. The first variation of (8) is zero for the 

velocity field (9): 

3211 Vωω λλλν gradrot =++     (9) 

In particular, for 0VV =  from (6) under 
ν

λ
2

1−=k  the equation (9) may take place. 

 

 

Figure 1. Square and rectangle with equal squares; circle 

and ellipse with equal squares. 

 

Thus far, among all vortex flows of incompressible fluid having the same kinetic energy 

(analogous to the square of such figures as rectangles and ellipses as on Fig.1), minimal rate of 

viscous dissipation of this energy (analogous to the length of perimeter of these geometrical 

figures) belongs to the homogeneous screw spiral flows of the Gromeka-Beltrami type. It 

provides observed wide realizability of such type swirled vortex modes in the natural and 



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 73 
 

 

 

engineering systems, e.g., in arterial departments of the cardio-vascular system (in the left 

ventricular of the heart and in aorta. 

Maximal volumetric fluid flow rate and “golden” angle of the swirled flow in a pipe 

Let’s consider (see also [2]) flow of incompressible fluid along the straight not bounded by 

length pipe with the round cross-section, the same along the entire pipe. 

We shall model a near-axis part of the flow in the form of the considered above Gromeka-

Beltrami flow (7). In the case when radius of this near-axis core of the flow coincides with the 

pipe radius R respective volumetric fluid flow rate across round cross-section of a pipe of 

radius  is as follows 

x

xBJR
Q

)(2 1
2π= ,     (10) 

BRQkRx 2
0, π== . 

In the Fig. 2 below, dependence of the non-dimensional volumetric rate 0/ QQ  on α is 

presented, i.e., on the angle of inclination of the line tangent to the vortex spiral relative to the 

pipe axis with 

,
2

x

h

R
tg ==α and 

k

u
h

z

z 2=
Ω

=  - is a step of homogeneous-helical vortex spiral.  

In the unbounded space 1/max 0 =QQ  when 0=α , since 0=S  when 0=k  
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a) Joining of vortex near-axis flow (7) and exact dissipative near-wall solution (wall of the 

pipe rotates with the angular velocity Ω ) when RRr <= 1  
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Condition for joining of the velocity field 
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Condition for joining of the pressure field in particular when 0=κ is as follows 

2

1
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2
1 =

R

R
      (14) 

i.e. RR 707.01 ≈  and ,..2,1,0)(, ,00,0 ==== nJkRx nn γγ . 0/max QQ when 404.21,0 == γx  

It corresponds to the inclination angle of the vortex spiral (approximately equal to the 

“golden” angle=51.80) 

03.50=α       (15) 

Thus far, among all energetically effective (non-dissipative) homogeneous screw spiral 

vortex modes of the flow of the Gromeka-Beltrami type, only for inclination angles of the 

spiral close to the “golden” one there may realize maximal volumetric rate-transfer of the fluid 

across the pipe cross-section. May be, the very hydro-dynamic mechanism is responsible for 

the formation already at the prenatal stage of ontogenesis of close (with angles about 52 

degrees) spiral orientation of the muscle filaments  in muscles of the wall of the left 

ventricular of the heart and in the walls of large arteries. 
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Figure 2. Dependence of the non-dimensional 

volumetric rate 0/ QQ  on α .  

 

Auto-oscillations emerging when the swirled flow outflows in unbounded space 

Let’s consider the problem of identification of fluid or blood helicity value by the determine of 

it’s pressure periodic variations. For the purpose of solving this problem we use here the 

exact solution of the equations of hydrodynamics in a rotating with angular velocity Ω

reference system [3]: 
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For consideration of comparison of theory (16)-(20) with experiment [4, 5] (where giving 

investigation of the pressure pulsation period when the filled swirled flow outflows in 

unbounded space) lets present (16)-(20) in the next useful form:   
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r - radius of the outflow nozzle, λ - length of the confuser, 863.0
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0 =k , f

- dominating frequency in the spectrum of pressure pulsations and thus for graphical 

presentation we have the function: 
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s
f

γ+= for different γ  and s. 

In the next figure we have the theoretical dependences for 1f - rigid lines 1, 2, 3, 4 for /r λ  

→0.4, 0.7, 1, 1.4. 

For experiment [4]: 7/2/ =λr →sign (1), ½ - sign (2), 5/7 – sign (3), 1 – sign (4) and sign 

(5) in Fig. 3 for experiment [5]. 
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Figure 3. The theoretical dependences for 1f - rigid lines 1, 2, 3, 4 for /r λ  →0.4, 

0.7, 1, 1.4. 

 

Obtained results satisfactory comply with experimental results and may be used for non-

invasive diagnostics of the level of helicity (providing stability with respect to the flow 

turbulization and respective increase of the risk of thromb formation) of the blood flow in the 

arterial departments of the cardio-vascular system on the base of auscultative measuring of 

spectrum of frequency of pressure pulsations.  

Conclusions 

Linear Exponential Instability of the Hagen-Poiseuille Flow with Respect to Synchronous Bi-

Periodic Disturbances 

The main conclusion of [6, 7] and our paper is that already for Reynolds numbers less than 

1000 it is possible to have instability of the laminar Hagen - Poiseuille flow  relative to 

emergence of the spiral resulting flow that is more energetic efficient than other vortex flow 

with smaller kinetic energy and its rate of dissipation. [6, 7] also give the resolve of 

fundamental and applied problem of understanding of the mechanism of turbulence 
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development for the Hagen-Poiseuille (HP) 1 flow remains mysterious because of the paradox 

of the linear stability of this flow to extremely small magnitude disturbances for any large 

Reynolds number values Re [8-11]. Up to now, to bypass this obvious paradoxical 

contradiction to experiment, a consensus is made to allow only non-linear mechanism of the 

HP flow instability to a disturbance with a sufficiently large finite magnitude [12-15]. This 

assumption is usual (see [10, 11]) based on the very special interpretation of the experiments 

in which the substantial increase of the threshold Reynolds number thRe  value (defining 

transition from the laminar to turbulent flow state) is achieved by increasing the smoothness 

of the streamlined pipe surface. In such an interpretation, only correlation between 

smoothness increasing and resulting decreasing of the initial disturbance magnitude is taken 

into account. Meanwhile, noted already by O. Reynolds [8] extremely high sensitivity of the 

value of thRe  to the initial disturbance does not exclude possibility of affecting on thRe  not 

only magnitude but frequency characteristics of the disturbances (resulting from non-ideal 

smoothness of the streamlined surface) as well. Actually, for example, in the experiment [16], 

it was found that under the fixed magnitude of artificially excited disturbances, HP flow 

instability develops only in the narrow disturbances frequency range. 

Herein, based on the theory [6, 7], we establish, that possibility of the linear absolute 

instability of the HP flow in the general case also is defined by the value of the additional to 

Recontrol parameter p , which characterizes frequency properties of the disturbances and 

affects on the value of )(Re pth independently from the magnitude of the initial disturbances. 

Such a parameter p  introducing is performed below on the base of pointed by O. Reynolds [8] 

(and by W. Heisenberg, see [11, 13]) dissipative GP flow instability mechanism related with 

the action of molecular viscosity ν  in the proximity of the solid boundary. According to [8], 

the mechanism manifests itself as a spontaneous one-stage appearance for  thReRe >  of the 

vortexes having character size νl , «..which does not grow any more contrary to expectations 

                                                        
1 HP flow is a laminar, stationary flow of the uniform viscous fluid along the static, direct and 

the length unbounded pipe with the round the same along the pipe axis crosscut. 
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with the growth of the velocity magnitude [8]». As a result, in addition to the character 

disturbance scale related to the pipe diameter, R2 , due to near-boundary vortex-generating 

viscosity action, there exists a new additional scale νl  ,which is proportional to the size of 

some part (which is really activated only for 0≠ν ) of the pipe boundary. It, together with R , 

can define frequency parameters of the initial disturbances, e.g., the longitudinal along the 

pipe axis (axis z ) spatial periods. The ratio of the periods, 
R

l
p

2
ν= , as it is shown below, is a 

new additional to Rе  parameter defining the HP flow instability threshold to the conditionally 

periodic on z  extremely small vortex disturbances. Such representation of the disturbances 

structure meets in observed conditionally periodic Tollmien-Schlichting (TS) waves 

development of which caused also by near-boundary action of the molecular viscosity. We 

show, that the assumption of the strict longitudinal (by z ) periodicity of the disturbances 

may result in the paradoxical conclusion on linear stability of the GP flow for any Rе  with 

∞→thRe . The same time, with the simplest Galerkin’s approximation, we get the finite value 

of the absolute minimum 448Re ≈th  (for ..53.1≈p -see also complete theory in [6, 7] ). 

Thus, we have the hydro- mechanical base for understanding the restrictions on the 

possible modeling of artificial cardio- vascular prototypes. In [17, 18] also considered the 

important variant of spiral blood flow model with non- zero helicity, which correlated with 

stability to effects of environmental factors [19]. 
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 Aims Recipients of ventricular assist devices (VADR) have a higher incidence to develop 

antibodies (Abs) against human leukocyte antigens (HLA). Non-HLA antibodies like 

major histocompatibility complex class I-related chain A (MICA) and autoantibodies 

against angiotensin type 1 receptor (AT1R) and endothelin receptor A (ETAR) are 

also implicated in the pathogenesis of acute rejection and allograft vasculopathy. We 

monitored non-HLA- and HLA-Abs in VADR up to one year after implantation. 

 

 

 Materials and 

methods 

Sera of 56 VADR (54.1±12.8 years old, 50 men) were analyzed for Abs against HLA-, 

MICA-, AT1R- and ETAR several times over one year after implantation using ELISA 

and Luminex xMAP technology. Blood transfusions, gender and age were reviewed. 

 

 Results Half of the VADR were positive (>16.5 U/l) for Abs against AT1R (50%) and ETAR 

(51.8%) with high titres up to 1000 U (21.4% each) or above 2000 U (anti-AT1R: 

19.6%; ETAR: 25%). 58.9% of the VADR showed moderate titres of HLA- and/or 

MICA-Abs within the first year (HLA-class I-Abs: 44.6%, HLA-class II-Abs: 25%, 

MICA-Abs: 25%). Of note, AT1R- and ETAR-Ab positive VADR received more blood 

transfusions, with statistical significance in platelet transfusions (1.9±2.5 vs. 4.4±6). 

 

 Conclusion Beside HLA- and MICA-Abs, VADR showed high titres of Abs against AT1R or ETAR, 

which underlines the necessity for monitoring non-HLA antibodies in VADR prior 

heart transplantation. 

 

 Keywords Ventricular assist device • Transplantation • AT1R • ETAR • HLA-antibodies •  

Non-HLA antibodies  
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Introduction 

Ventricular assist devices (VADs) are indicated for the treatment of heart failure and due to 

the lack of suitable grafts as bridge to heart transplantation (HTx). However, despite the 

success in VAD therapy, VAD implantation is associated with an increased rate of human 

leukocyte antigen (HLA) immunization, above that which would be expected following 

exposure to the known risk factors like blood transfusion and previous pregnancy [1, 2]. The 

extended antibody production in VAD recipients (VADR) has been attributed to effects of the 

textured interior surfaces of VADs or the neointima, which is subsequently formed after 

implantation, on the host immune system [3, 4]. Thus, VADR show a 3- to 4-fold frequency of 

anti-HLA class I and class II immunoglobulin level, compared with an advanced heart failure 

control group [5]. Since the elevation of panel reactive antibodies (PRA) was associated with 

acute and chronic rejection, the level of sensitization prior HTx displays a significant risk on 

successful transplantation outcome [6]. 

In addition to HLA class I and class II alloantibodies, non-HLA immune response against 

vascular endothelial cells can also be responsible for a higher risk of allograft vasculopathy 

(CAV) and graft failure [7-11]. Beside antibodies (Abs) against the histocompatibility complex 

class I-related chain A (MICA) antigen, agonistic Abs against angiotensin type 1 receptor 

(AT1R), the main receptor for angiotensin II, seem to negatively affect vascular rejection. In 

kidney-transplant recipients for example, the presence of AT1R-activating Abs was 

accompanied by allograft rejection and invariably accelerated hypertension [9]. Furthermore, 

Abs against endothelin receptor A (ETAR) act in a similar manner as anti-AT1R antibodies. 

Using angiotensin II and endothelin A receptor blocker, it has been shown that both types of 

Abs specifically activate the AT1R or ETAR on microvascular endothelial cells, respectively. 

This further leads to an activation of ERK1/2 kinase and to an increase of the pro-fibrotic 

cytokine TGFβ expression. Of note, this signaling occurs independently of the endogenous 

natural ligand and was even stronger with ETAR-Abs than with endothelin 1 (ET-1) [14]. 

Interestingly, ETAR-Abs are also detected in most patients with systemic sclerosis, which is 

characterized by autoimmunity, tissue fibrosis and vasculopathy [14]. Both, Abs against AT1R 

and against ETAR negatively influence the survival of heart allografts: a recently published 
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study showed that the maximum levels of AT1R- and ETAR-Abs in patients in cellular and 

antibody-mediated rejection (AMR) were significantly higher than in patients without 

rejection [10].  

To date, no information about the incidence of MICA-, AT1R- or ETAR-Abs in end-stage 

heart failure patients with VAD are available. But since these Abs have an impact on 

transplantation outcome, the objective of this study was to monitor Abs in VADR recipients. 

Due to the fact that the incidence of allo¬sensitization is decreasing during length of 

ventricular support, we analyzed Ab occurrence up to one year after implantation [15]. In 

addition to non-HLA-Abs, we also evaluated the HLA-Abs and their specificities. 

Materials and methods 

Patient population 

The study was approved by the Ethic Committee of the Medical Faculty of the University 

Leipzig and study was conducted with the understanding and consent of human subjects. 56 

patients (50 men, 6 woman), who underwent VAD implantation between November 2008 and 

January 2012 at the Heart Center of the University Hospital Leipzig were included in this 

study. Age, etiology, transfusion history and PRA of the VADR were reviewed. The baseline 

characteristics are summarized in Table 1. 
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Table 1: Baseline characteristics of VADR  

 

Characteristic n 

Gender 

Male 

Female 

 

50 

6 

Age years, mean (range) 54.1 (19-75) 

Etiology 

Ischemic cardiomyopathy 

Dilatative cardiomyopathy 

Myocarditis 

Becker muscular dystrophy 

 

21 

31 

3 

1 

Device 

HeartMateII® (Thoratec) 

HVAD® (HeartWare) 

PVAD™ (Thoratec) 

 

39 

16 

1 

Blood products, mean (± SD) 

Red blood cells  

Fresh frozen plasma 

Platelets 

 

15.1 (± 28.3) 

12.3 (± 23.4) 

3.2 (± 4.8) 

 

Serologic screening 

Sera were obtained from VADR to determine HLA- and non-HLA-Abs. HLA- and MICA-Abs 

were screened and subsequently specified with LABScreen® Mixed Class I, II and MICA and 

LABScreen® Single Antigen HLA Class I, Class II or MICA (BMT GmbH, Meerbusch-Osterrath, 

Germany), according to manufacturers’ instructions. Acquisition and analysis were performed 

with Luminex®200™ and HLA Fusion™ Software. Cut-off values for positive results were set 

to 3.0.  

AT1R- and ETAR-Abs were determined and quantified using a cell-based ELISA method by 

CellTrend GmbH (Luckenwalde, Germany), developed in the Department of Nephrology, 

Charité Campus Virchow Clinic, Berlin, Germany. According to a previous study, a cut-off at 

16.5 U/l was used to distinguish high from low binding [10].  

After VAD-implantation, HLA- and MICA-Abs were measured at least every 3 months. AT1R- 

and ETAR-Abs were screened two to four times per year. 
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Statistical analysis 

Data are shown as mean and standard deviation (SD). Statistical significance was tested by 

Mann-Whitney Rank Sum Test; a p-value of 0.05 was considered to be significant. 

Results 

Non-HLA antibodies 

In our study, within the first year of ventricular support, 50% (n=28) and 51.8% (n=29) of the 

VADR showed a high level of Abs against AT1R or ETAR (> 16.5 U/l), respectively.  

All VADR with Abs against AT1R were positive as well for ETAR-Abs, and vica verse. Of these 

AT1R/ETAR positive patients, only few showed moderate elevated antibody titres up to 100 U 

(17.9% (n=5) and 10.3% (n=3) for AT1R- and ETAR-Abs, respectively). The majority of VADR 

with AT1R- and ETAR-Abs showed high antibody titres up to 1000 U (21.4% (n=12) each) or 

above 2000 U (anti-AT1R: 19.6% (n=11); anti-ETAR: 25% (n=14).  

Regarding time-dependency of Ab occurrence, 25% (n=14) of all VADR showed a slight 

decrease in AT1R- and ETAR-Ab titres during the study period, but with only two VADR falling 

under the assumed cut-off of 17 U, while in 12.5% (n=7) of the patients the titres increased.  

Interestingly, there was one VADR, with negative anti-AT1R/ETAR diagnostic finding two 

months after VAD implantation, but with an increase of Ab titres >2000 U after ten months. 

This patient had serious Clostridium difficile, Staphylococcus aureus-driveline and rotavirus 

infections at the time between the two measurements.  

For all VADR with high AT1R- and ETAR-Ab titres >2000 U no changes of titres were 

detectable during length of ventricular support. Since AT1R-Abs activate the AT1 receptor, we 

also examined the medication regimes for each individual patient and recorded the intake of 

AT1R blocker and ACE (angiotensin converting enzyme) inhibitors [14, 16]. Out of all AT1R-

Ab-positive VADR (n=28), only 7.1% (n=2) received AT1R blocker during the time of 

ventricular support. In contrast, 42.9% of those patients received ACE inhibitors. The 
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remaining AT1R-Ab positive VADR received no drugs impairing the ACE-angiotensin II 

system.  

Using the Luminex-technology we also screened these patients for MICA-Abs. We only 

found 25% (n=14) MICA positive patients in our cohort. Out of these MICA positive patients 

78.6% (n=11) were also positive for AT1R- and ETAR-Abs. By using LABScreen® Single 

Antigen analysis an accumulation of MICA-07, -19, and -27 was observed. 

HLA-antibodies 

To completely evaluate sensitization, we also screened all VADR for HLA class I and class II 

Abs. 44.6% (n=25) of the patients had Abs against HLA class I and 25% (n=14) against HLA 

class II. Referred to AT1R- and ETAR-Abs, 60% (n=15) of the HLA class I-positive and 64.3% 

(n=15) of the HLA class II-positive patients were positive for the Abs as well. Furthermore, we 

observed an accumulation of Abs against the following antigen specificities: (1) HLA class I: 

HLA-A68, -A80, -B67, -B73, -B76; (2) HLA class II: HLA-DR-1, -DR4 or -DR9. 

Blood transfusion history 

Blood transfusion history, including red blood cells (RBC), platelets and fresh frozen plasma 

(FFP), did not show a significant difference between HLA- and MICA-Ab-negative and - 

positive recipients (Table 2). AT1R- and ETAR-Ab-positive VADR received numerically more 

red blood cells and fresh frozen plasma. Furthermore, they received a statistical significant 

higher amount of platelets (Table 2). 
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Table 2. Correlation of received blood products and occurrence of HLA, MICA and AT1R / 

ETAR antibodies. Values are shown as mean ± SD. 

Blood 

components 
Antibody positive Antibody negative p-value 

 AT1R / ETAR  

RBC 22.4 (±37.7) 7.3 (±6.1) 0.066 

FFP 18.7 (±30.9) 5.6 (±6.4) 0.059 

Platelets 4.4 (±6) 1.9 (±2.5) 0.009* 

 MICA  

RBC 12.8 (±19.5) 16.2 (±30.7) 0.923 

FFP 9.3 (±13.8) 13.7 (±25.9) 0.634 

Platelets 3.1 (±5.1) 3.3 (±4.7) 0.745 

 HLA  

RBC 16.8 (±35.3) 13. (±14.4) 0.859 

FFP 14.3 (±29.5) 10 (±11) 0.414 

Platelets 3.6 (±5.8) 2.6 (±2.8) 0.501 

AT1R / ETAR FFP, fresh frozen plasma; HLA, human leukocyte antigen; MICA, major 

histocompatibility complex class I-related chain A; RBC, red blood cells 

Patient examples 

Figure 1-4 show exemplarily three cases with typical progressions of AT1R- and ETAR-Ab 

titres during the study period. Case 1 (Figure 1), an 36 years old male VADR (HVAD™) with 

dilatative cardiomyopathy received only two platelet transfusions and was HLA- and MICA-

Ab-negative. Three months after VAD implantation, he was slightly ETAR-Ab-positive, but 

both Ab titres (ETAR and AT1R) fall below the cut-off. 
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Figure 1. Case 1: Male, 36 years old at time of VAD implantation 

(HVAD®); diagnosis: dilatative cardiomyopathy. FFP, fresh frozen 

plasma; RBC, red blood cells. 

 

The second case (Figure 2), a 58 years old male VADR (HeartMateII®) with ischemic 

cardiomyopathy and subsequent anterior myocardial infarction was also negative for HLA- 

and MICA- but positive for AT1R- and ETAR-Abs. He received in total 14 blood transfusions 

perioperativ, but the strong decrease to marginal positive titer and the proximate increase of 

both autoantibodies could not related to a clinical incidence. 
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Figure 2. Case 2: Male, 58 years old at time of VAD implantation 

(HeartMateII®); diagnosis: ischemic cardiomyopathy. FFP, fresh 

frozen plasma; RBC, red blood cells. 

 

Case 3 (Figure 3), an 51 years old female VADR (HeartMateII®) with dilatative 

cardiomyopathy was probably sensitized through one pregnancy. She received in total 13 

blood transfusions perioperative and the PRA-level increased during ventricular support. 

Additionally, she was positive for Abs against AT1R and ETAR but despite the PRA increase, 

the Ab titres, especially the titre for ETAR-Abs, decreases. 

 

 

 

Figure 3. Case 3: Female, 51 years old at time of VAD implantation 

(HeartMateII®), 1 child; diagnosis: dilatative cardiomyopathy. FFP, fresh 

frozen plasma; RBC, red blood cells. 
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The fourth case (Figure 4) is a 63 old male with ischemic cardiomyopathy. Before VAD 

implantation (HVAD™) he was negative for HLA class I- and II- as well as for MICA-Abs, but 

showed high titres of AT1R- and ETAR-Abs. Interestingly, 4 days before VAD implantation, the 

titres for AT1R- and ETAR-Abs decreased below the cut-off of 16.5 U/l. Perioperative he 

received 16 blood products in total. From 3 to 7 month after VAD implantation, the AT1R- and 

ETAR-Ab titres increased again and were comparable to the titres before VAD implantation. 

Furthermore, this patient was positive for MICA-Abs after VAD implantation. 

 

 

 

Figure 4. Case 4: Male, 63 years old at time of VAD implantation 

(HVAD®); diagnosis: ischemic cardiomyopathy. FFP, fresh frozen plasma; 

RBC, red blood cells. 

 

Discussion and conclusions 

During the last years, it has become evident, that the implantation of VADs is associated with 

an immunological risk, which influences not only morbidity during ventricular assistance, but 

can also influence the waiting time to transplantation as well as the transplantation outcome 

due to allosensitization [1, 17-19] 

The increasing number of implanted biomaterial in the new generation of VAD (e.g. 

HeartMateII®, HVAD®) showed, that no material is biological inert. Currently used 
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ventricular assist devices consists of a combination of metal, polymers and porcine tissue (e.g. 

HeartMateII®, HVAD®, Thoratec®), which is in continuous contact with blood [20]. Ab 

production has been attributed to the textured interior of devices, which is necessary to form 

a neointima and prevent thrombotic events. VADR show an IL-6 mediated B-cell 

hyperreactivity caused by CD40L expression of T-cells in response to VAD-derived 

biomaterial suspension. This is held to be responsible for an increased production of 

immunoglobulins and allosensitization during ventricular support [21].  

Furthermore, it has been shown, that monocyte-T-cell interaction and T-cell activation 

through IL-2 receptor dependent pathways occurred on surfaces of assist devices [22]. 

Despite their activation, T-cells from VADR show defective proliferative responses after 

activation and a heightened surface expression of CD95, leading to enhanced activation 

induced cell death [3, 5]. This impairment of cellular immunity leads to an enhanced risk to 

suffer from uncommon fungal infection, e.g. Candida [3].  

Allosensitization against HLA class I and class II antigens is a common phenomenon during 

ventricular assistance and had been described in several previous studies [15, 23-26]. 

However, the implication of non-HLA antigens in chronic rejection after HTx, especially 

cardiac allograft vasculopathy (CAV) became more evident [10].   

In this study we demonstrated for the first time that Abs against non-HLA antigens like 

MICA, AT1R and ETAR already occur prior to transplantation, during ventricular assistance. 

We found, that a considerable proportion of VADR are sensitized against non-HLA antigens. In 

more detail, this study showed, that 50% of VADR were positive for AT1R-Abs. A prospective 

analysis in heart allograft recipients showed, that patients with cellular and antibody-

mediated rejection had higher maximum level for AT1R- and ETAR-Abs and a predictive cut-

off of 16.5 U/l was figured out [10]. Of note, our group also showed, that 75% of heart 

allograft recipients with transplant relevant antibodies and diagnosed CAV are positive for 

AT1R- and/or ETAR-Abs [11]. 
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Anti-AT1R (IgG1 and IgG3) bind to two epitopes of the second extracellular loop, activating 

the receptor and subsequently ERK1/2 kinase in microvascular endothelial cells, which finally 

leads to increased proliferation and fibrosis [14, 16]. Interestingly, a higher myocardial AT1R 

gene expression correlates with the incidence of CAV in HTx patients, compared to a non-

vasculopathic group [27-29].  

Beyond the expression in endothelium, smooth muscle cells, fibroblasts and 

cardiomyocytes, the AT1R is also expressed in T cells, natural killer cells and monocytes, 

indicating a non-classical function of Angiotensin II (AngII) in leukocytes [30]. Furthermore, 

AT1R expression is about 10fold higher in activated T cells [31]. Since it had been shown, that 

AngII enhances expression of T cell activation marker CD25 and CD69, agonistic AT1R-Abs 

may also be involved in T cell activation and in the mechanism of allosensitization during 

ventricular assistance [31].   

Regarding the medication regime, one can speculate, that the AngII signalling in AT1R-Ab-

positive VADR receiving ACE inhibitors (42.9%) is not sufficiently inhibited, whereas those 

patients receiving AT1R blocker should not be influenced by the occurrence of these Abs. 

Nevertheless, follow-up studies after HTx should be done to test this hypothesis.  

Beside AT1R-Abs, 51.8% of VADR were positive for Abs against ETAR, which are involved 

in pathogenesis of systemic sclerosis and vasculopathy [14]. Systemic sclerosis patients 

harbor AT1R- and ETAR-Abs and it was shown that these Abs could participate in fibrogenesis 

via induction of TGFß expression in human microvascular endothelial cells [14].   

We confirmed, in accordance with published data, the coincidental occurrence of both Ab 

types in VADR [14]. To date, the factors which lead to the loss of self-tolerance of the immune 

system, and subsequently to the generation of these Abs are not well understood. The 

receptors have to be degraded into oligopeptides and engulfed into antigen-presenting cells, 

which may be a result of cell damage. Studies dealing with AT1R-Abs in preeclampsia for 

example, assume hypoxia-mediated vascular injury and increased inflammatory response as 

main cause [32]. If a similar mechanism is responsible for Ab occurrence after VAD 
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implantation is at present speculation. Of note, agonistic β1-adreno-, α1-adreno- and ETAR-

Abs correlate with dilated cardiomyopathy, secondary hypertension and pulmonary arterial 

hypertension, respectively [32]. Since we measured no AT1R- and ETAR-Abs prior VAD 

implantation, it is difficult to estimate weather these abnormal high AT1R- and ETAR-Ab titres 

of more than half of all VADR are a result of pre-existing morbidity, VAD-surface modulated 

hyperreactive B-cells or an interplay of both. However, the large proportion of VADR having 

high-titre of AT1R- and ETAR-Abs indicate immunological high-risk patients, which warrant 

particular attention in monitoring and treatment prior and post transplantation.  

Previous studies on kidney transplant recipients showed, that a combination therapy 

beyond the standard immunosuppressive therapy, consisting of additional plasmapheresis 

and immunoglobulin infusion as well as treatment with the AT1R blocker losartan, resulted in 

improved renal function and graft survival [9, 33].   

Moreover, our study showed for the first time, that VADR can also be sensitized to MICA 

antigens within the first year after implantation (25%). Since MICA-Abs are associated with 

acute and chronic rejection, these Abs could, depending on allograft-typing, decrease the long-

time outcome after transplantation, and therefore should be included in screening procedure 

prior transplantation as well [34].   

HLA-sensitization through blood transfusions has been controversially discussed in 

previous studies. While platelet transfusions and plasma products may contain a sufficient 

amount of leukocytes to cause HLA alloimmunization and to increase PRA [17, 26], red blood 

cell transfusion may have no influence on the development of HLA class I-Abs, due to less 

contaminating T cells [5].   

Furthermore Coppage and colleagues stated, that the use of leukocyte-reduced, irradiated, 

ABO identical blood products abrogates broad allosensitization in a highly transfused 

population [20]. Thus, we also measured HLA-Ab titres and found that Abs against HLA class I 

occurred in 44.6% and against HLA class II in 25% of the VADR.  
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Regarding HLA- and MICA-Ab occurrence, we observed no significant difference in the 

number of blood transfusions between Ab-negative and Ab-positive patients (Table 2). As the 

occurrence of HLA- and MICA-Abs in our study did not correlate with transfusion-quantity, it 

is hypothesized that the textured interior of the VAD itself may be the cause for sensitization. 

However, in our study, occurrence of Abs could not be correlated to a special type of VAD 

(data not shown). Since AT1R- and ETAR-Ab-positive VADR received a higher amount of 

blood transfusions, this might also be a risk factor for developing Abs against AT1R and ETAR. 

For example, two VAD patient of our study (Figures 2 and 4) showed, that the AT1R- and 

ETAR-Ab occurrence may be independent of the occurrence of other transplant relevant Abs 

like Abs against HLA class I, HLA class II or MICA. 

In summary, this study showed for the first time the incidence of non-HLA-Abs in VADR. 

Since not only HLA- but also AT1R-, ETAR- and MICA-Abs are known to be involved in the 

pathogenesis of AMR and CAV after solid organ transplantation, screening for non-HLA-Abs 

should be included in clinical routine. Especially in end-stage heart failure patients and those 

who were bridged-to-transplant with VAD, such an Ab screening might be helpful to identify 

patients at risk prior HTx and, furthermore, to treat them appropriately. 
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 Abstract In the article main principles of ballistocardiography are considered. Special 

attention is paid to registration of the spatial ballistocardiogramm. There exist two 

principles of ballistocardiography: dynamic and seismic. In the event of dynamic 

ballistocardiography body displacements align to an extent with shifting of the 

general center of body gravity. Ideal conditions for ballistocardiogram acquisition 

could be reached if rigidity of internal body relations had an infinitely large value, 

while rigidity of external relations was nearing the zero. Then displacements of the 

entire body would depend only on the forces imparted by the cardiovascular system. 

Microgravity is the only environment providing these ideal conditions for 

ballistocardiography. Microgravity allows effective application of the dynamic BCG 

principle to recording pulse-induced body movements corresponding to the center 

of mass displacements. This kindled interest of the first researchers in space 

medicine in ballistocardiographic investigations during space flight. Since free flying 

requires enough space, the investigations became possible only with construction of 

orbital stations. The first in-space ballistocardiogram was recorded on December 26, 

1977 from Yu. Romanenko, commander of the first expedition to the Russian OS 

Salyut-6. 

The data about ballistocardiographic researches at orbital stations Salyut and MIR 

which were conducted to 70-90th years is presented. The first attempt the spatial 

ballistocardiogramm registration has been made in 1984 during the Soviet - Indian 

flight on OS Salyut-7. The first records spatial ballistocardiogramm have been made 

during space experiment "Vector" on OS the MIR in 1990. New experiment 

"Cardiovector" on the ISS is being prepared for 2014-16. 
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Introduction 

The major function of the heart is to pump blood from veins into arteries. Isaac Starr, a 

distinguished US cardiologist, once said, “The heart is not just a dynamo, but it is primarily a 

pump.” However, it is a known fact that today’s cardiologic practice gives preference to the 

electrophysiological investigation, i.e., taking records of electrical phenomena rather than 

mechanical processes that describe the pumping function of the heart. The reason is that 

historically electrocardiography (ECG) as a method of cardiac state identification appeared to 

be very simple for understanding by physicians and physiologists, especially if arrhythmia, 

stenocardia or myocardial infarction were an issue. Also, the electrocardiography procedure 

is fairly simple, whereas echocardiography and the more so catheterization challenges 

doctor’s knowledge and skills. 

Yet it should be noted that studies of the heart functions began with evaluation of cardiac 

contractility. Ancient pulse diagnosis relies on tracing the pulse wave propagation to 

peripheral vessels. Blood pressure measurement is also important for evaluation of vascular 

filling. One of the current methods of studying cardiac contractility and a topic for discussion 

in this paper is ballistocardiography (BCG); the method was invented by W. Einthoven before 

electrocardiography (1905). BCG was proposed by US scientist M.S. Gordon in 1879 and 

elaborated by I. Starr and J.L. Nickerson in the 1930-40s; in 1950s W. Dock designed a simple 

instrument to register ballistocardiogram in a patient lying in bed or a platform. Later on, the 

instrument was advanced to broaden ballistocardiography applicability in clinics and 

physiological investigations. In 1950-70s, BCG was one of the most popular methods both in 

medicine and physiology. According to the apt remark by W.R. Scarborough, all that is needed 

for ballistocardiogram recording is “to lie down and have a good rest”. In fact records of body 

microoscillations have a very complex genesis. They pick up not only body movements 

produced by blood ejection, but also sense the processes of their deceleration and damping. 

Hence, there is no direct link between the cardiac output parameters (volume, rate and force) 

and body movements. In their turn, displacements of the heart per so as well as blood masses 

in vessels due to cardiac contractions cause shifting of the body mass center. These are the 

displacements which represent the contractile function of the heart. Different instruments 
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and different principles of ballistocardiogram recording make it possible to reduce, to a 

varying degree, distortions introduced by friction and damping. However, ballistocardiograms 

that will mirror the center of mass shifting can be obtained only in microgravity where body is 

free flying without support. 

It should be remembered that body movements instigated by cardiac output are directed 

as along the head-to-foot axis (they are typically recorded during BCG investigations), so 

other axes. By the ballistocardiographic nomenclature proposed by the American Heart 

Association in 1956 (W. Scarborough, S. Talbot), there are six degrees of freedom for a free 

moving body: displacements along Х, Y and Z and turns about axes α, β and γ (fig. 1).  Vector 

ballistocardiographic investigations were first attempted by J. Braunstein (1950) and 

continued by W. Scarborough (1953), W.Dock  (1952-1956) and Yu.D. Safonov (1958). Figure 

2 shows an example of vector ballistocardiogram (A.A. Knoop, P.J. Pretorius, J.H. Hotink, 

1962). Records from a revolving body were termed torsion ballistocardiograms. The first 

torsion ballistocardiograms were acquired by W. Ernsthausen et al. (1953). 

 

 

 

Figure 1. Nomenclature of Ballistocardiographic’s  

force (W.Scarboro, S Talbot, 1956). 
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Figure 2. Example of vector ballistocardiogram 

(A.A. Knoop, P.J. Pretorius, J.H. Hotink, 1962). 

 

It has been mentioned earlier that motion translation from the heart and vessels and body 

movements to sensing elements is very intricate. There exist two principles of 

ballistocardiography: dynamic and seismic. In the event of dynamic ballistocardiography body 

displacements align to an extent with shifting of the general center of body gravity. The 

situation is quite different in the event of seismic ballistocardiography, as body movements 

caused by cardiac forces have own frequency similarly to a weight hanging on a spring. Role of 

the spring is played by the body tissues mediating the contact between the body and ground 

(a platform beneath the body). Seismic BCG is recorded using all direct techniques with a 

sensing element attached immediately to the human body. Dynamic BCG utilizes special 

couch-like platforms. Figure 3 presents graphically two types of mechanic oscillating systems 

illustrating the principles of dynamic and seismic BCG [1-5]. 
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Figure 3. Two types of mechanical oscillating system 

according to principles of dynamic (a) and  

seismic (b) ballistocardiography. 

 

For dynamic BCG we should consider two kinds of relations, i.e., internal between the 

cardiovascular system and skeleton and external between the skeleton and surface under the 

body. Ideal conditions for ballistocardiogram acquisition could be reached if rigidity of 

internal body relations had an infinitely large value, while rigidity of external relations was 

nearing zero. Then displacements of the entire body would depend only on the forces 

imparted by the cardiovascular system. Under these conditions we could put the sign of 

equality between the driving force (F) and body inertia (M*a), i.e., the cardiovascular forces 

would be spent on nothing else but body displacement: 

F= M*a; 

Microgravity is the only environment providing these ideal conditions for 

ballistocardiography. 

On the Earth relatively close to ideal conditions for ballistocardiography can be achieved 

with the use of so-called ultralow frequency systems. These are suspended platforms with 

natural frequency below 1 Hz and rather good damping. In a simple ballistic system of the 
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seismic type (fig. 3) in addition to the cardiovascular driving forces (F) there also act the 

forces of elastic recoil (B) and deceleration (D). Movement equation, therefore, has the 

following form: 

F= M*a +В*v +D*х, 

where а - is acceleration, v – velocity and х – displacement. 

Consequently, seismic BCG records displacements of the center of body gravity with gross 

distortions, as ballistocardiogram is a result of interference of forced and natural body 

oscillations. 

Microgravity allows effective application of the dynamic BCG principle to recording pulse-

induced body movements corresponding to the center of mass displacements. This kindled 

interest of the first researchers in space medicine in ballistocardiographic investigations 

during space flight. Since free flying requires enough space, these investigations became 

possible only with construction of orbital stations. The first in-space ballistocardiogram was 

recorded on December 26, 1977 from Yu. Romanenko, commander of the first expedition to 

the Russian OS Salyut-6 (Baevsky R.М., Funtova I.I., 1982). Systematic BCG investigations 

were conducted in the period of 1980-84 with cosmonauts flown on OS Salyut-6 and 7 

(Baevsky R.М., Funtova I.I., 1984).  In 1984, spatial ballistocardiograms along three axes were 

recorded in the joint USSR-India space flight (Baevsky R.М., P.S. Chattardji, Funtova I.I М.D. 

Zakatov, 1987). First ballistocardiograms on the NASA space program were obtained in late   

1983 during the 7-day mission of space “shuttle” Columbia (Scano A., 1984). Table 1 

summarizes the BCG investigations performed aboard USSR (Russia), NASA and International 

space stations [6-14].  
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Table 1. Ballistocardiographic investigations in space expeditions 

General description 
Orbital station and 

expeditions 
Year 

Early BCG investigations in 

short and long-term 

expeditions 

Salyut-6 

Expedition 1 

Expedition 4 

Expedition 6 

1977 

1979 

1981 

Regular monthly BCG in long-

term expedition, first three-

axes BCG 

Salyut-7 

Expedition 1 

Expedition 4 

 

1982 

1984 

Extensive cardiologic 

investigation including BCG 

OS Mir 

Expedition 2 
1988 

Spatial BCG in the long-term 

expedition with cardiac 

contraction force 

measurement 

OS Mir 

Expedition 6 
1990 

In-sleep BCG with the use of a 

transducer attached inside the 

sleeping bag 

OS Mir 

Russian-Austrian 

experiment NOCH (NIGHT) 

1993-1994 

Concurrent BCG and SCG 

recording during the 14-

month expedition  

OS Mir 

Expeditions 15-17 
1994-1995 

Spatial BCG along 6 axes 

combined with ECG, SCG, 

impedance CG and respiration 

recording 

International space station 2014-2016* 

* Scientific experiment CARDIOVECTOR is planned for implementation on board the ISS in 

2014-2016. 

Further we shall give a more detail consideration to the most noteworthy stages of BCG 

investigations in space flight.  

Salyut-6, expedition 1 in 1977. The first in-space ballistocardiogram was recorded on 

December 10, 1977. This was a longitudinal ballistocardiogram taken from crew commander 

Yuri Romanenko on his first month on space flight (fig. 4). 
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Figure 4. The first ballistocardiogramm on conditions of weightlessness.  

(December 26, 1977). 

The record evidenced striking differences in amplitude and form of BCG complexes as 

compared with pre-launch investigations. A piezoelectric accelerometer-type transducer 

developed by the Institute of Applied Physics of the Russian Academy of Sciences measured 

with an accuracy of 3 mV/cm/s within the bandwidth of 0.3 to 2000 Hz. The accelerometer 

(26x36x11 mm, 30 grams) was contained in a case 30x30x30 mm of size fastened close to the 

body mass center near the iliac bone with the help of an elastic belt and a metal plate. 

Measurements were made in a free flying cosmonaut with his arms and legs aligned with the 

body axis. Signals were registered using a supplemental amplifying unit borrowed from 

medical monitoring equipment Polynom-2M (24). 

Salyut -7, USSR-Indian joint flight in 1984. BCG was recorded in three members of the 8-

day space flight (31). Accelerator’s sensitivity was 20 mV/m/s. Experimental measurements 

were performed twice before launch, also twice during the flight (on days 3 and 5) and on 

days 1 and 4 post landing. The experimental protocol included BCG recording with the 

transducer attached to different parts of the body: the sternum, between the shoulder-blades, 

the waist, and the iliac crest. Records were made during quiet breathing and breath-holding. 

Records of signals from the transducer located between the shoulder-blades were published 

in (24, 31). Transducer location was changed to acquire records along different body axes. 

BCG was made in three transducer positions:  1) foot-to-head, 2) left-to-right, 3) ventro-

dorsal. Figure 3 illustrates amplitude ratios for the H-I, I-J, J-K segments in all three crew 

members (С1, С2, С3) pre, in and after the flight. Individual differences can be assessed 

looking at the longitudinal records which were stable in one cosmonaut, increased in another 

and decreased in a third one (fig. 5). 
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Figure 5. Average amplitude of systolic segments of BCG (HI segment - top, IJ segment – 

middle, JK segment - bottom) during 3D registrations of three cosmonauts measured before, 

two times during the flight (day 3 and 5) and after the landing  

(in Soviet-Indian mission at Orbital Station Salyut-7). 
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OS Mir, expedition 6 in 1990. BCG investigations involved two members of that 179-day 

expedition. On April 10, the first spatial ballistocardiogram was acquired using a transducer 

made of three mutually perpendicular piezoelectric accelerometers (experiment VECTOR). 

Spatial BCG transducer was a cylindrical unit 40 mm in diameter and 20 mm in height. The 

transducer (35 mV/cm/s; 0.25-75 Hz; 40 g) was fixed between the shoulder-blades with a 

metal plate and elastic belt (fig. 6a). Additionally to the d-dimensional spatial BCG, ECG and 

SCG were recorded also (fig. 6b). To downlink the experimental data, a BCG amplifier (fig. 6c) 

had an interface with the standard medical monitoring system GAMMA.  

 

 

 

Figure 6. Space experiment “Vector”. Three-dimensional accelerometer sensor detecting 

the spatial BCG (a); chest belt with electrodes for electrocardiogram and sensor for 

seismocardiogramm (b); an additional block to the equipment "Gamma" (c). 

 

Experimental sessions with the spatial BCG recording were performed on flight days 56 

and 110. The protocol consisted of BCG recording at rest and during breath-holding. Results of 

those investigations have never been published and are presented in this paper for the first 

time.  Figure 7 gives examples of spatial ballistocardiograms recorded during commander’s 

breathing cycle on flight day 56. 
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Figure 7. Examples of a 3D-BCG recording during inhalation and exhalation after 56th day 

staying in space during experiment “Vector” on board at the space station MIR by crew 

commander (CO) of the 6-th expedition. 

 

Acceleration and force values on flight days 56 and 110 calculated from maximal I-J 

segments in three directions during expiration-holding are shown in figure 8. On flight day 56, 

the highest acceleration was measured in one cosmonaut along the head-to-foot axis and 

along the lateral axis in the other. The sum force vector was equal to 5.85 N and 10.18 N, 

respectively. The picture was found to be changed on flight day 110. The first increased 

acceleration and force up to 7.26 N. The second displayed the highest force and acceleration 

values along the head-to-foot axis and decreased force slightly along the lateral axis (down to 

9.41 N). 
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Figure 8. Space experiment “Vector”. Change of acceleration (left) and force (right) defined 

from the IJ segment of the 3D-BCG of two cosmonauts in the foot to head direction (top), in  

the left to right direction (middle), and in the ventral-dorsal direction (bottom) after 56 days 

in space and after 110 days in space (CO and BE, MIR, expedition 6). 

 

On flight day 110, the sum force vector was not changed significantly. This might be 

attributed to the fact that alterations in BCG form and amplitude, particularly along the lateral 

and ventrodorsal axes, could be linked with interventricular interactions or shift of the 

mechanic axis of the heart. The changes could be also produced by a temporary delay of 

opening and closure of the pulmonary and aortic valves which brings about differences in 

isovolumetric contraction as well as the right and left ventricular ejection time. Furthermore, 

change in blood volume in microgravity may influence venous heart filling same way as the 

positioning of abdominal organs and the diaphragm. This may alter the angle between the 

direction of left ventricular ejection and ascending aorta and thus lead to predominance of 

pulses along the lateral and ventrodorsal axes. One more explanation of the changes could be 

inequality of contraction activities of the right and left ventricles. Assuming that the right 

ventricle activity dominates in the lateral direction, the high BCG amplitude in the second 

cosmonaut on flight day 56 can be ascribed to still insufficient work of pulmonary circulation 
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due to the massive blood shifting toward the upper body during early adaptation to 

microgravity. Difference in BCG lateral amplitudes of the cosmonauts is less noticeable on 

flight day 110. However, it should be pointed out that the form of BCG complexes has 

morphed significantly. For instance, in the second cosmonaut changes reached the second 

degree on the Braun scale .  

International space station, experiment CARDIOVECTOR, 2014. Next step in the 

advancement of space BCG will be experiment CARDIOVECTOR planned for implementation 

on the ISS Russian segment in 2014-2016. In the future experiment ballistocardiogram will be 

recorded simultaneously along 6 axes, i.e., three linear and three rotation axes. Also registered 

will be ECG, SCG, impedance CG and pneumotachogram (fig. 9). Appearance of the device and 

placement of the transducers on human body are shown in figure 10. The spatial BCG 

transducer is fixed between the shoulder-blades using a special belt. Figure 11 presents 

several fragments of ballistocardiographic data recorded with device Cardiovector and an 

example of portraying spatial BCG phases along three linear axes.  

To summarize, beginning from 1977, BCG investigations on the USSR and Russian orbital 

stations showed that BCG is a source of new knowledge about the microgravity effects on the 

cardiac activity. It has been demonstrated that microgravity alters the right/left heart ratio 

and that work of the ventricles can be measured quantitatively. The multiyear research led to 

the development of a substantiated program of fundamental investigations into the 

contractile function of the heart during space flight. 
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Figure 9. The sample of recordings of cardiological parameters with the help of onboard 

device “Cardiovector” (together with electrocardiogram (ECG),  

impedance cardiogram (ICG), and its first derivative, spatial ballistocardiogram with three 

linear axes (X, Y, Z), seismocardiogram (SCG) and pneumotahogram (PTG)). 

 

 

 

Figure 10. Appearance of space device “Cardiovector”. Placement of 

sensors and electrodes on the subject (a); fixing the 3D BCG sensor (b). 
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The program was embodied in device Cardiovector enabling registration of body 

movements along 6 axes simultaneously with examination of the cardiac electrical activity 

and hemodynamics.  

It is significant that acquisition of precise quantitative information on cardiac contractility 

in the environment that allows measure force without distortion may awake interest of 

terrestrial physiologists and physicians in ballistocardiography. We must learn how to 

measure and statistically validate true ballistocardiographic forces to use them as standards 

for investigations on the Earth. This knowledge can be gained only on the conditions ideal for 

ballistocardiogram recording, which are microgravity. 

 

 

Figure 11. Spatial BCG: (a) the phase portraits of spatial 

ballistocardiogramm by three linear axes (Х-У, Х-Z and Z-У axes); (b) 

spatial vectorballistocardiogramm by three linear axes. 
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Conclusions 

The ultimate goal of the proposed BCG investigations in microgravity is to provide an 

instrument of monitoring energy support of the cardiac function and predicting probable 

hemodynamic disorders in different periods of long-duration space flight. The energy aspect 

of BCG investigations applies only to assessment of the cardiac pump transporting blood 

within the vascular system. As for mechanisms of the myocardium energy supply and its 

functional reserve, these are issues belonging to the domain of molecular and cell physiology 

and biochemistry. However, BCG and seismocardiography must help construction of 

biophysical models representing translation of the general heart work into its external work. 

Pending is the problem of evaluating work loads on the left and right ventricles which is 

critical for controlling circulation adaptation to microgravity, estimating the level of 

pulmonary circulation relief imminent during space flight. In appears that in microgravity 

work of the cardiac ventricles is coordinated on a different pattern than on Earth and that 

intrasystemic hemodynamic relations also modify. Experiment CARDIOVECTOR onboard the 

ISS RS will fill the gaps in information gathered previously in experiment PNEUMOCARD. 

Anticipated data of precise cardiac contractions measurements in space microgravity using 

spatial ballistocardiography will contribute to construction of biomechanic and biophysical 

models of circulation in space that will find medical applications on the Earth, too. 

Discussion and conclusions 
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 Abstract There are various indications for a mechanical circulatory support (MCS) devices 

implantation. We report a case of the use of the MCS in a 39 year old male with acute 

circulatory collapse and at immediate risk of death after endomyocardial biopsy in 

order to keep the patient alive until intrinsic cardiac function recovers sufficiently to 

remove the MCS.   

The patient underwent an implantation of the left ventricular assist device 

according to progressive decline of the cardiac function due to a heart muscle 

disease. With successful regression of heart failure symptoms and reverse 

remodeling of LV, the device was explanted after four month. Evidence of 

myocardial reverse remodeling and functional improvement during MCS in our 

patient proved the use of mechanical ventricular unloading as a therapeutic strategy 

aimed at cardiac recovery, allowing removal of the MCS device instead of extending 

his use as a bridge to heart transplantation. 
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Introduction 

There are various indications for a mechanical circulatory support (MCS) devices 

implantation [1]. We here report a rare case of the use of mechanical circulatory support 

(MCS) in a patient with acute circulatory collapse and at immediate risk of death after 

endomyocardial biopsy to keep the patient alive until intrinsic cardiac function recovers 

sufficiently to remove the MCS. 

Materials and methods 

We have analyzed our patients’ medical records and present them in this case report. The 

examination and treatment results submitted in this case report are based on the latest 

examination and treatment guidelines for a patient with similar clinical presentation. 

Results 

The 39 year old male, a skilled worker at a factory, was admitted to the Dept of Pulmonology 

and Immunology because of the suspected diagnosis of pneumonia and left pleuritis.  

He presented with an acute new onset shortness of breath for 1 week duration, accompanied 

by fatique, low grade fever (37,1oC) and left lateral chest pain. Pneumonia of the right lower 

lobe was confirmed by neutrophilic leucocytosis (WBC 11,5x109/l ), CRP – 70,6 mg/l and 

typical infiltration on chest  X-ray. The patient denied  any previous cardiovascular disease.  

His electrocardiogram showed sinus tachycardia with a heart rate 110 b.p.m., incomplete left 

bundle branch block (QRS 112 ms) and complex forms of ventricular premature beats: 

polymorfic, allorhythmic, R/T.  

Transthoracic echocardiography revealed dilated cardiomyopathy phenotype: left 

ventricular diastolic diameter (LVEDD) 94 mm; left ventricular diastolic diameter index 

(LVEDDi) 42,2 mm/m2; left ventricular myocardial mass index (LV MMI) 245 g/m2; left 

atrium (LA) 52mm; spontaneous echocontrast in LV cavity, severe systolic dysfunction – LV 

ejection fraction (LVEF) 16%; and normal right ventricular function  – tricuspid annular plane 

systolic excursion 25 mm.   
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Infection resolved (CRP 2,3g/l), and the patient was transferred to the  Dept of Cardiology 

because of decompensated heart failure of NYHA IV functional class and complex arrhythmias. 

Coronary angiography performed targeting diferential diagnosis and revealed no stenotic 

leasions. That led to endomyocardial biopsy (EMB) in order to prove/exclude acute 

myocarditis since there was a new-onset HF of 2 weeks’ duration associated with severe 

dilatation of LV and hemodynamic compromise – I class B level recommendation [2]. 

While performing endomyocardial biopsy, the patient experienced circulatory collapse. 

Urgent echocardiography was undertaken, and pericardial tamponade diagnosed. A cardiac 

surgeon was called, sympathomimetics, fentanyl i.v., artificial lung ventilation started, and the 

patient was transferred to the Dept of Cardiac Surgery, and urgent cardiac surgery was 

performed. Blood from the pericardium was removed, coronary sinus injury near the basis of 

left atrium auricula repaired with 6.0 Prolene and an intra-aortic balloon pump (IABP) 

inserted due to persisting hemodynamic compromise.  

Early respiratory failure necessitated extracorporeal membrane oxygenation (ECMO). 

Pulmonary function recovered successfully, and the ECMO was removed after 10 days.  

Despite timely performed successful repair of the artificial lesion, hemodynamic status 

deteriorated in the setting of IABP and high doses of inotropic support, therefore 1 day later 

the patient underwent an implantation of the left ventricular assist device (Thoratec PVAD) 

according to the INTERMACS 2 level indication - progressive decline of the function [3].  

Following 5 weeks, the LV function improved: LVEDD from 94 mm reduced to 52 mm, 

LDEDDi from 42,2 mm/m2 reduced to 22,2 mm/m2, LVEF increased from 16% to 38%. During 

his chronic treatment the patient was taking prestarium 2,5 mg, bisoprolol 2,5 mg,  

spironolactone 25 mg and also torasemide 10 mg, cordarone 200 mg, warfarin 5,0 mg, aspirin 

100 mg and some magnesium – potassium supplements. 

With successful regression of heart failure symptoms and reverse remodeling of LV, the 

device was explanted after four month. Echocardiography showed a normal-sized LV and 
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significantly improved systolic function: LVEF increased up to 40%. Functional capacity 

reached efficiency of 470 m at 6 minutes walk test. 

Discussion 

Our 39 year old male patient experienced new-onset heart failure (HF) which could be 

provoked by infective myocarditis following pneumonia or long standing dilated 

cardiomyopathy with acute decompensation due to infection. In that case, EMB was indicated 

to confirm the diagnosis, but the procedure was not completed because of the unexpected 

complication. 

There were several indications for MCS device implantation: bridge to decision because of 

circulatory collapse and at immediate risk of death or as a bridge to transplantation due to 

dilative phenotype and major advantages: improved survival, functionality and quality of life; 

and also as a bridge to recovery to keep the patient alive until intrinsic cardiac function 

recovers sufficiently to remove the MCS keeping in mind possible acute myocarditis. 

According to Holzmann M. analysis of 2050 retrospective and 543 prospective major 

complications during EMB, there was 0.08 % risk of pericardial tamponade with 

pericardiocentesis [4]. 

Intra-aortic balloon pumps (IABP) or other devices may be initiated when acute or acute-

on-chronic hemodynamic instability requires urgent intervention to avoid permanent end-

organ dysfunction or death [5]. Selection to implant IABP for the described patient was 

cardiogenic shock due to dilated cardiomyopathy or suspected myocarditis. 

According to Krabatsch T. and his colleagues who conducted a study with 387 patients with 

idiopathic dilated cardiomyopathy who underwent LVAD implantation at the German Heart 

Institute Berlin, LVAD removal due to myocardial recovery was performed with long-term 

stable cardiac function in 34 patients (weaning rate 8.8%), and the remaining 343 patients did 

not reach weaning criteria (initial weaning incidence – 10.8%) [6]. 
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Dandel M. and his colleagues indicates that the proportion of patients with non-ischaemic 

cardiomyopathy who were weaned from ventricular assist devices reached 18%, whereas 

that of patients with ischaemic cardiopathy was only <1% [7]. 

Conclusion 

Evidence of myocardial reverse remodeling and functional improvement during mechanical 

circulatory support in our 39 year old male patient proved the use of mechanical ventricular 

unloading as a therapeutic strategy aimed at cardiac recovery, allowing removal of the 

mechanical circulatory support device instead of extending his use as a bridge to 

transplantation. 
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 Abstract The results of study of an artificial aortic valve by the heart cycle phase analysis are 

given in the paper. The main aim of the study is identifying the artificial aortic valve 

influence on cardiovascular system functions, the way and ranges of these functions 

change. The results of phase blood volume measurement and the numerical values 

that characterize the metabolic processes in heart muscles are given herein. 
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Introduction 

Implantation of artificial heart valves has been practicing for a long time. Nevertheless, 

methods for evaluation of the degree of artificial valves compliance with the natural valves 

still do not exist. Practically, the development of the valve manufacturing technologies is 

based on the theoretical calculation of reliability of the cusp mechanical motility, not 

considering the influence on hemodynamics. The hemodynamic volume parameters and the 

evaluation of cardiovascular system functions and metabolic processes in cardiac muscles 

obtained by heart cycle phase analysis method for a case when an artificial aortic valve is 

implanted are considered in the article [1-10]. 

Materials and methods 

For obtaining more information on the artificial aortic valve influence on hemodynamic 

parameters, an orthostatic test was applied. An ECG and a Rheo of the ascending aorta were 

recorded (see Fig.1 and 2). The phase volumes of blood are presented in Table 1. The values 

characterizing an acid-alkaline balance in cardiac muscles (in relative units) are presented in 

Table 2 below. 

 

 

 

Figure 1. ECG and Rheogram in lying position. 
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Figure 2. ECG and Rheogram in sitting position. 

 

Table1. Phase volumes of blood 

Blood volumes In lying position In sitting position 

SV (ml) 78.34 59.86 

MV (l) 4.32 3.70 

PV1 (ml) 58.23 42.16 

PV2 (ml) 20.10 17.70 

PV3 (ml) 46.49 35.51 

PV4 (ml) 31.85 24.35 

PV5 (ml) 11.18 9.23 
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Table 2. The values that characterize an acid-alkaline balance in cardiac muscles 

(in relative units) 

 

 In lying position In sitting position Norm 

Aerobic process 0,21 0,02 0,5 - 0,82 

Anaerobic process 0,25 34,0 3,0 - 7,0 

Phosphocreatine 1,06 0,1 2,0 - 4,0 

The above figures exhibit that there is no R wave on the ECG curves. That indicates the 

interventricular septum (IVS) does not contract at all. The figures show that the S – L phase 

amplitude is above the isoelectric line. It is an indication of the fact that the myocardium is 

under a constant tension. This happens because of the mechanism that compensates the lack 

of contraction in the IVS by the tension in the myocardium [11-13].  

The hemodynamic parameters are practically within the norm in vertical position of the 

patient’s body. They are increased in lying position. This is due to increasing in the blood flow 

resistance in lungs that is indicated by the Rheogram elevation in the early diastole phase. 

The values of metabolic processes are also interesting. The aerobic process decreases by 10 

times during the orthostatic test. And the anaerobic one increases by hundred times, 

respectively. That means that there is an instability in the processes, and first of all, that the 

muscles are under a huge load [14]. The artificial valve opens exactly in due time, i.e., at the 

beginning of the rapid ejection phase. 

Conclusions 

The patient says he feels better after the surgery but weak heart symptoms have not 

completely disappeared.  

According to the data given above it is necessary to improve the considered artificial valve 

design to minimize the load on heart muscles. 
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 Aims The aim is to study the phenomenon of the Qi energy complete awakening using the 

acupuncture method and the reactions appearing during this process that lead to 

recovery of the body and of the cardiovascular system first of all. 

 

 

 Material and 

method 

The study is based on the classical acupuncture method using the unique technique 

of effecting the points by I-Ching. 

 

 Results The result is the body recovering the pathologic diseases the patient has been 

suffering for decades. 

 

 Conclusion The new method for acupuncture is the Qi energy complete awakening based on 

structuring the Qi energy in the acupoints according to the figures of gua (trigrams 

and hexagrams) in the Chinese Canon of Changes and can be used for the treatment 

of almost any kind of the disease including cardiovascular. The given method allows 

not only balancing the Yin and Yang energy in the human body but also launching 

the generalized recovery program concentrated in the deepest layers of the human 

genetic memory. The given method allows treating many diseases considered to be 

incurable by the official medicine. 

 

 Keywords Complementary and alternative medicine (CAM) • Acupuncture • Zhen-jiu therapy • 

Traditional Chinese medicine (TCM) • Chinese CANON of CHANGES • Gua Figures • 

acupoints • Bu re-enforcing method • Xie reducing method • Qi energy  
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Introduction 

Acupuncture is one of the most common therapeutic methods in traditional Chinese medicine 

(TCM), which is a variety of complementary and alternative medicine (CAM) [1]. The 

acupuncture method application leads to recovery of the body including the cardiovascular 

system [2]. 

The acupuncture method is based on the reactions caused by needling the biologically 

active points on the body [1]. These points are located in the meridians the life energy of Qi 

flows along. The Qi energy regulates all the life processes in the body [3,4]. In everyday life we 

do not need to think how our breath functions, heart beats, or endocrine glands perform. All 

that is controlled by the Qi energy, it determines our health and life. This energy has many 

names at different nations. In China it is called the Qi and is awakened by the special 

acupuncture techniques, in India it is called the Kundalini, or Prana, and is awakened by 

mantras and meditation, in Japan it is called the Ki, in Orthodoxy it is called the Holy Spirit and 

is awakened by fasting and prayer. At the Slavs this energy was called the Zhiva – energy of 

Light. 

If the energy is not enough in the channels, the organ and the functional systems related to 

this meridian perform badly and the signs of degenerative and dystrophic changes can be 

manifested. An excess of energy in a one or another meridian indicates that the internal 

organs and the functional systems overstrain themselves that is a sign of the inflammatory 

process. The Qi energy lack or excess is the basis of all the human diseases. The Qi energy 

regulating in the meridians by the Chinese acupuncture methods is the essence of the 

treatment. 

Materials and methods 

The method for needling the acupoints is based on the concepts used separately from each 

other before. It was considered that the main methods for acupuncture were the stimulation 

(BU) and inhibition (CE) of the Qi energy in the meridians. The BU method stimulates the 

TRUE energy of Qi (CHEN). The CE method takes the pathological energy (Sha) out of the 
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body. The Sha pathological energy comes into the body with improper feeding, climate 

conditions (cold, humidity, wind, heat, warmth) and also with the human emotions (joy, 

depression, grief, sorrow, fear, melancholy, anxiety and so on) [3,4]. 

Besides the BU and CE methods for acupuncture, the method for the complete Qi energy 

awakening exists. This method combines the 2 previous methods, on the one hand, and 

significantly differs from them, on the other hand. This treatment method was developed by 

the Master of the traditional Chinese medicine Alexey Ivanovich Falev (1953 – 2005) in 

Russia. The method is based on the concept that the energy is concentrated in a form of layers 

at each point which allows having a set of stimulatory and sedative effects similar to the GUA 

figures (trigrams and hexagrams), described in the CANON OF CHANGES, needling only one 

acupoint [5] (Fig. 1). 

 

 

 

Figure 1. Classical hexagrams from the  

book “I Ching” 
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Such a technique of effecting the structured Qi energy at the acupoints was developed by 

A.I. Falev in accordance with the GUA figures from the CANON OF CHANGES. 

He developed that technique after a year of study in China at the doctor who was an 11th 

generation traditional Chinese medicine doctor. He also spoke Old Chinese and modern 

Chinese. All that experience and studying the ancient Chinese literature allowed him to 

understand the I Ching that lead to implementation of the unique system of effecting the 

acupoints. 

The structured Qi energy at the acupoints contains deep strata of human genetic memory. 

Acupuncturing the point we launch the program of self-healing, the body starts healing itself. 

When the Qi energy completely awakening the Yuan Qi is unlocked. The power of this energy 

is considered to be naturally optimal for a human. When it is activated, the moved vertebrae 

begin to set right, extremity joints subluxations are self-healed, the viscera are self-massaged, 

an energetic PHENOMENON OF SELF-REGULATION occurs removing the energetic locks and 

stagnations which are the causes many chronic diseases. The patients influenced by the 

awakened Qi energy perform the elements of yoga exercises, Qi Gong, health improving 

breathing techniques, pressure point energetic self-massage and similar movements [6,7]. It is 

fundamentally important to note that all these movements occur not under hypnosis, a human 

is in conscious, but cannot resist. They occur under the influence of the human genetic 

memory and give an absolute healing affect. It results in restoring the correct Qi energy 

circulation and curing many chronic diseases not possible to be cured by the traditional 

western medicine. Besides the diseases a patient was suffering from for many years can be 

cured for several sessions. 

When the Qi energy is not completely unlocked, only slight signs of the Qi energy 

awakening are observed. The treatment is effective as well, but the health improving reactions 

expressed in movements are not observed, and very often it requires more time to obtain the 

treatment effect. The treatment occurs not owing to the innate Yuan Qi, but owing to the 

defensive Wei Qi energy. This energy works more softly and superficially, on the energetic 

level. If in case of the Yuan Qi awakening only one needle can be used for launching the health 
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improving reaction, the Wei Qi energy requires a prescriptive approach using the several 

acupoints. And, nevertheless, the pronounced health improving effect is obtained. It is not a 

needle cures a patient but the Qi ENERGY awakened by special acupuncture techniques. 

Results and discussion 

Video 1 

 

 
 

 

The case of treatment the patient with the lingering pain syndrome (during 35 years) caused 

by the marked vertebral osteochondrosis with herniated disc, multiple protrusions, absolute 

stenosis of the vertebral canal in lumbar spine. As my long-term experience shows, the 

treatment of the pain caused by intervertebral hernias is successful enough, and in most cases 

when physicians say it is impossible to avoid the surgery, it was a success to completely 

recover the patient’s health and save them from long sufferings. In many cases the 

intervertebral hernia size reduced significantly, that was proved by the repeated MRT 

investigation. The cases of complete recovery of the patients with very big intervertebral 
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hernias (from 14 to 24 mm). At the same time after the surgery the hernia can appear on the 

same place again or 1-2 vertebrae upper or lower, and it aches very strongly again. 

Video 2 

 

 
 

The case of treatment the patient with hip and ankle joints arthrosis and marked vertebral 

osteochondrosis. It is considered in the western medicine that the acupuncture treats only 

functional diseases and the cases of violations in the tissue and organs cell structure are not 

possible to treat by it. My long term everyday practice has led me to the opposite conclusion. 

The acupuncture treats the diseases not possible to treat by the modern medicine based on 

the drugs at all. Pharmaceutical substances only “suspend” the disease, as the acupuncture is 

capable of achieving the true recovery and self-healing from many chronic diseases. 

Acupuncture might be beneficial for reducing pain [8,9,10,11] The other case is that much 

knowledge on the ancient Chinese medicine is lost and we cannot use it in full. 

I am frequently asked how the acupuncture can treat the deforming arthrosis. The matter 

is the basis of the deforming arthrosis development is the incapability of the cartilage to 

produce the intra-articular fluid. It results in a lack of lubricant, besides crackles and clicks are 
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heard in joints, the cartilage starts rubbing off and then the bone surface inside the joint starts 

crumbling. When treating the deforming arthrosis by the acupuncture method the processes 

of the cartilage regeneration are launched, the intra-articular fluid is produced, and the 

normal intra-articular slip restores. It results in ceasing the pain and puffiness in the joints, 

and the patients start walking normally. And where are the roughness and bony excrescence 

which were formed inside the joints during the deformed arthrosis? They are polished like a 

rough stone thrown into a sea and polished by sea waves, so the intra-articular surface 

becomes smoother. The effect of the osteoarthritis treatment by the acupuncture is obtained 

rapidly and is significantly higher than by other methods. Moreover, the acupuncture helps 

even when the other methods are not effective, and it is offered to perform a joint 

replacement surgery on a patient. You can say that it’s INCREDIBLE, but, nevertheless, it is a 

FACT. 

Video 3 
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The video on the acupuncture session treating the hormone-dependent form of the bronchial 

asthma the patient has been suffering for 18 years is presented. The treatment started when 

acute attack of disease occurred. The Qi energy was awakened during the session and the 

patient lost 4 kg of weight (he cleared the phlegm from the bronchi), and in a few days the 

symptoms of the disease completely disappeared. There was no need in medicines (including 

hormonal), a stable remission that has been lasting up to date was observed. 

The bronchial asthma is a disease with many “hidden roots’. The medicinal treatment is 

like a weeding, when we cut off the tops, the roots stay deep in the soil and start growing 

again. Therefore it is not a success to treat the bronchial asthma with common medicines 

(they just “suspend’ the disease), we can expect the true recovery only having awakened the 

Qi energy. 

Video 4 

 

 
 

The treatment of the patient who has been suffering from pronounced pain in loins for 3 

years. Pain in loins is the most frequent case when patients seek ambulatory medical care 



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 139 
 

 

 

[12]. The pain becomes more severe during walk, when bending the body, after overcooling 

and washing hands with cold water. Affection of the body by the pathological energies of Cold 

and Humidity was diagnosed. You see how the Qi energy awakening by the ancient 

acupuncture techniques results in the internal heating of the body and further leaving the 

pathological energies of Cold and Humidity. Small drops of sweat cover the loins and flow 

together into the rills of Humidity (visible phenomenon of leaving the pathological Qi energy). 

The patient said that she did not sweat so much even doing fitness. After the given session the 

pain in loins disappeared and no visible phenomenon of leaving the pathological energies of 

Cold and Humidity was observed afterwards. 

The videos in this article are available at:  

www.cardiometry.net/no3-november-2013/acupuncture-phenomenon-of-the-qi-energy 
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Webinars 

New webinar 18 December 2013!  

Cardiometry practice and new approach to ECG systemic analysis. 

All our webinars available at cardiometry.net 

Webinar 1. 17 October 2013.  

Cardiology & Cardiometry Basics. Consistencies & Inconsistencies 

 

To provide the successful use of the Cardiometry in practice, we have generalized the 

content discussed in Webinar 1: 

 

1. Fundamental inconsistencies: Cardiometry vs. Cardiology 

Cardiometry Cardiology 

1. Basis: the theory of elevated fluidity 

of blood, i.e., the circulation is provided 

in the elevated fluidity mode. 

2. There is mathematics describing the 

conditions of the elevated fluidity 

generation and maintenance. 

1. Basis: theory of laminar flow of fluid. 

2. There is no mathematics to describe 

the laminar flow in vessels, and 

therefore it cannot be used in practice. 

3. Considering from the point of view of 

physics: the laminar flow regime cannot 

exist physically in blood vessels. 
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2. The proper understanding of the mechanism of control of the heart muscle contractility 

initiated by the SA and AV node operation 

Cardiometry Cardiology 

1. There is no nervous or neural 

interconnection between the SA and the 

AV nodes. 

2. The SA and the AV nodes are 

interpreted to be baroreceptors similar 

to those located in the aorta.  

3. The SA and the AV nodes generate 

nervous impulses (action potentials) as 

soon as blood pressure at these nodes 

reaches the predetermined level that is 

similar to the operation of the aortic 

baroreceptors. 

1. There is a nervous interconnection 

between the SA and the AV nodes. 

2. The SA and the AV nodes are 

controlled by the central nervous 

system. But how it is controlled?  

No explanation is offered.  

 

3. Axiom system as basis of logics in making diagnostics 

Cardiometry Cardiology 

1. Axiom system: laws of physics. 

2. The axioms are interpreted 

unambiguously.  

1. Evidence-based, as axioms are used 

postulates substantiated by empirical 

evidence. 

2. Evidence is interpreted ambiguously. 

 

4. Differing ECG-concepts: how to obtain data on the performance of the cardiovascular 

system  

Cardiometry Cardiology 

1. A single lead ECG of ascending aorta 

accompanied by synchronous aortic 

RHEO (point-by-point RHEOGRAPHY).  

2. Used is cardiac cycle phase analysis. 

3. The phase analysis covers all 10 

phases by treating them individually in 

every cardiac cycle. 

1. Development of complex multi-lead 

system ECG: using as many leads as 

possible. 

2. Analyzed are durations of individual 

ECG segments, intervals and waves.  

3. Only 5 phases in a cardiac cycle are 

involved into the analysis, and their 

boundaries cannot be properly defined 

and/or determined. 
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5. Logic as diagnostics approach  

Cardiometry Cardiology 

Yes No 

 

6. Modeling & prediction of various cardiac events  

Cardiometry Cardiology 

Yes No 
 

Webinar 2. 21 November 2013. 

Laws of Cardiometry 

 

The CARDIOMETRY belongs to the natural sciences: it is based on the laws of physics which 

are fundamental for all natural science systems. 

The CARDIOMETRY rests on 5 basic laws describing the performance of the cardiovascular 

system. 

The knowledge of these laws is important for practice: it is a useful tool for making 

diagnosis by analysis for establishing cause-effect relationships. 

  



 
Open access journal  

CARDIOMETRY 
  

 

 

 www.cardiometry.net No.3 November, 2013 144 
 

 

 

Law 1 

The blood flow in the heart and the blood vessels is organized under the conditions of 

elevated fluidity (which is said to be the third mode of flow to differ from the laminar or 

turbulent mode), and the elevated fluidity mode exhibits low friction due to a specific flow 

pattern formed by alternating rings of blood elements and plasma. 

Consequences 

1) The entire anatomy design of the circulatory system is dedicated to the formation and 

the maintenance of the above specific flow mode; 

2) Every cardiac cycle consists of ten phases, and each of the phases undertakes its own 

predetermined function of providing and maintaining the proper hemodynamics; 

3) The quality of each function depends on amplitude and intensity of contractions of the 

respective muscles within the circulatory system; 

4) There is a compensatory mechanism of the circulatory system muscle contractility that 

is responsible for maintaining hemodynamic parameters within their norms. The 

compensatory mechanism operates as follows: if any muscle group in the circulatory system 

shows a decreased contractile function, the other one within the system will automatically 

increase their contractile activity to compensate the loss of contractility. 
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Law 2 

The SA and the AV nodes of the heart plus the aorta baroreceptors (AB) are neural centers 

which generate nervous impulses (action potentials) as soon as blood pressure at the said 

baroreceptors reaches the predetermined level. 

Consequence:  

The pressure applied to the baroreceptor is the only factor initiating generation of the 

nervous impulse (action potential) and activating the mechanism of contractile function of the 

muscles in the circulatory system. 

Law 3 

The SA node is responsible for closing of atrioventricular valves. 

Consequence:  

If the atrioventricular valves cannot complete their closing procedure at the end of the atrial 

systole phase in each cardiac cycle, the residual pressure in the atrium will act on the SA node 

and necessarily initiate another atrial contraction that will be reflected as the second P wave 

on ECG (which is the cause of atrial arrhythmia) 
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Law 4 

The AV node controls three mechanisms responsible for the formation of the specific blood 

flow pattern. These mechanisms are as follows: 

1) Regulation of diastolic pressure in the aorta (carotid artery); 

2) Generation of vortex-type flows of blood before opening of aortic valve (carotid artery 

valve); 

3) Opening of the aortic valve (carotid artery valve). 

Consequences 

1) The generation of the nervous impulse by the AV node in each cardiac cycle occurs three 

times that is found on an ECG as the QRS-complex, the S-L and the L-j phase; 

2) Under heavy physical loading, nervous impulses of this sort can be generated up to 

seven times. 

Law 5 

The ABs (the carotid artery baroreceptors) perform the function of maintaining the produced 

blood flow pattern and driving blood via the blood vessels under the conditions of elevated 

fluidity. 

Consequences 

1) Amplitude of the expansion of the aorta (carotid artery) depends on a value of the 

pressure applied to the ABs that is reflected as amplitude of the T-wave on ECG; 

2) Amplitude of the aorta expansion regulates the blood flow resistance; 

Laws of Cardiometry: their manifestation & markers on ECG. 
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International Nobel Congress  

(The 10th International Meeting-Conference) 

for Nobel Prize Winners and Nobelists 

"Science, technology, society and Nobel movement" 

Place: Moscow - Tambov (Russia) 

Date: 31 October, 2013 

The "Science, technology, society and Nobel movement" International Nobel Congress (The 

Tenth International Meeting-Conference) for Nobel Prize Winners and Nobelists devoted to 

the 180th Anniversary of Alfred Nobel and the 25th Anniversary of the International 

Information Nobel Center (IINC) took place in Moscow and Tambov (Russia), on 28-31 

October 2013.   

The aim of the Congress is an expansion and strengthening of cooperation between the 

Russian and foreign Nobelists, summing up the results and defining the ways of future 

development of Nobelistics and Nobel movement, its integration into the world scientific & 

educational communities. 

Official representatives of the Russian Government, the Russian Academy of Sciences, the 

Ministry of Education and Science of the Russian Federation, representatives of the leading 

Russian and foreign scientific and educational institutions participated in the Congress. 

As honorable guest, a descendant of A. Nobel, Professor Michael Nobel (Sweden, 

Stockholm) took an active part in all the events of the Congress. 

Hot topics in science, technologies, modern social sciences, Nobelistics and the 

International Nobel movement were discussed, namely: 

- cryosurgery of tumours; 

- issues of natural science principles application in modern medicine, including cardiology; 
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- information-wave therapy concept implementation using the special equipment; 

- role of water in evolution of life on the Earth; 

- physiological peculiarities of Russian and English text perception (referred to the issue of 

inheriting the traditions of the Nobel Laureate Pavlov I.P.); 

- integrating the countries of the world into the common space of social justice;  

- the Nobel Prize as a phenomenon of the world culture and the main fields in Nobelistics 

research; 

- activity of the Literature & Peace Nobel Prize awarding committees and institutions;  

- historical aspects of activity of The Petroleum Production Company Nobel Brothers, 

Limited, and other Nobel’s companies on the territory of Russia in the XIX-XX century; 

- activity of Nobel Laureates in the field of physics, chemistry, physiology & medicine, 

literature etc. representing the most prominent scientific schools, having demonstrated the 

highest achievements in the world science, technology, literature, politics and economics;  

- issues of the Nobel movement in Russia, the Ukraine and other countries, its actual state 

and perspectives, capabilities for joining the efforts of the world scientific educational 

community for further development of the intellect of the nations and their peaceful 

coexistence. 

Considering the Nobelistics as an integral part of the world scientific educational 

community which is remaining open and perceptible to the achievements of scientists from 

different countries throughout the world, and confirming their adherence to the aims of 

providing the innovative progress of science, the priority development of producing the 

knowledge and new technologies, the participants of the Nobel Congress appeal to the world 

scientific educational community for a consolidation of their efforts in further development of 
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the international cooperation in the area of science, technology, society and the Nobel 

movement.   

For more details, please visit site International Information Nobel Center or Tambov 

branch of Russian New University. 

Organizing Committee 
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We recommend attending the following meetings 

 

The International Society of Computerized Electrocardiology. 39th Annual Conference 

April 26 – 30, 2014 

Atlantic Beach, Florida 32233 (USA) 

One Ocean Resort & Spa 

 

Symposium CRO-e-CARDIOLOGY 2014  

April 4, 2014 

Zagreb (Croatia)  

 

 

International Stroke Conference 

February 12 – 14, 2014 

San Diego, California (USA) 
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Open letter to scientific schools at universities 

Dear Colleagues! 

Our scientific school “Research of cardiovascular 

system hemodynamics” has been working for more 

than 10 years at the Russian New University, Moscow, 

Russia (www.rosnou.ru). As a result, we have created 

CARDIOMETRY, a fundamentally new scientific field in 

cardiology (www.cardiometry.net). 

Practical implementation of our scientific 

advancements also allowed achieving outstanding 

results (www.cardiocode.ru). 

The CARDIOMETRY is being actively developed. 

Several theses on medicine and medical instrument 

engineering were successfully defended. Nevertheless 

there are a lot of topics for more profound studies that 

can be conducted in the framework of further thesis. The area of the research is concentrated 

in our “ECG phase changes periodic table” requiring a more intensive and wider investigation. 

We think that mutual efforts of our scientists and postgraduate students of your university 

can lead to great results and contribute to the development of the CARDIOMETRY.  

If you are interested in scientific collaboration, we are prepared to offer the most advanced 

topics for theses and postgraduate student research supervision. 

Let’s hope for a fruitful cooperation with you!  

Russian New University 
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ESC Congress 2013. August 30 

The ESC 2013 Annual Congress took place in Amsterdam, the Netherlands. Our jou

CARDIOMETRY was represented there for the first time. The journal attracted much attention. 

A lot of visitors enjoyed the chance to learn more about Cardiometry publications

  

No.3 November, 2013 

August 30 – September 3, 2013. Amsterdam (Netherlands)

ESC 2013 Annual Congress took place in Amsterdam, the Netherlands. Our jou

CARDIOMETRY was represented there for the first time. The journal attracted much attention. 

A lot of visitors enjoyed the chance to learn more about Cardiometry publications
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Join the ESC Working group e-Cardiology 

The ESC Working Group e-Cardiology covers multidisciplinary areas of electronic and 

information technology applications in cardiovascular practice and research. These include 

signal analysis, cardiovascular image processing, computer simulation of physiological 

processes, databases and statistical modelling, clinical information systems, and structures 

and standards of data exchange. The Working Group develops or contributes to standards in 

these areas and aims at providing a professional communication platform between clinicians, 

engineers and information technology specialists. 

The Working Group welcomes suggestions for support and scientific endorsement of 

consensus documents, standardization reviews, focused seminars and meetings, and 

professional collaboration and exchange programmes. 

Prof. Marek MALIK, FESC 

Chairperson 2012-2014 
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Read the guidelines on cardiac cycle phase analysis 

M. Rudenko. Voronova, O. & Zernov. V. Theoretical Principles of Heart Cycle Phase Analysis. 

ISBN 978-3-937909-57-8, Fouqué Literaturverlag. Frankfurt a/M. München - London – 

New York. 336 pages 

At amazon.com  
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