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The article is devoted to the study of the morphological basis of the formation of systolic blood ejection from the left 
ventricle into the systemic circulation. The myocardium is a continuous syncytium-like structure with multidirectional muscle 
fibers; however, different segments of the left ventricle during systole are allowing the myocardium to move along a certain 
trajectory in the absence of fulcrums. The mechanisms of myocardial movement in a certain direction remain unknown. The aim 
of our study was to study the morphological basis of the formation of systolic blood flow from the left ventricle into the great circle 
of blood circulation. Macroscopic, microscopic methods and speckle-tracking echocardiography were used in the study. The results 
of our study showed that the compact myocardium of the upper segments of the left ventricle of the heart is formed by connecting 
the strands of muscle fibers that change direction from “clockwise” to “counterclockwise”. The vector of movement of each 
segment of the myocardium depends on the direction of its muscle fibers and the sequence of contractions. The trabeculae contract 
first and are the fulcrum for compact myocardial cardiomyocytes, which determines the direction of movement of each segment 
of the left ventricular myocardium. Changes in myocardial architecture, as well as abnormal cardiomyocyte contractions, may lead 
to decreased stroke volume with symptoms of heart failure, which should be considered when making a diagnosis. 
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В.П. Захарова, А.А. Балабай, О.М Трембовецька, О.В. Руденко, К.В. Руденко, Л.О.  Стеченко 

МОРФОФУНКЦІОНАЛЬНІ ОСНОВИ ФОРМУВАННЯ СЕРЦЕВОГО ВИКИДУ 
 

Стаття присвячена вивченню морфологічних основ формування систолічного викиду крові з лівого шлуночка в 
системний кровообіг. Міокард представляє собою суцільну синцитіоподібну структуру з різноспрямованими м’язовими 
волокнами, при чому під час систоли різні сегменти лівого шлуночка забезпечують рух міокарда за певною траєкторією 
при відсутності точок опори. Механізми руху міокарда у певному напрямі залишаються невідомими. Метою нашого 
дослідження було вивчення морфологічної основи формування систолічного викиду крові з лівого шлуночка серця у 
велике коло кровообігу. У дослідженні були використані макроскопічні, мікроскопічні методи та спекл-трекінг 
ехокардіографія. Результати нашого дослідження показали, що компактний міокард верхніх сегментів лівого шлуночка 
серця формується в результаті з’єднання тяжів м’язових волокон, які змінюють напрям з «за годинниковою стрілкою» на 
«проти годинникової стрілки». Вектор руху кожного сегмента міокарда залежить від спрямованості його м’язових 
волокон і послідовності скорочень. Трабекули скорочуються першими і є точкою опори для кардіоміоцитів компактного 
міокарда, що визначає напрям руху кожного сегмента міокарда лівого шлуночка. Зміна міокардіальної архітектоніки а 
також порушення послідовності скорочень кардіоміоцитів можуть призводити до зниження ударного об’єму крові з 
симптомами серцевої недостатності, що потрібно враховувати при постановці діагнозу. 

Ключові слова: міокард, лівий шлуночок, морфологія, спекл-трекінг ехокардіографія, серцевий викид. 

 

The study is a fragment of the research project “The development of scientifically grounded criteria for pathomorphosis 

and morphological diagnosis of socially significant infectious pathology, cardiovascular diseases, diseases of the female 

reproductive system”, state registration No. 0119U103946 
 

As is known, the myocardium is a continuous three-dimensional syncytium-like structure with 
multidirectional muscle fibers, which never lose contact with each other [1, 8]. Histologically, the 
myocardial cord shows its linear orientation in accordance with the segmental continuity of its spatial 
organization, when the cord is coiled both on the inner and outer surface [15]. The introduction of the latest 
diagnostic technologies (in particular, vector echocardiography) into healthcare practice has shown that 
blood from the left ventricle (LV) of the heart enters the aorta due to a very complex trajectory, but the 
most effective movement of the myocardium [3, 9]. It was shown that during systole the segments of the 
basal and middle sections of the LV move along the longitudinal axis towards the apex, and simultaneously 
the basal segments rotate clockwise, and the middle section contracts radially towards the center. The apical 
part practically does not move along the longitudinal axis, but rotates counterclockwise [2, 13]. The 
structure of the myocardium determines its function, but does not explain the mechanics of the heart, so 
the question remains open about the mechanisms that ensure the movement of the myocardium in a strictly 
defined direction in the absence of points of support which are characteristic for skeletal muscles. Also, 
there is still no clear idea about what each LV segment contributes to the formation of a complex trajectory 
of myocardial movement. 

The purpose of the study was to clarify the morphological basis of the formation of systolic blood 
ejection from the left ventricle into the systemic circulation. 

©  V.P. Zakharova, A.A. Balabai, 2022 
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Materials and methods. The macroscopic examination was performed by dissecting pig hearts 
(n=10), the structure of the myocardium of which most closely matches the structure of the human heart 
[5, 11]. Hearts were dissected according to the F. Torrent-Guasp method [12] and according to the method 
of A.S. Gulyaeva and I.M. Roschevskaya [4] in our modification: from the top to the bottom. The 
microarchitectonics of the myocardium was studied on 15 human fetal hearts of 20–22 weeks of gestation, 
obtained during abortion for medical reasons due to changes incompatible with life and not related to the 
cardiovascular system. Sheets were cut out from the myocardium, fixed in 10 % neutral formalin, then 
fragmented into pieces, carried out in alcohols of increasing concentration and embedded in paraffin 
according to the generally accepted method. Serial paraffin sections 5 μm thick were made on a Leica SM 
2000 R microtome, made in frontal, sagittal and transverse projections (5 hearts per projection) and stained 
with hematoxylin and eosin. Microscopic examination was performed using an Olympus RX41 
microscope, which gave an idea of the fine details of the intramural structure of the myocardium. The 
trajectory of myocardial movement was studied in 35 healthy volunteers (age 32.5±4.2 years). By using 
speckle-tracking echocardiography, the indices of rotation (°), longitudinal displacement (mm) and 
deformation (%) were determined segment by segment. Statistical processing of the results was carried out 
after the creation of the database in the Microsoft Excel program, using the method of variation statistics 
for average values. All indicators are presented as mean value and standard error. To determine the 
statistical significance of differences between the mean values, the Student's coefficient was used. 
Differences were considered statistically significant at p<0.05. 

Results of the study and their discussion. When dissecting the myocardium, it was seen that the 
outer bundles of cardiomyocytes (CMCs), oriented clockwise, are directed from the base to the apex, where 
they twist and plunge into the LV cavity, changing their direction from “clockwise” to “counterclockwise”.  

 

As a result of the connection at an angle of 
two differently directed arrays of muscle fibers, a 
compact myocardium of the apical segments of 
the LV is formed. CMCs that have entered the LV 
also form trabeculae with longitudinally oriented 
fibers (non-compact part of the myocardium). 
These trabeculae are woven into scattered bundles 
directed counterclockwise, fibers of the inner part 
of the compact myocardium (fig. 1). 

This architectonics of the apex ensures the 
rotational movement of the apical segments 
counterclockwise due to the fact that the 
trabeculae contract first and the inner part of the 
compact myocardium is pulled up to them. The 
outer part of the compact myocardium, connected 
to the inner one at an angle (“palm branch” in 
transverse sections), following the internal 
bundles, is deformed, as if layering on them. 

Fig.1. Microspecimen. Cross section of the LV (apical part) 
of the fetal heart at 22 weeks of gestation. The inner side of the 
subendocardial layer has a fringed appearance with separated 
bundles of muscle fibers, each of which is directed obliquely 
counterclockwise and is woven into the nearest trabecula with its free 
end. The hematoxylin and eosin staining, magnification x 20. 

A functional reflection of this are the indicators of myocardial deformation obtained using vector 
echocardiography. Table 1 shows that the maximum myocardial deformation is observed precisely in the 
apical segments of the LV. 

Table 1. 
Indices of maximum longitudinal deformation of LV myocardial segments on longitudinal sections  

in the norm (%) (n=35) 

Slices Segments 

compartments of the LV 

apical middle basal 

M m M m M m 

4S 
 

lateral -25.4 2.5 -22.5 2.1 -21.6 2.2 

inferior septal -26.9 2.9 -23.3 2.5 -20.4 2.1 

3S 
 

anterior septal -25.6 3.5 -22.2 2.1 -20.1 2.3 

posterior -25.8 5.2 -22.5 2.9 -20.5 3.1 

2S 
 

anterior -25.7 3.9 -22.3 2.2 -21.5 2.3 

inferior -27.4 2.9 -23.6 1.8 -22 2.1 

 THE AVERAGE -26.1 3.5 -22.7 2.3 -21.0 2.4 

Note: Negative values correspond to the narrowing of the contours of the segments.  



ISSN 2079-8334. Світ медицини та біології. 2022. № 1 (79) 

197 

The same segments demonstrate the maximum values of the angular displacement of the 
myocardium (table 2). 

Table 2 
Indices of rotation of segments of the LV myocardium in transverse sections (n=35) (º) 

Segment 
Slice (M± m) 

Basal at the level of mitral valve Middle at the level of papillary muscles Apical 

anterior septal -3.2±1.8 0.6±2.0 11.0±1.9* 

anterior -1.4±2.3 2.3±1.9 11.4±2.0* 

lateral -2.3±2.1 1.7±1.9 11.5±2.0* 

posterior -5.7±1.9 -0.9±2.2 12.2±2.1* 

inferior -8.9±1.8 -3.8±2.8 11.4±2.0* 

inferior septal -7.7±2.3 -2.9±2.6 11.2±1.9* 

Notes: 1. Negative values correspond to clockwise movement, positive – to counterclockwise. 2. * Statistically significant 
difference relative to slices: basal at the level of the mitral valve and middle at the level of papillary muscles (p <0.05). 

 

In contrast to the apex, the inferior septal, inferior and posterior segments of the basal region rotate 
as much as possible, but in a clockwise direction. If we add up the angle of rotation of the basal segments 
clockwise (-8.9±1.8) and the apical segments counterclockwise (12.2±2.1), then the total angle of twisting 
of the LV at the moment of systole is 21.1±1.9º. It is the moment of twisting that contributes to the 
formation of the most effective ejection of blood from the LV. In the middle compartment, where the most 
of the muscle fibers were located circularly, some of the segments moderately rotated clockwise, others in 
the opposite direction, which created the effect of constriction. 

In a macroscopic examination of porcine hearts, we found a vertical muscle cord running in the 
posterior part of the interventricular septum from the base to the middle section of the heart, giving off 
lateral circular branches to both ventricles (fig. 2A). 

 

 A.  B. 
(Fig. 2). Descending muscle cord in the basal part of the posterior interventricular septum (IVS) with circular branches. (A). 

Macrospecimen of a porcine heart. (B). Microspecimen of a transverse section of the posterior-basal part of the IVS and the adjacent 
myocardium of the ventricles of the fetal heart (RV-right ventricle, LV-left ventricle of the heart). The hematoxylin and eosin staining, 
magnification x40. 

 

The presence of this anatomical structure was also documented on serial transverse histological 
sections of fetal hearts (fig. 2B), which also show that in the LV, muscle bundles oriented obliquely 
clockwise extend inward from the indicated circular branches to the trabeculae, which probably ensures 
rotational component of systolic movement in this direction of the basal LV. On sagittal histological 
sections, the architectonics of the myocardium of the posterior basal part of the LV wall looks even more 
complicated due to the fact that here the CMCs of the outer layer of the myocardium is turned inward and 
bending around the circular branches of the posterior vertical muscle cord, are connected to the trabeculae 
(fig. 3A). With their contraction, a displacement of the posterior basal compartment of the LV along the 
longitudinal axis occurs. 

In the lateral and anterior basal segments of the LV, longitudinal fibers dominate. Under the 
atrioventricular sulcus, they turn with their whole mass into the LV and connect there with trabeculae 
(fig. 3B). 

Therefore, the entire myocardium of the basal segments during systole is displaced towards the 
apex. 

The fibrous ring of the mitral valve moves in the same direction due to the presence of special 
trabeculae attached to it (Fig. 4A.), which contributes to the creation of the effect of suction of blood from 
the pulmonary veins into the left atrium. Of particular interest are the muscle layers we found that run in 
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the LV outflow tract from the fibrous ring of the aortic valve to the trabeculae of the anterior and anterior 
septal segments (fig. 4B.). 

 

 A.  B. 
Fig. 3. Microspecimens of the sagittal section of the posterior-basal segment of the LV (A) and the anterior section of the 

anterolateral wall of the LV (B). The hematoxylin and eosin staining, magnification x20. 
 

 A.  B. 
Fig. 4. Microspecimens of frontal sections of the LV. A. Mitral valve with trabeculae connecting its fibrous ring with the 

LV wall. B. Aorto-trabecular bundles of CMCs. The hematoxylin and eosin staining, magnification x20. 
 

At the moment of expulsion of blood from the LV into the aorta, these muscles, as it were, plant 
the aortic root on the vortical (clockwise) blood flow, increasing the efficiency of systolic contraction of 
the myocardial outflow tract. 

In the middle section of the LV, muscle fibers are located mainly circularly, which creates a 
constrictor component of the movement of the walls of this area. However, among the circular fibers, 
separate small longitudinal CMCs bundles are differentiated, providing a shift of the middle section of the 
LV towards the apex by 9.7±2.1–13.5±2.1 mm. The maximum values of the longitudinal displacement 
were recorded in the basal segments (from 19.2±1.8 to 20.1±2.5 mm), the minimum values – in the apical 
region (3.0±1.5–5.0±1.4 mm). 

In general, the results of our study are consistent with those of other scientists [2, 3, 5, 7, 9]. We 
can confirm that the compact myocardium of the upper segments of the LV of the heart is formed as a 
result of the connection at an angle of two strands of muscle fibers that change direction from clockwise to 
counterclockwise [13]. In recent years, scientists have been busy studying the morphological and functional 
correlations of the dynamics and mechanics of the heart, however morphological studies of the human heart 
are extremely limited, as it is difficult to obtain intact, well-preserved hearts [7, 15]. The results of our 
microscopic analysis showed that the CMCs of the inner part of the compact myocardium are woven into 
trabeculae in separate bundles, which has its own reflection in the speckle-tracking study (the total LV 
twist angle at the time of systole is 21.3±2.5). According to our data, the myocardium of the basal segments 
shifts towards the apex during systole, while the trabeculae are the first to receive excitation, given the fact 
that the Purkinje fibers are transformed into working CMCs in the trabeculae [6, 10]. This structure of the 
myocardium of the LV provides rotation and twisting, which form the effective cardiac output [13, 15]. 
The muscle layers that run in the LV outflow tract from the annulus fibrosus of the aortic valve to the 
trabeculae of the anterior and anterior septal segments impinge the aortic root on the vortex blood flow, 
increasing the efficiency of systolic contraction of the myocardium of the outflow tract [14]. 

Thus, each segment of the LV myocardium during the cardiac cycle has its own trajectory. The 
result of the integration of these trajectories is the movement of all LV walls, which provides the most 
efficient cardiac output. A change in myocardial architectonics, as well as a violation of the CMCs 
contraction sequence, can cause a decrease in stroke volume of blood with symptoms of heart failure. This 
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must be taken into account when diagnosing specific patients. In addition, the morphofunctional approach 
to the study of various pathological conditions of the myocardium can be very productive for clarifying the 
pathogenesis of many heart diseases. 

 

Conclusions 

1. Systolic movement of the LV myocardium is provided by a consolidated contraction of its 
various segments in the longitudinal, radial and circular directions. 

2. The vector of movement of each segment of the myocardium depends on the direction of muscle 
fibers and the sequence of their contraction. 

3. Trabeculae contract first and therefore they are the fulcrum for the CMCs of the compact 
myocardium, determining along with the orientation of muscle fibers, the direction of movement of each 
segment of the myocardium and the LV as a whole. 
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