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    THE CARDIAC FULCRUM IN THE PHYSIOLOGY OF THE HELICAL HEART


    


    Since the publication of Fundamentals of the New Cardiac Mechanics: The Suction Pump, ten years ago, there has been a productive succession of studies and research by these brilliant scientists who expanded the knowledge of cardiac mechanics and the myocardial muscle structures and bands. They found the presence of an osseous or cartilaginous tissue, which they called the cardiac fulcrum, where the myocardial bands begin and end, it serves as support for the entire system; they also documented the finding of the lubrication of the entire muscular framework of the heart.


    This knowledge enriches our understanding about the anatomy, physiology, and mechanical contraction of the heart, and thanks to the results, better treatments for heart failure are made possible. Until now, cardiologists explained heart contraction and its failures with the Frank-Starling Law (or simply the Starling Law); now, these new concepts of myocardial torsion and detorsion have been introduced, and the consequent protodiastolic suction through the contraction of sectors that contribute to the detorsion and active expansion of the ventricular cavities, generating an aspirating movement of the blood and a three-phase cardiac cycle. Furthermore, they explain the loss of the ventricles’ aspirating capacity due to their dilation, when part of the myocardial torsion and detorsion is lost, and consequently, the heart’s efficiency as a pump. I am truly convinced that these findings have opened up great lines of research for the future understanding of heart failure.


    Dr. Pedro Cossio
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    Preface


    Once again, we enter Heraclitus’s “river of knowledge.” Only through continuous effort can discoveries be gathered. This was necessary, given that research is a continuous dialogue between the possible -as far as we can objectively reach—and what we consider real, through our subjectivism. And this limit always takes us further on in the attempt to reveal the wonder that leads us. In this search for knowledge, we delve into the steps of belief, imagination, discoveries, and reflections. This alchemy constitutes a network, which, as Arthur Eddington said, will determine the possibility of gathering some knowledge depending on the size of its grids, while others will slip away to remain hidden. Faced with the data collection we were achieving, we always realized that we were in a possible scenario, not only because of the observed phenomenon, but also because of the subjectivity of our own observations. However, we gradually found coherence in the analysis of the cardiac system within its structural and organizational scaffolding.


    We wondered whether it was possible to adequately infer cardiac structure and organization using only the cognitive resources offered by the medical perspective or to converge towards an interdisciplinary and transdisciplinary approach, a strategy we decisively embraced. We understood that, even if we knew the anatomical structure of each part of the helical heart, we would not know how it was integrated. It was necessary to find new ways to address complex problems. Thus, it became necessary to make additional assumptions not found in the basic principles typically employed in biological work. Only cross interference in the disciplines with which humankind has codified its knowledge could bring us closer to implexion, the necessary intertwining with which the universe has arranged its continuity.


    This text, the latest in a series of discoveries on the cardiac organization pattern, is not only a matter of deciphering but also of interpreting the helical heart, since the history of science deals with temporal writings superimposed on one another, repeatedly returning to replicas of what came before. This is how the history of science was made. Each author contributes to the construction of the subject, but everything previously published is generally used as normative, even though the message of what came before sometimes changes, similar to the genetic code. It is accepted without remorse and without revision. We understood, as research progressed, that we had to rebel against this concept and reinvestigate what was established. Only doubt sets you free.


    Established concepts are reduced over time to apothegms. They are no longer analyzed. They are accepted despite the periods that have passed, the new perspectives of observation, and the availability of different tools. Therefore, we had to be careful not to fall into the same situation in order to distance ourselves from a dogmatic logic, but also to be respectful of the historical moment of science in which they were presented. And fundamentally, to have the freedom of thought to understand what was happening with the new research.


    New questions became necessary. We interpreted that a change in the way of looking at the “pulse center” was required, postulating questions, observing it, but above all, exploring it anatomically and functionally, taking advantage of the complementary studies that have emerged in recent decades. In this research process, we have analyzed the compatibilities or incompatibilities between the theories established about the heart. We never took into account the influences, convergences, or disputes of these theories according to the historical notoriety of their circumstantial mentors.


    Therefore, we posed successive questions: Is the myocardium homogeneous or a coiled muscle? Has it no insertion in opposition to the rest of myology? Does it possess a lubricating mechanism when its segments are superimposed? Is the cardiac suction process active, or does it simply return blood to the “pulse center” with the old concept of “vis a tergo”? How does stimulation travel through the myocardium to achieve its helical movement? What pattern does the apex have? Is there muscle in it? Does the Aschoff-Tawara node act in complementarity with the discovery of a myocardial support that we have called the “cardiac fulcrum”? What is the anatomo-functional synthesis of the heart?


    Throughout this entire research journey, there was one determining and foundational fact: the evidence that the myocardium is a continuous, integral muscle, arranged in space in a helical manner with a support (cardiac fulcrum) to fulfill its movements. Multiple dissections of human, bovine, and porcine hearts did not change this concept. This inevitably leads to a physiology that differs from the classical view of the heart opening and closing like a fist. A morphology that did not fit this concept, led us to infer a different organization of cardiac mechanics than the traditional one. Accordingly, a series of findings unfolded: the insertion of the myocardium, which was called the fulcrum; the anti-friction mechanism consisting of hyaluronic acid; the understanding of cardiac suction, which led to the observation of negative pressure between systole and diastole, with the interpretation that the heart consists of two active phases with energy expenditure (systole and suction) and one passive phase (diastole); the path of stimulation in the myocardium that allows torsion to be generated, understanding that it “wrings like a towel” in order to eject blood, with subsequent detorsion to suck it in from the periphery; the value of the apex and also possible therapeutic mechanisms such as the surgical ventricular ellipsoidal reduction technique, ventricular resynchronization, and other possibilities that are just beginning to make their own path through these functional interpretations.


    We emphasize the importance of the established spirit to interpret unexpected findings and accept the consequent criticism of their dissemination. And this consideration is based on the need to escape from an ultimate, definitive, intangible truth, harmonizing with the understanding of the partial and provisional, of the possible, in the data collected in the “river of Heraclitus.” We have always maintained that nothing is as dangerous as the certainty of being right.


    Other knowledge will remain hidden in the waters until new explorers equipped with fishing nets with finer meshes for data collection can bring them to light. This is what happened in the history of blood circulation. William Harvey could not close the circulatory circuit because he had no way of observing the capillaries, which had to wait until the introduction of the microscope. It was thus that Marcello Malpighi or Malpigio (1528-1694), born the same year as the publication of “De Motu Cordis” (1628), carried out remarkable research through the vision offered by the microscope he himself developed, describing the capillaries in the frog lungs.


    Humanity’s natural tendency is to believe in the unity and coherence of what it discovers. Therefore, ideas about the heart, regardless of its topic, have persisted for centuries. Let us recall the struggle to establish that blood circulated and of trying to demonstrate the nonexistence of pores in the interventricular septum. This concept between the predictive and the definitive represents a constant boundary of conflagration, understood in the concept that science is research, not revelation. Albert Einstein (1879-1955) referred to it with these words “all our science, measured against reality, is primitive and childlike—and yet it is the most precious thing we have”.


    Scientific knowledge leads to dogmas, to an obsession with the absolute. The history of medicine abounds with examples. Thus, for centuries, Galen’s theories were accepted, interfering with any possibility of change with the slogan “the master has said it.”


    One cannot write about a branch of science without considering the rest of it, as well as the economic and political context the researcher faces. Science runs the risk of not belonging to its discoveries, but to the prevailing power. Each era has had to overcome these circumstances of power according to human history and the domination exerted, whether through magic, mysticism, religion, economics, or politics. Darwinization has now been added to this pattern of knowledge utilization. Thus, the current state is that a scientific idea must tend to engender power; therefore, the likelihood of disseminating knowledge is determined by the chances of it becoming a material resource that satisfies those in power and not by its specific value. The topics of study are largely guided by current economic pressures and fostered by diffusion. We want to clearly establish this last concept, since this text is a scientific theory and is far from seeking to perpetuate itself as a myth.


    In our everyday world, chance plays a fundamental role, and its resolution requires probability. Scientists gather around a discipline and legislate about its content, using a language that becomes exclusive and inducing principles that are taken as valid, always within that discipline. It is not usually compared with the principles and languages of other disciplines. This situation implies a possibility of circumscribed knowledge which, once it reaches a certain level, loses reference with the interrelationship of the knowledge external to that discipline. The consequence of this strategy is a departure from the reality that was sought to reach through this cognitive process.


    Sciences are entwined, a characteristic of the entire universe known as implexion (intertwining). This superposition of states, a concept from quantum physics, is not permanence in change, but permanence in interaction. Everything that exists is due to this faculty of continuous reorganization.


    Thus, as we have immersed ourselves into the “river of Heraclitus” with our ideas, similarly to possible networks for apprehending the unrevealed intelligibility of nature, we believe that the new heart explorers will be able to “reduce the error” that all scientific theory entails. This is what we aspire to. Although we defend our ideas passionately, we are far from using dogmatic fanaticism to sustain this research in the face of the possibility of new realities.


    The cardiac organization investigated and presented in this text is based on the helical heart as its objective, a teleonomy, which harbors a complex, surprising functionality with a performance unmatched by human mechanical inventiveness.


    The rationale employed in our research, although necessary, does not empower us to say that we have reached reality faced with the questions raised by the helical heart. The efforts to achieve it will continue to populate the “river of knowledge” with new researchers amazed by an organ where men settle their feelings and emotions leading them to perplexity.


     


    The authors, Buenos Aires, 2025

  

  
    Research Hypothesis 
The Cardiac Fulcrum in the Physiology of the Helical Heart


    The function of the heart presents such a mechanical complexity with an anisotropic muscular matrix, that it must be investigated in terms not only of its structure, but also in its pattern of organization. The anatomy of the cardiac parts provides matter and substance, while its organization provides form, order and quality. Both are linked through the functional process in which they participate.


    This led us to investigations that explained their morphological and mechanical integrity. If we stop at the classical descriptions, we see that ventricular anatomical attention was paid to its external and internal surfaces without delving into its intrinsic muscular conformation. Its arrangement was considered to form two contiguous ventricular chambers, enclosed by a homogeneous, solid, compact muscular thickness called the interventricular septum and with a global en bloc contraction that alternately reduces and increases its volume. It was not considered that cardiac functional capacity required a reinterpretation of the spatial organization of the myocardial fibers and their sequential movements, which led to the introduction of other functional topics that were practically ignored by classical cardiological research.


    An explanation for this apparent muscular homogeneity of the ventricles with an intricate anatomy that conceals the helical conformation it presents, implies considering that its compact structure is required in birds and mammals to ensure that blood is ejected at a high speed in a limited time span, by an organ that must supply two circulations (systemic and pulmonary). Currently, the helical myocardium can be corroborated by anatomical investigation through adequate dissection that manages to deploy it in its full extent, and also by other procedures, namely: histological examination, images obtained with diffusion tensor cardiovascular magnetic resonance imaging, echocardiographic analysis with speckle-tracking techniques, modeling techniques and electrophysiological studies carried out with three-dimensional electroanatomical mapping and laboratory studies. All the procedures cited were used for this investigation.


    The anatomical dissection leads to visualize the real internal anatomy of the myocardium as opposed to the concept of “homogeneous myocardium”, finding a helical structure with defined planes that allows the sequential and concatenated physiological movements of narrowing, shortening-torsion, lengthening-detorsion and expansion, depending on the propagation of the electrical stimulus along its muscular paths. Myocardial unfolding should be performed through the cleavage plane that leads to the helical morphology of the continuous myocardium. If this is attempted through its muscular mass, that seems undifferentiated to superficial observation, without taking into account this cleavage hypothesis, it results in lacerations to the muscular continuity, distorting its anatomical integrity.


    This path that directs from structure to organization, understood as an interrelation between its parts, led to acknowledge and research about little explained topics of cardiac mechanics, which should be considered complementary among them and fundamental for physiology, pointing to essential questions:


    
      	Given the anatomical and histological research on the segmental continuity of the myocardium, can the myocardium be considered a continuous, unique and integral muscle?


      	Myocardial torsion constitutes the functional solution to eject the ventricular hematic content with the necessary energy to irrigate the whole organism. Thus, the phylogenesis of cardiac morphology matches ventricular mechanics, but lacks the understanding of electrical propagation along the muscular pathways that would accurately explain its movements. The studies on this topic aim to demonstrate the necessary integrity of cardiac structure-function. The analysis of left ventricular endocardial and epicardial electrical activation using three-dimensional electroanatomical mapping performed by us in a series of patients, allowed us to address a transcendental research question: how does myocardial torsion occur? Before answering this question, it is important to emphasize that throughout the content of this work, when we speak of “myocardial torsion”, we must bear in mind that we are referring to an elastic and non-compressible material, as the myocardium. This implies that this torsion, determined by a rotation in opposite directions of the cardiac base and apex, implies a simultaneous shortening in the longitudinal direction. Although the terms twist, torsion and twisting are used interchangeably in the literature, they do not mean the same thing. Twist corresponds to the algebraic subtraction of basal and apical rotations, while torsion is the term most frequently used to refer to cardiac movement, though we should not forget that the rotational movement described for the myocardium is accompanied by simultaneous longitudinal shortening between the base and the apex.


      	The inevitable question that arises is that in order to rotate, the muscular segments that make up the ventricular chambers must do so on a point of support just as a skeletal muscle does on a firm insertion; are there any in the heart? If this support is real, how does the myocardium insert into this structure? This aspect of myocardial support is not the only argument to consider for its effects, since cardiac power generates a force capable of ejecting ventricular content at a speed of 200 cm/s with low energy expenditure. Certainly, given this developed capacity, myocardial tethering to a support point is necessary to achieve its movements. 
With the discovery we made of the myocardial support, which we call the cardiac fulcrum, it was understood that it constituted the necessary tether so that the myocardium could exert the necessary power. Moreover, due to the sequential cardiac movements, the fulcrum also acts as a stabilizer of the whole heart, absorbing the alternating ascending, descending and torsional tractions. This interplay implies not only a limit to the movements of the heart, but also that the fulcrum itself is shaped in its form by these movements through the torque to which it is subjected. The inherent question that inevitably arises from this concept is: what are the structural properties of the cardiac fulcrum?


      	The mechanical consequence of the cardiac structure is the onset of stimulation in the anatomo-functional unit formed between the AV node and the cardiac fulcrum, and its continuity with myocardial torsion, by opposite rotation between the base and the apex with simultaneous shortening of both ventricles. The AV node is located at the atrioventricular junction, at the base of the muscular septum, below the origin of the great vessels. It is contiguous to the cardiac support (fulcrum), located between it and the implantation of the septal leaflet of the tricuspid valve. What is fundamental in the research finding is that the neurofilaments of the node also penetrate into the interior of the cardiac fulcrum, where the myocardial fibers originate and end after their helical trajectory. The consequence of this morphology is myocardial torsion, since at the point of contiguity between the descending and ascending segments, the activation propagates from the endocardium towards the epicardium (transverse propagation), that is, from the descending to the ascending segment, generating opposing forces. From this point, the ascending segment depolarizes in a double path: towards the tip and towards the base of the heart, at the same time as the descending segment completes its activation towards the apex.


      	The investigation with helical myocardium unfolding until it becomes a continuous muscle led to further inquiries: what is the true meaning of the cardiac apex, how is it formed?


      	The sliding between the myocardial segments, produced by torsion-detorsion, implied from the theory that there should be an antifriction mechanism in order to avoid dissipating the energy used by the heart. So, is there a certain histology that explains this fact? Do the venous Thebesian and Langer ducts play a role in this mechanism?, and is there an organic lubricating resource that can facilitate the sliding of the superimposed cardiac segments?


      	By folding, the myocardium changes from a longitudinal muscle to a helicoid, in order to align the ventricles in a contiguous and interdependent manner through a septum, and thus allowing torsion/detorsion mechanics. Therefore, in this research we analyzed the causes of a fundamental question: why is the heart helical? Which are the morphological evidences that imply it is a helix?


      	The production of the intraventricular vortex studied by echocardiography is a consequence of the torsional movement and of the required energy impulse that the blood fluid needs for its ejection. Through the physical theory of dissipative structures, which explains the organization of this intraventricular vortex, it is possible to understand its flow dynamics.


      	A passive cardiac filling phase would be unfeasible because of the small pressure difference with the periphery. Pursuing this consideration, ventricular filling was investigated as secondary to the generation of negative intraventricular pressure with energy expenditure during protodiastole. This myocardial contraction lengthens the base-apex distance of the left ventricle, after the ejection phase, producing a suction effect by an action similar to that of a “suction cup”. Could this mechanism be explained by the persistence of the ascending segment contraction during the first 100 ms of diastole? Also, does this concept allow us to consider suction during the protodiastolic phase as an essential element in the physiology of the circulatory system, by being the link of continuity between the pulmonary and systemic circulations? Should a phase of coupling between systole and diastole be considered in the heart through cardiac suction?


      	In this cardiac cycle of two active phases (systole and suction) and one passive phase (diastole), how does energy expenditure act in the active phase of suction? Could the cardiac energy of ejection and suction be calculated?


      	As both ventricles have two active phases, suction and ejection according to our research, functions that must be fulfilled with only one chamber each, complementarity, the result of the interplay of pressures at the beginning of the cardiac cycle, establishes an elementary role in functional continuity. At this point, can we discern that the previous suction during the protodiastolic phase of myocardial contraction, improperly called the isovolumetric relaxation phase, is what allows the expansion of the ventricles during filling? Does the circulatory movement require the dynamic and complementary relationship between the ejection of one ventricle and the suction of the opposite one? 
In circulatory physiology we must consider fundamental facts investigated: the asynchrony between the right and left ventricular cycles allows the interaction between ejection and filling in each chamber. Myocardial contraction, active and with energy consumption, during the Protodiastolic Phase of Myocardial Contraction in both ventricles, enables blood flow during venous return, making up for the lack of an adequate gradient between the vascular beds and these chambers. Complementarity, a consequence of the asynchrony between the opening of the pulmonary valve, about 40 ms prior to the opening of the aortic valve, allows the superimposed action between right ventricular ejection and left ventricular suction (third period of filling). Given these physiological facts, can the heart be considered a suction pump? 
Beyond their morphological continuity, each atrium and its corresponding ventricle cannot be considered as a functional unit in the active mechanism of ejection and suction. This functional pattern is constituted by the alternating and synchronized phases of both ventricles, i.e. right ventricular (RV) ejection-left ventricular (LV) suction and LV ejection-RV suction. The classical concept hindered the knowledge of cardiac development and the understanding of the myocardium as a continuous muscle with a support that we have called cardiac fulcrum. The systemic and pulmonary vascular beds are connected in series to form a continuous circuit. We should speak of RV-pulmonary circulation and LV-systemic circulation as a single circulatory pathway in which differences in pressure and vascular resistances determine the continuous blood circulation. Ventricular chambers and vascular circuits are two distinct systems with characteristic dynamics, whose end is to maintain circulatory flow. This concept forces us to consider the active suction caused by the pressure drop to negative values during the Protodiastolic Phase of Myocardial Contraction in both ventricles, as an essential element in the physiology of the circulatory system, as it is the continuity link between the pulmonary and systemic circulations. It is necessary to consider that the system of circulatory movement would be established by the complementarity between the ventricles. 
Through the research that we have continuously carried out in recent years and that includes the sequence of cardiac activation, anatomical studies, physiological knowledge on the protodiastolic phase, ventricular septal interdependence, clinical and experimental research on negative intraventricular pressure and the suction mechanism, we have reached the understanding of biventricular complementarity.


      	Is an interrelation between the cardiac fulcrum and the atrioventricular node possible, thus leading to reconsider the process of cardiac pacing? Is it feasible to achieve with stimulation in the right place, according to the path of the stimulus through the myocardial segments, the restoration of the negative pressure to generate left ventricular suction?


      	Could the knowledge of this structure-function of the heart be of importance for surgical ventricular reduction procedures?


      	The suction produced in the Protodiastolic Phase of Myocardial Contraction cannot be explained by a passive mechanism, given the low pressure gradients reached at the entry to the atria, and should be considered as a key element to facilitate venous return in complementarity with the systolic impulse of the opposite ventricle. This is supported by the subatmospheric pressures, “depressions” recorded in these chambers during the Protodiastolic Phase of Myocardial Contraction. The driving role of the atria is minimal. Their power is 1% with respect to that of the ventricle. Obviously, this low gradient is related to a need for active ventricular suction. Given that a variation in the ventricular suction mechanism could be an initial, even subclinical, stage of ventricular dysfunction, the aim of this analysis has been to identify whether there is a relationship between the parameters that determine the impairment of the left ventricular Protodiastolic Phase of Myocardial Contraction and heart failure with preserved ejection fraction. This should be categorized with an ejection fraction above 50%, with underlying mechanisms not yet fully known for the onset and development of this type of heart failure. Is a deficient suction of the left ventricle during the Protodiastolic Phase of Myocardial Contraction the cause of this type of heart failure?


      	In the 180° twist that occurs in the myocardium between the left segment and the descending segment, the fibers of the muscular continuum of the myocardium diverge their orientations when they intertwine by the change of direction. This twist in the myocardial continuum makes it possible to align the descending segment (continuity of the left segment) and place it parallel and contiguous with the ascending segment, which proceeds from the descending segment continuity when it changes direction at the apical level. At this point of proximity between the descending and ascending segments, the stimulation when passing from the descending to the ascending segment, as its fibers have different orientations (anisotropy), produces a helical movement with opposing forces, leading to myocardial torsion. This twist is a hallmark of the helical myocardium, since in the classical quasi-spherical system of a cavity surrounded by homogeneous muscle it would lack meaning.

    


    The methods used in this investigation to explain the hypothesis of anatomo-functional integrity of the heart consisted of:


    
      	The use of 85 hearts from the morgue, slaughterhouses and hatcheries (for anurans): 

      
        	54 from two-year-old bovids weighing between 1300-1900 g (average 1650 g);


        	17 from humans (three 8-, 16- and 23-week gestation embryos, respectively; four 30 and 36- day and 10- and 27-week infants; two 4-and 10-year-old children and eight adults with an average weight of 300 g);


        	4 from swine (400 g);


        	10 from anurans.

      



      	Histological and histochemical analysis of anatomical specimens.


      	Endocardial and epicardial electrical activation of the left ventricle in humans by three-dimensional electroanatomical mapping.


      	Physiological investigation of left ventricular suction in canine experiments in which the right ventricle was excluded.


      	Measurement of left intraventricular pressure.


      	Pathophysiological reinterpretation of heart failure in experimental and clinical studies (right ventricular bypass surgery, cardiomyoplasty for heart failure, ventricular containment techniques, cardiac resynchronization, univentricular mechanical assistance, and left ventricular reconstruction).


      	Phylogenetic studies.


      	Bioimaging studies.


      	Clinical studies on heart failure with preserved ejection fraction.

    


    The findings and clinical data presented are the result of experimental trial(s) performed under the approval of all required regulatory authorities and under informed consent of the patients following the principles described in the current World Medical Association Declaration of Helsinki (2013). Experiments were conducted in accordance with the 1996 United Kingdom Scientific Procedures in Animals Act, the EU Directive 2010/63 for experimental animals and the “National Institutes of Health” guidelines for the Care and Use of Laboratory. Animals (NIH Publication No. 8023, updated 1978).

  

  
    PROPOSITION 1 

 SUPPORT AND FUNCTIONAL ANATOMY OF THE HELICAL MYOCARDIUM

  

  
    1. Phylogenetic aspects of the circulatory system


    Anatomical structures are rarely found exclusive to a single species. However, modifications can be observed that make analogies difficult in terms of function. According to the concepts of Georges Buffon (1707-1888) and Geoffroy Saint-Hilaire (1772-1884), evolution attempts to use the same materials by modifying their functions, a property understood as a common plan for all organisms, encompassing all species, without criterion of privilege for anyone in particular. Therefore, continuity is established, not in strict morphology, but between the analogical functions of species. In this respect, there may be the same function in evolutionary development, but with different hierarchies, and through them, the same functional requirements are met. The same organ can manifest itself among species through gradual transitions. In this regard, through diverticula of the esophagus and evolutionary pressure, their surface area was enlarged for the passage of oxygen until they became lungs. François Jacob (1920-2013) explained it in this way: “Making a lung out of a piece of esophagus is very much like making a skirt out of your grandmother’s curtain.” (84)


    The previous paragraph explains the evolutionary development in the heart phylogeny, The circulatory system of worms (annelida, nemertea) consists of a closed system with two capillary beds (pulmonary and systemic) and two semicircles, called arterial and venous. In this system, the only circulatory system that appeared 1 billion years ago, blood is propelled in a peristaltic manner (contraction and suction) since it lacks the energetic impulse of a chamber (Figure 1 A).


    The evolution towards fish allows us to observe the appearance, in the venous semicircle, of a primitive heart consisting of three dilations, called the venous sinus, atrium, and ventricle, located consecutively. Although the circuit remains single, this leads to the development of a pumping chamber (ventricle) with the possibility of increasing intravascular pressures (Figure 1 B).


    In the subsequent biological development, consisting of amphibians and reptiles, much more prominent modifications originate. At this evolutionary stage, two circuits can be distinguished, systemic and respiratory, while the heart has two atria and one ventricle, the latter generated by an incipient loop in the arterial circuit (128, 202, 255). This twisting unto itself of the circulatory duct, in a segment of the arterial semicircle (systemic circuit), constitutes a crucial step in the evolutionary circulatory development of species (Figure 1 C). After this loop, the future ventricular chambers will form, a morphology that is well understood when the muscular continuity of the mammalian myocardium is unfolded.


    An interesting finding is that the single ventricle in anurans has two muscular layers, analogous to the left ventricle in mammals (Figure 2). This ventricle is supplied by two atria, which act alternately to prevent unoxygenated blood from mixing with oxygenated blood. The most superficial layer is longitudinal, and since the deep muscular layer is transverse, it crosses the first layer, creating a matrix in the arrangement that brings us closer to the cardiac helicoid with anisotropic properties which are fundamental to myocardium functionality, putting in evidence the torsion of the primitive arterial semicircle of fish (209).


    Here, a clarification on the evolution of biological forms is necessary. We believe in a programmatic plan of progressive tendency over natural selection. It is argued that there is a project and appropriate materials that are created for that purpose. This is not the case, and Darwin highlighted this point in “The Origin of Species” (1859) when he referred to both structural and functional imperfections throughout the evolutionary chain. Sometimes, the solutions are actually very strange to the logic of a program. This is explained by the fact that evolution builds on what is already in place, transforming what is within its reach, or through the alchemy of various structures, to achieve a new complexity. In this way, evolution does not use engineering, but rather bricolage. In other words, it takes what is within its reach for the job. Thus, as we mentioned earlier, just as evolution built a lung from a piece of esophagus, the same applies to understanding the development of the heart across different species. Evolution does what it can with the means at its disposal. And we observe this in cardiac phylogeny (84, 210).
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      Figure 1. Phylogeny of the circulatory system. VS: venous segment; AS: arterial segment. The arrows indicate the sense of circulation. A: worms. B: (fish) the three dilations of the venous segment can be observed: VS: venous sinus; A: atrium; V: ventricle. C: (amphibians and reptiles). The loop that will give rise to both ventricles begins in the arterial segment and is completed in D (birds and mammals).
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      Figure 2. Single ventricle of anuran (frog). A thin longitudinal layer of myocardial muscle is observed at the periphery. Internally, cardiomyocytes with multiple fascicles are seen anastomosing with each other. HE10x. References TF: transverse fibers; LF: longitudinal fibers.

    

    The development of the circulatory system in birds and mammals allows us to distinguish two atria and two ventricles. In the arterial semicircle, the loop that began in amphibians and reptiles is completed with the formation of a helical myocardial system. In this segment, in the loop established in the primitive arterial duct, the effect produced by a longitudinal cleft gives rise to channels that will constitute the two ventricles in future evolution (Figure 1 D) (230, 244). At the origins of the pulmonary artery and aorta in mammals, there is evidence that has been linked to this evolutionary cleft produced in the arterial section (202). They would correspond to the space between the trigones at the posterior part of the aorta where the posterior leaflet of the mitral valve fits, while in the pulmonary artery it would be represented by the division of the paraendocardial segment (belonging to the right segment, beginning of the myocardium) into two bands: pulmonary and septal. Both pieces of evidence are in the shape of an inverted V, revealing the beginning of the cleft that led to the formation of the continuous myocardium, which Francisco Torrent Guasp (1931-2005) referred to in his research as the muscle band (201,208) This process provides two chambers to propel blood out of the loop into the systemic bed with sufficient energy and high speed (reaching 200 cm/s in humans) through the left ventricle, and into the pulmonary artery through the right ventricle with the development of pressures which are 20% those of the systemic pressures. This evolutionary strategy allowed for the necessary development to generate intravascular pressure in the arterial circuit segment that would drive fluid at an adequate speed to irrigate the body. At this point we must understand that the ventricles of mammals, although not identical, are complementary.


    If we go back to the primary stage in the evolution of the circulatory system, we can see the phylogenetic milestones of the different species. The atria belong to the venous segment and the ventricles to the arterial segment. A subsequent more pronounced curvature of the arterial segment allows the atria to come into contact with the respective ventricles (Figure 1 D). In this way, the horizontal arrangement of both atria (chambers originating in the venous semicircle) is attached to the plane of the ventricular component (arterial semicircle).


    Defining this bold idea of Torrent Guasp in the development from fish to mammals, the single atrium and single ventricle of the former become the right and left atria in the latter. In turn, the ventricles in mammals are derived from the incipient coiling of the arterial segment corresponding to the arterial circuit of amphibians and reptiles.


    In the recapitulation that ontogeny makes of phylogeny (210), the bending of the cardiac duct can be observed in the human embryo, which first lateralizes and then twists into a helix, recalling the evolutionary process (Figures 3 and 4) (121). In this way, the bulboventricular loop curves to the right and forward. This movement is made possible by the disappearance of the dorsal mesocardium, which leaves the heart completely free and pendant in the thorax, allowing it to perform the functions of torsion (ejection) and detorsion (suction) to complete the cardiac cycle. Later, we will see the need for the myocardium to be attached to a point of support, which we have found and called the cardiac fulcrum, in order to obtain the necessary power for its movements. This flexure of the cardiac duct has two consequences: 1) the formation of the left outer margin of the heart, which was straight and is now interrupted by a cleft called the bulboventricular sulcus, and 2) simultaneously, the occurance of a torsion that is responsible for the bulges of the trunk and conus.
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      Figure 3. Cardiac duct flexure in a human embryo.
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      Figure 4. The spatial arrangement of the aorta and pulmonary artery is shown in a 21-week-old human fetal heart (A) and in anurans (C). B. It details the twisting process in birds and mammals. Ref. A: aorta; PA: pulmonary artery.

    

    Actually, the atrium and ventricle of fish become the right atrium and left atrium in mammals. The atria act as compensatory chambers, preventing the ventricles from becoming overloaded. They absorb, with the distortion of their walls, the sharp blows caused by the sudden closure of the ventricular valves. Both atria represent strategic vestiges in the evolution of the primitive circulatory duct of fish.


    It is necessary to consider the venous tract, the right ventricle, and the pulmonary artery as belonging to the venous system; and the pulmonary veins, left ventricle, and arteries as part of the arterial system (Figure 5). The systemic and pulmonary capillary beds connect both systems. Therefore, the pumps and their ducts belong to an integrated system.


    The right ventricle is a chamber dedicated to pumping venous blood into the circuit, but within the framework of the heart’s integrated energy functions of suction and ejection, its role is fundamentally complementary to systemic circulation. In fact, the output volume of the left ventricle is always approximately equal to that of the right ventricle, even though they do not have the same energy capacity (Proposition 3) (237, 253). Since, according to our research, both ventricles have two active phases, suction and ejection, each one performed by a single chamber, complementarity, resulting from the interplay of pressures at the beginning of the cardiac cycle, plays a fundamental role in functional continuity. With two circuits available: the systemic and the pulmonary, complementarity acts between the ejection of the left ventricle and the suction of the right ventricle in the systemic circulation, while the ejection of the right ventricle interacts with the suction of the left ventricle in the pulmonary circulation.
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      Figure 5. Mammalian circulatory system. References: PA: pulmonary artery; PC: pulmonary capillaries; PV: pulmonary vein; RV: right ventricle; LV: left ventricle; RA: right atrium; LA: left atrium; SC: systemic capillaries.

    

    In conclusion, the circulatory duct of annelids functions in its contractile progression with a peristalsis mechanism. Propulsion along its length preserves the pattern of longitudinal transmission, but after the loop that the cardiac duct undergoes in mammals and birds, transverse transmission of the impulse is added (Proposition 2), allowing both bands of the myocardium (descending and ascending) (Figure 6) to have a helical movement that is essential for producing the concatenated movements of torsion-shortening in systole and detorsion-lengthening in the subsequent suction phase. Both ventricular torsion and detorsion generate the necessary force to achieve cardiac volume ejection and suction, respectively. Torsion allows ventricular blood to be ejected at a speed of 200 cm/s, while detorsion generates a drop in intraventricular pressure during the first milliseconds of diastole, formerly called the isovolumetric phase, and more accurately referred to as the protodiastolic phase of myocardial contraction (PPMC), given its active nature with energy expenditure, which lasts until the atrioventricular valves can open. The power developed manages to bring 80% of the final volume into the left ventricle in 20% of the diastolic time.
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      Figure 6. Helical myocardium in the cord model that simplifies the spatial structure. The figure shows the different segments forming it. In blue: basal loop. In red: apical loop. PA: location of the pulmonary artery; A: location of the aorta. The location of the heart’s support, called the fulcrum, is shown. The figure in the right angle illustrates the three-dimensional arrangement of the continuous myocardium. Histology (left inset) details the different orientation of the longitudinal fibers (ascending segment, AS) in relation to the descending fibers (transverse fibers, DS). Given the different orientations of the fibers, the area marked with the black circle corresponds to the beginning of the opposite helical movement that produces myocardial torsion.

    
  

  
    2. Spatial anatomical location of the cardiac chambers


    By simply observing the heart “in situ” in the mediastinum its helical position in space is revealed. This reality consequently leads to the appropriate nomenclature of the heart chambers in relation to their location in their three-dimensional orientation.


    Classically, the chambers were designated as right and left atria and right and left ventricles, which follows a two-dimensional nomenclature. These spatial references do not place these chambers in their actual location, nor do they make the three-dimensional arrangement of the heart’s helical structure understandable in order to fulfill its functions of torsion (ejection) and detorsion (suction).


     


    Spatial anatomical location. When observing the heart in its natural position in the mediastinum (Figure 7), we can easily see that the right atrium corresponds to this spatial topographic situation. The rest of the chambers are erroneously named in relation to their three-dimensional arrangement. The right ventricle is antero-right, leaving almost no space in this location for the ventricle called left ventricle, which, when displaced by the antero-right ventricle in its counterclockwise rotation, is moved to a location that is barely left, but fundamentally posterior in almost all of its volume, and should therefore be called the postero-left ventricle. For its part, the left atrium is rotated even further backwards, to the point that it is located behind the ascending aorta, separated from it by the transverse sinus of Theile, with only the tip of its appendage emerging in a left position. Therefore, it should be referred to as the posterior atrium. This situation clearly
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    6. Topography of the continuous myocardium


    In its course, the myocardium adopts a helical configuration that defines the two ventricular chambers (95). This anatomo-functional helix is formed by two bands called ascending and descending bands. The former includes the right, left, and descending segments, while the latter is formed by the remaining ascending segment (Figure 6). The figure in 8 outlined by this trajectory defines two loops called basal and apical loops. Interestingly, this concept, represented with number 8, was published by R. F. Shaner in 1923 (179).


    The myocardial helix describes two spiral turns with its initial and terminal ends inserted into a structure with osseous, chondroid or tendinous form depending on the different animal species and humans used in these research studies. We have called it the cardiac fulcrum, and it is the support of the myocardium (Figures 26 and 27) (245). This insertion is the only perceptible site where myocardial fibers originate and end. Later in this same Proposition, this important finding will be detailed in adequate depth and breadth.


    The basal loop extends from its insertion in the cardiac fulcrum to the sharp change in direction that the continuous myocardium presents between the left and descending segments. The apical loop runs from this inflection point of the myocardium to the aortic base. Each loop consists of two segments. The basal loop is made up of the right and left segments. The apical loop consists of the descending and ascending segments (Figure 6). In the overall arrangement of the loops, the basal loop embraces the apical loop, so that the right ventricular chamber presents itself as an open cleft in the muscle mass thickness forming both ventricles (Figure 8). The segments are defined by anatomical references, without losing the continuity that the myocardium exhibits as a single muscle.
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      Figure 26. Descriptive photograph of the right segment paraepicardial and paraendocardial muscle bundles forming the right ventricle, emerging from the cardiac fulcrum. PA: Pulmonary artery; A: Aorta; TV: Tricuspid valve. The inset shows the histology of the fulcrum, consisting of mature bone trabeculae (transverse section of a bovine heart).
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      Figure 27. The cardiac fulcrum is observed with the insertion at the beginning (right segment) and end (ascending segment) of the continuous myocardium (bovine heart).

    

    Basal loop. The posterior interventricular sulcus presents a trough that outlines the limit between the right and left basal loop segments. The right segment constitutes the right ventricular free wall and surrounds externally the tricuspid valve orifice. The left segment situated in the left ventricular free wall defines the mitral valve orifice externally. The fibers run from the subepicardium to the subendocardium following a counterclockwise helical course (apical view of the diaphragmatic surface of the heart in the anatomical position).


     


    Apical loop. The descending segment extends from its border with the left segment of the continuous myocardium to the apex. From this point it becomes the ascending segment and ends mainly below the base of the aorta in a structure where the fibers are attached and that we have called the cardiac fulcrum. These segments at their boundary are related by the anterior papillary muscle, constituting mainly the interventricular septum. Similar to the basal loop, the fibers run from the subepicardium to the subendocardium, but in this case following a helical clockwise course (apical view of the diaphragmatic surface of the heart in the anatomical position).


    From these concepts, it can be deduced that the right ventricle is made up by a single loop (basal) and the left ventricle by two loops (basal and apical). In addition, the right ventricular free wall is formed by a single segment (right segment), while the left ventricular free wall is essentially made up of two segments with the ascending segment (external) overlapping the descending segment (internal). Regarding the left segment, it forms the posterior part of the left ventricle limiting the mitral orifice, and its lower portion is covered by the ascending segment.


    The concept is that while the heart is the circulation engine, the ventricles represent the heart engine, and the apical loop can be considered the left ventricular engine.
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