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Toward New Understanding of The Heart Structure and Function
"Hos igitur quasi vestigiis odorati tradendae medicinae initium ab humano corpore ducemus, quod et artis subjectum existit, et
omnium primum sensibus occurrit notissimum: a quo dein per minima quaeque deducti ad ea denique mentis impulsu feremur,
quae cogitatione sola comprehendi possunt"
"We shall start the beginning of the teaching of medicine from the human body, which is both the subject of the art of medicine and, first of
all, it comes most clearly under our senses. Then from there, led through all the minutiae, we shall be finally carried by an impulse of the
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mind, to those things which can be understood by thinking alone."

Jean Fernel (1497-1558), physician to King Henri II of France
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Toward New Understanding of The Heart Structure and Function
Introduction
One of the most important scientific missions in this century is integration of basic research with clinical medicine.
With substantial achievements at genetic, molecular and cellular levels, during the past few decades, recent
advances in elucidating myocardial stucture and function have made a paradigm shift in research and provided a
promising ground for the new integrative knowledge of the heart structure and function.
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The ancient enigma of myocardial architecture is finally solved. Discovery of the ventricular myocardial band
(VMB, Figure 1) revealed unavoidable coherence and mutual coupling of form and function in the ventricular
myocardium, urging for reconciliation of some exceeded concepts about electrical, mechanical and energetical
events in human heart.
Careful integration of this knowledge is not of merely academic importance, but is also the essential prerequisite in
clinical evaluation and treatment of different heart diseases. The best example are recent modifications and
enrichments in heart failure conceptions, leading to new therapies addressed to “disease and not to symptoms”.
Kresh and Armour advised that “heart should be considered as self-regulating functional system, which is greater
than the sum of its constitutive parts”. This general statement should be adopted as a common standpoint for those,
who intend to participate and contribute in integrative heart researches.
Today, more and more, parts of the road to excellence are leading to collaboration between the scientists from quite
different branches. Many of them, from the mathematicians to the cardiac surgeons, are already discussing about
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heart, in very comprehensive manner. But even so, there are still many points of missunderstandings and
disagreements. Most of them are emanating from different research technologies applied, while some others, are still
difficult to explain. To overcome these diversities, we should first be aware that scientific theories are validated by
empirical testing against physical observations, rather than by simple judging of their logical compatibility with the
available data. But, when we reach the point upon which our scientifical perception is substantiated, as Fernel
suggests, "we shall be finally carried by an impulse of the mind, to those things which can be understood by thinking
alone".
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Thus, in order to fully understand complex three-dimensional architecture of the ventricular myocardium, some
essential and scientifically validated facts should be summarized and emphasized again.
Spatial organization of the ventricular myocardial fibres – historical scope
The problem of the macroscopic structure of the ventricular myocardium has remained unsolved since the XVI
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century, when anatomy became an authentic science. The spatial organization of the myocardial fibres has been
represented, as James Bell Pettigrew wrote in 1864: "an arrangement so unusual and perplexing, that it has
long been considered as forming a kind of Gordian knot of Anatomy. Of the complexity of the arrangement I
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need not speak further than to say that Vesalius, Haller, and DeBlainville, all confessed their inability to
unravel it."
Reviewing the scientific reports, made along the last five centuries, for those who have made a substantial
contribution to the knowledge of rule-based assignment of different trajectories followed in the space by each
ventricular myocardial fibre, one realizes that only Richard Lower’s work, reported in 1669, provides still irremovable
anatomical fact. He describes that, in the left ventricular wall, two groups of fibers could be distinguished. Superfitial
fibers, that are coming from the base and run subepicardically, suffering a reflection at the apex, after which, they
become subendocardial, coming back toward the base. The second group (i.e deep fibers), are located in the middle
of the ventricular wall thickness, and run in a progressive transverse fashion. All successive contributions, including
those made in the first half of XX century, more or less, limit themselves to repeat, although in different terms, these
Lower's findings.
Thus, in 1749, Senac arrives to the conclusion that the outer fibres, corresponding to the external and internal
surfaces of the ventricular wall, run in an almost vertical direction, meanwhile, the inner ones are extended circularly
in a near horizontal plane.
Later on, in 1792, Wolf observes that within the deep fibres could be distinguished two trajectories. The external one
- along which deep fibers run progresively more near to the direction followed by the subepicardial fibres, and the
internal one - progressively inclining toward the subendocardial ones.
In 1823, Gerdy, also according to the description of the English pioneer[15], claims that the inner fibres of the
ventricular wall, coming from the ventricular base, fit with uninterrupted succession into the outer, subepicardial and
subendocardial fibres, making an opened figure of eight.
Weber states once more, in 1831, that the more superficial fibres, (i.e. subepicardical and subendocardical), coming
from the ventricular apex, irradiate to arrive the ventricular base.
Ludwig has noted, in 1849, that uninterrupted fibers are forming a closed figure of eight while passing around left
ventricle, changing their angle smoothly from the epicardium to the endocardium.
In his comprehensive study, published in 1863, Pettigrew establishes the existence of seven distinct muscular layers,
that can be individualized by the progressive change in direction of their fribres, from the epicardium to the
endocardium.
Krehl conceptualized in 1891 the “Triebwerk”, as nested set of fiber paths, describing a subepicardial and
subendocardial continuity at the level of the mitral orifice, and at the apex of the left ventricle, where they invaginate.
MacCallum in 1900 and later on his teacher Mall[23] in 1911, described separately, again according to Lower, that
the ventricular wall is made of fibres, with an “V” configuration, which adapt progressively one into the other, getting
more and more opened “V” shape, while going to the middle regions of the ventricular wall. Mall also describes two
big muscular fascicles, “sinospiral” and “bulbospiral”, in their turn divided in superficial and deep, but honestly
underlying that he can not give any simple schema “which applies equally well to all portions of the ventricular wall”.
Later on, in 1956, Lev and Simkins described three different fascicles: one epicardial, other endocardial and a third
one, located at the middel of the ventricular wall. Lev, according to Mall, claims that “the exact explanation for the
direction of the various fasciculi, depends upon comprehensive embriologic studies of the myocardium, which are
still to be carried out”.
Hort has made, in 1957, an important contribution with “micrometric evidence of shifting interdigitations of individual
neighbouring fibres”.
Daniel Denison Streeter, with his important works from 1966 to 1979, undoubtedly deserves the attribute of
"crossroad" between the classical and the modern approaches in studying the heart structure and function
relationships. With unique ability to “create a picture from the puzzles”, he joined his “opened-up Japanese fan”
concept of the progressive change of direction in the successive transmural planes of fibres, with reproducible
methodology described by Hort and Torrent-Guasp into complete mathematical study and comprehensive
description of geodesic trajectories of the ventricular myocardial fibres.
The result of anatomical studies, giving rise to the VMB concept, provided that simple schema, about which was
claiming Mall, that applies equally well to all the ventricular myocardial fibres, showing them joined together in a
coherent common general architectural plan. As emphasized by Streeter, “accepting the statistical criterion of the
predominant fiber direction at given point”, earlier described by Torrent-Guasp, accomodates factual difficulties,
arising from complex and anisotropic myocardial architectural design. Therefore, in the ventricular myocardium, there
are no anatomically reproducible muscular fibres or distinctive layers, as thaught by predecessors or erroneously
interpreted by some contemporary researchers, but only consistent vectorial functional trajectories and cleavage
plans, which could be very easily reproduced by previously described dissection method (Video 1).
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Video 1 (rm file 862KB - Real Audio Player)

The knowledge of that morphology, which configurates a helicoid with two spiral turns, has been the base that has
led to achieve the explanation of the way the heart performs its double function, ejection and suction of blood, a
problem arised 2300 years ago by the Greek physician Erasistratus of Chios (304-250 BC).
Harmony of form and function
From the earliest days of anatomy and physiology, the form and the function were considered to be an inseparable
attributes of a whole, either form teleological or from mechanistic (i.e materialistic) points of view. It is simply not
possible to understand the essence and the magnitude of natural harmony between form and function, unless we
accept the advice given by Sommer and Johnson that "relating structure to function in any organ, ...leads inevitably
to ontogeny and phylogeny" and unless we expand our intelectual scope from the molecular to the organ level.
Recent brilliant review on cardiogenesis by Moorman and Christoffels, integrates complex mechanisms, involved in
transition from a peristaltic tubular heart to a synchronously contracting four-chambered organ. Development and
patterning of vertebrate heart is amenable to different, evolutionary conserved and specific transcriptional networks,
as well as to the variety of epigenetical influences. New “balooning model of chamber formation” offers a logical
explanation, from the genetical and functional points of view, of the four-chambered heart design and the
organization of its electrical acitivity, thus overcoming the mayor week points of previous ”linear array” concept, being
considered as “one of the most fatal assumptions”, regarding morphology and flow direction.
Having on mind that evolution does not “conserve” phenotype but genotype[39], it is easy to understand that
phylogenetic memory does not neccessairly produce morphological equivalents during ontogenesis, but rather
appears in a form of “fast-running” genetic programes. Accordingly, Ernst Haeckel's biogenetic law, stating that:
“ontogeny is the short and rapid recapitulation of phylogeny”, does not necessarily mean that ancestral morphology
must appear in a recognizable manner during embriogenesis. Phylogenetic and ontogenetic analyses and
comparisons, should take into account a fact, that patterning, rather than structural appearance, is the only relevant
and potentially accessible information.
Specifical spatial changes of the heart tube and surrounding blood vessels are consequences of genetically
programed proliferative and apoptotic events, as well as epigentically induced remodelings. Primordial cells
originating from primary and secondary heart fields, as well as those from neural crest and proeipcardium - all
participate in a final composition of the heart.
Epithelial-to-mesenchimal transformation of the endothelial layer in a developing heart, is a nice example of
biologically and evolutionary “condensed genetical knowledge”. Endothelial cells, underwent such transformation,
start a series of mitotical divisions, filling the acellular “cardiac jelly” and producing the visible protuberances
denominated as endocardial cushions and trabeculae. Similar process occurs on the other side of cardiac jelly, in a
compact myocardial layer, without previous epithelial-to-mesenchimal transformation. Interconnections of those
cellular bridges, surrounded by cardiac jelly, define the final spiral patterning of the adult ventricular myocardium
(VMB). Transepicardial (proepicardial) proliferation supports the myocardial mass by vasculature, along with cardiac
and noncardiac (mesocardial, neural crest) connective tissue, giving the rise to extracellular matrix, insulating tissues
and anchoring fibrous structures within the heart.
Filling the cardiac jelly with cells (i.e. “compaction of the ventricular wall”) is, maybe, the most important mechanism,
that governs the specific transmural spiral patterning of the ventricular myocardial fibers, resulting in formation of the
double helical VMB. Accompanying visible structural changes (genetiaclly and epigenetically controlled), so often
described as a distinctive phases of embriological cardiac modeling, are probably notihing else, but our “snapshots”of this continuing patterning process.
Looking back, into predecessors' circulatory systems, genetically, morphologically and functionally, we could not
resist to conclude that pumping organs (hearts) have been developed later than tubular, vascular system. Moreover,
it is evident and emphasized in our previous reports, that specialized pumping chambers have been developed from
the tubular vascular system. Shigei et al, have nicely reviewed phylogenetical and ontogenetical changes within
tubular vascular system of invertebrates and vertebrates. According to them, the appearance and development of
the “endothelium or endothelial tubular system” and “sympathetic nerve/medial smooth muscle system”, were
respectively, two most remarkable changes that have occurred in the course of evolution of vertebrate circulation.
They hypothesize that the sympathetic nerve/medial smooth muscle system, may be regarded as a new
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neuroeffector mechanism, developed for systemic regulation of the endothelium-lined closed vascular system.
The complexity and difficulties in maintaining the homeostasis, have urged for development of more sophisticated
control mechanisms, which may sometimes overwhelm intrinsic functional capacities in circulatory system.
Accordingly, both the heart and the tubular part of circulatory system (i.e. arteries, capillaries, veins), now being
separated in pulmonary and systemic circulation, have been submitted to numerous adjustments (e.g. complex
neural, humoral, rheological and other influences) during phylogenesis and ontogenesis.
Structural features of each constitutive component of the heart, reflect both its electrophysiological and
elastomechanical performances, et vice versa.
Manasek has shown that longitudinal re-arrangement of developing myofibrils and appropriate re-shaping of primitive
cardiac myocytes, are induced by changes in haemodynamic forces. Micro-design of a single cardiac myocyte is,
thus, amenable to fine structural adjustments, in order to retain the optimal functional capacity in a different loading
conditions. Gregorioy has proved that step-like sarcomeral organization is necessary for synchronized electromechanical action, which produces the unidirectional blood flow in a hearts of all amniotic animals. Accordingly, size,
shape, connections and predominant orientation (in a three-dimensional space) of a single-cell sarcomeral protein
molecules, determine their functional behaviour. The same is true for each individual myocardial cell, myocardial
fiber (being a series of longitudinally and laterally connected cells), and myocardial laminar sheet (Figure 2).
Microscopical and macroscopical myocardial architeture, and particularly the existence of myocardial laminae or fiber
bundles, separable by distinct anatomic cleavage planes, have been a controversial subject, since long ago. LeGrice
et al, however, have provided acceptable solution, documented by their comprehensive, detailed measurements of
canine ventricular myocardium. They have reported that the myofibers are arranged into distinct myocardial laminae,
three to four myocytes thick, separated from adjacent laminae by the extracellular collagen network. The myocytes
are tightly coupled within the laminae but sparsely coupled between adjacent laminae. The planes of the laminae
could be defined locally by the longitudinal axis of comprising myofibers and by their spiral transmural direction on
the ventricular mass level.
Integrative knowledge of rule-based assignments, on different organizational levels within ventricular myocardium
(Figure 2), is essential prerequisite for understanding that blunt anatomical dissections, following predominant fiber
direction, are revealing their unique functional rather than eclectic anatomical personality. In addition,
understanding of this principle would, hopefully, prevent erroneous comparisons of the VMB with skeletal muscle
model, and enable those with individual difficulties to follow described VMB blunt dissection protocol (Video 1), to
adopt this easy-to-learn technique (Figure 3).
Since the mechanical result of the contraction of any muscle, always depends of its disposition in the space - the
direction defined by such muscle, will have the gratest influence on its particular action, when being activated. This
interdependence of myocardial form and function, described in VMB concept, has been recently validated on intact,
beating hearts, in numerous investigations.
The first, indirect visualisation of the VMB fiber trajectories in intact bovine heart, was done by Lunkenheimer et al.
Using a series of computerized tomographies, after transcoronary produced pneumo-myocardium (Figure 4), he was
able to trace directly only the connective tissue scaffold of the ventricular musculature, arranged in a series of
differently orientated spirals. Although this, basically, double-contrast technique, was not able to visualize myocardial
muscular compartment (due to its dessication and partial fragmentation by the pressurized interstitial air), it has left
us a solid “negative image” of its spatial orientation, which, as the author said: ”…confirms and extends TorrentGuasp’s double loop concept”.
Recent advances in imaging techiques, have provided even more reliable methods for myocadial structural and
functional analyses. Material anisotropy of living tissue has been mapped using diffusion-tensor magnetic resonance
imaging (DTMRI). It has been established that water diffusion anisotropy, measured by MRI, faithfully parallels
histologic anisotropy. DTMRI studies on intact, human beating heart, have confirmed that myocardial fibers within the
ventricular mass, are arranged in layers of counter-wound helices, encircling the ventricular cavities.
Displacement encoding stimulated echo (DENSE) MRI, provides a high spatial density of displacement
measurements in the myocardium, via stimulated echoes, while the image is always acquired at the same time point
in the cardiac cycle (Figure 5). The spatial and temporal resolution of the data acquired using this technique is
superior to any other imaging modality involving myocardial tagging and tracking. In recent report, Saber et al.,
explains that it was possible to determine both myocardial fiber orientations and ventricular wall dynamics in vivo,
based on the VMB concept, by applying DENSE-MRI technique.
Many lines of evidence suggest that this fiber configuration serves to equalize stresses and strains across the thickwalled ventricle, allowing both active and passive tissue components to operate in optimal mechanical regimes
during the cardiac cycle. Horovitz et al., claimed that: “Anatomical findings as well as theoretical considerations
indicate that the myocardial fibers lie along minimal length geodesics of the left ventricular wall.” It is also a well
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known fact, that myocardial cells are optimized to shorten along their long axis. In a true physiologic situation, the
radius of curvature, sarcomere length, fiber orientation, wall thickness, and electrical activation vary widely with
location within the ventricular wall and within different time frames, during the cardiac cycle. Even so, the ventricles,
being considered as remarkable product of natural engineering, have the unique ability to translate 15% linear
sarcomere shortening into ejection fractions of greater than 50% and wall thickening greater than 30%. Such high
efficiency coefficient could not be explained without taking into account a specific three-dimensional architectural
plan, explained in VMB concept. Unraveling helicoid, configurated by VMB, allow us to distinguish four segments
whose respective fibers adopt different directions within left ventricular mass. These four segments, when
succesively actvated during the cardiac cycle, can be further functionally individualized, through the different actions
they perform during the contraction. Those actions, as explained in our previous reports, provide the healthy heart
with strong capacities (defined by specific spatial arrangement of the VMB segments) to ensure its own efficient
emptying (systolic function) and filling (diastolic function), by means of successive muscular contraction along the
VMB. Furthermore, the true understanding of the VMB biomechanics, allows clear insight in the venricular torsional
mechanics and systolic wall thickening, a phenomena clearly visible by different imaging techniques, but hardly
explainable by classical knowledge of ventricular structure and function.
Myocardial fiber architecture is also a key determinant of both normal and pathological electrical properties of the
myocardium, strongly influencing initiation and spread of the ventricular dysrhythmia.
Along with the mechanical aspects of the ventricular performance, attention has been refocused again, on the
electrical events, giving rise to excitation-contraction coupling along the VMB. Those events, and particularly their
anatomical and molecular substrates, still remain controversial.
Examining elctrophysiological and functional data, in order to test the hypothesis of activation sequence within the
ventricular myocardium, James Cox has calculated the delivery of the impulse throughout the VMB. He had carefully
plotted out how the electrical impulse was delivered to the myocardium, by the specialized conduction system, and
correlated those findings with the velocities of conduction in thin and thick areas of the heart. It came out that
impulse delivery precisely mimicked predicted sequence of activation.
It has to be emphasized here, that patterns of contractile activities within ventricular myocardium (i.e. impulse
deliveries), may or may not precisely correspond with patterns of electrical excitations, as recorded by
microlectrodes or voltage sensitive dyes. This fact is essential for the explanation of different results, obtained by
ventricular electrical mapping studies, and those that are analyzing sequences contractile activities within ventricular
mass.
It has been clearly demonstrated by fast Fourier analyses of ventricular MUGA scans, that muscular contractile
activity, during the cardiac cycle, progresses (in a peristaltoid manner), along succesive VMB segments. Since the
excitation necessairly preceedes contraction, the most logical pattern of ventricular electrical activation should follow,
both spatially and temporarily, previously descirbed sequence of its mechanical action.
Recent analyses of temporal shortening at the sites of sonomicrometer crystals, implanted in selected regions of
intact animal heart, have validated proposed sequence of contraction along the VMB. Apart from initial encouraging
results, more studies are needed to confirm that impulse delivery (i.e. excitation-contraction coupling), is following
the sequence of activation along the VMB.
Current anatomical and electrophysiological knowledge neither fully accept nor deny this pattern of electromechanical coupling within ventricular myocardium. The most controversial topics are related to the organization and
function of, so-called, “specialized conduction system” within heart. There have been numerous attempts to explain
the origin, development, organization and function of the conduction system, both in health and in disease. It is
evident fact, from the pertinent literature, that cardiac myocytes, conventionally distinguished as working myocardium
and specialized conducting system, share the same embriological origin. Phylogenetic and ontogenetic studies have
shown the early appearance of the unidirectional, slow peristaltic waves of contractions along the heart tube, prior to
any distinguishable molecular or other phenotypical differentiation of existing myocites. Patten concluded long ago,
from his experimental studies that: “the whole of the primary myocardium, constituting the wall of the myocardial
tube, was acting as a conducting tissue.” Recent reports on fetal myocite transplantation, and consecutive
reestablishment of myocardial pacemaking activity, seems to be in accordance with previous statement. During the
further developmental stages, it appears that certain myocite populations maturate faster than the others, giving a
rise to the anisotropy of conduction velocities, which is, on the other hand, necessary for coordinated activation of
different segments within developing heart. This maturation, among other aspects, was shown to be related to
specific ion chanells, and paradoxically, those cells that we call “specialized” are in fact less mature than cells
belonging to the working myocardium. Pacemaker activity, while present in embrionic ventricular myocytes is lost in
adult ventricular myocytes because it is normally held back or repressed by the presence of inward-rectifier
potassium chanells. Inhibiting those chanells in working cardiac myocyte, by adenoviral gene transfer, Miake et al.,
were able to produce a cells with higher spontaneous depolarization rates.
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There were many attempts to define some universial conductive genotype and phenotype, but this task still remains
to be accomplished. We find it interesting to take into consideration some epigenetical influences, which may play a
certain role. Since the electrical propagation through the developing heart (being basically physical event) follows the
pathway of the lowest resistance (according to Ohm’s law), than the cumulative electromotive force, could be
dependent on spatial organization of myocardial cells. In other words, the structural patternning of the developing
heart, may have an influence on further functional (and structural) differentiations toward slow and fast conducting
compartments.
From the laboratory to bedside
To close the circle, the new morpho-functional concept of the VMB has to be widely integrated in clinical practice. In
its present extent, the VMB concept does offer solutions to some ongoing clinical controversies.
During the past two decades, a new branch of cardiology has been developed, on the basis of scientifical efforts to
understand, define and treat diastolic heart failure. As explained in our previous work, the concept of active diastole
has been offered a time ago as possible solution. Untill detailed explanation of VMB biomechanics was available, it
was hard to undestand the phenomenon of the active ventricular filling. Contemporary experimental and clinical
investigations, unequivocally support the attitude that only powerful suction force, developed by the normal
ventricles, could be able to produce an efficient filling of the ventricular cavities. The most important part of
ventricular diastole (i.e. the rapid filling phase), during which it receives more than 70% of the stroke volume, belongs
to the active muscular contraction of the VMB ascendent segment. Therefore, its of utmost importance for the clinical
practice to realize, that normal ventricular myocardium possesses strong intrinsinc capacities (due to specific spatial
arrangement of the VMB segments), to ensure its own efficient emptying (systolic function) and filling (diastolic
function), by means of successive muscular contraction along the VMB. By understanding this principle, there would
be no longer doubts, whether there is: “Diastolic heart failure or heart failure caused by subtle left ventricular systolic
dysfunction?. As Yip et al., concluded:” time for a redefinition” has come.
We are all aware that hallmark of this century is an increasing number of patients with hart failure. A lot of them will
need some kind of surgical treatment. So far, several surgical ventricular restorative procedures were developed on
the basis of VMB concept. Vaage has nicely concluded in his recent editorial, that basic science “helps and promote
the development of cardothoracic surgery as a modern speciality with a dynamic and scientific profile”. Therefore,
instead of empirical, we should try to develop new surgical procedures using more rational approach.
Trying to find an optimal non-transplant options, many surgeons were trapped in purely mathematical evaluation of
their surgical strategies. These “Laplacian” procedures (although some of them being very elegant), are commonly
neglecting some essentially biological principles (e.g. tissue composition, viability, inflammation), governing
behaviour of both normal and diseasaed heart. To develop more physiological heart failure surgery - the first thing
that we have to realize is that the heart is not a “soap bubble”. In another word - to deal with a heart failure - we have
to understand the function of the normal heart. To do so - we have to understand its structure.
Apical loop of the VMB (Figure 6) is the principal motor of the heart. Cutting through this loop, as Batista proposes,
not only reduces the left ventricular volume, but impairs both its systolic and particularly diastolic performance. But if
we preserve the apex, as we have suggested long ago, and as Komeda et al., have done in large experimental
animals, the mayor disadvantages of the left ventricular reduction surgery could be avoided. Understanding of the
VMB concept is of critical importance in performing a variety of restorative surgical procedures, all of them
addressed toward unfavourable left ventricular remodeling.
We reasonably expect to see a lot of new clinical implementations in the nearest future, as already seen for
congenital heart defects.
Important research directions
The VMB concept has emerged from more than 50 years long research with more than 1000 anatomical dissections
of the hearts, belonging to different species. Although the first publication with detailed anatomical study has
appeared more than 20 years ago, a serious attention of the wider scientifical community was not evident, untill NIH
and NHLBI have organized the workshop: “Form and Function: New Views on Disease and Therapy for the
Heart” (Bethesda, MD, 2002). Since then, this new anatomical and functional concept has become seriously
considered in many researches, but still, there are many questions to be answered.
The architectural plan of the ventricular myocardial fibers, represented by VMB, which describes two spirals in the
space during its trajectory from the pulmonary artery to the aorta, defining a helicoid which delimitates two ventricular
cavities, rises many interesting questions related to phylogeny and ontogeny of the heart. In spite of perplexing
amount of informations, obtained from contemporary molecular and genetical analyses, it remains unclear the true
origin of evident anatomical, histological and functional differences between atria and ventricles of the heart (Figure
7), on the one side, and the apparent histological and functional similarities between veins and atria, or between
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arteries and ventricles, on the other side.
The form and the function of the heart (as well as of any other structure) are inevitably interdependent. The same,
we believe, is true at each phylogenetical and ontogenetical level. Regarding previous, one of the most challenging
question is realted to the transition from the aquatic to the terrestrial breathing. Precisely, the only pumping chamber
in the circulatory system of the pisces belongs to the venous part (bringing the venous blood to the gills). The
absence of pumping chamber in the arterial part of their circulation, is explained by low metabolic rates (low
resistance to blood flow) and the "whole body movements", both being suficient for adequate blood supply of the
systemic capillary network.
This example rises several concerns. First, is it really low metabolic demand and whole body movement a consistent
explanation for the "un-pumped" blood flow in the arterial system of the pisces or, maybe, a kind of vestigial vascular
peristatic waves may be the additional blood propeling force? Second, concerning the function (pumping the venous
blood toward the gills), the entire heart of the pisces is in fact the venous pump. Morphologically, it looks like a heart
tube of the higher, terrestrial breathing species (aves, mammals). This similarity in morphology, with obviously
different (more complex) function is confusing. Available explanations (more or less) could offer some insight into
morphological transformation of the serially connected chambers within heart tube - into parallely connected
chambers of the final organ. From the functional point of view – it remains unclear how does the segmented organ
which pumps exclusively venous blood (i.e. thw heart of the pisces) - acquires anatomical and functional connection
with the systemic, arterial circulation in higher species, having in mind that its entire “arterial pole” (i.e. aortic sac) is
actually deriving venous blood to the gills? Phylogenetical and ontogenetical studies and meta-analyses, performed
along with VMB researches, have opened completely new fields, now being conceptualized in several ongoing
research pojects. One of them is related to electrical activity of the heart and blood vessels and is supposed to
analyze possible presence of the vestigial vascular peristatic acitivity.
It is widely accepted that electrical coupling between myocardial cells is acomplished by cell-to-cell transmission, via
the gap juctions. Recent advances in understanding the subtile mechanisms of spreading electrical activation, by
proton (H+) hopping between hydrogen bonded water molecules have stressed the importance of the interstitial
tissue composition in that process. Changes in the electrical field, transmitted by Purkinje network, may alter the
ionization of water molecules bonded to the matrix proteoglycans and this may, in turn, produce successive proton
hopping along those molecules. Such kind of monovalent cation mobility is remarkably faster than Na+ or K+
diffusion, responsible for cell-to-cell electrical conduction. Having in mind again, that electrical activation preceedes
the mechanical contraction, it has been observed that the earliest contractions in human heart appear 35msec after
initial excitation, and that most of the fibers are entering contraction within 105msec. Taking into account the 98%
limit of the QRS duration of 116msec in normal human subject, and the maximal possible velocity of the cell-to-cell
conduction of 0.3mm/msec (along the longitudinal axes), it comes out that maximal lenght of the unraveled VMB
should not be greater than 3.5cm. In a reality, just as a comparison, the average lenght of its ascending segment (in
adult human heart) is 13cm. Therefore, proton hopping theory of electrical conduction, may bring some new light on
excitation-contraction coupling at any given heart rate.
The importance of the mitral apparatus to left ventricular function has been suggested in many clinical and
experimental studies of mitral valve replacement. True reasons for better ventricular function with preserved “annulopapillary continuity” still remain unclear. Development of new experimental research technolgies has allowed us to
design an experimental protocol which would (hopefully) prove our thesis about the role of the papillary muscles and
chordae tendineae within the mitral aparatus and their influence on the ventricular function.
Finally, based on VMB anatomical and functional concept we have designed an external cardiac supporting device
(“brace prosthesis”), which is ment to preserve both systolic and diastolic functions of the heart (Figure 8) and
prevent a series of events accompanying process of ventricular remodeling. This project is currently in the
experimental phase, and we hope that we would be able to report some results in a nearest future.
Conclusions
As Streeter said: “No man-made structure is designed like a heart. Considering the highly sophisticated
engineering evidenced in the heart, it is not surprising that our understanding of it comes so slowly.”. The
VMB concept, developed over the last 50 years, has gathered many people willing to contribute to the knowledge of
heart structure and function. All of them, led by the misterious call of unkown, are still aware that our mutual final
goal is yet to be achieved. Whether “the helix and the heart affect nature, the heart, and the human”, we really don’t
know, but one thing is evident – we are still together on the road toward new understanding of the heart structure
and function.
References:

1.

Torrent-Guasp F. Estructura y función del corazón. Rev Esp Cardiol 1998;51:91-102.

2.

Torrent-Guasp F, Buckberg GD, Clemente C, Cox JL, Coghlan HC, Gharib M. The structure and function of the helical heart and its buttress wrapping. I. The normal
macroscopic structure of the heart. Semin Thorac Cardiovasc Surg 2001;13(4):301-319.

VMB FUTURE DIRECTIONS

3.

Página 8 de 10

Torrent-Guasp F, Kocica MJ, Corno A, Komeda M, Cox J, Flotats A, Ballester-Rodes M, Carreras-Costa F. Systolic ventricular filling. Eur J Cardiothorac Surg 2004;25
(3):376-386.

4.

Torrent-Guasp F. La mecánica ventricular. Rev Lat Cardiol 2001;22:48-55.

5.

Torrent-Guasp F. The electrical circulation. Valencia: Imprenta Fermar, 1970:7-65.

6.

Hunter PJ, Borg TK. Integration from proteins to organs: the Physiome Project. Nature 2003;4:237-243.

7.

Buckberg GD. Congestive heart failure: Treat the disease, not the symptom - Return to normalcy. J Thorac Cardiovasc Surg 2003;125(3):S41-S49.

8.

Burkhoff D. New heart failure therapy: The shape of things to come? J Thorac Cardiovasc Surg 2003;125:S50-S52.

9.
10.

Kresh JY, Armour JA. The heart as a self-regulating system: integration of homeodynamic mechanisms. Technol Health Care 1997;5:159-69.
Vaage J. The cardiothoracic surgeon and the basic scientist. Eur J Cardio-thorac Surg 2004;26:237-238.

11.

Anderson RH. Spatial orientation of the ventricular muscle band. J Thorac Cardiovasc Surg 2002;124(5):1053.

12.

Lunkenheimer PP, Redmann K, Florek J, Fassnacht U, Cryer CW, Wubbeling F, Niederer P, Anderson RH. The forces generated within the musculature of the left

13.

Fernel J. Medicina, physiologiam, pathologiam, methodumque complectens. Ad Henricum II Galliarum Regem Christianissimum. Venice: Petrus Bosellus, 1555.

ventricular wall. Heart 2004;90:200-207.

14.

Pettigrew JB. On the arrangemet of the muscular fibres in the ventricles of the vertebrate heart, with physiological remarks. Phylos Trans1864;154:445-500.

15.

Lower R. Tractatus de Corde: Item de Motu et Colore Sanguinis. London: Dawsons of Pall Mall, 1968.

16.

Senac JB. Traité de la Structure du Coeur, de son Action, et de ses Maladies. Paris: J. Vincent, 1749.

17.

Wolff CF. Dissertations de ordine fibrarum muscularis Cordis. Acta Acad Scient Petropol 1781;3:205-211.

18.

Gerdy PN. Recherches, discussions et propositions d’anatomie et physiologie. Paris: Thèse, 1823.

19.

Weber EH. Hildebrand’s handbuch der anatomie des menschen. Brauneuschweig, 1831:140-153.

20.

Ludwig C. Ueber den Bau und die Bewegungen der Hertz-ventrikel. Z Rationelle Med 1849;7:189-220.

21.

Krehl L. Beiträge zur Kenntnis der Füllung und Entleerung des Herzens. Abh Math-Phys Kl Saechs Akad Wiss 1891;17:341-362.

22.

McCallum JB. On the muscular architecture and growth of the ventricles of the heart. Johns Hopkins Hosp Rep 1900;9:307-335.

23.

Mall FP. On the muscular architecture of the ventricles of the human heart. Am J Anat 1911;11:211-266.

24.

Lev M, Simkins CS. Architecture of the human ventricular myocardium. Technique for study using a modification of the Mall-MacCallum method. Lab Invest

25.

Hort W. Untersuchungen über die miskel faserdehnung und das gefüge des myokards in der rechten herzkawand des meerschweinchens. Virchows Arch Pathol Anat

1956;5:396-409.

Physiol Klin Med 1957;329:694-731.
26.

Streeter DD, Basset DL. An engeneering of myocardial fiber orientation in pig’s left ventricle in systole. Anat Rec 1966;155:503-511.

27.

Streeter DD, Spotniz HM, Patel DJ, Ross J, Sonnenblick EH. Fiber orientation in the canine left ventricle during diastole and systole. Circ Res 1969;24:339-347.

28.

Streeter DD, Torrent-Guasp F. Geodesic paths in the left ventricle of the mammalian heart. Circulation 1973;48(Suppl 4):4-14.

29.

Streeter Jr DD. Gross morphology and fiber geometry of the heart. In: Berne RM, Sperelakis N, editors. Handbook of physiology section 2. The Heart (American
Physiology Society), vol. 1. Baltimore: Williams and Wilkins, 1979: p. 61-112.

30.

Torrent-Guasp F. Anatomia Funciónal del Corazón. Madrid: Paz Montalvo, 1957:62-68.

31.

Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH. Left ventricular fibre architecture in man. Br Heart J 1981;45:248-63.

32.

Jouk PS, Usson Y, Michalowicz G, Grossi L. Three-dimensional cartography of the pattern of the myofibres in the second trimester fetal human heart. Anat Embryol

33.

Cunningham A. The pen and the sword: recovering the disciplinary identity of physiology and anatomy before 1800 II: Old anatomy - the sword. Stud Hist Phil Biol &

34.

Cunningham A. The pen and the sword: recovering the disciplinary identity of physiology and anatomy before 1800 I: Old physiology - the pen. Hist Phil Biol & Biomed

2000;202:103-118.

Biomed Sci 2003;34:51-76.

Sci 2002;33:631-665.
35.

Sommer JR, Johnson EA. Comparative Ultrastructure of Cardiac Cell Membrane Specializations. Am J Cardiol 1970;25:184-194.

36.

Noble D. Modeling the heart - from genes to cells to the whole organ. Science 2002;295:1678-1682.

37.

Brand T. Heart development: molecular insights into cardiac specification and early morphogenesis. Dev Biol 2003;258:1-19.

38.

Moorman AFM, Christoffels VM. Cardiac Chamber Formation: Development, Genes, and Evolution. Physiol Rev 2003;83:1223-1267.

39.

Cripps RM, Olson EN. Control of Cardiac Development by an Evolutionarily Conserved Transcriptional Network. Dev Biol 2002;246:14-28.

40.

Manasek FJ. Histogenesis of the Embryonic Myocardium. Am J Cardiol 1970;25:149-168.

41.

Gregorio CC, Antin PB. To the heart of myofibril assembly. Trends Cell Biol 2000;10:355-362.

42.

de Lamarck JB. Zoological Philosophy. London: Macmillan and Co. Limited, 1914:201-347.

43.

Sedmera D, Pexieder T, Hu N, Clark EB. Developmental Changes in the Myocardial Architecture of the Chick. Anat Rec 1997;248:421-432.

44.

Sedmera D, Pexieder T, Vuillemin M, Thompson RP, Anderson RH. Developmental Patterning of the Myocardium. Anat Rec 2000;258:319-337.

45.

Shigei T, Tsuru H, Ishikawa N, Yoshioka K. Absence of Endothelium in Invertebrate Blood Vessels: Significance of Endothelium and Sympathetic Nerve/Medial

46.

Dawson TH. Similtude in the cardiovascular system of mammals. J Exp Biol 2001;204:395-407.

Smooth Muscle in the Vertebrate Vascular System. Jpn J Pharmacol 2001;87(4):253-260.

47.

Bény JL. Information Networks in the Arterial Wall. News Physiol Sci 1999;14:68-73.

48.

LeGrice IJ, Smaill BH, Chai LZ, Edgar SG, Gavin JB, Hunter PJ. Laminar structure of the heart: Ventricular myocite arrangement and connective tissue architecture in

49.

Schulte RF, Sachse FB, Werner CD, Dössel O. Rule-based assignment of myocardial sheet orientation. Biomedizinische Technik 2000;45(2):97-102.

50.

Horowitz A, Perl M, Sideman S. Geodesics as a mechanically optimal fiber geometry for the left ventricle. Basic Res Cardiol 1993;88(Suppl 2):67-74.

the dog. Am J Physiol 1995;269(38):H571-H582.

51.

Lunkenheimer PP, Müller RP, Konermann CHR, Lunkenheimer A, Köhler F. Architecture of the myocardium in computed tomography. Invest Radiol 1984;19:271-278.

52.

Scollan DF, Holmes A, Winslow R, Forder J. Histological validation of myocardial microstructure obtained from diffusion tensor magnetic resonance imaging. Am J
Physiol 1998;275(44):H2308-H2318.

53.

Saber NR, Gharib M, Wen H, Buckberg GD, Ross BD. Interpreting Myocardial Morphology and Function from DENSE MRI Data Based on Fluid Mechanics Concepts.
J Cardiovasc Magn Res 2004;6:365-366.

54.

Spotnitz HM. Macro design, structure and mechanics of the left ventricle. J Thorac Cardiovasc Surg 2000;119:1053-77.

55.

Ingels NB. Myocardial fiber architecture and left ventricular function. Technol Health Care 1997;5:45-52.

56.

Buckberg GD, Clemente C, Cox JL, Coghlan HC, Castella M, Torrent-Guasp F, Gharib M. The structure and function of the helical heart and its buttress wrapping. IV.

57.

Horowitz A, Perl M, Sideman S. Geodesics as a mechanically optimal fiber geometry for the left ventricle. Basic Res Cardiol 1993;88(Suppl 2):67-74.

58.

Walker CA, Spinale FG. The structure and function of the cardiac myocite: a review of fundamental concepts. J Thorac Cardiovasc Surg 1999;118:375-82.

Concepts of dynamic function from the normal macroscopic helical structure. Semin Thorac Cardiovasc Surg 2001;13(4):342-57.

VMB FUTURE DIRECTIONS

Página 9 de 10

59.

de Tombe PP. Cardiac myofilaments: mechanics and regulation. J Biomech 2003;36:721-730.

60.

Arts T, Costa KD, Covell JW, McCulloch AD. Relating myocardial laminar architecture to shear strain and muscle fiber orientation. Am J Physiol Heart Circ Physiol
2001;280:H2222–H2229.

61.

Hexeberg E, Homans DC, Bache RJ. Interpretation of systolic wall thickening. Can thickening of a discrete layer reflect fibre performance? Cardiovasc Res
1995;29:16-21.

62.

LeGrice IJ, Takayama Y, Covell JW. Transverse shear along myocardial cleavage planes provides a mechanism for normal systolic wall thickening. Circ Res

63.

Spach MS, Heidlage JF. The Stochastic Nature of Cardiac Propagation at a Microscopic Level. Electrical Description of Myocardial Architecture and Its Application to

1995;77:182-93.

Conduction. Circ Res 1995;76:366-380.
64.

Spach MS, Barr RC. Effects of cardiac microstructure on propagating electrical waveforms. Circ Res 2000;86:e23-e28.

65.

Sachse FB, Seemann G, Werner CD. Combining the Electrical and Mechanical Functions of the Heart. Int J Bioel 2001;3(2):1-13.

66.

Hinch R. An analytical study of physiology and pathology of the propagation of cardiac action potentials. Prog Biophys Mol Bio 2002;78:45-81.

67.

Coghlan HC, Coghlan AR, Buckberg GD, Gharib M, Cox JL. The structure and Function of the Helical Heart and its Buttres Wraping. III. Electric Spiral of the Heart:
The Hypothesis of the Anisotropic Conducting Matrix. Semin Thoracic Cardiovasc Surgery 2001;13(4):333-341.

68.

Tuzón MT, Hernándiz A, Cosín J, Díez JL, Aguilar A, Vila C, Torrent-Guasp F, Salvador A. Secuencia de contracción cardiaca según el origen del estímulo. Estudio
experimental en corazones normales. Latido 2004;10:6.

69.

Moorman AFM, de Jong F, Denyn MMFJ, Lamers WH. Development of the cardiac conduction system. Circ Res 1998;82:629-644.

70.

Pennisi DJ, Rentschler S, Gourdie RG, Fishman GI, Mikawa T. Induction and patterning of the cardic conduction system. Int J Dev Biol 2002;46:765-775.

71.

Patten BM. The formation of the cardiac loop in the chick. Am J Anat 1922;30:373-397.

72.

Miake J, Marban E, Nuss HB. Biological pacemaker created by gene transfer. Nature 2002;419:132-133.

73.

Covell JW, Nikolic S, LeWinter MM, Ingels NB, Yellin EL, Hunter WC, ter Keurs HEDJ, Suga H, Hansen DE, Shapiro EE, Feneley M, Beyar R, Arts T, Baan J, Thomas
JD, Kovacs SJ. Restoring forces. In: Ingles NB, Daughters GT, Baan J, Covell JW, Reneman RS, Yin FCP, editors. Systolic and diastolic function of the heart. Berlin:
IOS Press and Ohmsha, 1995:61-100. Chapter 6.

74.

Brutsaert DL, Stanislas U, Gillibert TC. Diastolic failure: pathophysiology and therapeutic implications. J Am Coll Cardiol 1993;22:318-25.

75.

Mandinov L, Eberli FR, Seiler C, Hess OM. Diastolic heart failure. Cardiovasc Res 2000;45:813-25

76.

Petrie MC, Caruana L, Berry C, McMurray JJV. Diastolic heart failure or heart failure caused by subtle left ventricular systolic dysfunction? Heart 2002;87:29-31.

77.

Yip G, Wang M, Zhang Y, Fung JWH, Ho PY, Sanderson JE. Left ventricular long axis function in diastolic heart failure is reduced in both diastole and systole: time for
a redefinition? Heart 2002;87:121-125.

78.

Torrent-Guasp F, Caralps-Riera JM, Ballester-Rodés M. Cuatro propuestas para la remodelación ventricular en el tratamiento de la miocardiopatía dilatada. Rev Esp
Cardiol 1997;50:682-688.

79.

Torrent-Guasp F, Ballester M, Buckberg GD, Carreras F, Flotats A, Carrió I, Ferreira A, Samuels LE, Narula J. Spatial orientation of the ventricular muscle band:

80.

Koyama T, Nishimura K, Soga Y, Unimonh O, Ueyama K, Komeda M. Importance of preserving the apex and plication of the base in left ventricular volume reduction

physiologic contribution and surgical implications. J Thorac Cardiovasc Surg 2001;122(2):389-392.

surgery. J Thorac Cardiovasc Surg 2003;125:669-77.
81.

Calafiore AM, Di Mauro M, Di Giammarco G, Gallina S, Iaco AL , Contini M, Bivona A, Volpe S. Septal Reshaping for Exclusion of Anteroseptal Dyskinetic or Akinetic
Areas. Ann Thorac Surg 2004;77:2115-2121.

82.

Athanasuleas CL, Stanley AWH, Buckberg GD, Dor V, DiDonato M, Blackstone EH, the RESTORE group. Surgical Anterior Ventricular Endocardial Restoration

83.

Spinale FG. Surgical Options for the Treatment of Heart Failure. Clin Cornerstone 2000;3(2):45-46.

(SAVER) in the Dilated Remodeled Ventricle After Anterior Myocardial Infarction. J Am Coll Cardiol 2001;37:1199-1209.

84.

Suma H, Isomura T, Horii T, Sato T, Kikuchi N, lwahashi K, Hosokawa J. Nontransplant cardiac surgery for end-stage cardiomyopathy. J Thorac Cardiovasc Surg
2000;119:1233-1245.

85.

Baretti R, Mizuno A, Buckberg GD, Child JS. Batista procedure: elliptical modeling against spherical distention. Eur J Cardiothorac Surg 2000;17:52-57.

86.

Buckberg GD, Weisfeldt ML, Ballester M, Beyar R, Burkhoff D, Coghlan HC, Doyle M, Epstein ND, Gharib M, Ideker RE, Ingels NB, LeWinter MM, McCulloch AD,
Pohost GM, Reinlib RJ, Sahn DJ, Spinale FG, Spotnitz HM, Sopko G, Torrent-Guasp F, Shapiro EP. Left Ventricular Form and Function: Scientific Priorities and
Strategic Planning for Development of New Views of Disease. Circulation 2004;(in press).

87.

Marino B, Corno AF. Spiral pattern: Universe, normal heart, and complex congenital defects. J Thorac Cardiovasc Surg 2003;126(4):1225-1226.

88.

Torrent-Guasp F. La estructuración macroscópica del miocardio ventricular. Rev Esp Cardiol 1980;33(3):265-287.

89.

Robb JS. Comparative basic cardiology. London: Grune & Stratton, 1965:186-222.

90.

Graham JB, Lai NC, Chiller D, Roberts JL. The transition to air breathing in fishes. V. Comparative aspects of cardiorespiratory regulation in synbranchus marmoratus
and monopterus albus (synbrachide). J Exp Biol 1995;198:1455-1467.

91.

Robb JS, Robb RC. The excitatory process in mammalian ventricle. Am J Physiol 1936:115;43-52.

92.

Lyons GE. Vertebrate heart development. Curr Opin Gen Dev 1999;6:454-460.

93.

Buckberg GD. The structure and Function of the Helical Heart and its Buttres Wraping. II. Interface Between Unfolded Myocardial Band and Evolution of Primitive

94.

Taber LA. Mechanical aspects of cardiac development. Prog Biophys Mol Bio 1998;69:237-255.

95.

Adoutte A, Balavoine G, Lartillot N, Lespinet O, Prudhomme B, de Rosa R. The new animal phylogeny: Reliability and implications. Proc Natnl Acad Sci USA 2000;97

96.

Taylor EW, Jordan D, Coote JH. Central Control of the Cardiovascular and Respiratory Systems and Their Interactions in Vertebrates. Physiol Rev 1999;79:855-916.

97.

Komeda M, Glasson JR, Bolger AF, Daughters II GT, Ingels Jr NB, Miller CD. Papillary muscle-left ventricular wall “complex”. J Thorac Cardiovasc Surg 1997;113:292-

Heart. Semin Thoracic Cardiovasc Surgery 2001;13(4):320-332.

(9):4453-4456.

301.
98.

Oosthoek PW, Wenink ACG, Vrolijk BCM, Wisse LJ, DeRuiter MC, Poelmann RE, Gittenberger-de Groot AC. Development of the atrioventricular valve tension
apparatus in the human heart. Anat Embryol 1998;198:317-329.

99.

Shah HR, Vaynblat M, Salciccioli L, Impellizzeri P, Cunningham JN, Chiavarelli M. Composite Cardiac Binding in Experimental Heart Failure. Ann Thorac Surg

100.

Carrington RAJ, Huang Y, Kawaguchi O, Yuasa T, Shirota K, Martin D, Hunyor SN. Direct Compression of the Failing Heart Reestablishes Maximal Mechanical

101.

Buckberg GD. Basic science review: The helix and the heart. J Thorac Cardiovasc Surg 2002;124:863-883.

2000;69:429-434.

Efficiency. Ann Thorac Surg 2003;75:190-196.

FRANCISCO TORRENT-GUASP

