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Abstract

Ventricular twisting, essential for cardiac function, is attributed to the con-

traction of myocardial helical fibers. The exact relationship between ventricu-

lar anatomy and function remains to be determined, but one commonly used

explanatory model is the helical ventricular myocardial band (HVMB) model

of Torrent-Guasp. This model has been successful in explaining many aspects

of ventricular function, (Torrent-Guasp et al. Eur. J. Cardiothorac. Surg., 25,

376, 2004; Buckberg et al. Eur. J. Cardiothorac. Surg., 47, 587, 2015; Buckberg

et al. Eur. J. Cardiothorac. Surg. 47, 778, 2015) but the model ignores impor-

tant aspects of ventricular anatomy and should probably be replaced. The pur-

pose of this review is to compare the HVMB model with a different model

(nested layers). A complication when interpreting experimental observations

that relate anatomy to function is that, in the myocardium, shortening does

not always imply activation and lengthening does not always imply

inactivation.

Introduction

In 1918, Arthur Keith published his Harveian Lecture,

entitled “The functional anatomy of the heart” (Keith

1918). He described Harvey’s approach as “No theory of

the function of an organ could be true that did not

explain every detail of its structure.” This review attempts

to define where we have reached in relating the complex

architecture to the function of the cardiac ventricles.

Historical Background

Modern concepts of cardiac function began with William

Harvey who in 1628 explained that blood was expelled

from the ventricle by contraction of circular fibers (Leake

1941). He recognized that not all fibers were circular, stat-

ing that “all fibers spirally arranged become straight on

contraction”. He also observed twisting during systole,

describing a “peculiar side-wise twisting turning toward

the right ventricle as if it twists slightly on itself in per-

forming its work”, but there is no evidence that he

regarded twisting as functionally important. On the other

hand, twisting was regarded as important by Giovanni

Borelli (1608–1679) and by Richard Lower (1631–1691)
who described spiral fibers and a wringing motion of the

heart in systole. Lower (1932) in his 1669 book, Tractatus

de Corde, wrote that the ventricle consisted of a “double

row of fibers crossing in opposite directions – the outer

ones stretching across from left to right and encircling the

whole of the parenchyma in their folds, and the deeper

ones being carried in the directly opposite direction – and

so, since they draw the walls of the Heart more closely

together on all sides, the interventricular spaces must nec-

essarily be greatly diminished and constricted. The process

can, therefore, not unfittingly be compared with the

wringing of a linen cloth to squeeze out the water. . ..
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Moreover, some of the fibers of the Heart are straight,

but all the others twist round the apex and the whole of

its surface in an oblique and contrary direction to end in

lines in its base. Hence, these fibers not only compress

and (p. 80) diminish the interventricular cavity, whenever

they contract on all sides, but they also bring the apex

nearer to the base..” This is close to the modern descrip-

tion of cardiac anatomy and physiology.

More details on the development of ideas about cardiac

anatomy can be found in the review by Streeter (1979).

Sallin (1969), in an extremely important publication,

used simple mechanical principles to show that without

spiral fibers the left ventricular ejection fraction could not

exceed 41%, but with spiral fibers could be as high as

90%. Ingels et al. (1975) implanted tantalum markers on

human hearts to measure midwall dynamics, and com-

mented on ventricular twisting. Arts et al. (1979) showed

that twisting helped to equalize transmural differences in

sarcomere length and end-systolic fiber stress. Since then,

twisting has been studied intensively.

Anatomy

Borelli and Lower described spiral fibers, but with little

detail, and it was de Senac who in 1749 described that in

the left ventricle the subendocardial and subepicardial

fibers ran vertically, whereas those in the midwall were

circumferential. More detail was added by Pettigrew

(1864) who dissected the mammalian heart (as well as the

hearts of fish, reptiles and birds). In this remarkable study

he wrote:

I. By exercising due care, I have ascertained that the fibres

constituting the ventricles are rolled upon each other in

such a manner as readily admits of their being separated by

dissection into layers or strata, the fibres of each layer being

characterized by having a different direction . . .

III. There is a gradual sequence in the direction of the

fibres constituting the layers, whereby they are made gradu-

ally to change their course from a nearly vertical direction

to a horizontal or transverse one, and from the transverse

direction, back again to a nearly vertical one.

Although Pettigrew divided the ventricular wall into seven

layers, Streeter et al. (1969) described a continuous

change in helix angle from about +90° at the epicardial

surface to about zero (circumferential, parallel to the

short axis) at the midwall and then to about –90° at the

endocardial surface. The pattern of fiber angles was simi-

lar in the septum and the free wall of the left ventricle. In

the lower apical, third of the left ventricle and just below

the semilunar valves (membranous septum) there are no

circumferential fibers – perhaps explaining why the apical

wall is so thin (Thomas 1957; Streeter et al. 1969).

Because the fibers are in the wall of a conical ventricle,

those that are oblique form helices. The subepicardial

fibers, with an average angle of about 60° to the azimuth,

form a left-handed outer helix (exterior-left); the deeper

subendocardial fibers also have an average angle of about

�60° and form a right-handed inner helix (interior-

right). See figure 2 by Sengupta et al. (2008).

The pattern of fiber angles has been confirmed in

mammalian hearts by diffusion tensor MRI (DT-MRI), a

method that relies on the greater mobility of protons in

the longitudinal than the lateral direction to detect paral-

lel bundles of fibers (Fig. 1).

Most DT-MRI studies are usually performed with dead

hearts, but the same pattern is seen in living humans,

although with lower resolution (Tseng et al. 2000; Wu

et al. 2006). These images are based on extensive postpro-

cessing and mathematical manipulation of data. Because

of the statistical averaging and the methods used, longitu-

dinal fibers are emphasized and lateral connections are

ignored. The fiber angle data obtained by DT-MRI,

Figure 1. Rat heart. Left panel shows color-coded helix angles, and right panel shows actual helix angles. These were confirmed by histological

measurements. The change in angles is continuous, even though the color-coding shows sharp transitions. Reproduced with permission from

Chen et al. Remodeling of cardiac fiber structure after infarction in rats quantified with diffusion tensor MRI. Am J Physiol Heart Circ Physiol

285: H946–954, 2003.
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polarized light, and histology are similar, (Hsu et al.

1998; Scollan et al. 1998; Jouk et al. 2000) and most stud-

ies give a range of angles from 60° to 80° degrees beneath
the subepicardium and from �40° to �60° beneath the

subendocardium.

Because the HVMB model denies that there are circum-

ferential fibers in the septum, it is important to note that

septal circumferential fibers have been described in humans

(Greenbaum et al. 1981; Jouk et al. 2000; Tseng et al. 2000;

Augenstein et al. 2001; Helm et al. 2005; Wu et al. 2006;

Frindel et al. 2010; Eggen et al. 2012; Agger et al. 2016),

goats (Geerts et al. 2002), pigs (Thomas 1957; Smerup

et al. 2009), dogs (Thomas 1957; Streeter et al. 1969; Hsu

et al. 1998), rats, (Hsu et al. 2001; Chen et al. 2003;

Hales et al. 2012; Teh et al. 2016a) mice (Jiang et al. 2004;

Healy et al. 2011; Sosnovik et al. 2014) sheep (Healy et al.

2011) and rabbits (Scollan et al. 1998; Holmes et al. 2000;

Sosnovik et al. 2009; Liu, 2010; Healy et al. 2011; Teh et al.

2016a,b). In other publications, the composition of the

septal musculature and free wall of the left ventricle is less

clear by DT-MRI in humans (Zhukov and Barr 2003; Helm

et al. 2006; Lombaert et al. 2012; Toussaint et al. 2013;

Wei et al. 2013) and pigs (Schmid et al. 2005). Although

the preponderance of publications favor distinct circumfer-

ential septal layers, DT-MRI techniques vary considerably

from one to another, and the postprocessing that occurs is

very complex and also differs between different studies. On

the other hand, microscopic studies of fiber angles in dogs

(Streeter et al. 1969; Hsu et al. 1998), and rabbits (Scollan

et al. 1998; Holmes et al. 2000) are unambiguous, and con-

firm the findings of most of the DT-MRI studies. Direct

comparisons of fiber angles measured by DT-MRI and his-

tological preparations showed close agreement (Hsu et al.

1998; Scollan et al. 1998; Holmes et al. 2000).

Models

Scientific hypotheses are studied using models, either

implicitly or explicitly. A model is a representation of

reality, but must never be confused with that reality. For

example, investigators have constructed models of the

sequence of events in angiogenesis, but almost certainly

other proteins and chemical agents will be involved, some

yet to be discovered. The model allows the investigator to

predict what would happen if one section of the sequence

is blocked, and devise a suitable experiment. If the predic-

tion is confirmed, then to that extent the model is useful.

If it is not confirmed, then the investigator must search

for the alternative pathways and modify or alter the

model.

Models do not have to be correct to be useful, but usu-

ally function within certain limits. If those limits are

exceeded the model ceases to be useful. Investigators had

long sought a way of assessing myocardial contractility

that was independent of preload and afterload. In 1962,

Sonnenblick (1962) had a bright idea of measuring Vmax,

the initial velocity of the unloaded papillary muscle. In a

series of elegant studies of the papillary muscle he

demonstrated the value of the concept. (Sonnenblick real-

ized that there were different models of muscle function,

but was satisfied that his concept was correct.) To use this

concept in the whole heart, cardiologists used dP/dtmax

for Vmax, and in numerous studies it seemed to quantify

contractility (as judged by the response to adrenergic

stimulation and blockade) independent of preload and

afterload. Then, Pollack (1970) published a critical analy-

sis of the subject, and concluded that “inotropic shift of

Vmax of the contractile element cannot be distinguished

from a shift due to change in fiber length, thus invalidat-

ing it as an index of contractility.” Despite further argu-

ments and experiments there was a general perception

that Pollack was correct. Therefore, the model as origi-

nally constructed was wrong, but that does not mean it

was not useful. In practice, dP/dtmax is still a good index

of contractility provided there are not large changes in

preload and afterload. Furthermore, in the decade follow-

ing the introduction of the model, the innumerable stud-

ies of muscle mechanics advanced the field immensely.

What makes a model good is not being correct, but being

useful.

Myocardial Models

There are two general types of myocardial models that

relate muscle anatomy to function – microscopic and

macroscopic. The microscopic models deal with relations

between sarcomeres, and between sarcomeres and connec-

tive tissue. For example, LeGrice et al. (1995) found that

myofibers clustered in groups (laminae) of 1–12 (average

4) surrounded by collagen. These laminae formed curved

sheets that at any given depth from the surface had the

same fiber angles as described above. As two-dimensional

structures based on geodesics the individual fibers have

the same azimuth angles as if they were flattened sheets.

In addition, LeGrice et al. (1995) observed transverse

clefts. Fernandez-Teran and Hurle (1982) showed by

microscopy what might be laminae stacked one above the

other and enclosed by connective tissue to form longitu-

dinal arrays that are probably the basis for what most

investigators call myofibers.

These laminar arrangements allowed myofiber bundles

to slide over each other during systole, thereby explaining

why wall thickening was more than could be accounted

for by fiber thickening alone (Spotnitz et al. 1974; Ingels

et al. 1989; LeGrice et al. 1995). They also help to equal-

ize transmural stresses and strains (Arts et al. 1991;
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Rijcken et al. 1999; Savadjiev et al. 2012). Lunkenheimer

et al. (2004) studied the oblique interconnecting fibers

with tiny force gauges and observed that in systole the

forces increased. They concluded that these oblique myo-

cytes contributed to stiffening of the ventricular wall.

Smerup et al. (2013a,b) presented more details about

these cross-connections.

Macroscopic models ignore fine details, and concen-

trate on the large-scale distribution of myofibers. There

are many such models, and I will concentrate on two of

them that may be termed discrete (band) and diffuse

(nested layer) models. One much used discrete model is

the helical ventricular myocardial band1 (HVMB) of Tor-

rent-Guasp. He first introduced this model in 1966, it

was mentioned by Streeter in his 1979 review (Streeter

1979), but little attention was paid to it until a series of

articles with Buckberg brought it to the forefront (Tor-

rent-Guasp et al. 2001a,b). The HVMB was developed by

blunt dissection of boiled hearts of several species. From

the right ventricle a band of transverse (circumferential)

muscle forms the back of the left ventricle; this is the

basal transverse loop. From the crest of this loop a sheet

of oblique muscle passes down inside the circumferential

muscle toward the apex (DS or descending loop), rotates

to form a figure 8 at the apical vortex, and then extends

up toward the base (AS or ascending loop). This model

has been used successfully to explain normal and abnor-

mal cardiac function (Buckberg et al. 2015a,b). The prob-

lems with this model are:

(1) No anatomic basis has been found for the bands

which do not consist of parallel fibers.

(2) Blunt dissection disrupts fiber connections.

(3) It does not take into account the varied helical

angles,

(4) It does not explain how the oblique muscle produces

both subepicardial and subendocardial helical fibers.

(5) It considers the circumferential fibers as enclosing

both sets of spiral fibers, whereas they are interposed

between the two sets of helical fibers.

(6) The model pays no attention to interconnections

between fibers, and so has no way of equalizing stres-

ses and strains.

(7) The model does not accept circumferential fibers in

the septum which is at odds with histological and

DT-MRI evidence.

The nested layer model is more traditional, but has not

yet been completely linked to known muscle functions. It

considers the left ventricular wall (and septum) as being

made of concentric layers of muscle, each with a different

helical angle. These layers are connected to each other by

transverse components. In 1891, Krehl described such a

pattern, called a Triebwerk (an engine or drive mecha-

nism), and the nested interconnected layers described by

Streeter and Hanna as concentric ellipsoids of revolution

(Streeter and Hanna 1973) match his pattern. In the human

fetus, (Jouk et al. 2000) described the myofibers as being

geodesics, with helical angles that varied with depth from

the surface. Similar nested layers were described in compu-

tational models (Peskin 1989; Legrice et al. 1997; Bayer

et al. 2012). As shown by Grant (1965) and Anderson et al.

(2009), helices with different pitches occur in the same

heart; some are almost horizontal with a small pitch and

others more vertical with a larger pitch. Some investigators

have envisaged the left ventricle as a three-dimensional

continuum (Lunkenheimer et al. 2006; Anderson et al.

2009; Bernus et al. 2015), putting more emphasis on the

connecting fibers. The layered model is therefore a simplifi-

cation of a more complex structure, but considering sheets

and connections between sheets separately is more tradi-

tional (LeGrice et al. 1995; Costa et al. 1999).

There are many mathematical models of the left

ventricle. Many of them begin with a few simple physical

principles and then use finite element analysis or

Lagrange–Dirichlet algorithms to develop a model that

resembles closely what has been found in the heart. For

example, Peskin (1989) concluded that the heart consisted

of a set of approximate geodesics on a nested family of tor-

oidal surfaces. Others, using different assumptions and

mathematical methods, have reached similar conclusions

(Legrice et al. 1997; Bayer et al. 2012). An analysis by

Savadjiev et al. (2012) concluded that apart from their role

in twisting the ventricle during contraction, the helical

bundles stiffen the wall, help to equalize forces across the

wall, and by forming a minimal surface economize fiber

length and optimize ejection volume as they contract.

The vortex of the left ventricle has not been fully

described. From the surface it shows a spiral with a cen-

tral dimple, and some investigators regarded the vortex as

the site at which subepicardial muscle invaginated to

become subendocardial (Edman and Flitney 1977; Frindel

et al. 2010; Bernus et al. 2015; Buckberg et al. 2015a).

This idea, however, is difficult to reconcile with the com-

plete but separate helical layers shown in Figure 1. Given

that the superficial and deep helical bands cross each

other at the apex, one possible anatomical formation is

that of a figure 8 at the apex, with the subepicardial heli-

cal muscle invaginating, as observed, but continuing as

the right ventricular side of the septum while the

1The term “band” has not been rigorously defined. (Torrent-
Guasp et al. 2001b) wrote: “When we describe fibers, fascicles,
or bands of myocardium, we do not intend that these are speci-
fic anatomic structures that are exactly observed with precision
in different hearts. A selected muscular mass shows certain pre-
ferred trajectories visualized along the longitudinal axis of any
muscular strip.”

2017 | Vol. 5 | Iss. 18 | e13404
Page 4

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Ventricular Architecture J. I. E. Hoffman



subendocardial helical muscle continues as the left ven-

tricular side of the septum. A possible mechanism for this

rotation during development was described by Manner

(2004). Nevertheless, whether the left side of the septum

is continuous with the free wall subepicardial or subendo-

cardial muscle has not been established.

Both of these models are oversimplified, and the reality

is much more complex (Gilbert et al. 2007).

Ventricular Function

Terminology

Rotation occurs when the heart spins around its long axis

(Fig. 2, left). If one part of the heart rotates clockwise

and another part rotates counterclockwise, (Fig. 2, right)

the difference in rotational angles is termed twist. Some

investigators use the terms torsion and twist interchange-

ably, but currently torsion is defined as rotation per unit

length of the LV long axis. It is also possible for twist to

be superimposed on global rotation. For example, the

whole heart may rotate counterclockwise relative to body

by 8° (as shown best by midwall rotation), but the apex

may twist 4° clockwise relative to the base so that the

apex has rotated counterclockwise by 4° relative to the

body. The analogy is a train moving west at 60 mph and

a passenger moving east along the corridor at 4 mph. The

net movement of the passenger is west at 56 mph.

We now need to explain what motions the left ventricle

performs during the cardiac cycle. In functioning as a

pump, the left ventricle needs to raise its pressure to

overcome the resistance of the aortic blood pressure. The

left ventricular muscle does so by squeezing its contained

blood, thereby narrowing and lengthening the left ventric-

ular cavity. Once ventricular pressure is high enough to

open the aortic valve, blood leaves the ventricle which

decreases in volume mainly due to shortening and twist-

ing This reduced length pulls the atrioventricular rings

toward the apex, when the ventricle relaxes, its pressure

decreases, the aortic valve closes, and rapid untwisting is

associated with opening of the mitral valve and then

rapid filling of the left ventricle. The atrioventricular valve

rings move back toward the base.

To understand how ventricular architecture and func-

tion interact, we need to understand that it is not possible

to stimulate or inhibit a particular set of fibers to deter-

mine how these changes affect cardiac function. Instead

we have to use computational models and logic to deduce

the function of any set of fibers.

Start with the idealized functions of the different layers.

The midwall circumferential layers, with azimuth angles

from about �30 to +30°, are constrictors. When they

contract they narrow and lengthen the left ventricle,

(Rushmer et al. 1953; Rushmer 1956) and by maintaining

contraction while left ventricular pressure is high during

systole they prevent the left ventricle from ballooning out.

The circumferential fibers in the septum are part of the

constriction, and they prevent the septum from being

pushed toward the right ventricle. (In the HVMB model

there would be no counterforce to contraction of the left

ventricular free wall, and this contraction would push the

septum into the right ventricle and leave it there.) Fibers

that encircle the left ventricle more obliquely probably

help to prevent overelongation of the left ventricle and

the tendency for the elongating ventricle to separate the

apex from the base.

The oblique fibers have more complicated functions.

When these helical fibers contract they shorten the long

axis of the ventricle and also cause the apex to rotate;

contraction of the subepicardial fibers rotates the apex

counterclockwise, and contraction of the subendocardial

fibers rotates the apex clockwise (looking up at the heart

from the feet). It is likely that the more horizontal helical

fibers are the main causes of torsion, whereas the more

vertical helical fibers play a more important role in short-

ening. Which way the apex rotates depends on the bal-

ance of these two forces (see below). These descriptions

are oversimplified; interconnections between muscle layers

indicate that these movements are not independent of

each other.

Although activation of the myosin-actin cross-bridges

of the helical fibers usually results in shortening and rota-

tion, under certain constraints these two motions are dis-

sociated. (By activation, I mean the process from release

of calcium from the sarcoplasmic reticulum to the gener-

ation of force by actin and myosin.) If the tendency to

shorten is opposed by a force in the opposite direction,

the two ends of the helical fibers may not move toward

Figure 2. Rotation and twist, as seen looking at the heart from

the apex. The larger circle and solid arrow represent the base, and

the smaller circle and dashed arrow represent the apex. Left panel:

Both apex and base rotate in the same direction; therefore no

twist. Right panel: Base rotates clockwise and the apex rotates

counterclockwise, producing twist.
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each other or may even move apart. Myocyte contraction

will, however, tend to straighten out the helix and cause

some twist (Fig. 3).

Another distinction between the two models is that the

HVMB model does not take the numerous connections

between fiber layers into account. Usually, when a muscle

is activated, and the fiber gets shorter. With force inacti-

vation, calcium is returned to the sarcoplasmic reticulum,

actin and myosin cease to interact, and rebound of titin

springs restores the myofiber to its resting length. When

myofibers in one layer are connected to myofibers in

other layers, however, more complex interactions occur.

Despite actin–myosin interaction a muscle may lengthen,

not shorten, if an external force counteracts the tendency

to shorten, as occurs in subepicardial muscle in the

presystolic isovolumic period. Alternatively, after uncou-

pling actin and myosin a muscle might not lengthen if it

is connected to a muscle in an adjacent layer that is still

contracting. Measuring length alone, as with a sonomi-

crometer, will not distinguish between activation and

inactivation. Some simultaneous measurement of force

must be added so that the correct conclusion will be

drawn.

One other distinction between the two models is that

Ashikaga et al. (2007) demonstrated that despite rapid

electrical activation from endocardium to epicardium,

there was much slower spread of shortening (Fig. 4). This

is similar to the dispersion shown in a different model by

Sengupta et al. (2007).

It took about 40–50 msec for shortening to occur in

the subepicardium after it had begun in the

subendocardium, and in fact there was initial lengthening

of the subepicardial muscle before it began to shorten, as

described by Sengupta et al. (2005). This apparent para-

dox occurs because although the subepicardial muscle is

activated, it is lengthened by the greater force exerted by

the elongating ventricle and the torsion produced by the

subendocardial helix. An analogy is if you contract your

biceps but someone forcefully extends it while you main-

tain tension. This also implies that delayed shortening

after activation ends may be due to balanced opposing

forces. The ripple effect of transmural activation does not

support the HVMB model.

Presystolic isovolumic contraction

At the onset of systole the subendocardial right-handed

helical fibers are stimulated to contract by the impulses

from the Purkinje system, causing transient shortening of

the left ventricle and transient clockwise rotation. These

are followed a few milliseconds later by contraction of the

midwall circumferential fibers that exert greater force than

the inner fibers because of their greater mass and greater

moment arm, so the net effect is to narrow and elongate

the ventricle. Boettler et al. (2005) and Hayabuchi et al.

(2015) observed that systolic strains were greater in the

inner half of the septum and began earlier there than in

the outer half, as expected from the endocardial to epicar-

dial direction of activation. This elongation actually

stretches the subepicardial left-handed helical fibers (Sen-

gupta et al. 2005, 2006, 2008; Ashikaga et al. 2007).

Velocity vector imaging (VVI) shows that in systole the

upper part of the septum (the membranous septum)

which does not have circumferential muscle balloons into

Figure 3. Activation of helical fibers when the two ends are fixed.

There will be twist but the distance between the two ends remains

the same.

Figure 4. Electrical activation and shortening times. Reproduced

with permission from Ashikaga et al. Transmural dispersion of

myofiber mechanics: implications for electrical heterogeneity

in vivo. J Am Coll Cardiol 49: 909–916, 2007.
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the right ventricle during isovolumic contraction. There is

transient movement of the lower septum toward the right

ventricle, but this is reversed when the circumferential

muscle contracts, thereby allowing the left ventricle to

narrow and its cavity pressure to rise. In addition, there

is global counterclockwise rotation (Jung et al. 2006; Rus-

sel et al. 2008). The mechanism is not clear; one possibil-

ity is that the subepicardial muscle produces

counterclockwise rotation of the midwall and apex, but

does not cause twisting because the subendocardial helical

fibers prevent clockwise rotation of the base.

There is slight twisting of the apex and base, but the

descriptions are variable, depending on methodology. By

tagged MRI, four studies all showed slight counterclock-

wise rotation at the apex, and two showed slight clock-

wise rotation at the base. By echocardiography, apical

rotation was counterclockwise in eight, clockwise in four,

and basal rotation was clockwise in nine, and counter-

clockwise in three. Results differ in part because the mea-

surements may be made at different distances from the

apex, and because sometimes only the subepicardium is

imaged. The MRI results may be more reliable because

they always include the whole wall. The twist during this

period is slight and probably of little functional impor-

tance, but the methodological differences will cause vari-

ability when assessing normal twist values during ejection.

Systole

The circumferential fibers remain contracted, and the con-

tracting helical fibers help to expel blood from the left

ventricle, causing descent of the base toward the apex.

Now the rotational capabilities of the two sets of helical

fibers come into play. Because the subepicardial helical

fibers have the larger moments they exert greater torque

than do the subendocardial fibers, and dominate the apical

rotation which moves counterclockwise. In addition, there

is a gradient of myosin RLC phosphorylation in the left

ventricular free wall that favors contractility in the subepi-

cardial muscle (Davis et al. 2001). At the same time there

is a slight clockwise rotation of the base which is less free

to move than the apex. Consequently, the left ventricle

twists. A typical twist diagram is shown in Figure 5.

Postejection isovolumic period

This is the most complicated and least understood part of

the cardiac cycle. It used to be termed the isovolumic

relaxation period, but this is a misnomer. The period is

indeed isovolumic, but not all of the left ventricular mus-

cle is relaxing. The continued contraction of some muscle

after ejection has ended has been known for a long time,

and termed postsystolic shortening. There is slight

elongation and widening of the left ventricle, but left ven-

tricular volume is kept constant by movement of the

closed mitral valve leaflets toward the apex (Cheng-Baron

et al. 2010) and by reciprocal shortening and elongation

of apical and basal portions of the two helical muscles

(Sengupta et al. 2007).

Having twisted in systole, the heart must untwist to

return to its resting configuration. The untwisting must

initially be rapid so that ventricular suction can be initi-

ated (see below). This clockwise rotation of the apex must

logically be due to inactivation of the left-handed subepi-

cardial helix with continued contraction of the right-

handed helix. Delayed relaxation of the left-handed helix

or inadequate contraction of the right-handed helix will

delay the onset of untwisting, as shown for aortic stenosis

by Stuber et al. (1999). This delay prevents rapid lowering

of left ventricular diastolic pressure, and leads to

decreased rate of filling of the left ventricle in early dias-

tole, signs of diastolic dysfunction that, as pointed out by

Tan et al. (2009) must originate in systole. Inasmuch as

subendocardial muscle is at risk of ischemia in many

forms of cardiac disease, it is reasonable to look for the

cause of delayed untwisting in the subendocardial helix,

but there are no studies to prove this.

Many contradictory studies have been published. Sev-

eral studies have reported that the subendocardial muscle

(right-handed helix) lengthens about 60–80 msec (the

hiatus) before the subepicardial muscle (left-handed helix)

begins to lengthen in the left ventricular free wall (Sen-

gupta et al. 2006; Buckberg et al. 2008; Hayabuchi et al.

2015) and for the septum (Hristov et al. 2006; Holland

et al. 2010) in which lengthening begins first in the left

ventricular side (right-handed helix). This lengthening

begins before aortic valve closure. (This is not surprising,

because we know that left ventricular muscle stops

Figure 5. Twist diagram. IVC-isovolumic preejection period; EJEC-

ejection; IPE-isovolumic postejection period; DIAS-mid and -late

diastole.
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generating force about half way through systole; Noble

(1968) found that aortic pressure exceeded left ventricular

pressure in the second half of systole, and that occluding

the aorta in the last third of systole caused a fall in left

ventricular pressure. The blood flows from left ventricle

to aorta by momentum late in systole). Ashikaga et al.

(2007) and Hasegawa et al. (2009) found the opposite –
the only conflicting reports – with subepicardial muscle

relaxing first; the total delay between subepicardial and

subendocardial muscle relaxation averaged 93 msec.

One possible way of reconciling these disparate findings

is found in the studies by Sengupta et al. (2007, 2008)

who observed that in early diastole the left ventricular

subepicardial muscle lengthens at the base while that at

the apex shortens, and in subendocardial muscle, the

fibers lengthen at the apex and shorten at the base.2

It is a mistake to consider the left ventricle as isotropic.

There are differences in activation times in different regions

(Sengupta et al. 2006) and probably in the order of contrac-

tion that depends in part on connections to surrounding

layers, and the nested shell concept is a simplification of a

more complex anatomy (Smerup et al., 2013b). Relaxation

is a not only a function of movement of calcium back into

its storage sites but also of load dependence (Brutsaert et al.

1980). Left ventricular strains are heterogeneous (Bachner-

Hinenzon et al. 2010; Leitman et al. 2010), so that it is likely

that load dependence effects on relaxation differ in different

parts of the left ventricle. In fact, even in striated skeletal

muscle, during relaxation it is possible to find that some sar-

comeres are getting shorter while others are getting longer

(Edman and Flitney 1977).

With the exception of the studies by Ashikaga et al.

(2007) and Schmid et al. (2005), other studies of contrac-

tion across the left ventricular free wall or septum have

used two regions of interest, one related to the right-

handed helix and one to the left-handed helix. What

might help decide between the two models is having

more regions of interest across the wall’s thickness, and

making measurements at different distances from the

apex. If the nested model is correct, there should be a dis-

persion of contraction and relaxation times in different

layers and perhaps different distances from the apex. On

the other hand, finding one set of times in the inner layer

and another set in the outer layer would support the

HVMB model.

The left ventricular cavity widens due to relaxation of

circumferential muscle and rebound of the compressed

titin springs (Rushmer et al. 1953; Suga et al. 1986; Gilbert

and Glantz 1989). It also lengthens slightly prior to filling

with blood, and this is probably due to relaxation of some

of the subendocardial muscle (right-handed helix) and

some of the subepicardial muscle, and rebound of their

titin springs, because the some of the left-handed helix

(subepicardial muscle) is still contracted. The apex starts to

rotate clockwise under the unopposed influence of the

right-handed helix. Figure 5 shows that normally untwist-

ing begins just before aortic valve closure. At the same time,

there is global clockwise rotation (Jung et al. 2006).

The lengthening and widening of the left ventricle

cause the pressure in the left ventricle to decrease or even

in some circumstances become negative, and once the

mitral valve is open this decreased pressure allows atrial

blood to be sucked rapidly into the ventricle.3 It is the

decreased left ventricular early diastolic pressure and not

the opening of the mitral valve that is important for rapid

filling early in diastole, because the mitral valve opens

15–45 msec before blood starts to move from left atrium

to left ventricle (Lee et al. 1990; Karwatowski et al. 1996).

If the subendocardial muscle fails to relax early, then

there is less twist because the left-handed helical move-

ment is no longer unopposed, the left ventricle does not

lengthen, low or negative left ventricular early diastolic

pressures are not generated, and early filling is slowed;

these are all features of diastolic dysfunction.

Late diastole

Late diastolic filling occurs, aided by atrial contraction.

The left-handed helix relaxes, and the heart untwists to

return to its resting position, ready for the next cycle.

Right ventricle

The right ventricle has a thin free wall. Originally, the wall

was described as having mainly circumferential fibers (Ho

and Nihoyannopoulos 2006). One study with DT-MRI con-

firmed this (Hsu et al. 2001), but three other such studies

described three layers, as in the free wall of the left ventricle

(Scollan et al. 1998; Geerts et al. 2002; Chen et al. 2003).

2The disparate effects in the early postejection period (lengthen-
ing at the apex and shortening at the base) are not easily
explained. When cardiac muscle fibers are deactivated and the
actin-myosin cross-bridges disconnect, the fibers usually
lengthen due to rebound of compressed titin springs. However,
the fibers are also affected by external forces. At the base, con-
tinued contraction of the outer helical muscle might by tethering
prevent the inner helical muscle from lengthening. Why this
does not occur at the apex is unexplained, but the absence of
circumferential fibers near the apex is at least one anatomic dif-
ference that might alter tethering.

3Several studies in dogs and humans have shown very low pres-
sures in the left ventricular cavity in early diastole, as well as
pressure differences within the cavity and between the left ven-
tricle and left atrium (Falsetti et al. 1980; Courtois et al. 1988;
Nikolic et al. 1995; Guerra et al. 2013).
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More recently studies have described predominantly oblique

fibers with very sparse circumferential fibers (Nielsen et al.

2009). However, most of right ventricular ejection with nor-

mal pulmonary arterial pressure is due to left ventricular

forces, in particular the contraction of the thicker septal

helical muscles. The descent of the tricuspid valve ring in

systole (TAPSE) with resultant shortening of the long axis of

the right ventricle is due mainly to septal contraction and

has little to do with the free wall which can be removed or

disabled without detriment (Kagan 1952; Donald and Essex

1954; Sawatani et al. 1974; Cox et al. 1985; Yamaguchi et al.

1993; Yaku et al. 1994).

Conclusions

The contributions of Torrent-Guasp and his HMVB

model cannot be overestimated. Despite 17th century

studies emphasizing the importance of twisting, physiolo-

gists, clinicians lost sight of it, probably because most car-

diac investigations by angiography or echocardiography

involved two-dimensional images. It was Torrent-Guasp’s

description of oblique fibers, supplemented by the enthu-

siastic support of Buckberg at UCLA and Sengupta at the

Mayo Clinic, that emphasized twisting as a vital part of

cardiac function. Both the band and nested models can

explain much of how the heart functions during the car-

diac cycle and how function is affected by disease. This is

not unexpected because both models incorporate circum-

ferential fibers that narrow the ventricle in systole, and

helical fibers that in systole shorten and rotate the left

ventricle. The distributed model is preferred, however,

because it takes account of circumferential fibers and

cross-connections that are ignored by the HVMB model.

Further studies are required to clarify some of the para-

doxes described above. What factors are responsible for

elongation of part of a muscle and shortening of another

part of the same muscle? Can heterogeneity of contraction

be explained by tethering, or are there heterogeneities of

biochemical activity that must be accounted for?

In time, better models will be introduced. These will

need to take account of the irregularities of the anatomy

as well as differences in biochemistry in different regions

of the left ventricle. Nevertheless, the present simplified

model is compatible with known anatomy and accounts

for ventricular function over the cardiac cycle and allows

prediction of what occurs during disease.

Acknowledgments

I am grateful to G. Buckberg who introduced me to this

subject and made me aware of its importance. I thank

Theo Arts and Andrew McCulloch for valuable comments

that have helped to improve this presentation.

Conflict of Interest

None declared

References

Agger, P., R. S. Stephenson, H. Dobrzynski, A. Atkinson, P. A.

Iaizzo, R. H. Anderson, et al. 2016. Insights from

echocardiography, magnetic resonance imaging, and

microcomputed tomography relative to the mid-myocardial

left ventricular echogenic zone. Echocardiography 33:1546–
1556.

Anderson, R. H., M. Smerup, D. Sanchez-Quintana, M.

Loukas, and P. P. Lunkenheimer. 2009. The three-

dimensional arrangement of the myocytes in the ventricular

walls. Clin. Anat. 22:64–76.

Arts, T., R. S. Reneman, and P. C. Veenstra. 1979. A model of

the mechanics of the left ventricle. Ann. Biomed. Eng.

7:299–318.
Arts, T., P. H. Bovendeerd, F. W. Prinzen, and R. S. Reneman.

1991. Relation between left ventricular cavity pressure and

volume and systolic fiber stress and strain in the wall.

Biophys. J . 59:93–102.
Ashikaga, H., B. A. Coppola, B. Hopenfeld, E. S. Leifer, E. R.

McVeigh, and J. H. Omens. 2007. Transmural dispersion of

myofiber mechanics: implications for electrical heterogeneity

in vivo. J. Am. Coll. Cardiol. 49:909–916.

Augenstein, K. F., E. R. McVeigh, and A. A. Young. 2001.

Magnetic resonance imaging and ventricle mechanics.

Philos. Trans. R. Soc. Lond. A 359:1263–1275.
Bachner-Hinenzon, N., O. Ertracht, M. Leitman, Z. Vered, S.

Shimoni, R. Beeri, et al. 2010. Layer-specific strain analysis

by speckle tracking echocardiography reveals differences in

left ventricular function between rats and humans. Am. J.

Physiol. Heart Circ. Physiol. 299:H664–H672.

Bayer, J. D., R. C. Blake, G. Plank, and N. A. Trayanova. 2012.

A novel rule-based algorithm for assigning myocardial fiber

orientation to computational heart models. Ann. Biomed.

Eng. 40:2243–2254.

Bernus, O., A. Radjenovic, M. L. Trew, I. J. LeGrice, G. B.

Sands, D. R. Magee, et al. 2015. Comparison of diffusion

tensor imaging by cardiovascular magnetic resonance and

gadolinium enhanced 3D image intensity approaches to

investigation of structural anisotropy in explanted rat hearts.

J. Cardiovasc. Magn. Reson. 17:31.

Boettler, P., P. Claus, L. Herbots, M. McLaughlin, J. D’Hooge,

B. Bijnens, et al. 2005. New aspects of the ventricular

septum and its function: an echocardiographic study. Heart

91:1343–1348.

Brutsaert, D. L., P. R. Housmans, and M. A. Goethals. 1980.

Dual control of relaxation. Its role in the ventricular

function in the mammalian heart. Circ. Res. 47:637–652.
Buckberg, G., J. I. Hoffman, A. Mahajan, S. Saleh, and C.

Coghlan. 2008. Cardiac mechanics revisited: the relationship

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2017 | Vol. 5 | Iss. 18 | e13404
Page 9

J. I. E. Hoffman Ventricular Architecture



of cardiac architecture to ventricular function. Circulation

118:2571–2587.

Buckberg, G. D., J. I. Hoffman, H. C. Coghlan, and N. C.

Nanda. 2015a. Ventricular structure-function relations in

health and disease: Part I. The normal heart. Eur. J.

Cardiothorac. Surg. 47:587–601.
Buckberg, G. D., J. I. Hoffman, H. C. Coghlan, and N. C.

Nanda. 2015b. Ventricular structure-function relations in

health and disease: part II. Clinical considerations. Eur. J.

Cardiothorac. Surg. 47:778–787.
Chen, J., S. K. Song, W. Liu, M. McLean, J. S. Allen, J. Tan, et al.

2003. Remodeling of cardiac fiber structure after infarction in

rats quantified with diffusion tensor MRI. Am. J. Physiol.

Heart Circ. Physiol. 285:H946–H954.

Cheng-Baron, J., K. Chow, N. S. Khoo, B. T. Esch, J. M. Scott,

M. J. Haykowsky, et al. 2010. Measurements of changes in

left ventricular volume, strain, and twist during isovolumic

relaxation using MRI. Am. J. Physiol. Heart Circ. Physiol.

298:H1908–H1918.

Costa, K. D., Y. Takayama, A. D. McCulloch, and J. W.

Covell. 1999. Laminar fiber architecture and three-

dimensional systolic mechanics in canine ventricular

myocardium. Am. J. Physiol. 276:H595–H607.

Courtois, M., S. J. Jr Kovacs, and P. A. Ludbrook. 1988.

Transmitral pressure-flow velocity relation. Importance of

regional pressure gradients in the left ventricle during

diastole. Circulation 78:661–671.

Cox, J. L., G. H. Bardy, R. J. Jr Damiano, L. D. German, J. M.

Fedor, J. A. Kisslo, et al. 1985. Right ventricular isolation

procedures for nonischemic ventricular tachycardia. J.

Thorac. Cardiovasc. Surg. 90:212–224.

Davis, J. S., S. Hassanzadeh, S. Winitsky, H. Lin, C.

Satorius, R. Vemuri, et al. 2001. The overall pattern of

cardiac contraction depends on a spatial gradient of

myosin regulatory light chain phosphorylation. Cell

107:631–641.
Donald, D. E., and H. E. Essex. 1954. Pressure studies after

inactivation of the major portion of the canine right

ventricle. Am. J. Physiol. 176:155–161.
Edman, K. A., and F. W. Flitney. 1977. Non-uniform

behaviour of sarcomeres during isometric relaxation of

skeletal muscle [proceedings]. J. Physiol. 271:15P–16P.

Eggen, M. D., C. M. Swingen, and P. A. Iaizzo. 2012. Ex vivo

diffusion tensor MRI of human hearts: relative effects of

specimen decomposition. Magn. Reson. Med. 67:1703–1709.
Falsetti, H. L., M. S. Verani, C. J. Chen, and J. A. Cramer.

1980. Regional pressure differences in the left ventricle.

Cathet. Cardiovasc. Diagn. 6:123–134.

Fernandez-Teran, M. A., and J. M. Hurle. 1982. Myocardial

fiber architecture of the human heart ventricles. Anat. Rec.

204:137–147.
Frindel, C., M. Robini, J. Schaerer, P. Croisille, and Y. M.

Zhu. 2010. A graph-based approach for automatic cardiac

tractography. Magn. Reson. Med. 64:1215–1229.

Geerts, L., P. Bovendeerd, K. Nicolay, and T. Arts. 2002.

Characterization of the normal cardiac myofiber field in

goat measured with MR-diffusion tensor imaging. Am. J.

Physiol. Heart Circ. Physiol. 283:H139–H145.

Gilbert, J. C., and S. A. Glantz. 1989. Determinants of left

ventricular filling and of the diastolic pressure-volume

relation. Circ. Res. 64:827–852.

Gilbert, S. H., A. P. Benson, P. Li, and A. V. Holden. 2007.

Regional localisation of left ventricular sheet structure:

integration with current models of cardiac fibre, sheet and

band structure. Eur. J. Cardiothorac. Surg. 32:231–249.

Grant, R. P. 1965. Notes on the muscular architecture of the

left ventricle. Circulation 32:301–308.

Greenbaum, R. A., S. Y. Ho, D. G. Gibson, A. E. Becker, and

R. H. Anderson. 1981. Left ventricular fibre architecture in

man. Br. Heart. J. 45:248–263.
Guerra, M., M. J. Amorim, C. Bras-Silva, and A. F. Leite-

Moreira. 2013. Intraventricular pressure gradients

throughout the cardiac cycle: effects of ischaemia and

modulation by afterload. Exp. Physiol. 98:149–160.
Hales, P. W., J. E. Schneider, R. A. Burton, B. J. Wright, C.

Bollensdorff, and P. Kohl. 2012. Histo-anatomical structure

of the living isolated rat heart in two contraction states

assessed by diffusion tensor MRI. Prog. Biophys. Mol. Biol.

110:319–330.

Hasegawa, T., S. Nakatani, H. Kanzaki, H. Abe, and M.

Kitakaze. 2009. Heterogeneous onset of myocardial

relaxation in subendocardial and subepicardial layers

assessed with tissue strain imaging: comparison of normal

and hypertrophied myocardium. JACC Cardiovasc. Imaging

2:701–708.

Hayabuchi, Y., M. Sakata, and S. Kagami. 2015.

Assessment of the helical ventricular myocardial band

using standard echocardiography. Echocardiography

32:310–318.

Healy, L. J., Y. Jiang, and E. W. Hsu. 2011. Quantitative

comparison of myocardial fiber structure between mice,

rabbit, and sheep using diffusion tensor cardiovascular

magnetic resonance. J. Cardiovasc. Magn. Reson. 13:74.

Helm, P. A., H. J. Tseng, L. Younes, E. R. McVeigh, and R. L.

Winslow. 2005. Ex vivo 3D diffusion tensor imaging and

quantification of cardiac laminar structure. Magn. Reson.

Med. 54:850–859.
Helm, P. A., L. Younes, M. F. Beg, D. B. Ennis, C. Leclercq, O.

P. Faris, et al. 2006. Evidence of structural remodeling in

the dyssynchronous failing heart. Circ. Res. 98:125–132.

Ho, S. Y., and P. Nihoyannopoulos. 2006. Anatomy,

echocardiography, and normal right ventricular dimensions.

Heart 92(Suppl 1):i2–i13.
Holland, M. R., A. A. Gibson, A. Q. Bauer, L. R. Peterson, J.

E. Schaffer, R. G. Bach, et al. 2010. Echocardiographic tissue

characterization demonstrates differences in the left and

right sides of the ventricular septum. Ultrasound Med. Biol.

36:1653–1661.

2017 | Vol. 5 | Iss. 18 | e13404
Page 10

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Ventricular Architecture J. I. E. Hoffman



Holmes, A. A., D. F. Scollan, and R. L. Winslow. 2000 Direct

histological validation of diffusion tensor MRI in

formaldehyde-fixed myocardium. Magn. Reson. Med.

44:157–61.

Hristov, N., O. J. Liakopoulos, G. D. Buckberg, and G.

Trummer. 2006. Septal structure and function relationships

parallel the left ventricular free wall ascending and

descending segments of the helical heart. Eur. J.

Cardiothorac. Surg. 29(Suppl 1):S115–S125.

Hsu, E. W., A. L. Muzikant, S. A. Matulevicius, R. C. Penland,

and C. S. Henriquez. 1998. Magnetic resonance myocardial

fiber-orientation mapping with direct histological

correlation. Am. J. Physiol. 274:H1627–H1634.

Hsu, E. W., D. L. Buckley, J. D. Bui, S. J. Blackband, and J. R.

Forder. 2001. Two-component diffusion tensor MRI of

isolated perfused hearts. Magn. Reson. Med. 45:1039–1045.
Ingels, N. B. Jr, G. T. 2nd Daughters, E. B. Stinson, and E. L.

Alderman. 1975. Measurement of midwall myocardial

dynamics in intact man by radiography of surgically

implanted markers. Circulation 52:859–867.
Ingels, N. B. Jr, D. E. Hansen, G. T. 2nd Daughters, E. B.

Stinson, E. L. Alderman, and D. C. Miller. 1989. Relation

between longitudinal, circumferential, and oblique

shortening and torsional deformation in the left ventricle of

the transplanted human heart. Circ. Res. 64:915–927.

Jiang, Y., K. Pandya, O. Smithies, and E. W. Hsu. 2004. Three-

dimensional diffusion tensor microscopy of fixed mouse

hearts. Magn. Reson. Med. 52:453–460.
Jouk, P. S., Y. Usson, G. Michalowicz, and L. Grossi. 2000.

Three-dimensional cartography of the pattern of the

myofibres in the second trimester fetal human heart. Anat.

Embryol. (Berl) 202:103–118.
Jung, B., M. Markl, D. Foll, and J. Hennig. 2006. Investigating

myocardial motion by MRI using tissue phase mapping.

Eur. J. Cardiothorac. Surg. 29(Suppl 1):S150–S157.

Kagan, A. 1952. Dynamic responses of the right ventricle

following extensive damage by cauterization. Circulation

5:816–823.
Karwatowski, S. P., S. J. Brecker, G. Z. Yang, D. N. Firmin, M.

St John Sutton, and S. R. Underwood. 1996. A comparison

of left ventricular myocardial velocity in diastole measured

by magnetic resonance and left ventricular filling measured

by Doppler echocardiography. Eur. Heart J. 17:795–802.
Keith, A. 1918. Harveian lecture on the functional anatomy of

the heart. Br. Med. J. 1:361–363.
Leake, C. D. 1941. Anatomical studies on the motion of

the heart and the blood. Charles C Thomas,

Springfield, ILL.

Lee, C. H., F. Vancheri, M. S. Josen, and D. G. Gibson. 1990.

Discrepancies in the measurement of isovolumic relaxation

time: a study comparing M mode and Doppler

echocardiography. Br. Heart. J. 64:214–218.

LeGrice, I. J., Y. Takayama, and J. W. Covell. 1995. Transverse

shear along myocardial cleavage planes provides a

mechanism for normal systolic wall thickening. Circ. Res.

77:182–193.

Legrice, I. J., P. J. Hunter, and B. H. Smaill. 1997. Laminar

structure of the heart: a mathematical model. Am. J.

Physiol. 272:H2466–H2476.

Leitman, M., M. Lysiansky, P. Lysyansky, Z. Friedman, V.

Tyomkin, T. Fuchs, et al. 2010. Circumferential and

longitudinal strain in 3 myocardial layers in normal subjects

and in patients with regional left ventricular dysfunction. J.

Am. Soc. Echocardiogr. 23:64–70.
Liu, K.-L., H. Y. Yu, V. J. Wedeen, and W. Y. I. Tseng. 2010.

Heart-within-heart dynamic systems implicit in myocardial

fiber architecture revealed by diffusion tensor tractography.

Proc Int Soc Mag Reson Med. 18:763.

Lombaert, H., J. M. Peyrat, P. Croisille, S. Rapacchi, L.

Fanton, F. Cheriet, et al. 2012. Human atlas of the cardiac

fiber architecture: study on a healthy population. IEEE

Trans. Med. Imaging 31:1436–1447.
Lower, R. 1932. A Facsimile Edition of Tractatus de corde.

London, MDCLXIX. Prefaced by an introduction and

translation by K. J. Franklin.

Lunkenheimer, P. P., K. Redmann, J. Florek, U. Fassnacht, C.

W. Cryer, F. Wubbeling, et al. 2004. The forces generated

within the musculature of the left ventricular wall. Heart

90:200–207.

Lunkenheimer, P. P., K. Redmann, N. Kling, X. Jiang, K.

Rothaus, C. W. Cryer, et al. 2006. Three-dimensional

architecture of the left ventricular myocardium. Anat. Rec.

A Discov. Mol. Cell Evol. Biol. 288:565–578.

Manner, J. 2004. On rotation, torsion, lateralization, and

handedness of the embryonic heart loop: new insights from

a simulation model for the heart loop of chick embryos.

Anat. Rec. A Discov. Mol. Cell Evol. Biol. 278:481–492.

Nielsen, E., M. Smerup, P. Agger, J. Frandsen, S. Ringgard, M.

Pedersen, et al. 2009. Normal right ventricular three-

dimensional architecture, as assessed with diffusion tensor

magnetic resonance imaging, is preserved during

experimentally induced right ventricular hypertrophy. Anat.

Rec. (Hoboken) 292:640–651.
Nikolic, S. D., M. P. Feneley, O. E. Pajaro, J. S. Rankin, and E.

L. Yellin. 1995. Origin of regional pressure gradients in the

left ventricle during early diastole. Am. J. Physiol. 268:

H550–H557.

Noble, M. I. 1968. The contribution of blood momentum to

left ventricular ejection in the dog. Circ. Res. 23:663–670.
Peskin, C. S. 1989. Fiber architecture of the left ventricular

wall: an asymptotic analysis. Commun. Pure Appl. Math.

42:79–113.

Pettigrew, J. B. 1864. On the arrangement of the muscular fibres

in the ventricles of the vertebrate heart, with physiological

remarks. Philos. Trans. R. Soc. Lond. 154:445–500.
Pollack, G. H. 1970. Maximum velocity as an index of

contractility in cardiac muscle. A critical evaluation. Circ.

Res. 26:111–127.

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2017 | Vol. 5 | Iss. 18 | e13404
Page 11

J. I. E. Hoffman Ventricular Architecture



Rijcken, J., P. H. Bovendeerd, A. J. Schoofs, D. H. van

Campen, and T. Arts. 1999. Optimization of cardiac fiber

orientation for homogeneous fiber strain during ejection.

Ann. Biomed. Eng. 27:289–297.

Rushmer, R. F. 1956. Anatomy and physiology of ventricular

function. Physiol. Rev. 36:400–425.
Rushmer, R. F., D. K. Crystal, and C. Wagner. 1953. The

functional anatomy of ventricular contraction. Circ. Res.

1:162–170.

Russel, I. K., M. J. Gotte, J. P. Kuijer, and J. T. Marcus. 2008.

Regional assessment of left ventricular torsion by CMR

tagging. J. Cardiovasc. Magn. Reson. 10:26–37.
Sallin, E. A. 1969. Fiber orientation and ejection fraction in

the human left ventricle. Biophys. J . 9:954–964.
Savadjiev, P., G. J. Strijkers, A. J. Bakermans, E. Piuze, S. W.

Zucker, and K. Siddiqi. 2012. Heart wall myofibers are

arranged in minimal surfaces to optimize organ function.

Proc. Natl Acad. Sci. USA 109:9248–9253.
Sawatani, S., G. Mandell, E. Kusaba, W. Schraut, P. Cascade,

W. J. Wajszczuk, et al. 1974. Ventricular performance

following ablation and prosthetic replacement of right

ventricular myocardium. Trans. – Am. Soc. Artif. Intern.

Organs 20B:629–636.

Schmid, P., T. Jaermann, P. Boesiger, P. F. Niederer, P. P.

Lunkenheimer, C. W. Cryer, et al. 2005. Ventricular

myocardial architecture as visualised in postmortem swine

hearts using magnetic resonance diffusion tensor imaging.

Eur. J. Cardiothorac. Surg. 27:468–472.
Scollan, D. F., A. Holmes, R. Winslow, and J. Forder. 1998.

Histological validation of myocardial microstructure

obtained from diffusion tensor magnetic resonance imaging.

Am. J. Physiol. 275:H2308–H2318.

Sengupta, P. P., B. K. Khandheria, J. Korinek, J. Wang, and M.

Belohlavek. 2005. Biphasic tissue Doppler waveforms during

isovolumic phases are associated with asynchronous

deformation of subendocardial and subepicardial layers. J.

Appl. Physiol. 99:1104–1111.

Sengupta, P. P., J. Korinek, M. Belohlavek, J. Narula, M. A.

Vannan, A. Jahangir, et al. 2006. Left ventricular structure

and function: basic science for cardiac imaging. J. Am. Coll.

Cardiol. 48:1988–2001.
Sengupta, P. P., V. K. Krishnamoorthy, J. Korinek, J. Narula,

M. A. Vannan, S. J. Lester, et al. 2007. Left ventricular form

and function revisited: applied translational science to

cardiovascular ultrasound imaging. J. Am. Soc.

Echocardiogr. 20:539–551.

Sengupta, P. P., A. J. Tajik, K. Chandrasekaran, and B. K.

Khandheria. 2008. Twist mechanics of the left ventricle:

principles and application. JACC Cardiovasc. Imaging

1:366–376.

Smerup, M., E. Nielsen, P. Agger, J. Frandsen, P. Vestergaard-

Poulsen, J. Andersen, et al. 2009. The three-dimensional

arrangement of the myocytes aggregated together within the

mammalian ventricular myocardium. Anat. Rec. (Hoboken)

292:1–11.

Smerup, M., J. Partridge, P. Agger, S. Ringgaard, M. Pedersen,

S. Petersen, et al. 2013a. A mathematical model of the

mechanical link between shortening of the cardiomyocytes

and systolic deformation of the left ventricular myocardium.

Technol. Health Care 21:63–79.

Smerup, M., P. Agger, E. A. Nielsen, S. Ringgaard, M.

Pedersen, P. Niederer, et al. 2013b. Regional and epi- to

endocardial differences in transmural angles of

left ventricular cardiomyocytes measured in ex vivo

pig hearts: functional implications. Anat. Rec. 296:1724–
1734.

Sonnenblick, E. H. 1962. Force-velocity relations in

mammalian heart muscle. Am. J. Physiol. 202:931–939.

Sosnovik, D. E., R. Wang, G. Dai, T. Wang, E. Aikawa, M.

Novikov, et al. 2009. Diffusion spectrum MRI tractography

reveals the presence of a complex network of residual

myofibers in infarcted myocardium. Circ. Cardiovasc.

Imaging 2:206–212.
Sosnovik, D. E., C. Mekkaoui, S. Huang, H. H. Chen, G. Dai,

C. T. Stoeck, et al. 2014. Microstructural impact of ischemia

and bone marrow-derived cell therapy revealed with

diffusion tensor magnetic resonance imaging tractography of

the heart in vivo. Circulation 129:1731–1741.

Spotnitz, H. M., W. D. Spotnitz, T. S. Cottrell, D. Spiro, and

E. H. Sonnenblick. 1974. Cellular basis for volume related

wall thickness changes in the rat left ventricle. J. Mol. Cell.

Cardiol. 6:317–331.

Streeter, D. D. Jr., 1979. Gross morphology and fiber geometry

of the heart. Pp. 61–112 in R. M. Berne, N. Sperelakis, eds.

Handbook of physiology, section 2: the cardiovascular

system. Vol. 1: the heart. American Physiological Society,

Bethesda, MD.

Streeter, D. D. Jr, and W. T. Hanna. 1973. Engineering

mechanics for successive states in canine left ventricular

myocardium. I. Cavity and wall geometry. Circ. Res.

33:639–655.
Streeter, D. D. Jr, H. M. Spotnitz, D. P. Patel, J. Jr Ross, and

E. H. Sonnenblick. 1969. Fiber orientation in the canine left

ventricle during diastole and systole. Circ. Res. 24:339–347.
Stuber, M., M. B. Scheidegger, S. E. Fischer, E. Nagel, F.

Steinemann, O. M. Hess, et al. 1999. Alterations in the local

myocardial motion pattern in patients suffering from

pressure overload due to aortic stenosis. Circulation

100:361–368.

Suga, H., Y. Goto, Y. Igarashi, O. Yamada, T. Nozawa, and Y.

Yasumura. 1986. Ventricular suction under zero source

pressure for filling. Am. J. Physiol. 251:H47–H55.

Tan, Y. T., F. Wenzelburger, E. Lee, G. Heatlie, F. Leyva, K.

Patel, et al. 2009. The pathophysiology of heart failure with

normal ejection fraction: exercise echocardiography reveals

complex abnormalities of both systolic and diastolic

2017 | Vol. 5 | Iss. 18 | e13404
Page 12

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Ventricular Architecture J. I. E. Hoffman



ventricular function involving torsion, untwist, and

longitudinal motion. J. Am. Coll. Cardiol. 54:36–46.

Teh, I., D. McClymont, R. A. Burton, M. L. Maguire, H. J.

Whittington, C. A. Lygate, et al. 2016a. Resolving fine

cardiac structures in rats with high-resolution diffusion

tensor imaging. Sci. Rep. 6:30573.

Teh, I., R. A. Burton, D. McClymont, R. A. Capel, D. Aston,

P. Kohl, et al. 2016b. Mapping cardiac microstructure of

rabbit heart in different mechanical states by high resolution

diffusion tensor imaging: a proof-of-principle study. Prog.

Biophys. Mol. Biol. 121:85–96.

Thomas, C. E. 1957. The muscular architecture of the

ventricles of hog and dog hearts. Am. J. Anat. 101:17–57.

Torrent-Guasp, F., M. Ballester, G. D. Buckberg, F. Carreras,

A. Flotats, I. Carrio, et al. 2001a. Spatial orientation of the

ventricular muscle band: physiologic contribution and

surgical implications. J. Thorac. Cardiovasc. Surg. 122:389–

392.

Torrent-Guasp, F., G. D. Buckberg, C. Clemente, J. L. Cox, H.

C. Coghlan, and M. Gharib. 2001b. The structure and

function of the helical heart and its buttress wrapping. I.

The normal macroscopic structure of the heart. Semin.

Thorac. Cardiovasc. Surg. 13:301–319.

Toussaint, N., C. T. Stoeck, T. Schaeffter, S. Kozerke, M.

Sermesant, and P. G. Batchelor. 2013. In vivo human

cardiac fibre architecture estimation using shape-

based diffusion tensor processing. Med. Image Anal.

17:1243–1255.

Tseng, W. Y., T. G. Reese, R. M. Weisskoff, T. J. Brady, and

V. J. Wedeen. 2000. Myocardial fiber shortening in

humans: initial results of MR imaging. Radiology 216:128–
139.

Wei, H., M. Viallon, B. M. Delattre, L. Wang, V. M. Pai, H.

Wen, et al. 2013. Assessment of cardiac motion effects on

the fiber architecture of the human heart in vivo. IEEE

Trans. Med. Imaging 32:1928–1938.
Wu, M. T., W. Y. Tseng, M. Y. Su, C. P. Liu, K. R. Chiou, V.

J. Wedeen, et al. 2006. Diffusion tensor magnetic resonance

imaging mapping the fiber architecture remodeling in

human myocardium after infarction: correlation with

viability and wall motion. Circulation 114:1036–1045.

Yaku, H., B. K. Slinker, S. P. Bell, and M. M. LeWinter. 1994.

Effects of free wall ischemia and bundle branch block on

systolic ventricular interaction in dog hearts. Am. J. Physiol.

266:H1087–H1094.

Yamaguchi, S., K. S. Li, H. Harasawa, and W. P. Santamore.

1993. Acute alterations in systolic ventricular

interdependence-mechanical dependence of right ventricle

on left ventricle following acute alteration of right

ventricular free wall. Basic Res. Cardiol. 88:350–361.
Zhukov, L., and A. H. Barr. 2003. Heart-muscle fiber

reconstruction from diffusion tensor MRI. Proc 14th IEEE

Visualization Conference (VIS’03). 597–602.

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2017 | Vol. 5 | Iss. 18 | e13404
Page 13

J. I. E. Hoffman Ventricular Architecture


