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ABSTRACT

Background: The 3-dimensional arrangement of the
ventricular mass has been controversial. The aim of the pres-
ent study was to investigate the macroarchitecture of ven-
tricular myocardial fibers and to analyze whether it is consis-
tent with the helical ventricular myocardial band (HVMB)
hypothesis.

Methods: Eight excised human hearts were scanned by
diffusion tensor magnetic resonance imaging (DT-MRI).
Fiber tracking was then used with the D'T-MRI data to recon-
struct and visualize the positions of the myocardial fibers to
reveal the architecture of ventricular myocardial fibers.

Results: The left ventricular myocardial fibers were
found to consist of 2 crossed populations that were approxi-
mately normal from the epicardium to the endocardium in
the tangent plane. The myocardial fibers in the middle of
the myocardium had a smooth, linear angular rotation. The
ventricular myocardial fibers maintained complete continu-
ity and specific orientations that corresponded to the HVMB
structure.

Conclusions: The architecture of the ventricular myocar-
dial fibers in the human heart conforms to the HVMB struc-
tural hypothesis.

INTRODUCTION

The architecture of the ventricular myocardial fibers is
the structural basis for the normal systolic and diastolic func-
tions of the left ventricle. Because of limitations in the means
of study, the 3-dimensional arrangement of the ventricular
myocardial fibers has remained controversial and unclear
[Gilbert 2007]. Some structural models and hypotheses have
been proposed, including the nested pretzel [Jouk 2000],
3-layered ventricle [Anderson 2005], and simple lami-
nar structure [LeGrice 1995] models. These models have
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evaluated the ventricular fiber architecture from different
perspectives and have helped us to increase our understand-
ing of myocardial fiber structure. Many physiological and
pathologic phenomena still cannot be explained with these
models, however, and the models are incompatible with each
other in some respects.

Torrent-Guasp et al proposed the theory of the helical
ventricular myocardial band (HVMB), a structural and func-
tional hypothesis that the ventricle consists of a single band
of muscle [Torrent-Guasp 2001, 2004, 2005]. The HVMB
hypothesis has gained broad favor in the medical community,
particularly among cardiac surgeons.

At present, the evidence supporting HVMB hypothesis
has come either from traditional dissection approaches or via
a functional perspective, but objective morphologic evidence
that directly reveals the architecture of ventricular myocardial
fibers has been scarce. In addition, most investigators have
used animal hearts as the objects of study.

In recent years, diffusion tensor magnetic resonance
imaging (DT-MRI) has emerged as a powerful tool for rapid
and noninvasive measurement of myocardial fiber structure
at high spatial resolution. The approach gathers abundant
data for statistical analysis, avoiding the bias inherent in the
traditional dissection method. DT-MRI is a 3-dimensional
imaging technology that can disclose the entire structure of
heart fibers. DT-MRI reflects detailed tissue architecture
through the acquisition of anisotropic information about
the diffusion of protons of water molecules in tissue. This
technology allows myocardial fibers to be reconstructed and
visualized. Substantial research has confirmed that the pri-
mary eigenvector of the diffusion tensor is aligned locally
with the long axis of cardiac fibers [Hsu 1998; Scollan 1998].
The orientation of myocardial fibers measured by DT-MRI
represents the general direction of sarcomere segments,
myofibrils, and heart muscle cells. Accordingly, this tech-
nique can reveal the orientation of myocardial fiber popula-
tions and further clarify the macroarchitecture of ventricular
myocardial fibers.

Our previous preliminary investigation found that the
structure of ventricular myocardial fibers corresponded to
the HVMB in the pig heart as well [Gao 2006, 2009]. In the
present study, we used D'T-MRI scanning to further study the
architecture of myocardial fibers in ex vivo human hearts.
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Figure 1. Reconstruction of the myocardial fiber in different regions of the left ventricle. A, The areas of fiber tracking (green ellipses) in the anterior (a),
septum (b), posterior (c), and free (d) walls of the middle left ventricle (ventricular basal view). B, Corresponding images of fiber reconstruction (a-d). The

myocardial fibers in the left ventricle show a crossed distribution.

Figure 2. Reconstruction of the myocardial fibers in different sections
of the left ventricle. A, The areas of fiber tracking (red ellipses) in the
subendocardium (a), midwall (b), and subepicardium (c) of the middle
left ventricle (ventricular basal view). B, Corresponding images of the
fiber reconstruction (a-c).

MATERIALS AND METHODS

Eight human hearts were excised at autopsy in the Pathol-
ogy Department of the PLA General Hospital. All autopsied
patients had no heart diseases. The intact hearts were placed
in a plastic container filled with water, and residual inner air
was removed to eliminate unwanted susceptibility artifacts.
The samples were scanned immediately with an MRI scanner;
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Figure 3. Reconstruction of the fiber bundle in the apex of the left ven-
tricle. A, The myocardial fibers appear to turn near the apex (anterior
view). B, Posterior view. C, Counterclockwise outward rotation of the
myocardial fibers near the apex (apical view).

the myocardial fibers were then reconstructed and visualized
via fiber tracking with Function Tool software (GE Advan-
tage Workstation for Windows; GE Healthcare, Piscataway,
NJ, USA) designed for the scanner to show the architecture
of ventricular myocardial fibers. The mean (+SD) interval
between patient death and scan was 18.6 + 5.2 hours.

Images were acquired with an 8-element phased-array
coil on a 3.0T GE CV/i MRI Scanner (GE Medical Systems,
Piscataway, NJ, USA; provided by the Magnetic Resonance
Imaging Center, PLA General Hospital). Data acquisition
was performed with an SE-EPI (spin-echo echo planar imag-
ing) sequence. Values for other parameters were as follows:
slice thickness, 3 mm; b value, 1000 s/mm?; TR (repetition
time), 2000 milliseconds; TE (echo time), 86.4 milliseconds;
FOV (field of view), 14 cm x 14 cm; data set, 128 x 128 array;
2 scans; and continuous imaging.
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Figure 4. Reconstruction of the myocardial fibers in the posterior ven-
tricular wall and interventricular septum. A, Interventricular septum
and right ventricular fibers collect at the posterior left ventricular wall
(apical view). B, Oblique basal view.

RESULTS

Reconstruction of Myocardial Fibers in Different Regions of
the Left Ventricle

The fibers of the anterior, septum, posterior, and free left
ventricular walls were reconstructed for visualizing myocar-
dial fibers in these regions (Figure 1). Two intersecting fiber
populations of approximately normal orientations in the tan-
gent plane could be seen in the left ventricular wall from the
epicardium to the endocardium (Figure 1B). The myocardial
fibers in the middle myocardium showed a smooth, linear
angular rotation and gradual transition between the epicar-
dium and the endocardium (Figure 1B).

Reconstruction of Myocardial Fibers in Different Sections
(Layers) of the Left Ventricle

The myocardial fibers of the subendocardium, midwall,
and subepicardium of the left ventricle were reconstructed to
show the orientations of myocardial fibers in these sections
(Figure 2). The myocardial fiber orientations in different sec-
tions of the left ventricle were obviously distinct. The orien-
tations of subendocardial fibers were close to the longitudinal
axis of the left ventricle, the midwall fibers paralleled the cir-
cumferential axis of the left ventricle, and the orientations of
subepicardial fibers were oblique (Figure 2B).

Reconstruction of the Fiber Bundle in the Apex of the Left
Ventricle

The myocardial fiber bundles in the subendocardium of
the left ventricle went down along the longitudinal axis of
the left ventricle, rotated outward, and then turned up near
the apex (Figures 3A and 3B). In the apical view, the myo-
cardial fiber pathways displayed a counterclockwise rotation

(Figure 3C).

Reconstruction of the Myocardial Fibers in the Posterior
Ventricular Wall and the Interventricular Septum

The myocardial fibers from both the interventricular
septum and the right ventricle joined the fibers of the pos-
terior wall of the left ventricle. The myocardial fibers of the
posterior left ventricular wall in the outer third continued
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Figure 5. Reconstruction of the myocardial fibers of the 2 ventricles.
A, The subepicardial myocardial fibers of the left ventricle displays an
oblique direction (anterior view). B, The myocardial fibers of the right
ventricle proceed to the posterior left ventricular wall in a circumferen-
tial direction (posterior view).

Figure 6. Reconstruction of the myocardial fibers of the left ventricle.
A, The subendocardial fibers intersect the subepicardial fibers at the
tangent plane after they rotate one circle (anterior view). B, The myo-
cardial fibers of the left ventricle proceed from the subepicardium to
the subendocardium, passing the midwall and returning to the subepi-
cardium (apical view). C, Right lateral view.

into the right ventricle as the right ventricular fibers, whereas
the myocardial fibers of the inner two thirds came from the
interventricular septum (Figure 4).

Reconstruction of the Myocardial Fibers of the Whole
Ventricle

The myocardial fibers of the right ventricle went in the
circumferential direction, then passed the interventricular
septum, and continued to the subepicardial fiber of the poste-
rior left ventricular wall (Figure 5). The subepicardial fibers
intruded gradually, passed the midwall, and then transformed
into the subendocardial fibers (Figure 6). The subendocar-
dial fibers went downward to the apex, rotated outward, and
turned upward near the apex. Thus, the subendocardial fibers
returned to the subepicardium after they had rotated a com-
plete circle and intersected with each other at the tangent
plane. In other words, 2 crossed fiber populations of approxi-
mately normal orientations in the left ventricular wall in fact
maintained continuity at the apex (Figure 6).

DISCUSSION

Torrent-Guasp et al hypothesized that the ventricles are a
single band of muscle that is coiled into 2 loops with inser-
tions at the pulmonary trunk and aorta; each of the 2 loops
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divides into 2 segments [Torrent-Guasp 2001, 2004, 2005].
Buckberg et al [2006a, 2006b] used a variety of imaging meth-
ods in acquiring abundant evidence to support the HVMB
hypothesis.

Our 8 excised human hearts were scanned by DT-MRI,
and the myocardial fibers were reconstructed and visualized
through fiber tracking. These heart samples all had the fol-
lowing architectural features:

1. The myocardial fibers of the left ventricular wall
appeared to be arranged as 2 orderly fiber populations
from the subepicardium to the subendocardium. Two
fiber populations maintained approximately normal
intersection at the tangent plane. The myocardial
fibers in the middle myocardium had a smooth, linear
angular rotation, and they functioned as the transition
between the epicardium and the endocardium.

2. 'The ventricular myocardial fibers maintained specific
orientations and continuity. The ventricular myo-
cardial fibers had a definite helical pathway from the
right ventricle to the left ventricle and from the epi-
cardium to the endocardium, as described above in
the section, “Reconstruction of the Myocardial Fibers
of the Whole Ventricle.” The ventricular myocardial
fiber populations maintained continuity in the entire
course, and the 2 crossed fiber populations of the left
ventricular wall consisted of a single continuous fiber
population that rotated and twisted at the apex.

To prove the HVMB hypothesis, we must answer several
critical questions. The first question is: Does the left ventricu-
lar wall divide into fiber populations of different orientations?
In our study, our reconstruction of the fibers clearly con-
firmed that 2 crossed fiber populations existed in the left ven-
tricular wall. The study of Geerts et al demonstrated a similar
fiber structure in goat hearts [Geerts 2002]. Helm et al also
found 2 dominant fiber angles in the canine ventricular wall
[Helm 2005]. Additional reports have supported the concept
that 2 approximately perpendicular fiber families exist in the
left ventricular wall [Dokos 2002; Ashikaga 2004; Harrington
2005]. We assume that fiber populations with a coherent ori-
entation can perform their actions independently as functional
subunits in the ventricular wall. The second question is: Do
the myocardial fiber populations continue as a whole? In the
past, it was difficult to observe the intact structure of ventricu-
lar myocardial fibers with traditional histologic approaches.
The 3-dimensional imaging system of the D'T-MRI approach
provides us with the means to visualize the arrangement of
ventricular myocardial fibers and their intact course. Recon-
structions of the myocardial fibers by D'T-MRI of course do
not reflect individual myocytes or myofibrils, but they do pro-
vide general information on the gross pathways and distribu-
tions of the myocardial fibers. Figures 3 and 6 show that 2
crossed fiber populations in the left ventricular wall maintain
continuity at the apex. Figures 4 and 5 show that the myocar-
dial fiber populations of the right ventricle and left ventricle
maintain continuity in the posterior ventricular wall. Accord-
ing to our findings from these imaging-based reconstructions,
we conclude that the intact course of the populations of ven-
tricular myocardial fibers consists of a continuous and helical
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structure. The third question is: Are the directions in which
the myocardial fibers run consistent with those of the HVMB?
According to the structural hypothesis of the HVMB, the
double-helical structure of ventricular populations of myo-
cardial fibers run from the right ventricle to the left ventricle,
from the left ventricular epicardium to the endocardium, and
back to the epicardium again. Our study has found that the
courses of ventricular myocardial fibers described above are
consistent with those of the HVMB hypothesis. Rohmer et al
[2007] observed similar myocardial fiber pathways in the left
ventricle of the human heart.

The limitations of our study were that the reconstruction
of fibers was inevitably random; however, this randomness
did not affect the gross fiber pathways. In addition, we recon-
structed the myocardial fibers in specific areas and sections of
the ventricle only in part and could not show all ventricular
myocardial fibers at one time.

In conclusion, through reconstructing and visualizing the
ventricular myocardial fibers in the human hearts by fiber
tracking, we have confirmed that the architecture of ventricu-
lar myocardial fibers conforms to the structure of the HVMB.
Further studies are indicated.

ACKNOWLEDGMENT

This study was funded solely by the General Hospital of
the Chinese PLA.

REFERENCES

Anderson RH, Ho SY, Redmann K, Sanchez-Quintana D, Lunkenheimer
PP.2005. The anatomical arrangement of the myocardial cells making up
the ventricular mass. Eur J Cardiothorac Surg 28:517-25.

Ashikaga H, Criscione JC, Omens JH, et al. 2004. Transmural left ven-
tricular mechanics underlying torsional recoil during relaxation. Am J
Physiol Heart Circ Physiol 286:H640-7.

Buckberg GD, Castelld M, Gharib M, Saleh S. Active myocyte shorten-
ing during the ‘isovolumetric relaxation’ phase of diastole is responsible
for ventricular suction: ‘systolic ventricular filling.” Eur J Cardiothorac
Surg 2006;29(suppl 1):98-106.

Buckberg GD, Mahajan A, Jung B, Markl M, Hennig J, Ballester-Rodes
M. 2006. MRI myocardial motion and fiber tracking: a confirmation of
knowledge from different imaging modalities. Eur J Cardiothorac Surg
29(suppl 1):S165-77.

Dokos S, Smaill BH, Young AA, LeGrice IJ. 2002. Shear properties
of passive ventricular myocardium. Am J Physiol Heart Circ Physiol
283:H2650-9.

Gao C, Ye WH, Li LB, et al. 2009. Investigation on the structure of ven-
tricular mass using magnetic resonance diffusion tensor imaging. Heart
Surgery Forum 12:E85-9.

Gao C, Zhang T, Li LB. 2006. Empirical study of the anatomic structure
of ventricular myocardial band. Chin J Thorac Cardiovasc Surg 22:410-2.

Geerts L, Bovendeerd P, Nicolay K, Arts T. 2002. Characterization of the
normal cardiac myofiber field in goat measured with MR-diffusion tensor
imaging. Am J Physiol Heart Circ Physiol 283:H139-45.

Gilbert SH, Benson AP, Li P, Holden AV. 2007. Regional localisation of
left ventricular sheet structure: integration with current models of cardiac



fibre, sheet and band structure. Eur J Cardiothorac Surg 32:231-49.

Harrington KB, Rodriguez F, Cheng A, et al. 2005. Direct measure-
ment of transmural laminar architecture in the anterolateral wall of the
ovine left ventricle: new implications for wall thickening mechanics. Am
J Physiol Heart Circ Physiol 288:H1324-30.

Helm PA, Tseng HJ, Younes L, McVeigh ER, Winslow RL. 2005. Ex
vivo 3D diffusion tensor imaging and quantification of cardiac laminar
structure. Magn Reson Med 54:850-9.

Hsu EW, Muzikant AL, Matulevicius SA, Penland RC, Henriquez CS.
1998. Magnetic resonance myocardial fiber-orientation mapping with
direct histological correlation. Am J Physiol 274:1627-34.

Jouk PS, Usson Y, Michalowicz G, Grossi L. 2000. Three-dimensional
cartography of the pattern of the myofibres in the second trimester fetal
human heart. Anat Embryol 202:103-18.

LeGrice IJ, Smaill BH, Chai LZ, Edgar SG, Gavin B, Hunter PJ. 1995.
Laminar structure of the heart: ventricular myocyte arrangement and

© 2009 Forum Multimedia Publishing, LLC

Reconstruction of the Architecture of Ventricular Myocardial Fibers—Gao et al

connective tissue architecture in the dog. Am J Physiol 269:H571-82.

Rohmer D, Sitek A, Gullberg GT. 2007. Reconstruction and visualiza-
tion of fiber and laminar structure in the normal human heart from ex
vivo diffusion tensor magnetic resonance imaging (D'TMRI) data. Invest
Radiol 42:777-89.

Scollan DF, Holmes A, Winslow R, Forder J. 1998. Histological valida-
tion of myocardial microstructure obtained from diffusion tensor mag-
netic resonance imaging. Am J Physiol 275:H2308-18.

Torrent-Guasp F, Ballester M, Buckberg GD, etal. 2001. Spatial orienta-
tion of the ventricular muscle band: physiologic contribution and surgical
implications. ] Thorac Cardiovasc Surg 122:389-92.

Torrent-Guasp E, Kocica MJ, Corno A, et al. 2004. Systolic ventricular
filling. Eur ] Cardiothorac Surg 25:376-86.

Torrent-Guasp E, Kocica MJ, Corno AF, etal. 2005. Towards new under-
standing of the heart structure and function. Eur ] Cardiothorac Surg
27:191-201.

E229




