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Probing dynamic myocardial microstructure with
cardiac magnetic resonance diffusion tensor
imaging
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Abstract

This article is an invited editorial comment on the paper entitled “In vivo cardiovascular magnetic resonance
diffusion tensor imaging shows evidence of abnormal myocardial laminar orientations and mobility in hypertrophic
cardiomyopathy” by Ferreira et al., and published as Journal of Cardiovascular Magnetic Resonance 2014; 16:87.
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Myocardial microstructure
The microstructure of the heart is complex, but highly
organized. The complexity of the heart’s organization
was first quantitatively described in the well-known
work of Streeter et al. [1,2], wherein it was shown that
the ventricular heart wall is locally composed of coher-
ently aligned myocytes, whose local average “fiber”
orientation (helix angle) changes systematically from epi-
cardium to endocardium. When viewing the epicardial
surface of the heart, the sub-epicardial “fibers” are ob-
liquely directed and smoothly transition to more hoop-
like midwall fiber directions, and then to subendocardial
fiber directions with an opposite obliquity. An example
of such variation of the myocyte orientations across the
heart wall is seen in Figure 1 of the article in the Journal
of Cardiovascular Magnetic Resonance (JCMR) by Ferreira
et al. under discussion here [3]. The orientation of the
myocytes is conventionally measured with respect to a lo-
cally defined circumferential direction, with the epicardial
myocytes having a negative helix angle and the endocar-
dial myocytes having a positive helix angle. There is, in
fact, a large-scale organization of myocytes that is observ-
able from “fiber tracking” in ex vivo diffusion tensor MRI
(DT-MRI) data (Figure 1A), which suggests that tracing
along the direction of any one myocyte will tend to lead
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you back to the same myocyte – an idea that accords with
the geometric requirement that a continuous vector field
(considering the long axis of each myocyte as a vector,
along which stress is exerted in contraction) can only
topologically be accommodated on a toroid. In fact, the
myocytes are reported to form a continuously branching
functional syncytium, with splitting and merging of
branches every few myocytes; thus we cannot strictly talk
about distinct fibers, per se, in the myocardium, and we
will herein avoid the terms “fiber” and “myofiber”, which
are largely borrowed from the skeletal muscle literature.
Myocyte contraction during systole leads to the ob-

served circumferential and longitudinal shortening of
the ventricle and concomitant radial thickening, along
with the twisting of the apex relative to the base that
comprises a torsional component of the ventricular con-
traction. Interestingly, myocytes isovolumically shorten
by ~15% during systole, which only accords with an ~8%
increase in myocyte radius (Figure 1B). This is insuffi-
cient to account for the observed radial wall thickening,
which is upwards of 25%. Hence, to generate >8% wall
thickening another mechanism is needed. The work of
Spotnitz et al. [4] was the first to highlight the fact that
the countable number of myocytes across the ventricular
wall increases from end diastole to end systole, at a
given level! For this to be possible, the myocardium
must undergo a large shear deformation that rearranges
the relative position of the myocytes and accounts for
the large amounts of wall thickening (Figure 1B). This
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Figure 1 Myocardial structure and function. (A) Diffusion tensor “fiber” tracking of a canine heart reveals large-scale connectivity of the end-to-end
anastomoses of continuously branching myocytes. With sufficiently high spatial resolution (especially required at the apex and base) the principal
eigenvector can be tracked from asterisk (*) to asterisk (*) while tracing out aspects of the base, apex, endocardium, and epicardium. (B) A representative
sheetlet structure comprised of three myocyte layers. Incompressible myocyte shortening of ~15% gives rise to only ~8% radial wall thickening when
sheet-shear is absent. In the presence of sheet shear, which is accommodated by the sheetlets, radial wall thickening increases to >25%.
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hints at the idea that there must exist a structural elem-
ent that facilitates large shear deformations (e.g. the slid-
ing of myocytes over one another).
More recently, it has become clear that a secondary

“sheet” structure is a fundamental constituent of the heart’s
microstructure; this consists of a laminar arrangement of
discrete structures a few myocardial cells in thickness and
length, separated by cleft-like potential spaces [5]. While
the end-to-end anastomoses of branching myocytes char-
acterizes the longitudinal nature of the syncytium, the
lateral branching of the sheets reflects the transverse
syncytial nature underlying the structure of the myocar-
dium. These “sheets” are locally oriented perpendicular
to the local myocyte orientation, and they tend to fall
into two dominant families, which are approximately
perpendicular to each other [6,7]. Confocal micrographs
of myocardial structure are particularly revealing [8,9]. It
has been shown that shear between adjacent sheets con-
tributes significantly to the radial wall thickening compo-
nent of cardiac contraction [10,11]; it is likely that the
sheets reduce the resistance to shearing within the heart
wall during contraction, thus relieving some of the in-
ternal stresses that would otherwise build up during sys-
tole. The relative increase in systolic wall thickening
associated with the changing angulation of the sheets is
somewhat like the structure of a venetian blind increasing
in apparent thickness while being opened. When a mater-
ial releases internal stress via motion along a family of in-
ternal clefts, these clefts may be called a “slip system”. For
maximum effectiveness, the slip planes will coincide with
the directions of maximum shear, which occur at an angle
of 45° to the direction of maximum strain. (Think of a
deck of cards on the table: the slip system is horizontal
while maximum elongation and contraction occur at +
and – 45°.) In the myocardium, the direction of maximum
strain is radial, and so the two populations of sheets may
represent planes with one axis containing the myocardial
fiber, and the other axis at angles of ±45° to the radial dir-
ection. In this issue of JCMR, Ferreira et al. use the term
“sheetlet,” a term that has been used previously [12]; we
find this to be a concise and accurate description of the
sheet structure, which should be pictured as composed
of discrete laminae of short extent (many myocytes),
whereas the term “sheet” (or “myolaminae”) might be
misinterpreted as representing very large scale struc-
tural features, which are not supported by the evidence
to date. Thus, we will adopt the term “sheetlet” herein
for these structures.
The mechanism by which sheetlets fail to align as

macroscopic sheets is not widely known, but is quite in-
teresting. In 3 dimensions, fields of planes seldom have
2D surfaces mutually tangent to any finite region of
them: sheetlets, but no sheets. This is quite different
from the 1D case. There, a continuous field of little lines
in 2D or 3D is a vector field, and every continuous vec-
tor field is tangent to a family of continuous 1D curves.
The undesirable nature of macroscopic sheets or cracks in
the myocardium is clear, for they may allow it to disassem-
ble like pages in a book or layers of an onion. However,
the twisting character of the myocardial sheetlets may
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have a more positive function: while allowing transverse
slip and shear, their mutual non-alignment serves to dis-
tribute mechanical stress in three dimensions. When we
tear a piece of paper, for example, we rely on the fact that
stress always concentrates and re-concentrates the propa-
gating break point. The twisting sheets of the myocardium
allow them to behave more like a rope, in which stresses
rapidly redistribute laterally, fiber to fiber, so as to be
borne equally over a much larger volume.

Imaging myocardial microstructure
While these features of the microstructure of the heart
wall are invisible with the usual macroscopic methods of
imaging the heart, diffusion-weighted magnetic reson-
ance imaging (DWI) of the heart [13] is a relatively new
imaging method that renders the effects of microstruc-
tural features on the self-diffusion of water visible. In
DWI, after MR excitation of the tissue water, a pair of
pulsed magnetic field gradients along a chosen direction
are used to first impose a very short wavelength periodic
spatial variation (“winding”), along that direction, of the
phase of the local signal-producing water molecules in the
tissue and then (after a delay) to reverse it (“unwinding”),
prior to the magnetic resonance signal detection [14]. If
there is no net motion of the water molecules along the
direction of the applied gradient between the pair of gradi-
ent pulses, the signal will be restored to the original
strength that it would have had without the gradient
pulses. However, if there is a sufficient amount of random
motion (i.e. diffusion) of the water molecules away from
their initial positions in between the two gradient pulses,
the phase unwinding process will be incomplete, leading
to phase dispersion, and the net observed signal will be
correspondingly reduced.
The anisotropic tissue microstructure of the heart af-

fects the relative amounts of diffusional motion along dif-
ferent directions; therefore, repeating the DWI process
with diffusion-sensitizing gradients applied in different di-
rections allows for characterization of spatially anisotropic
diffusion. With a sufficient number of such measure-
ments, the diffusion coefficient can be characterized by a
six-component tensor; this is called diffusion tensor MRI
(DTI). The six-component diffusion tensor can be used to
calculate an equivalent set of three mutually perpendicular
“eigenvectors,” with associated directions and magnitudes
(eigenvalues), with the primary eigenvector corresponding
the direction of the greatest diffusion (i.e. fiber direction)
and the tertiary eigenvector corresponding to the direction
of the least diffusion (i.e. sheet-normal direction). DTI has
been most widely applied to in vivo imaging of the brain,
to map the pathways of the nerve connections through
their corresponding effects on the local directionality of
the diffusion. It has also been applied to both ex vivo
[15,16] and in vivo imaging of the heart [17]. However,
in vivo DTI of the heart is very difficult, due to the
technical challenge of probing for incoherent diffu-
sional motion (on the order of microns) on a back-
ground of much larger coherent bulk wall motion (on
the order of millimeters). Thus, most cardiac diffusion
studies to date have focused on DTI of heart speci-
mens, enabling production of elegant 3D descriptions
of the myocyte and sheetlet structures of the ex vivo
heart wall (often after many hours of image data acqui-
sition) [18,19], while in vivo cardiac DTI studies have
remained relatively limited.
Three principal approaches have been used to separate

the effects of diffusional and bulk motion in in-vivo DTI:
1) Perform the winding and unwinding diffusion-
sensitizing gradients at the same relative time in subse-
quent heart cycles (storing the local phase information
in the longitudinal magnetization of a stimulated echo,
so that it persists over a heart cycle) and the bulk mo-
tion is approximately compensated. This approach pro-
vides a relatively long time for diffusion effects to evolve,
thereby improving detection, but it can also lead to large
signal losses, due to subtle differences in bulk motion
that may occur between heart beats [13]. 2) The winding
and unwinding parts of the diffusion encoding process
can be applied at matched “sweet spots” within a given
cardiac cycle, so that the strain effect over the cardiac
cycle is approximately balanced [20]. 3) The winding
and unwinding parts of the diffusion encoding process
can be applied with much shorter intervals between
them, using conventional spin echo signals, at times
within the cardiac cycle when the heart remains approxi-
mately stationary. This provides only a relatively short
time for diffusion effects to evolve, but it can also lead
to less bulk motion signal losses [21]. The advent of gra-
dient hardware with very high maximum gradient ampli-
tudes (80mT/m or higher) is making this last approach
increasingly practical.
In analyzing the resulting DT-MRI signal data, we

need to: 1) allow for the possible effects of other sources
of signal loss (e.g. pseudorandom motion of the blood
within the microcirculation [22], or phase dispersion due
to shearing or rotation within the signal-producing
voxel); and 2) consider the need for measurements along
an adequate number of different diffusion-encoding di-
rections in order to capture the anisotropic structure of
the tissue [23] (while a simple diffusion direction distri-
bution can be characterized by a symmetric tensor with
six independent components, this may not be adequate
to describe diffusion in more complex structures). We
also must consider the potential need to account for the
effects of tissue deformation (“strain”) during the diffusion
measurement time on the apparent diffusion. Even with
an isotropic diffusion coefficient, shortening of the tissue
along one direction between the times of application of
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the diffusion-sensitizing gradient pulses would produce an
apparently greater relative amount of diffusion (relative to
the underlying tissue) along that direction, while an asso-
ciated stretching along another direction would produce
an apparent reduction of the relative diffusion along that
direction. Similarly, in the case of shearing of sheetlets
relative to each other, the associated bulk motion may lead
to an apparent increase in diffusion for transverse motion
of water molecules across the cleft between the sheetlets,
with the changing contractile state of the heart.
When first described, the effect of myocardial deform-

ation on the measured myocardial diffusion was consid-
ered a kind of artifact in the imaging, but on further
consideration, this effect provides a window into a novel
aspect of physiology. When myocardial diffusion is
encoded over an entire cardiac cycle, one has observed a
valid representation of the pattern and extent of random
Brownian motion of water molecules over one heartbeat.
As water moves, so move other small molecules in water
solution. While the exact scale of motion will vary with
molecular weight and other factors, the water diffusion
is nonetheless representative of local physics and geom-
etry common to all small molecules, including oxygen. It
follows that if the water diffusion is observed to be dif-
ferent during material strain over a certain time period,
then molecular transport will be affected similarly. Inter-
estingly, this interaction between diffusion and strain
can have an impact on the net transport. For this to hap-
pen, it is only necessary that the tensors of diffusion and
of strain are not proportional, which they are not in the
normal heart. For example, the direction of maximum
shortening is not coaxial with the myocyte’s long axis at
all wall depths [24]. Simple numerical calculations sug-
gest this mechanism can augment molecular transport
at least 15% in a continuum model and perhaps more
than 30% with estimated effects of sheet slippage. In
short, strain improves perfusion and exchange. Con-
versely, if a segment becomes stiff or hypokinetic, this
advantage will disappear.
Hypertrophic cardiomyopathy (HCM) is characterized

by regional (e.g. septal) or diffuse hypertrophy of the
myocardium, which is not associated with increased
pressure loading; it can be associated with a wide range
of different underlying alterations in the contractile ap-
paratus of the myocyte [25]. Histologically, in HCM
there is a characteristic loss of the usual highly ordered
local myocyte orientation seen in normal hearts [26].
There is also an increase in the amount of collagen in
the heart wall, especially around blood vessels [26].
HCM patients may also develop local fibrosis within
areas of hypertrophy, which can be seen as correspond-
ing local areas of abnormal late gadolinium enhance-
ment; these areas of fibrosis may be associated with an
increased risk of arrhythmias [27]. Although global
functional measures of the heart (such as the ejection
fraction) may be preserved in HCM, there is typically a
significant reduction in the degree of local contraction
and rates of relaxation of the affected muscle [28,29],
which may be related to the altered local tissue structure
in HCM; there are also alterations of the diastolic function
in HCM, which may be related to alterations in calcium
handling [29]. Symptoms in HCM are primarily related ei-
ther to mechanical obstruction of the left ventricular out-
flow tract, due to associated structural alterations, or to
arrhythmias (which can lead to sudden death).
Currently, there are several open questions related to

DTI of the heart, including: 1) How can we most reliably
and efficiently apply DTI techniques to the heart
in vivo? 2) What clinically useful information can we
hope to extract from DTI, beyond simply demonstrating
the wall’s depth-dependent myocyte orientation struc-
ture? 3) How can we relate observed changes in cardiac
DTI-derived measures to corresponding alterations in
the structure and function of the underlying myocar-
dium? The work of Ferreira et al. helps us to begin an-
swering these questions.

The paper by Ferreira et al
In JCMR, Ferreira et al. [3] report the use of sets of mul-
tiple DTI data acquisitions (using single-shot EPI read-
outs), that each span a whole cardiac cycle, but are
centered on either mid-diastole or end-systole, in order
to look for differences in the corresponding directions of
the myocyte and sheetlet orientations across the cardiac
cycle. This approach was applied to image the midlevel
of the ventricles, in both control subjects and patients
with HCM. No attempt was made to account for pos-
sible effects of the varying strain effects over the cardiac
cycle on the apparent diffusion. Modeling the diffusion
coefficient as a six-component tensor provided the di-
rections of the primary (E1, assumed to correspond to
the local myocyte direction) and secondary (E2, assumed
to correspond to the principal local sheetlet direction)
diffusion eigenvectors. These eigenvectors were used to
calculate two corresponding angles in a cardiac-centered
reference frame: the myocyte helix angle (HA) and the
sheetlet angle (E2A). The expected depth-dependent
variation in HA was found in both control and HCM
subjects, without much difference between end-diastole
and end-systole; in Streeter’s original report, there was
seen to be a “relatively constant change in angle through
the wall” in systole and diastole. It is perhaps somewhat
surprising that there was no significant difference found
between the observed control and HCM HA values,
given the difference in degree of orientation of the myo-
cytes in HCM that might be expected with the so-called
“disarray” that is used to describe the appearance in
HCM (although there is little data on the actual
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distribution of myocyte orientations in HCM). However,
this similarity of the HA may just reflect a consistent net
intravoxel average orientation, without reflecting a likely
broader underlying distribution of intravoxel HA in
HCM. This expected difference in the intravoxel HA dis-
tribution function may result in significant differences in
the magnitudes of the associated eigenvalues (Figure 2),
but this data is not reported in this paper. There were,
however, significant cardiac cycle-dependent changes seen
in E2A, with E2A becoming more perpendicular to the
wall in measurements made at end-systole in control sub-
jects, as might be expected for the sheetlet orientation
changes that contribute to wall thickening. This change
was much reduced in HCM patients, where the orienta-
tion of E2A remained relatively perpendicular to the wall
in measurements made at both mid-diastole and end-
systole, particularly in thickened regions.
In seeking to interpret these reported observations on

differences in the apparent orientations of the sheetlets in
measurements made at mid-diastole and end-systole, and
differences in these changes between control and HCM
subjects, we find some major difficulties and limitations:
1) It is somewhat unclear what the observed differences in
the secondary diffusion eigenvector in measurements
made at different cardiac cycle phases would actually
represent, since the measurements that are made are
dependent on the history of the diffusion orientations, and
thus may also be affected by associated changes in the
relative effective diffusion coefficients over the whole
cardiac cycle. Thus, they may also be dependent on the
varying strain history, as well as the local orientation at
v1

v2

A

Figure 2 Schematic representation of architecture of fibers and sheet
and of their respective diffusion tensors. In the normal, fibers are locally
represent an ellipsoid whose leading eigenvector (v1), the direction of max
and whose second eigenvector (v2) indicates the local sheet orientation. T
distinctiveness is reduced or lost in fiber disarray. This is reflected in the len
(B). In maximum disorder, the diffusion tensor is a sphere, without distingu
fibers are not isolated but branched syncytia, and that disarray is typically a
the time of the signal detection, as discussed further
below. 2) The use of a single angle to represent the
orientation of the sheetlets within a voxel is potentially
misleading, as the heart wall is known to be populated
with two different families with significantly different
distributions of orientations in normal subjects [7] (and
with unknown, but likely poorly aligned, orientation
distributions in HCM). The histologic specimen images
provided in the paper (their Figure eight D and E) appar-
ently show just such a heterogeneous mixture of local
sheet orientations, within a region smaller than an im-
aging voxel. 3) The lack of measurements of the associ-
ated strain changes within the myocardium (e.g. with
magnetization tagged MRI) reduces the ability to assess
the degree to which they may have contributed to the
findings. However, even if these were available, the uncer-
tainty about relevant aspects of the tissue microstructure,
and about the nature of the different roles of the motions
of the intracellular and extracellular (particularly in the
clefts between the sheets) water on the net observed diffu-
sion effects, would prevent us from confidently applying
previously proposed strain-dependent corrections to the
diffusion effects that would be expected for a simple
homogeneous elastic material [20]. There are also likely
differences in the blood content of the muscle in systole
and diastole [30], which might also affect the phase-
dependent findings. 4) Interpreting the observed diffusion
orientation differences as reflecting alterations in the
underlying myocyte and sheetlet mobility and associated
alterations in contractility or relaxation may not be justi-
fied, given all the other uncertainties.
B

s of normal myocardium (A) and in myocardial fiber disarray (B),
parallel, and organized in local planes, sheetlets. Diffusion tensors
imum diffusion, is aligned with the mean axis of the myocardial fibers,
hese directions are well-defined in the normal heart (A), and their
gths of the eigenvectors, which become more nearly equal in disarray
ished directions. Details omitted include the facts that myocardial
ccompanied by increased matrix protein and non-contractile cells.
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Discussion/prospects for future CMR DTI studies
While the reported findings of changes in DTI measure-
ments of the apparent sheetlet orientation with cardiac
cycle phase, and of differences in this change in HCM
patients, are intriguing, more work will need to be done
to verify them and to understand the relationship of
these findings to the actual underlying tissue microstruc-
ture. This will require both changes in the technical im-
aging methods, e.g. including larger numbers of sampled
diffusion-weighted directions in the imaging, and mak-
ing more direct measurements (e.g. with magnetization
tagging) of the associated motion and strain history of
the tissue over the cardiac cycle, as well as improve-
ments in the associated analysis methods. Even with bet-
ter measurements of the regional stain history, there will
still be some uncertainty about the effects of the pres-
ence of microstructural features, such as the clefts be-
tween the sheets, and the distribution of the orientations
of such features, on the apparent diffusion of water in
the tissue. Extending the imaging methods to enable
measurements of diffusion effects that are confined near
end-diastole and end-systole would also eliminate much
of the uncertainty of the meaning of apparent cardiac
cycle phase-dependent changes of whole-cycle diffusion
measurements. While the imaging study protocol used
was already quite long, thus discouraging any attempt to
extend it by including sensitization to diffusion along
additional directions, further imaging acceleration may
be achievable with methods such as sparsity-based image
reconstruction [31]; however, this remains to be imple-
mented and evaluated. Recent advances in the design of
gradient systems used for diffusion imaging will also be
likely to improve the diffusion measurements [21], but
further evaluation is needed. There may also be a poten-
tial gain in diffusion imaging information achievable in
the same imaging time by replacing some of the aver-
aging of repeated measurements of limited directions of
diffusion-sensitized signal, which was used here, by sam-
pling of additional diffusion-sensitized directions, with
less averaging [32]. The key issue of the lack of under-
standing of the relationship between the varying tissue
strain over the cardiac cycle and the resulting alterations
in the measurements of the apparent diffusion within
the tissue remains unresolved, and further work will be
needed in this important area. There were no associated
histological validation studies performed as part of this
study; while not practical for a human study, this infor-
mation would be an invaluable addition to future animal
model studies.
While it has already been well established that DTI

measurements can provide distributions of apparent
fiber angle with depth in the wall that match those ex-
pected from histologic studies, even in vivo, the second-
ary structure of the heart wall has been harder to
characterize, especially in vivo. A compelling aspect of
DTI methods is their ability to provide us with informa-
tion that is immediately related to the microstructure of
the heart wall, while other quantitative MR imaging
techniques (e.g. T1 and T2 mapping) require more effort
(and modeling assumptions) to tie the observations to
specific underlying microstructural changes. Extending
these DTI methods to the study of dynamic changes in
the microstructure of the heart wall in vivo, as the
present paper is seeking to do, is likely to lead to greater
insight into the roles that these micro-scale structures
play in cardiac function, in both health and disease (in-
cluding HCM), with the hope that they may also provide
useful new tools for clinical investigation.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors contributed to the editorial and all have read and approved the
final version.

Author details
1Departments of Radiology and Medicine, NYU School of Medicine, New
York, NY, USA. 2Department of Radiology, Massachusetts General Hospital,
Harvard University School of Medicine, Boston, MA, USA. 3Department of
Radiological Sciences, University of California, Los Angeles, CA, USA.

Received: 8 October 2014 Accepted: 8 October 2014

References
1. Streeter DD, Bassett DL. An engineering analysis of myocardial fiber

orientation in pigs left ventricle in systole. Anat Rec. 1966; 155(4):503.
doi:10.1002/ar.1091550403. PubMed PMID: ISI:A19668478000002.

2. Streeter DD, Spotnitz HM, Patel DP, Ross J, Sonnenbl E. Fiber Orientation in
Canine Left Ventricle during Diastole and Systole. Circ Res. 1969;
24(3):339. PubMed PMID: ISI:A1969C895000004.

3. Ferreira PF KP, McGill LA, Nielles-Vallespin S, Scott AD, Ho SY, McCarthy KP,
Haba MM, Ismail TF, Gatehouse PD, de Silva R, Lyon AR, Prasad SK, Firmin
DN, Pennell DJ. In vivo cardiovascular magnetic resonance diffusion
tensor imaging shows evidence of abnormal myocardial laminar
orientations and mobillity in hypertrophic cardiomyopathy. J Cardiovasc
Magn Reson. 2014; 16:87.

4. Spotnitz HM, Spotnitz WD, Cottrell TS, Spiro D, Sonnenbl E. Cellular basis
for volume related wall thickness changes in Rat left-ventricle. J Mol Cell
Cardiol. 1974; 6(4):317. doi:10.1016/0022-2828(74)90074-1. PubMed PMID: ISI:
A1974T857900003.

5. LeGrice IJ, Smaill BH, Chai LZ, Edgar SG, Gavin JB, Hunter PJ. Laminar
structure of the heart: ventricular myocyte arrangement and connective
tissue architecture in the dog. Am J Physiol. 1995; 269(2 Pt 2):H571–82.
Epub 1995/08/01. PubMed PMID: 7653621.

6. Harrington KB, Rodriguez F, Cheng A, Langer F, Ashikaga H, Daughters GT,
Criscione JC, Ingels NB, Miller DC. Direct measurement of transmural
laminar architecture in the anterolateral wall of the ovine left ventricle:
new implications for wall thickening mechanics. Am J Physiol-Heart C.
2005; 288(3):H1324–30. doi:10.1152/ajpherat.00813.2004. PubMed PMID:
ISI:000226911100045.

7. Kung GL, Nguyen TC, Itoh A, Skare S, Ingels NB Jr, Miller DC, Ennis DB. The
presence of Two local myocardial sheet populations confirmed by
diffusion tensor MRI and histological validation. J Magn Reson Imaging.
2011; 34(5):1080–91. doi:10.1002/Jmri.22725. PubMed PMID:
ISI:000296206900011.

8. Sands GB, Gerneke DA, Hooks DA, Green CR, Smaill BH, Legrice IJ.
Automated imaging of extended tissue volumes using confocal
microscopy. Microsc Res Tech. 2005; 67(5):227–39. Epub 2005/09/20.
doi:10.1002/jemt.20200. PubMed PMID: 16170824.



Axel et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:89 Page 7 of 7
http://jcmr-online.com/content/16/1/89
9. Young AA, Legrice IJ, Young MA, Smaill BH. Extended confocal microscopy of
myocardial laminae and collagen network. J Microsc. 1998; 192(Pt 2):139–50.
Epub 1998/12/16. PubMed PMID: 9853371.

10. Legrice IJ, Takayama Y, Covell JW. Transverse-shear along myocardial
cleavage planes provides a mechanism for normal systolic wall thickening.
Circ Res. 1995; 77(1):182–93. PubMed PMID: ISI:A1995RG25600022.

11. Dou J, Tseng WY, Reese TG, Wedeen VJ. Combined diffusion and strain
MRI reveals structure and function of human myocardial laminar sheets
in vivo. Magn Reson Med. 2003; 50(1):107–13. Epub 2003/06/20.
doi:10.1002/mrm.10482. PubMed PMID: 12815685.

12. Hales PW, Schneider JE, Burton RA, Wright BJ, Bollensdorff C, Kohl P. Histo-
anatomical structure of the living isolated rat heart in two contraction
states assessed by diffusion tensor MRI. Prog Biophys Mol Biol. 2012;
110(2–3):319–30. Epub 2012/10/10. doi:10.1016/j.pbiomolbio.2012.07.014.
PubMed PMID: 23043978; PubMed Central PMCID: PMC3526796.

13. Edelman RR, Gaa J, Wedeen VJ, Loh E, Hare JM, Prasad P, Li W. In-vivo
measurement of water diffusion in the human heart. Magn Reson Med.
1994; 32(3):423–8. doi:10.1002/mrm.1910320320. PubMed PMID: ISI:
A1994PE25900019.

14. Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes in the
presence of a time-dependent field gradient. J Chem Phys. 1965; 42(1):288.
doi:10.1063/1.1695690. PubMed PMID: ISI:A19656099500051.

15. 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(6 Pt 2):H2308–18. Epub 1998/
12/09. PubMed PMID: 9843833.

16. Hsu EW, Muzikant AL, Matulevicius SA, Penland RC, Henriquez CS. Magnetic
resonance myocardial fiber-orientation mapping with direct histological
correlation. Am J Physiol-Heart C. 1998; 274(5):H1627–H34. PubMed PMID:
ISI:000073514200029.

17. Tseng WY, Reese TG, Weisskoff RM, Wedeen VJ. Cardiac diffusion tensor MRI
in vivo without strain correction. Magn Reson Med. 1999; 42(2):393–403.
Epub 1999/08/10. PubMed PMID: 10440965.

18. Helm PA, Younes L, Beg MF, Ennis DB, Leclercq C, Faris OP, McVeigh E,
Kass D, Miller MI, Winslow RL. Evidence of structural remodeling in the
dyssynchronous failing heart. Circ Res. 2006; 98(1):125–32. Epub 2005/12/13.
doi:10.1161/01.RES.0000199396.30688.eb. PubMed PMID: 16339482.

19. Helm P, Beg MF, Miller MI, Winslow RL. Measuring and mapping cardiac
fiber and laminar architecture using diffusion tensor MR imaging. Ann Ny
Acad Sci. 2005; 1047:296–307. doi:10.1196/annals.1341.026. PubMed PMID:
ISI:000231874400026.

20. Dou J, Reese TG, Tseng WY, Wedeen VJ. Cardiac diffusion MRI without
motion effects. Magn Reson Med. 2002; 48(1):105–14. Epub 2002/07/12.
doi:10.1002/mrm.10188. PubMed PMID: 12111937.

21. Gamper U, Boesiger P, Kozerke S. Diffusion imaging of the in vivo heart
using spin echoes-considerations on bulk motion sensitivity. Magnet
Reson Med. 2007; 57(2):331–7. doi:10.1002/Mrm.21127. PubMed PMID:
ISI:000243946300012.

22. Lebihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Lavaljeantet M.
Separation of diffusion and perfusion in intravoxel incoherent motion
Mr Imaging. Radiology. 1988; 168(2):497–505. PubMed PMID: ISI:
A1988P303300037.

23. Sosnovik DE, Wang R, Dai G, Wang T, Aikawa E, Novikov M, Rosenzweig A,
Gilbert RJ, Wedeen VJ. Diffusion spectrum MRI tractography reveals the
presence of a complex network of residual myofibers in infarcted
myocardium. Circ-Cardiovasc Imag. 2009; 2(3):206–12. doi:10.1161/
Circimaging.108.815050. PubMed PMID: ISI:000266417400009.

24. Waldman LK, Nosan D, Villarreal F, Covell JW. Relation between transmural
deformation and local myofiber direction in canine left-ventricle. Circ Res.
1988; 63(3):550–62. PubMed PMID: ISI:A1988P999600007.

25. Maron BJ, Maron MS. Hypertrophic cardiomyopathy. Lancet. 2013;
381(9862):242–55. Epub 2012/08/10. doi:10.1016/S0140-6736(12)60397-3.
PubMed PMID: 22874472.

26. Kanzaki Y, Yamauchi Y, Okabe M, Terasaki F, Ishizaka N. Three-dimensional
architecture of cardiomyocytes and connective tissues in hypertrophic
cardiomyopathy a scanning electron microscopic observation. Circulation.
2012; 125(5):738–9. doi:10.1161/Circulationaha.111.054668. PubMed PMID:
ISI:000300391400019.

27. Green JJ, Berger JS, Kramer CM, Salerno M. Prognostic value of late
gadolinium enhancement in clinical outcomes for hypertrophic
cardiomyopathy. JACC Cardiovasc Imaging. 2012; 5(4):370–7. Epub 2012/04/
14. doi:10.1016/j.jcmg.2011.11.021. PubMed PMID: 22498326.

28. Young AA, Kramer CM, Ferrari VA, Axel L, Reichek N. Three-dimensional left
ventricular deformation in hypertrophic cardiomyopathy. Circulation.
1994; 90(2):854–67. Epub 1994/08/01. PubMed PMID: 8044957.

29. Ennis DB, Epstein FH, Kellman P, Fananapazir L, McVeigh ER, Arai AE.
Assessment of regional systolic and diastolic dysfunction in familial
hypertrophic cardiomyopathy using MR tagging. Magn Reson Med. 2003;
50(3):638–42. Epub 2003/08/27. doi:10.1002/mrm.10543. PubMed PMID:
12939774; PubMed Central PMCID: PMC2396273.

30. Rodriguez I, Ennis DB, Wen H. Noninvasive measurement of myocardial
tissue volume change during systolic contraction and diastolic relaxation
in the canine left ventricle. Magn Reson Med. 2006; 55(3):484–90. PubMed
PMID: 16408273.

31. Welsh CL, Dibella EV, Adluru G, Hsu EW. Model-based reconstruction of
undersampled diffusion tensor k-space data. Magn Reson Med. 2013;
70(2):429–40. Epub 2012/10/02. doi:10.1002/mrm.24486. PubMed PMID:
23023738.

32. Gahm JK, Kindlmann G, Ennis DB. The effects of noise over the complete
space of diffusion tensor shape. Med Image Anal. 2014; 18(1):197–210.
doi:10.1016/j.media.2013.10.009. PubMed PMID: ISI:000328802900014.

doi:10.1186/s12968-014-0089-6
Cite this article as: Axel et al.: Probing dynamic myocardial
microstructure with cardiac magnetic resonance diffusion tensor
imaging. Journal of Cardiovascular Magnetic Resonance 2014 16:89.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Myocardial microstructure
	Imaging myocardial microstructure
	The paper by Ferreira et al

	Discussion/prospects for future CMR DTI studies
	Competing interests
	Authors’ contributions
	Author details
	References

