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Abstract— The ventricular myocardium has a structure of
branching laminae through which course regularly orientated
myofibers, an architecture important in excitation and contrac-
tion. Quantifying this architecture is vital for understanding
normal and disease states in the heart and for assessing their
impact on electrical function. These data are also highly im-
portant in the construction of scientifically and clinically useful
computer models of cardiac electrical behavior. Detailed struc-
tural information has previously been obtained from serial
imaging. In this work we assess the potential for high-
resolution (HR) MRI as a means to furnish useful myoarchitec-
ture and compare and contrast this approach with the growing
use of DT. Using rat hearts, we conclude that both approaches
have strengths and weaknesses, however, HR-MRI may pro-
vide a consistently more robust picture of the myoarchitecture
in small hearts.

[. INTRODUCTION

The mammalian ventricles have a unique and specialized
architecture consisting of a regular helical fiber-orientation
which courses through a conserved and complex my-
olaminar arrangement [1]. Due to the role of these structural
features in electrophysiological and biomechanical function
in both health and disease, their accurate measurement is
important. Changes in fiber orientation and myolaminar
sliding are thought to be the principle mechanisms of myo-
cardial thickening in systole [2]. Fiber orientation has long
been known to influence the spread of myocardial activation
[3], and furthermore, laminar organization has recently been
shown to substantially influence activation [4]. Myofiber
and myolaminar structure are present throughout the myo-
cardium (except myolaminae are absent in the immediate
sub-epicardium [1]) and three principal orthogonal structural
directions can be defined: (i) along the fiber axis; (ii) per-
pendicular to the fiber axis in the laminar plane; and (iii)
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normal to the laminar plane. This structural arrangement is
known as orthotropy [4]. Whole-heart computational model-
ing requires detailed structural atlases. Ideally these would
be from accurate high-throughput 3D imaging but current
methods have considerable limitations. Diffusion Tensor -
MRI (DT) has been widely used and has been validated for
fiber and laminar measurements against 2D methods but it:
(i) has limited spatial resolution [5]; (ii) has limited accuracy
for laminae [6]; (iii) has not been validated against 3D
methods; (iv) is SNR sensitive [5]; (v) the microstructural
basis of the DT signal is controversial [7]; and, (vi) the in-
fluence of the b-value has not been fully explored [7]. HR-
MRI has high spatial-resolution, is applicable to the beating
heart and it has been validated against 2D-histology [8, 9].
Structure tensor (ST) analysis is an image analysis method
which derives a tensor from the distribution of gradient di-
rections within the neighborhood of an image voxel [10, 11].
We hypothesized that ST analysis could be applied to HR-
MRI images to quantify fiber and laminar orientation, and
that myolaminar orientations from ST would be more accu-
rate and reliable than those from DT, as the largest ST ei-
genvalue corresponds to the sheet normal direction, whereas
in DT it relates to the fiber direction.

Computer models of cardiac arrhythmia are increasingly
using high-resolution tissue structure images and experi-
mental recordings from normal and pathological cardiac
tissue for validation [12]. These models are used to probe the
multi-scale and multi-dimensional structural basis for ar-
rhythmias in a way not possible with experimental record-
ings alone. Generally electrical activity is simulated using
cell membrane models and tissue property parameter sets.
Early computational models used histologically determined
tissue geometries and fiber orientations or geometries from
low resolution MRI [13] and recent models have used geom-
etries and fiber orientations from DT [14], or high-resolution
geometries from high-field MRI along fiber and laminar
orientations from DT [12]. To the best of our knowledge
ventricular fiber and laminar orientations determined direct-
ly from HR-MRI have not previously been generated and
used for computational electrophysiology simulations. Fur-
thermore, ST and DT determined fiber and laminar orienta-
tions have not been compared.

II. METHODS

A. Tissue Preparation

Male Wistar rats (N = 5) weighing 200220 g were eu-
thanized in accordance with the UK Home Office Animals
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(Scientific Procedures) Act 1986 and the hearts were re-
moved and retrograde perfused (as in [9]) with: (i) HEPES-
Tyrodes to clear blood; (ii) BDM to prevent contraction;
then (iii) MRI contrast agent (0.1% Gd-DTPA) and fixative
(4% formaldehyde). Hearts were imaged within 12 hours of
fixation.

B. HR-MRI and DT Acquisition and Reconstruction

All hearts were imaged at 20°C using a FLASH (Fast Low
Angle SHot) MRI sequence in a Bruker (Ettlingen, Germa-
ny) 9.4T spectroscope with echo time (TE) = 7.9 ms, repeti-
tion time (TR) = 50 ms, and 20 averages, taking 18h to ac-
quire at a resolution of 50 x 50 x 50 um. DT imaging was
performed using the same spectroscope with a set of 6 opti-
mized directions using a 3D diffusion-weighted spin-echo
sequence with TE = 15 ms, TR = 500 ms, taking 2h to ac-
quire at a resolution of 200 x 200 x 200 pm.

C. HR-MRI Preprocessing for Structure Tensor Analysis

A binary mask was created slice-wise from the segmented
images by thresholding intensity values and fractional ani-
sotropy and performing a sequence of morphological opera-
tions in the following order: clean (removing isolated fore-
ground pixels), bridge (connect pixels separated by one
background pixel), fill (fill isolated background pixels), open
(binary opening) and a thicken (add pixels around the exteri-
or of an object but do not connect previously unconnected
pixels). To avoid undue influence on structural orientation
calculations, boundaries at the interface between tissue and
non-tissue regions in the MRI images were smoothed as
follows. The segmented 3D MR image tissue masks were
eroded using a spherical neighborhood of diameter 9 voxels.
This ensured that possible non-tissue artifact on the bounda-
ries was removed. A test surface approximately 7 voxels
Euclidian distance from the eroded mask was found and the
location of the nearest tissue intensity value corresponding
to each test voxel was recorded as a comparison voxel value.
The tissue intensity values corresponding to the eroded mask
were used to provide boundary conditions for a 3D isotropic
iterative diffusion filter. The boundary conditions on the
image borders were no-flux. Diffusion filtering was not ap-
plied to the masked tissue regions — these remained fixed at
the tissue intensity values. Diffusion steps were continued
until the mean intensity of the test surface voxels corre-
sponded to the mean intensity of the tissue comparison

Fig. 1 Illustration of tissue interface smoothing . A. Tissue masked (non-
eroded) MR image. B. Boundary smoothed eroded image, which retains the
tissue detail but boundary gradients are de-emphasized

voxels. Typically this required around 150 to 200 iterations
(requiring < 5 min on a dual quad-core 2.5 GHz work-
station). The resulting images retained the tissue intensity
detail in the tissue mask region and had a smooth intensity
gradient toward the image background (Fig. 1).

D. Structure Tensor Analysis of High Resolution MR Im-

ages

Myostructural orientations were computed from the
cleaned images by computing intensity gradients with an
optimal 5x5x5 point derivative template [15]. The template
was applied to the full 3D image using 1D FFT convolution.
The structure tensor (the outer product of the intensity gradi-
ent vectors) was computed for each voxel in the 3D image.
A sequence of structure tensors at progressive resolution
doubling (i.e. 100 pm, 200 pm, 400 um, etc.) was deter-
mined using a level 4 binomial filter. These calculations are
completed in around 1 minute. The 200 um smoothed struc-
ture tensor data set (64x64x128 tensors) was used to best
match the DT resolution. Eigenanalysis was used to extract
the principal directions from the structure tensor at each
discrete point (the calculation requires < 10 s) [16]. The
eigenvector corresponding to the largest magnitude eigen-
value was taken as the laminae normal direction and the
eigenvector corresponding to the smallest magnitude eigen-
value was taken as the fiber direction.

E. Comparison of Structure Tensor and Diffusion Tensor
Orientations

A model cardiac geometry, with a manually fitted LV
long-axis, was registered to each heart MRI by affine regis-
tration (using the Insight Tool Kit, fast affine registration, as
implemented in Slicer3) with 20 histogram bins, 40000 spa-
tial samples and 4000 iterations. These steps are shown in
Fig. 2. The registered model hence defines: (i) the long-axis
(LA) centroid of a cylindrical coordinate system for which
the elevation and azimuth angles of the eigenvectors were
calculated; and, (ii) selected regions of interest (ROI) for
quantification. The orientation angles reported are defined
in detail in [17]. Elevation angles are measured from the
cardiac short-axis (SA) plane. The fiber helix angle (ay) is
the angle between the transverse plane and the projection of
the fiber vector onto the circumferential-longitudinal plane.
The fiber transverse angle (ay) is the angle between the cir-
cumferential-longitudinal plane and the projection of the
fiber vector onto the transverse plane. The angle between the
transverse plane and the projection of the laminar vector

Fast Affine
Registration

Native Model Pre- Post-
HR-MRI Geometry registration registration
(as binary mask) (binary mask)

Fig. 2 Fitting a standard model to individual HR-MRI images.
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onto the radial-longitudinal plane is B’s. The angle between
the longitudinal—radial plane and the projection of the lam-
inar vector onto the transverse plane B’’s. The angles B’y
and B’y correspond to B’s and B ’’s but are the orientations
of the normal of the laminar plane.

III. RESULTS

The DT data was faster to acquire compared to the HR-
MRI data and automated reconstruction of orientation angle
maps was faster for the DT than ST data (Table 1).

TABLE 1. DT AND ST ACQUISITION AND PROCESSING TIMES
Imaging Approach
Time (h)* ging -pp
DT HR-MRI/ST
Aquisistion 2 18
Processing 0.1 0.2

a. on a dual quad-core 2.5 GHz workstation.
Short-axis pseudo-colored angle maps are shown in Fig. 3
alongside the corresponding HR-MRI images for a selected
equatorial slice. The selected slice was picked in the model
geometry and the corresponding slice was located in each
HR-MRI after registration, therefore there was no selection
bias which could accompany operator slice selection. The
fiber helix angle (ay) and transverse angle (ar) have striking-
ly similar angle distributions across the entire short-axis
slice in all hearts, although SNR does vary between the
hearts. The relationship between the ST and DT determined
laminar normal orientation is more complex: (i) there are
regions of strong similarity (e.g. region in the magenta box);
and, (ii) regions of markedly different orientation (e.g. the
region in the black box). Fig 4 shows transmural angle pro-
files and pair wise angle difference plots generated from the
5 hearts. These profiles are from the lateral LV (indicated by
the orange line on the A2 HR-MRI panel in Fig. 3). The pair
wise angle difference plots do not measure the similarity
between the structures of the hearts, and instead only com-
pare the orientations measured by ST and DT in individual
hearts. The similarity in the DT and ST fiber orientation is
striking, both in the transmural profiles and in the angle
difference plots. The average difference between the meth-
ods is 9+8° for ay and 12+11° for az. Unlike fiber angles,
laminar angles can have large changes over small distances
[9]. As a consequence transmural profiles are not an ideal
approach for comparing laminar orientation between hearts,
where small inter-individual differences in laminar architec-
ture are compounded by small registration errors. This con-
sideration accounts for the large differences and s.d. between
the laminar normal elevation and azimuth angles for both ST
and DT transmural profiles. There are regions of marked
difference in mean laminar normal angles, and the pair wise
angle difference maps show marked difference between the
orientations determined by ST and DT. The average differ-
ence between the methods is 34+27° for B’y and 31+27° for
By

IV. DISCUSSION

The transmural myofiber orientations determined by ST
applied to HR-MRI are strikingly similar to DT determined
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Fig. 3 HR-MRI and corresponding fiber orientation and laminar normal
orientation maps for a selected equatorial short-axis slice of five rat hearts.
Regions of similar and differing laminar normal orientation are shown in
the magenta and black boxes respectively. The orange transmural line on
the A2 HR-MRI image indicates the region quantified in Fig. 4.

transmural distributions. Although laminar normal orienta-
tions maps show broadly similar angle distributions, close
examination reveals regions of differing DT and ST deter-
mined orientation, and transmural and angle difference plots
show that these differences are substantial. There is not a
rigorous theoretical framework and experimental validation
of DT measurement of myolaminar orientation. It was pro-
posed [18] that the secondary/tertiary eigenvector corre-
spond to the laminae/laminar normal orientation, but these
patterns of diffusion have not been validated on a micro-
structural scale. The validation of DT laminar measurement
has depended on 2D studies with comparison against histol-
ogy. In a recent study the difference between histologically
and DT determined sheet angles was reported as 8° + 27°
[7]. Although the mean difference is relatively small, the
standard deviation in the measurements of the sheet angles is
quite large, which could be due to inherent limitation of the
DT technique, and/or due to the substantial distortion of
tissue, which accompanies sectional histological laminar
orientation. It is our view that the laminar architecture can be
much more reliably assessed using the volumetric HR-MRI
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method with no myocardial distortion or damage. We have
proposed a framework for myolaminar orientation measure-
ment which: (i) can be used for in situ validation of DT; (ii)
can directly replace DT. There are some limitations in this
preliminary study. It is possible that greater numbers of dif-
fusion directions, greater numbers of repetitions, alternative
b-values or alternative voxel sizes may increase the accuracy
of DT applied to the myocardium, and a detailed sensitivity
analysis has not yet been reported. In this study we assess
the performance of 6 directions DT, but recent evidence
suggests that this has comparable robustness to 30- or 60-
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Fig. 4 HR-MRI and corresponding fiber orientation and sheet normal orien-
tation maps for a selected transmural region of an equatorial short-axis slice
of five rat hearts. Error bars are meants.d.

direction data [18]. Transmural laminar orientation profiles
(Fig. 4) do not allow discrimination between a single lami-
nar orientation with high variability and closely located re-
gions of highly different laminar orientation. This will be
addressed in future studies through HR-MRI visualization
alongside ST and DT measurements. Future studies will also
incorporate sensitivity analysis of both ST and DT. Although
HR-MRI and ST requires a longer time (~1 day) compared
to DT (~1 morning), this time difference is not sufficient to
mitigate the benefits of HR-MRI/ST. These are the resolu-
tion of actual tissue structures and structural orientations that

directly quantify the visible images. Based on our results to
date, we conclude that the HR-MRI/ST framework is relia-
ble, robust and the preferred option.
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