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Abstract. Myofibre orientation plays an important role in electrical
activation patterns in the heart. Biophysical models of the whole atria,
however, have not yet incorporated realistic myofibre architecture. In this
study, we use structure tensor (ST) analysis to determine myofibre ori-
entation from high resolution micro-computed tomography (micro-CT)
images and investigate the role of different ST image processing param-
eters on the computed fibre orientation fields. We found that, although
some parameter sets can lead to non-physiological over- or under-smooth
fibre fields, a wide range of values produced atrial fibre orientations that
are in good agreement with previous anatomical and histological studies.
The computed fibre fields can be incorporated in realistic 3D electrophys-
iological simulations to study electrical propagation under physiological
and pathological conditions in the entire atria.
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1 Introduction

Atrial fibrillation (AF) is a disturbance in the rhythm of the heart, characterised
by rapid and disorganised activation of the atria. Despite its major health and
socio-economic impact, the mechanisms underlying AF and the effects of differ-
ent treatment options are still incompletely understood [1]. AF is the result of
the complex interplay of several factors, ranging from alterations in cellular ion
channels to structural remodelling of the atrial muscle. Computational models
of the atria can integrate such multi-scale and multi-modal information, making
them a valuable tool in the investigation of the mechanisms of AF.

Atrial muscle is highly anisotropic, with several major well-aligned myofibre
bundles (such as the crista terminalis and the pectinate muscles (PMs) in the
right atrium [2]) coexisting with highly complex and disorganised fibre arrange-
ments in the pulmonary vein (PV) sleeves and surrounding left atrial tissue [3],
where high frequency activity in AF commonly originates. As the conduction
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of electrical signals in the myocardium occurs preferentially along muscular fi-
bres, myofibre orientation plays a crucial role in determining the dynamics of
action potential propagation in both physiological and pathological conditions.
Computational 3D whole-atria models, however, have not incorporated realistic
atrial myofibre architecture, using instead geometries with isotropic myofibre
directions [4] or rule-based anisotropic fibres in some regions of the atria [5,6].

In this study, we show how a realistic model of atrial myofibre orientation can
be built from high-resolution contrast micro-CT images using structure tensor
(ST) analysis. We investigate the effect of varying ST image processing pa-
rameters on the fibre orientation field and compare the reconstructed myofibre
architecture with previous anatomical and histological studies.

2 Methods

Image Acquisition

Canine atria were imaged ex-vivo using high-resolution micro-CT [7] and re-
constructed to an isotropic resolution of 144 μm. The atria were incubated in
an iodine solution prior to scanning, to allow iodine to accumulate in muscular
tissue. This makes myocardial muscular fibres hyperintense in relation to sur-
rounding connective tissue, allowing both tissue types to be easily distinguished
in the acquired high-resolution images [8].

Fibre Orientation Computation

Structure tensor analysis [9] was used to determine the orientation of the myofi-
bres from the 3D micro-CT intensity dataset.

Firstly, an isotropic 3D Gaussian filter (standard deviation, ρ, kernel size:
m) is applied to the image to reduce the effect of noise. The derivatives of the
image intensity along each direction: Dx, Dy, Dz, are then computed on a voxel-
by-voxel basis by convolving the image with a Sobel-type Scharr operator [10],
which computes the central difference in the direction of the derivative, whilst
ensuring further smoothing in the perpendicular directions. The ST is then built
for each voxel as the product of the computed derivatives:

ST =

⎡
⎣
Dx ∗Dx Dx ∗Dy Dx ∗Dz

Dy ∗Dx Dy ∗Dy Dy ∗Dz

Dz ∗Dx Dz ∗Dy Dz ∗Dz

⎤
⎦ (1)

Each element of the ST is further smoothed using another Gaussian filter (stan-
dard deviation, σ, kernel size: m), so that the ST reflects the orientation of the
field in a neighbourhood of the voxel. Finally, eigendecomposition is applied to
the ST to determine the eigenvector, v, paired with the lowest magnitude eigen-
value. For each voxel, the vector v corresponds to the direction along which the
image intensity gradient varies the least and can be interpreted as the main
direction of the myofibre in the voxel [11].
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Choice of Image Processing Parameters

Although it is well know that σ is related to the noise scale of the image and ρ to
the characteristic size of the image texture [9], there is no rigorous framework to
determine the degree of smoothing that should be performed during ST calcula-
tions. We therefore varied σ, ρ and m over a wide range of values (σ, ρ: 0.1 to 12
and m: 3 to 50) to estimate the effect of these parameters on the reconstructed
fibre field and determine an optimal set of parameters to be used in subsequent
analyses and computational model development. Images were also postprocessed
to investigate the effect of voxel size (altered from 144 μm to 72, 288 and 512
μm) and signal to noise ratio, SNR, through the addition of Gaussian noise with
zero mean and a variable standard deviation. The estimated SNR of the images
was altered from 132 to 25, 2.5 and 0.25.

Validation of the determined fibre orientation is difficult due to the lack of a
gold standard model or existing comparable data. In agreement with anatomical
descriptions [2,12], myofibres in well-defined atrial bundles (such as the PMs)
were assumed to be aligned with the main bundle direction. In assessing the
effect of smoothing parameters, two other reasonable assumptions were made:
(i) parameters that give anatomically realistic fibre orientations in these well-
defined bundles of varying size and geometry are also suitable in other atrial
regions, (ii) optimal parameters do not allow for myofibre directions to end
abruptly at free boundaries of cardiac tissue, i.e. their orientation does not have
a component normal to the tissue surface.

After optimal ST smoothing parameters were chosen, we characterised fibre
orientation across the atria, particularly in the myocardial sleeves of the PVs
and the left atrial regions adjacent to them, where fibres are known to follow a
complicated arrangement [3,13,14]. Fibre tracks were visualised as streamlines
using Paraview 3.14.1 (Kitware, Clifton Park, NY, USA).

3 Results

Impact of Parameters on Reconstructed Fibre Fields

The effect of the used smoothing parameters can clearly be seen in the obtained
fibre fields. Figure 1 shows, for example values of ρ, σ and m, the fibre field in
the PM region, where myofibres are known to be mostly aligned with the main
direction of each of the multiple bundles. The dependence of the fibre direction
on the image processing parameters can be further appreciated by observing, in
Figure 1, the main fibre orientation field in an approximately cylindrical portion
of the PMs (middle row) and the corresponding histograms of the angle, α,
between the computed fibre orientation vector in each voxel and the approximate
axis of the cylindrical portion of the PM (bottom row).

For low smoothing values (e.g. ρ = 0.1, σ = 0.1,m = 3), fibre orientations
point in more random directions (Figure 1a), with a strong normal component to
the atrial surface. This may be explained by noise dominating over the intensity
gradient structure present in the high-resolution images. As a result, there is



428 M. Varela, J. Zhao, and O.V. Aslanidi

Fig. 1. Fibre orientation reconstruction in the pectinate muscle (PM) region. Recon-
structions using four different sets of parameters are shown (a-d). Top: streamline
tracking of the main fibre field in the PM region, where fibres are expected to be aligned
with individual PM bundles. Middle: arrows representing the fibre orientation field
in an approximately cylindrical segment of one of the PMs (marked by dashed black
lines in top panel (a)). Bottom: histograms of the angle between the fibre direction
in each voxel and the main direction of the segmented PM.

a broad distribution of α across the image and fibre tracks have a wriggled
non-physiological appearance. On the other hand, excessive smoothing (e.g. ρ =
10, σ = 10,m = 50) leads to a loss of local gradient information, aligning most
fibre orientation vectors in an averaged direction that conveys little information
about the local fibre structure (Figure 1b). As a consequence, the distribution
of α is artificially narrow.

There is a range of parameters for which the fibre orientation field has physio-
logically realistic properties, as shown in Figures 1c and d (ρ = 4, σ = 1,m = 30
and ρ = 12, σ = 10,m = 10, respectively), with few vectors displaying a normal
component to the atrial surface and relatively narrow α distributions, centred
at an angle close to 0◦, as most fibres are aligned with the main PM direction.
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The optimal fibre orientation field parameters can be further studied by vary-
ing ρ, σ and m over a range of values. Figure 2 displays the result of such varia-
tions on the standard deviation, std, and mean, μ, of the fibre orientation angle
distributions in the PM segment shown in the middle row of Figure 1. For m=3
(Figure 2a), both the std and μ of α decrease with increasing ρ and increase
with increasing σ, reaching a plateau for ρ > 3 and σ > 5. The existence of
this plateau, which can also be seen for m = 10 (Figure 2b), corroborates the
empirical finding that there are multiple sets of parameters that produce similar
fibre orientation fields. For higher values of m, the angle distribution momenta
no longer reach a plateau for the σ and ρ values studied (Figure 2c).

It was found that sets of parameters that lie on the observed plateaus give
the most suitable fibre orientations, avoiding under- or over-smoothing of the
fibre field as seen respectively in Figures 1a and b. Therefore, a parameter set
from this stable region, ρ = 12, σ = 10,m = 10, found to produce realistic fibre
orientations in the PMs (Figure 1d), was used in subsequent analyses of atrial
fibre orientation in this study.

Alterations in image resolution and noise levels did not affect the appearance
of a plateau similar to the one displayed in Figure 2 at high values of σ and
ρ and low values of m. Fibre orientation was not perceptibly affected by the
addition of small amounts of noise. At high levels of noise (SNR< 1) and low
image resolution (512 μm), however, the observed plateau in parameter space
increasingly no longer corresponded to organised fibre orientations.

Fig. 2. Effect of image processing parameters on fibre angle distributions. Surface plots
show the standard deviation, std (z-axis), of the distribution of the angle α between
the fibre field and the main axis of the segmented PM shown in Figure 1 for different
values of ρ and σ and with a) m = 3, b) m = 10 and c) m = 50. The surface colour is
given by the mean, μ, of the same distribution, as indicated in the colour bar. Circles
in each of the surface plots mark the position of the parameter sets used in each panel
of Figure 1, using the same colour coding.

Comparison with Anatomical Studies

Streamlines of fibre tracks obtained across the whole atria with parameters
ρ = 12, σ = 10,m = 10 are displayed in Figure 3. The streamlines are well aligned
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Fig. 3. Inferio-anterior view showing fibre streamlines in the whole atria. Black lines
show the position of some of the main atrial bundles, as described in anatomical studies
[2]. Parameters are ρ = 12, σ = 10, m = 10, as in Figure 1d, where PM fibres can be
seen in more detail. Full black line: Bachmann’s (interatrial) bundle; dashed black line:
part of the septoatrial bundle. RAA/LAA: right/left atrial appendage.

Fig. 4. Fibre streamline visualisation of the pulmonary vein sleeves and the surround-
ing left atrial region (posterior view). Image processing parameters, ρ = 12, σ = 10, m =
10, are the same as in Figure 1d. Streamlines are coloured according to their position
in the anterior-posterior direction using a blue to red colour map. Overlying black lines
show some of the main fibre orientations as described in anatomical studies [2,12].

with the main fibre directions throughout the PM area in the right atrium and
along the distinctive Bachmann’s and septoatrial bundles, as well as in well-
defined fibres in the anterior wall of the left atrium [2].

Figure 4 shows a posterior view of the PV sleeves and the left atrium region
adjacent to them using the same parameters. The fibre orientation is more dis-
organised, especially in the area near the PV insertions, where less well defined
fibres are present [2,12]. Thick black lines showing the main fibre orientation as
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described in anatomical studies [2,12] have been added to highlight the qualita-
tive agreement between the computed fibre tracks and anatomical descriptions
and also sharp changes in fibre orientation, analogous to those previously ob-
served in histological studies [3,13,14].

4 Conclusions

In this study, we used ST analysis to obtain fibre orientation fields in the atria
from high-resolution 3D micro-CT images. In the absence of a gold standard
or an established theoretical framework, we used a validation method based on
comparisons of the generated fibre fields in multiple well-defined atrial bundles,
the PMs, where myofibres are expected to be aligned with the main fibre axis.

We found that a range of image processing parameters gave anatomically
plausible fibre orientations, not only in the PM region, but also throughout the
atria, in good qualitative agreement with anatomical and histological studies
[2,12,3,13,14]. These optimal parameter sets were found to produce similar fibre
angle distributions around the expected dominant orientation in the PM region,
lying in stable plateaus in the parameter space (see Figure 2).These plateaus were
stable and yielded plausible fibre orientation fields for images with SNR> 1 and
spatial resolution< 288μm.

The micro-CT imaging method used in this study may not be suitable for
in-vivo human imaging as it involves tissue staining and a high radiation dose.
However, the investigated image processing techniques investigated can in prin-
ciple be applied to any intensity-based images where there is enough contrast
between myofibres and surrounding tissues, such as histological studies [15] and
anatomical magnetic resonance images (MRI) [11].

Fibre orientation fields computed in the present study can be applied in sim-
ulations of biophysically detailed 3D atrial models. The generated anatomically-
derived fibre fields across the whole atria allow the use of more realistic models
to study action potential propagation in both physiological and pathological
conditions. Atrial anisotropy, primarily in the PM and PV regions, is known to
play an important role in the genesis and maintenance of AF [16]. An accurate
description of the fibre orientation is therefore likely to contribute to a better
understanding of the mechanisms underlying this disease.

Future work will aim to use fibre information from other modalities, such as
histology or diffusion tensor MRI, DT-MRI, to provide a more rigorous vali-
dation framework for the developed methods. As DTI-MRI can estimate fibre
orientation directly from water diffusion parameters and is not as time- and
labour-intensive as dissection methods, it may provide a particularly good val-
idation tool for the presented methods. The spatial resolution of DTI-MRI is,
nevertheless, lower than that of micro-CT [11], making it potentially less useful
for biophysical modelling applications.
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