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Abstract. Criteria of normality of the cardiac fibers are important in
cardiomyopathies. In this paper, we investigate the differences in the car-
diac fiber structures between 10 hearts classified as healthy and 6 hearts
classified as abnormal, and determine if properties of the cardiac fiber
structures can be discriminants for abnormality. We compare the vari-
ability of the fiber directions from abnormal hearts to an atlas of healthy
hearts. The human atlas of the cardiac fiber structures is built with an
automated framework based on symmetric Log-domain diffeomorphic
demons. We study the angular variability of the different fiber struc-
tures. Our preliminary results might suggest that a higher variability of
the fiber structure directions could possibly characterize abnormality of
a heart.

1 Introduction

Cardiovascular diseases are by far the number one killer in the US with over
930,000 deaths annually and 71 millions, more than a fifth of the population,
live with a form of cardiovascular disease [20]. The characterization of the con-
sequences lead by specific cardiopathies is essential to a better diagnosis and a
better treatment of these diseases. Among the possible causes, the differences in
the cardiac fiber architecture could be an promising topic. The heart is composed

of myocardial fibers organized in a complex laminar structure [18,10], and the
cardiac fiber structures have an important role in electrophysiology [8], in me-
chanical functions [4], and in remodeling [23] of the heart. Changes in the fiber
structures are for instance inherent in myocardial hypertrophy [9,19,6]. Myocar-

dial disarray, or disorganisation of the fibers, is also still the focus of contentious
studies [2]. The question of normality of the cardiac fiber structures arises when
trying to assess the role of myocardial disarray in cardiomyopathies. In this pa-
per, we try to assess whether there is a difference in the cardiac fiber structures
between hearts classified as normal and hearts considered as abnormal.

The directions of the fiber structures and their variability can be measured
with Diffusion Tensor Imaging (DT-MRI). A human atlas of the cardiac fiber
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Fig. 1. Construction of the healthy atlas: The myocardia are segmented. Images
are then aligned and registered non-rigidly toward a reference image. The atlas is
constructed iteratively by averaging acquired images in the average heart shape.
Comparison with the atlas: Abnormal hearts are registered to the average healthy
heart. The cardiac fiber structures of each abnormal heart are compared with
the structures of the average healthy heart.

structures from DT-MRI [12,13] has recently been built with 10 healthy ez vivo
hearts. We register 6 ex vivo hearts classified as abnormal to the atlas of healthy
hearts and analyze the angular differences between the fiber structure directions
of the abnormal hearts and the ones of the average healthy heart. The statistical
study shows that the directions of the cardiac fiber structures vary more in ab-
normal hearts than in healthy hearts. The preliminary results might suggest that
a higher variability of the fiber structure directions could possibly characterize
abnormality.

2 Material and Method

2.1 Dataset

The human dataset [5,16] consists of 10 healthy and 6 abnormal ez vivo human
hearts acquired during forensic autopsies. All cases are from extra cardiac sudden
deaths. However, the true nature of deaths is not available. The images have
been acquired on a 1.5T MR scanner (Avanto Siemens), all within 24 hours
after death and prior to the examination by the pathologist, with a bipolar echo
planar imaging using 4 repetitions of 12 gradient images. The diffusion-weighted
images, from which are estimated the diffusion tensors, are of size 128x128x52
with an isotropic resolution of 2 mm. Criteria of abnormality [17] are based on
the heart weight (with given permitted weight limits within the 95% percentile),



the septal thickness (with a maximal thickness defined at 12 mm for women and
14 mm for men), and on subsequent pathology examination.

2.2 Registration of Abnormal Hearts

The atlas of diffusion tensors is constructed using the automated framework
described in [12]. The method is summarized in Fig. 1 and has four steps. The
myocardium is segmented [3] and its mask is used to guide the nonrigid pairwise
registration [21,22,14]. All hearts are registered to an initial reference image,
which is updated toward the morphological average of all hearts [7]. Once the
transformations of all hearts toward the average cardiac shape are computed,
the diffusion tensors are warped [15] to the morphological atlas.

The processing of abnormal hearts is performed within the same framework
[12]. Firstly, the myocardia of the abnormal hearts are segmented using a minimal
user interaction. Secondly, their masks are registered to the newly computed
average healthy heart. The diffusion tensors are warped accordingly to the shape
of the average healthy heart.

2.3 Comparison with Abnormal Hearts

The diffusion tensors fields from all hearts, {D(i)}izlmN (with N = 10 healthy
+ 6 abnormal hearts), are warped to the morphological average of the healthy
hearts (i.e., in a common reference). The Log-Euclidean metric [1] is used to
compute efficiently the average diffusion tensor of the healthy hearts (hearts #1

to #10) with the Fréchet mean, D = exp (1—10 S log(D(i)))

The eigendecomposition of the diffusion tensor matrix D gives the principal
directions vy 2 3 describing the fiber structures. More precisely, the first eigen-
vector vy gives the fiber orientation, the second eigenvector v, is believed to
lie within the laminar sheet and to be perpendicular to the fiber, and the third
eigenvector v3 is assumed to give the normal of the laminar sheet.

The abnormal hearts are compared with the average healthy heart by measur-
ing the angular deviations of the fiber structures of each heart with the average
heart. The angle 6 between the direction of an eigenvector v; of the i*® heart
and the direction of the corresponding average eigenvector v; is defined between

0° and 90° with:
() <
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The absolute value of the dot product removes the inherent ambiguity in the
orientation of the eigenvectors (i.e., |a - b| = |a - (=b)|).

3 Results

We study the deviation of the fiber structures of each heart (healthy and ab-
normal) to the average structures of the healthy hearts (i.e., to the atlas). The
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Fig. 2. (Left) Deviation of the fiber direction of each heart to the atlas of healthy
hearts. Coloring is the angular difference in degree. Abnormal hearts are with
gray background. The age of each subject is provided in each sub figure. (Right)
Histograms of the angular variability (in degrees) of (a) the 15 eigenvector, (b)
274 eigenvector, and (c¢) 3" eigenvector (abnormal hearts in dark lines, healthy
hearts in light lines).

structures in the healthy hearts are, as expected, very similar to the atlas. The
histograms of the angular differences of the first, second, and third eigenvectors
of the healthy hearts to the atlas (gray curves in Fig. 2) show average modes
of respectively (i.e., the curves are peaking at) ; = 13.03°, ; = 21.76°, and
03 = 15.77°. Abnormal hearts show by contrast fiber structures that have larger
deviations to the atlas of healthy hearts. The histograms of the angular differ-
ences of structures show higher modes in abnormal hearts (black in Fig. 2), with
a deviation of f; = 20.96° for the fibers (i.e., first eigenvector) and of §, = 48.21°
and 03 = 34.36° for the laminar sheets (i.e., second and third eigenvector). The
visualization of the angular difference in a slice of each heart shows large dis-
crepancies in the left ventricle with localized high-variability areas for patient
#12, #15, and #16 (shown in the sub-figures of Fig. 2 with gray backgrounds).
This is again confirmed when visualizing the angular difference of the second
and third eigenvectors (i.e., the laminar sheets). It is to note that the registra-
tion of the right ventricle (which exhibited a very small volume) failed for the



last patient (#16). The patients #13 and #14, even if classified as abnormal,
presented consistently very small deviations to the average fiber structures of
the healthy atlas (Fig. 2).

4 Discussion and Conclusion

The question whether the variability of the cardiac fiber structures is a marker
to normality or abnormality is relevant to the study of many cardiomyopathies,
including left ventricular hypertrophy or myocardial disarray. In this paper, we
compared the structural changes between a population of abnormal hearts and of
healthy hearts. It was shown that the three eigenvectors of the diffusion tensors
have measurable differences between abnormal hearts and healthy hearts. When
compared to an atlas of healthy hearts, the fibers of abnormal hearts showed
an angular difference of 20.96°, while the fibers of healthy hearts showed less
deviation with 13.03°. The laminar sheets also showed a greater deviation and a
greater variability in abnormal hearts than in healthy hearts. Even though the
laminar sheet is known to be more variable than the fiber structure in humans
[12], the difference in both populations is non negligible (deviation of the laminar
sheet normal of 34.36° in abnormal hearts compared to 15.77° in healthy hearts).
The abnormal hearts also experience a large fiber angle difference around tra-
beculae areas. A localized study might reveal the origin of such large deviance.

Nonetheless, two outliers are present
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tograms in Fig. 2(a), also show that the car-

diac fibers are less variable in younger sub- Fig. 3. Possible correlation be-
jects than in older subjects. Age is thought tween the age and the fiber vari-
to have an impact in the fiber structure of ability (healthy hearts in blue
skeletal muscles [11]. No study has yet been With a correlation factor p = 0.73,
performed in cardiac muscles. For that mat- abnormal in cyan with p = 0.86).
ter, the mode of the angular differences of

the first eigenvector (i.e., the fiber direction) was plotted against the age of
each subject (Fig. 3). The correlation factor between age and fiber variability is
0.73 when considering only the 10 healthy hearts (with a low p-value of 0.016).
When considering only the abnormal hearts, the correlation factor is higher at
0.86 (with a p-value of 0.029). The estimated least-square fit lines of both popu-
lation are overlaid in Fig. 3. Before hypothesizing that the variability of the fiber
directions increases faster with age in abnormal hearts, many unknown parame-
ters should be considered firstly (for instance, the distinction between primitive



hypertrophy or secondary hypertrophy, known to occur in old subjects, is here
unknown).

In conclusion, our study comparing a population of abnormal hearts and of
healthy hearts showed that there are observable differences in the fiber directions
in both populations. Abnormal hearts have fiber directions that are more variable
and that are on average 20.96° different from the average healthy heart. Future
studies will include additional hearts in order to further study these preliminary
findings.
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