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Multiscale Modeling and Simulation of the Cardiac
Fiber Architecture for DMRI

Lihui Wang, Yuemin Zhu*, Hongying Li, Wanyu Liu, and and Isabelle E. Magnin

Abstract—Cardiac fiber architecture plays an important role in
the study of mechanical and electrical properties of the wall of the
human heart, but still remains to be elucidated. This paper pro-
poses to investigate, in a multiscale manner, how the arrangement
patterns and morphological heterogeneity of cardiac myocytes in-
fluence the fibers orientation. To this end, different virtual cardiac
fiber structures are modeled, and diffusion tensor imaging at multi-
ple scales are simulated using the Monte Carlo method. The results
show that the proposed modeling and simulation allow us to quan-
titatively describe the variation of the measured tissue properties
(fiber orientation and fractional anisotropy) as a function of the
observation scale.

Index Terms—Cardiac fiber architecture, diffusion tensor imag-
ing (DTI), multiscale simulation, myocyte modeling.

I. INTRODUCTION

MYOCARDIAL fiber architecture plays an important role
in the study of the mechanical and electrical properties

of the ventricles of the human heart. It is usually mapped using
diffusion tensor MRI based on the measurement of the water
diffusion tensor within each voxel of magnetic resonance (MR)
images [1]–[3]. The orientation of the cardiac fibers or fiber
bundles in that voxel is inferred from the eigenvector of the
diffusion tensor. However, diffusion tensor imaging (DTI) has
a significant limitation. It is unable to resolve the intravoxel
orientation heterogeneity problem such as fiber crossing and
fiber kissing, due to its Gaussian diffusion assumption. In or-
der to overcome this limitation, q-space imaging [4]1and q-ball
imaging (QBI) [5] were developed that measure the diffusion
function directly from the diffusion signal by Fourier and Funk–
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Radon transforms without any hypothesis. However, for typical
MR diffusion imaging, an image voxel is in the order of about
2 mm × 2 mm × 2 mm. For cardiac applications, it means that
such a voxel contains thousands of cardiac myocytes and other
extracellular tissues. In this condition, it is difficult to exactly
know the relationship between the measured macroscopic fiber
orientation and the microscopic cardiac myocyte arrangement.
In order to get rid of the limitations of these imaging techniques,
a few modeling and simulation methods have been reported in
the literature. In [6], the Brownian motion of molecules was
simulated using the Monte Carlo method in a restricted space
to obtain the diffusion signal. In [7], the diffusion anisotropy
was simulated with a fiber phantom. The authors of [8] com-
pared the experimental diffusion signal and the simulated signal
for a cylinder fiber. However, these works were realized only
for simple diffusion environments and on 1-D diffusion signals.
Moreover, the reported works do not deal with the calculation
of diffusion-weighted images in the restricted environment.

In this paper, we propose to model realistic diffusion environ-
ments and calculate the subsequent 3-D diffusion images. More
precisely, virtual cardiac fiber structures (VCFSs) are modeled,
and the diffusion behavior of water molecules is simulated in
this VCFS using the Monte Carlo method. Furthermore, the
virtual diffusion MR images and the orientation of fibers at dif-
ferent scales are calculated based on DTI. Finally, the influence
of the heterogeneity of the cardiac myocyte structure on the
simulated tensor eigenvectors and fractional anisotropy (FA) is
analyzed by changing the size and the arrangement patterns of
the myocytes.

II. THEORY

A. VCFS Model

According to histological parameters, the myocytes are mod-
eled by a series of cylinders whose diameters range from 5
to 25 μm and length from 50 to 100 μm [9]. Since the spatial
resolution of conventional MR images is about 2 mm, and the
myocyte density is about 0.2 × 108cells/cm3 [10], thus, in one
voxel of an MR image there are about 50 000 myocytes. These
myocytes have in general different orientations whose variance
depends on the myocyte location. This means that, at the apex,
the divergence of the myocyte orientations can be up to 90◦,
whereas in the middle wall it is less than 10◦ [9]. Meanwhile,
the arrangement pattern of myocytes is always a debatable issue.
In the present study, both cardiac sheet and cardiac random pat-
terns are simulated. All the aforementioned elements (shapes,
arrangement pattern, and orientation divergence) constitute the
cardiac myocyte structure heterogeneity in one voxel. In order
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to analyze their respective influence, the VCFS model is divided
into several groups.

1) Myocytes bear the same orientation but with various sizes.
2) Myocytes are arranged in a cardiac tissue sheet manner.
3) Myocytes are arranged randomly.

B. Diffusion MRI (DMRI) Simulation Basis

The diffusion process can be seen as a sequence of tiny ran-
dom walks of water molecules. If the walk of molecules obeys
the stochastic properties of a Brownian particle, the random 3-D
walking displacement Δ of a molecule i during time interval δt
between two random walks is then given by [11]

Δ
⇀
r i =

√
2mD0δt (1)

where D0 is the diffusion coefficient of water molecules, m is
the diffusion dimension, and δt is the diffusion time for each
walk step.

According to the basic theory of DMRI [11], the phase shift
induced by this displacement is

Δφi = 2π
⇀
q · Δ⇀

r i (2)

where
⇀
q is related to the diffusion gradient

⇀

G(t), q = γ
2π∫ ⇀

G(t)dt with γ designating the gyromagnetic ratio.
Thus, the diffusion signal can be numerically approximated

by

E(Δφ) =
1
n

n∑

i=1

cos(Δφi), Δφi ∈ support of P (Δφ) (3)

where n designates the number of molecules involved and i is
the index of the molecules. The phase Δφi should conform to
the distribution P (Δφ). By combining (2) and (3), the diffusion
signal can be further written as

E(Δφ)=
1
n

n∑

i=1

cos(2π
⇀
q · Δ⇀

r i), Δ
⇀
r i ∈ support of P (Δ

⇀
r ).

(4)
If the diffusion gradient is a constant, according to (2), the

distribution P (Δ) will be the same as P (Δφ). In this paper, this
distribution is simulated by a Monte Carlo method. For the ran-
dom walking direction, it conforms to the uniform distribution
from 0 to 2π. The distance s for each walk step is a constant,
and determined by the diffusion coefficient expressed as in (1).
Designating the total diffusion time as Δ, then the number of
random walk steps k for one molecule is

k =
Δ
δt

. (5)

If the displacement for the ith molecule induced by the jthwalk
step is Δ

⇀
r ij , the corresponding phase shift is

φij = 2π
⇀
q · Δ⇀

r ij . (6)

At the end of the diffusion, the total phase shift for the ith
molecule is

φi =
k∑

j=1

φij =
k∑

j=1

2π
⇀
q · Δ⇀

r ij . (7)

Fig. 1. Simulation of a 2 mm × 2 mm × 2 mm voxel containing 20 × 20 × 20
myocytes having the same size but arranged randomly (uniform distribution).

According to (4), we then obtain the diffusion signal

E(φ) =
1
n

n∑

i=1

cos(φi) =
1
n

n∑

i=1

cos

⎛

⎝
k∑

j=1

2π
⇀
q · Δ⇀

r ij

⎞

⎠. (8)

Due to the fact that water molecules diffuse in a restricted VCFS
environment, the interaction between the molecules and the
membrane of the myocyte should be considered in the sim-
ulation. In this paper, such interaction is modeled by elastic
collision and reflection, which means that, after the collision
with the membrane, the molecule does not lose energy and will
be reflected by the membrane in an arbitrary direction.

III. EXPERIMENTS AND RESULTS

A. VCFS Models

Following the histological knowledge, the myocytes in this
paper are modeled by cylinders, which diameter ranges from 5
to 25 μm and length varies from 50 to 100 μm. The orientation
of the myocytes is determined by both the elevation and az-
imuth angles. The elevation angle is randomly selected between
0 and π, and the azimuth from 0 to 2π. In Fig. 1, the VCFS
model is illustrated formed of a volume of 20 × 20 × 20, where
the myocytes have the same size (diameter 20 μm, and length
100 μm), and their arrangement pattern is random and indepen-
dent of their orientation. In Fig. 2, the myocytes are arranged
according to an orientation similarity, which allows simulating
the sheet structure of myocytes. In order to analyze the influ-
ence of size variation on the fiber orientation measurement, the
VCFS model with different myocyte sizes and ratios of length
to diameter but the same arrangement pattern as in Fig. 1 is
considered, as illustrated in Fig. 3. The myocytes in these three
models are taken as groundtruths in what follows.
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Fig. 2. Simulation of a 2 mm × 2 mm × 2 mm voxel containing 20 × 20 ×
20 myocytes having the same size and arranged regularly.

Fig. 3. Simulation of a 2 mm × 2 mm × 2 mm voxel containing 20 × 20 ×
20 myocytes having random sizes and arranged randomly.

B. Simulation of Fiber Orientations at Different Scales

As stated in the previous section, DMRI data can be simu-
lated by applying diffusion gradients along different directions.
In this paper, the number of diffusion directions defined by
icosahedrons is 162, and the diffusion gradient magnitude is
3 T/μm. The number of water molecules in each myocyte is
5000, and the diffusion time is 60 ms.

In order to investigate the influence of observation scales on
the measurement of diffusion orientations, the diffusion tensor
images corresponding to one slice (axial slice 3) in the model
of cardiac fiber sheet structure (see Fig. 2) are calculated at dif-
ferent scales. According to (8), for different gradient directions,
we calculate different diffusion signals from which the diffusion
tensors are derived [3]. The primary eigenvector of the tensor
is taken as the measured diffusion orientation, as shown by the
red color vectors in Fig. 4. At the microscale, the orientation
of the cylinders in the VCFS models is taken as the reference
or groundtruth orientation. At the meso- and macroscales, the
groundtruth orientation is based on the previous microscale ref-
erence, and is given by the average orientation of the cylinders

Fig. 4. Results of measurement of fiber orientations and probability distri-
bution of fiber orientation deviations as a function of voxel size (observation
scales). Measured (red) and groundtruth (blue) orientations. (a) At scale 1 =
one voxel contains 1 myocyte. (b) At scale 2 = one voxel contains 8 myocytes.
(c) At scale 3 = one voxel contains 64 myocytes. (d) At scale of 20 × 20 × 20 =
8000 myocytes. (e) Comparison of probability distributions of fiber orientation
deviations between measured and groundtruth at different scales.

inside the voxel corresponding to the given scale. In Fig. 4, the
groundtruth orientation is indicated by blue color vectors.

From the probability distribution curves in Fig. 4(e), it can
be seen that, from microscopic to macroscopic scales, the mea-
sured diffusion orientation deviates more and more from the
groundtruth. At microscale (scale 1), the distribution of angles
between the measured and groundtruth orientations is located
mainly in the interval [0◦, 25◦]. However, at mesoscale (scale 2)
and macroscale (scale 3), the angle distribution spreads almost
over the entire interval [0◦, 90◦], which implies that, with con-
ventional DMRI, the measured fiber orientations might greatly
deviate from the actual ones.

Now, in order to analyze the influence of arrangement pat-
terns and size variation on diffusion measurement for the same
scale (one voxel contains 20 × 20 × 20 = 8000 myocytes), but
with the three different models (see Figs. 1–3), myocyte ori-
entations and FA values are measured (see Fig. 5). We remark
that different myocyte sizes and arrangement patterns lead to
different measured fiber orientations, and that it is the myocyte
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Fig. 5. Measured fiber orientations and FA values for the three models: model
1 (see Fig. 1), model 2 (see Fig. 2), and model 3 (see Fig. 3).

Fig. 6. Noise influence on the choice of optimal voxel sizes.

size (ratio of length to diameter) that causes the most important
changes both in FA and in the variation of the latter.

The aforementioned measurement results with the same scale
or different scales demonstrate that the variation of arrangement
patterns and myocyte sizes influences the macroscopically mea-
sured fiber orientation and FA. This means that we can generate
various simulation configurations with different microscopic ar-
rangements and myocyte sizes to understand the relationship be-
tween microscopy and macroscopy, and predict microstructure
information from macroscopic measurements.

C. Noise Influence on the Choice of Optimal Voxel Sizes

In noise-free cases, as described in Section III-B, the smaller
the voxel size, the more accurate the orientation measurement
is. In noisy cases, there is, however, a compromise between
voxel size and signal-to-noise ratio (SNR) of diffusion signals.
To investigate the choice of optimal voxel sizes, we simulated
different noise levels at two different scales (scales 1 and 2).
In this paper, we considered only the displacement noise with
Gaussian distribution (mean value is 0), and the SNR defined
by

SNR = 20 × log
(

max(molecule displacements)
σ

)
(9)

with σ designating the variance of the noise.
Fig. 6 represents the variation of angles between the measured

and groundtruth fiber orientation as a function of SNRs for two
different scales. We observe that the orientation deviation is
much more sensitive to noise at smaller voxel size (scale 1)
than at bigger voxel size (scale 2). Meanwhile, when the SNR

is lower than 15 dB, the simulation at larger scale gives better
results than at smaller scale, which means that, for lower SNRs,
the optimal voxel size should be bigger.

IV. CONCLUSION

We have proposed three different VCFS models, and sim-
ulated their corresponding diffusion tensor images at differ-
ent scales using the Monte Carlo method. The results show
that, at microscopic scale, the measured fiber orientations are in
agreement with the groundtruth, while, at macroscopic scales,
the measured fiber orientation can significantly deviate from
groundtruth. From microscopy to macroscopy, the larger the
observation scale, the more the obtained results may deviate
from groundtruth. Moreover, the results show that FA changes
dramatically with the variation of myocyte sizes but smoothly
with that of arrangement patterns. These results suggest that,
using the proposed multiscale modeling and simulation, the
relationship between microscopic structure heterogeneity and
macroscopic measurements will allow us to predict microscopic
tissue structure and explain macroscopic behaviors, not just re-
solve the intravoxel orientation heterogeneity problem (such as
fiber crossing and fiber kissing) as done, for example, by QBI.
Finally, the presence of noise raises the problem of choosing
optimal voxel sizes; when SNR is lower, bigger voxel sizes will
yield better results than smaller ones.
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