Reconstruction of muscle fascicle architecture from digital images:
a combined texture mapping and streamline approach
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A)

Introduction
Muscles, tendons and bones are the fundamental components
of the locomotory and masticatory system. Skeletal muscle
models are a common way to gain a better understanding of
movement and force generation in both biological and
bioengineering research. The major drawback of many of
these models is the lack a realistic representation of the
muscle's internal architecture. This is particularly true for the
muscle fibre bundles, known as fascicles. As far as force
estimates are concerned, the most common approximations
rely on the physiological cross sectional area (PCSA), which
is based on muscle volume, the mean length and pennation
angle of the fascicles at selected regions within the muscle.
Here, we present a novel reconstruction method to
reconstruct the fascicular spatial arrangement and geometry
of an exemplary facial muscle, based on a combination of
pattern recognition and streamline computation.

B)

Material

Fig. 1: A) µCT image of I2KI stained head showing soft tissue
regions. B) Two dimensional pattern recognition pretest.

The head of a domestic dog, obtained post mortem from a
veterinary clinic and accessioned to the collections of the
Phyletisches Museum (Jena, Germany), was dissected. The
head was cut in the sagittal plane and one half was fixed in a
4% formalin solution with phosphate buffered saline (PBS)
for six weeks. Using a fine grade needle the masticatory
muscles were injected with a 25% iodine potassium iodide
solution (I2KI, also known as Lugol’s solution) dissolved in
PBS. The I2KI-stained head was scanned in air using a BIR
ACTIS 225/300 high-resolution industrial µCT system (Max
Planck Institute for Evolutionary Anthropology, Leipzig,
Germany) at 130 kV and 0.1 mA with a 0.5 mm brass filter.
The resulting tiff images were reconstructed in 8 bit and had
an isometric voxel size of 0.064 mm x 0.064 mm x 0.064
mm. The skull and one of the muscles of mastication
(superficial masseter) was segmented and visualised in Avizo
7 (Visualization Sciences Group Inc.). The µCT dataset was
then cropped to contain only the superficial masseter muscle
and exported as a new image stack for further processing.

Reconstruction methods
The texture mapping workflow with the software ‘image3d’
(http://starkrats.de):

Results & Discussion

The
streamline
workflow
with
perl
scripts
(http://www.perl.org/) and MATLAB functions (The
MathWorks, Inc., Natick, MA, USA):

* importing the image stack
* normalisation of the vector field
* analysing the image texture
We expect that along a fascicle, which is represented by an
array of voxel of a certain distribution of grey values, one
would obtain the lowest standard deviation (SD) of the grey
values. In contrast, when moving away from this array, or
being perpendicular to it, one would expect an increase in SD
of grey values.

* using the finite element basis functions to interpolate the
surrounding fascicle orientations
* computing streamlines in conjunction with finite
element interpolation
This provides the basis for an accurate and smooth
representation, even for low-resolution vector fields.

* binning of local vectors to reduce noise
A) Texture mapping

B) Streamline approach

In general, both approaches applied here – the fascicle
digitization and the µCT reconstruction – have their own
inherent limitations. The error of the dissection-based method
is due to the limited accuracy of the manual operation of the
3D digitizer and of the device itself.
The advantage of generating such detailed data and
geometrical models is two-fold. First, by considering the
geometrical data such as the fascicle distribution and its
spatial arrangement, one can gain completely new insights
into muscle anatomy. Second, by combining detailed
geometrical data of a muscle with biophysically based
models based on muscle contractile and deformation
properties, one obtains completely new insights and
approaches to analyse the kinematics and dynamics of the
musculoskeletal system.
C) Pennation angle distribution

Fig. 2: A) From left to right: single filtered µCT image showing example location from which the standard deviation (SD) of the grey values along a diameter of 31 voxel (in x,y,z) was calculated and projected
onto a hemisphere. Three example hemispheres projected onto a plane are shown to illustrate high and low SDs of grey values (bright values and dark values, respectively). B) (top left) Lateral view of the
calculated vector field. (below) Single long (44.1 mm length) streamline with adjacent vectors computed from vector field. (top right) Lateral view of 2202 calculated streamlines with fascicles up to 40.78 mm
in length (gold) and fascicles up to 56.7 mm (green). C) Pennation angles along the muscle force direction (from origin to insertion) calculated from the anatomical data, vector field, and streamlines (both long
and reduced). (top) Pennation angles against the sagittal plane and (below) pennation angles against the frontal plane.
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