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SUMMARY 
Two-dimensional ultrasound images of the muscle were 
processed firstly through enhancement of the muscle fascicles 
within the image, then by determination of the local pixel 
orientations. This information was used for tracking the 
fascicles and for quantifying the curvature for each pixel 
across the entirety of the muscle image. 
 
INTRODUCTION 
Muscle fascicles curve during contraction, and this has been 
linked to intramuscular pressure, pennation angle, and other 
factors of mechanical importance to muscle function. Some 
studies [1,7]  have also concluded that during contraction,  
fascicles must be curved in order to maintain the mechanical 
equilibrium of the muscle [7]. To date, a couple of studies 
have predicted fascicle curvature values [1,2], but only a few 
studies have quantified it [3,4]. Quantifying curvature is of 
particular importance in understanding muscle mechanics, and 
the purpose of this study was to present a method to achieve 
this. 
 
METHODS 
Image Processing: 
Two-dimensional B-mode ultrasound images were collected 
from the human medial gastrocnemius (MG) for a ramped 
isometric contraction (Figure 1a). The region of interest was 
manually determined for each image in the ultrasound 
sequence. 

 
Figure 1: (a) Ultrasound image at MVC; (b) Region of interest 
after multiscale vessel enhancement filtering 

 
Each image was then processed using multiscale vessel 
enhancement filtering to accentuate the fascicle structures in 
the image (Figure 1b), and then using anisotropic wavelet 
analysis to determine the local fascicle orientations [5].  
 
Curvature Quantification: 
Using this information, local portions of the fascicle trajectory 
were tracked using continuous tracking [6], and curvature was 
quantified at each pixel using Frenet-Serret formulas: 
 

 

where p  is a representation of the position vector of the 
fascicle trajectory in the Euclidean space as a function of pixel 
location, p  and p  are the first and second derivatives of 
this vector (Figure 2a). Taking into consideration that 
curvature is not constant along the fascicle, sub-portions of the 
fascicle trajectory were reconstructed, and the curvature was 
quantified for the pixel at the midpoint of each sub-portion 
(Figure 2b).  
 

 
Figure 2: Example trajectory displaying  (a) position and velocity 
vectors used for calculating curvature; (b) osculating circles at 
different points on the curve, and the potential for different radii 
and directions of bending 

 
In order to determine the direction at which the fascicle was 
bending, the second derivative test was used because the 
Frenet-Serret curvature formula yields the absolute curvature. 
The fascicle trajectory was approximated by a quadratic 
equation, , which was differentiated to determine the 
direction of bending. If the curve was bending in a clockwise 
direction ( 0) then curvature would be deemed 
positive ( 0), if it is bending in a counterclockwise 
direction ( 0) then curvature is negative ( 0), and 
ultimately, if the curve was straight then curvature would be 
zero ( 0). The signed curvature value was calculated for 
each pixel within the muscle region and assigned to its 
corresponding pixel in a curvature grid, which was displayed 
as an array plot. The root-mean-square (RMS) value was 
calculated for the entirety of the muscle region of the 
curvature grid for different torque conditions. 
 
Validation: 
These methods were validated on synthetic grids that had 
similar characteristics as the ultrasound images. Each 
synthetic image comprised of dark and bright bands of a 
known constant curvature that had sinusoidal variations in 



pixel intensity values in the direction perpendicular to the 
tangent of the curve. The curvatures of the synthetic grids 
spanned a range that included the reported physiological 
curvature values [3,4]. 
 

 
Figure 3: (a) Synthetic grid; (b) Vector plot (shown in red) 
displaying the local pixel orientations within the image and three 
tracked arcs (shown in green); (c) Three tracked arcs 
superimposed on the original image 

 
 
RESULTS AND DISCUSSION 
The validation results indicate that the automated tracking 
method was also successful in following the trajectories of 
different arcs within the synthetic images because these 
reconstructed arcs matched the arcs seen by the human eye 
(Figure 3). The curvatures of these arcs were calculated and 
compared with the known curvature values for the images 
with different curvatures (Figure 4). The curvatures obtained 
from these methods had high predictive quality ( 0.999), 
and low standard error ( 0.0025%), which indicates that 
these methods are adequate for quantifying curvature in 
ultrasound images of human muscle. 
 

 
Figure 4: Actual vs. estimated curvature. The error bars are 
presented in the plot, but they were smaller than the point size 
which makes them not apparent. 

As the isometric contraction progressed, the output torque 
increased and the root-mean-square of curvatures across the 
entirety of the muscle image increased with a high Pearson 
correlation coefficient ( 0.913), suggesting a positive 
correlation between output torque and the curvature bias of the 
fascicles, which can be seen in Figure 5 (higher curvatures at 
MVC than at rest). 
 

It was found that there are positive curvatures closer to the 
superficial aponeurosis, negative curvatures closer to the deep 
aponeurosis, and curvatures not significantly different to zero 
towards the middle region (Figure 5). Such a finding would 
suggest that there is a curvature gradient between the 
aponeuroses. That is, curvatures go from a highly positive 
curvature and gradually decrease until a transition into 
negative curvature occurs. This would corroborate the 
prediction that fascicles have slight curvatures as they insert 
into the aponeuroses [7]. 
 

 
Figure 5: Curvature grids for (a) muscle at rest; (b) muscle at 
maximal voluntary contraction 

CONCLUSIONS 
Due to the fact that these methods had negligible error values, 
we believe that they are adequate for practical applications. 
We have also shown that they work in ultrasound images of 
the muscle, and can provide important information about the 
mechanical function of muscle.  
 
To the best of our knowledge, this is the first study of 
fascicular curvature in which the degree of bending of each 
sub-portion of the fascicle being tracked has been accounted 
for. This allowed for the quantification and identification of 
regions of positive (fascicle curves in clockwise direction) and 
negative (fascicle curves in counterclockwise direction) 
curvatures within the muscle. 
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