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INTRODUCTION 
In vitro muscle fibers demonstrate a characteristically shaped 
force-length curve [4]. While there is some lingering debate as 
to the precise nature of this curve it is parabolic in nature [3, 
4]. In vivo a muscle is comprised of many muscle fibers 
arranged into fascicles, and then comprised of many fascicles. 
This study sought to assess how the architecture of the 
arrangement of muscle fibers can influence the force-length 
properties of whole muscle. 
 
The muscle examined was the first dorsal interosseous (FDI). 
The FDI muscle is well suited for the examination of the 
relationship between muscle function and architecture because 
it is an example of the rare instance of only one muscle being 
responsible for a joint action, that is abducting the index finger 
about the metacarpophalangeal joint. Due to its unique role in 
joint motion the FDI has been frequently used for the 
investigation of muscle properties, for example motor unit 
recruitment [6], strength training [2], and tendon stiffness [1]. 
 
The purpose of this study was to examine how the architecture 
of the fibers comprising the FDI influences the force-length 
properties of the muscle. 
 
METHODS 
Using cadaver specimens two sets of measurements were 
made: optimal fiber length, and fascicle arrangement. On 
experimental subjects the force-length curve of the FDI was 
measured. 
 
One complete FDI muscle was removed from a cadaver using 
blunt dissection. On inspection the muscle appeared to be of 
typical dimensions of the FDI muscle [5]. A muscle fascicle 
was removed from the muscle and placed in a 20% nitric acid 
to digest the connective tissue holding the individual muscle 
fibers together. From this fascicle six single muscle fibers 
were teased out and mounted on a glass slide. Digital images 
were obtained using a digital camera attached to a light 
microscope to produce an image with a field of view of 305 
μm (Figure 1). Using a motor driven scan stage sequential 
images of each whole fiber could be obtained. From the image 
of each muscle fiber the number of sarcomeres comprising the 
fiber were determined using custom written software.  From 
the number of sarcomeres comprising a muscle fiber, fiber 
length, and the optimum length of human muscle sarcomeres 
[8], whole fiber optimum length was computed. 
 
Two additional FDIs were removed from cadavers using blunt 
dissection, and the entire external tendon removed. These 
muscles were scanned in a vertical 14.1 tesla Varian Magnetic 
Resonance Imaging unit (Varian Inc., Palo Alto, CA) with 
direct drive technology.  A millipede resonator (Varian) with 
an inner diameter of 40 mm was used to acquire three-
dimensional spin echo images of the muscle tissue. With 12 

averages and a repetition time of 75 ms (echo time 11.7 ms) 
the total scan time was 13.5 hours.  
 

 
 
Figure 1.  Example of image of muscle fiber used to estimate 
optimal fiber length. 
 
SPIERS software was used to analyze the magnetic resonance 
imaging (MRI) images [7]. The boundaries of the muscle were 
assigned to a mask by one trained operator which allowed the 
entire muscle to be identified without including any noise in 
the image outside of the muscle. Connective tissue was 
identified using a thresholding algorithm. Tubes of connective 
tissue were identified which indicated the path of the fascicles 
in the whole muscle. 
 
Finally data were collected from three experimental subjects 
(mean age 24.7 ± 2.3 years; mean height 1.68 ± 0.05 m; mean 
mass 67.3 ± 4.7 kg). Muscle length, moment arm, pennation, 
and tendon length were measured using ultrasound imaging 
(Figure 2).  A 7.5 MHz ultrasound probe (SSD-1000, Aloka, 
Japan) in B-mode was used to record images of the entire FDI 
muscle-tendon complex. Images from the ultrasound were 
captured and measured using Scion Image software (NIH 
Image, version Beta 4.0.2). Subjects produced a series of 
maximum isometric contractions at two degree increments 
throughout their joint range of motion. Three contractions 
were performed at each angle to reduce the influence of 
random error.  The subjects rested for one minute between 
each contraction to reduce the likelihood of fatigue on the 
FDI. From these recordings it was possible to compute the 
force produced by the FDI during the isometric contractions. 
 

 
Figure 2.  Example of pennation angle measured in an 
ultrasound image. 
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RESULTS AND DISCUSSION 
Optimum fiber length was 5.4 ± 2.0 mm, with a range from 
3.6 to 8.9 mm.  Most muscles, in vivo, work on one limb of 
their force-length curve [9], and according to the data of 
Gordon et al. [4] muscles can shorten 50% of their optimum 
length until they cannot produce force, and lengthen 50% 
more than their optimum length. Therefore with the statistical 
distribution of fibers identified as the muscle length changes 
there will be short fibers well beyond their optimal length 
while longer fibers are still on the ascending curve. 
 

 
Figure 3.  Connective tissue in the FDI muscle from an 
oblique view for processed MRI image. 
 
MRI of the FDI reveals the tubes of connective tissue in which 
the fascicles run (Figure 3). Detailed tracking of these tubes 
allows examination of the path of some of the fascicles 
(Figure 4). Note some of the connective tissue strands are 
arranged in serial fashion in the center of the image. 
Functionally for the force-length properties of the muscle, 
fascicles arranged in series would behave as if they were a 
single longer fascicle. 
 

 
Figure 4.  The central aponeurosis (large blue structure), and 
the fascicles tracked in the MRI images from their surrounding 
connective tissue. 
 
The data from the experimental subjects indicated that these 
subjects operated on the ascending limb of their force-length 
curves (Figure 5). These curves were compared with a 
simulation which accounted for both the variability in fiber 
optimum length and the influence of some fascicles being in 
series. For a hypothetical FDI comprised of 1000 fibers, where 
the mean and standard deviation of the optimum fiber lengths 
were the same as the experimental data and the 10% of fibers 

were arranged in series, the force-length curve was predicted.  
It was only when these architectural features, variability of 
optimum length and serial arrangement of fascicles, that the 
simulations corresponded with the experimental data. 
 

 
 
Figure 5.  The force-length curves for the FDIs of the three 
experimental subjects. 
 
CONCLUSIONS 
This study has shown that there is considerable variation in the 
architecture of the FDI. This variation causes the shape of the 
force-length curve of whole muscle to deviate from that of a 
scaled version of a sarcomere. The serial arrangement of some 
of the muscle fascicles impacts the force-length properties of 
muscle, it will also influence the force-velocity properties of 
the muscle. In this study the FDI was examined, other muscles 
would have to be examined in a similar fashion in order to 
determine if similar architectural variation exists. 
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