
• Muscles fibers were tracked with the DTI 
images using Camino (Fig. 2A) [4]. 

• A custom Matlab script was used to 
estimate fiber length (Lf), and pennation
angle (θ) was measured using ImageJ. 

• Optimal fiber lengths (Lf’) were 
estimated from previously reported 
sarcomere lengths [1], and normalized to 
muscle length (Lf:Lm).

• These data were used to calculate 
physiological cross sectional area (PCSA, 
mm2), a major determinant of muscle 
force generation, using the equation:

PCSA= (Mm * cosθ)/(Lf * ρ)
ρ = the density of skeletal muscle (0.001056gmm-3).
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• The 20 muscles were separated into distinct functional groups based on primary function; 
hip adductors, knee flexors, knee extensors, ankle dorsiflexors and ankle plantarflexors.

• Functional group mean values for Lf:Lm and PCSA were compared to previous cadaveric data 
[1] to investigate anatomical variation in important muscle force generating properties 
(Figure 3). 

• The degree of variation within our data, 
and the differences to previous data, 
highlight the large degree of anatomical 
variation in lower limb muscle 
architecture. 

• This supports the use of subject-specific  
muscle architecture data in 
musculoskeletal models, as well as more 
appropriate reference data sets. 

• Future work will compare outputs of 
subject-specific and generic 
musculoskeletal models (Figure 4).

• This will assess the need for subject-
specific biomechanical models and 
simulations in predicting kinematic and 
kinetic responses of the musculoskeletal 
system to clinical interventions such as 
rehabilitation and surgery.

Figure 2. The fibers of the Vastus medialis muscle tracked from
diffusion tensor magnetic resonance images (DTI) (A),
alongside a 3D mesh created from digital segmentation of T1
MR images (B). Lf– fiber length. θ - fiber pennation angle
(relative to line of action- blue line)
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• MR images from the right lower 
limbs of 10 individuals (5M, 5F; 
Age- 27 ± 4 years. BM- 76 ± 12 kg)
were acquired using the following 
sequences:

- T1 turbo spin echo (TSE; 
0.47×0.47×6.5 mm3, Fig 1A). 

- Diffusion weighted echo planar 
(DTI;  2.96×2.96×6.5 mm3, Fig 1B). 

• Muscle mass (Mm) of 20 lower limb 
muscles was calculated from the 
volume of 3D muscle meshes 
created through digital 
segmentation of T1 anatomical 
images in Mimics (Fig. 1C, D). 

Figure 1. T1 weighted (A) and diffusion tensor (B) axial MR images of the thigh
segment of the lower limb. 20 muscles from each subject, as well as bones,
were digitally segmented to create 3D representations of the limbs (C- anterior
view; D, posterior view). RF- Rectus femoris, VL- Vastus lateralis, VI- Vastus
intermedius, VM- Vastus medialis, SAR- Sartorius, GRA- Gracilis, SM-
Semimembranosus, ST- Semitendinosus, TA- Tibialis anterior, SOL- Soleus, MG-
Medial gastrocnemius, LG- Lateral gastrocnemius.
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• Muscle architecture of the human lower limb has been well defined previously [1]. However, 
many of these “gold standard” reference data sets are based on elderly cadaveric specimens, 
which are unlikely to represent most of the population.

• This is important for musculoskeletal modeling, where muscle force generating properties 
(i.e. fiber lengths and maximum isometric force) in generic models are defined by these data.

• Subject-specific models are becoming more widely used [2], although they often do not 
include individualized architecture data; which is difficult to obtain in vivo.

• Diffusion tensor MRI (DTI) can reconstruct muscle fiber trajectories in skeletal muscle, and 
when combined with other sequences (i.e. T1), allows detailed muscle architecture to be 
gathered from live subjects [3]. 

• Using DTI, we aim to generate an extensive data set of in vivo lower limb muscle architecture 
data from young healthy individuals, with the goal of informing subject-specific 
musculoskeletal models and more accurate simulations of individualized muscle function. 

Figure 3. Functional group means (±1 SD) in fiber length muscle ratio (Lf:Lm) and physiological cross sectional area (PCSA) in three muscle
functional groups, compared to previous data [1] (red horizontal line).

• There was considerable variation between subjects in both Lf:Lm and PCSA, with a difference 
in PCSA of up to 3114mm2 in the knee extensors (Figure 3E).

• Lf:Lm values were consistently higher than previous data across all subjects, while PCSA 
values were more similar, except in the ankle plantarflexors (Figure 3F). 

Figure 4. A subject-specific lower limb musculoskeletal model (A), with
individualized musculoskeletal and ligament geometry and muscle
architecture, compared to a scaled generic model (B)
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