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SUMMARY 
The aim of this study was to quantify the effect of perturbation 
of musculoskeletal geometry (muscle path, attachment sites to 
the bones) on image-based models outcome. The final goal 
was to develop a priority list about which parameters and 
which muscles need to be selected most carefully to create a 
reliable subject-specific musculoskeletal model. 
 
 
INTRODUCTION 
Musculoskeletal diseases and prosthetic revision operations 
concerning lower extremities represent a huge burden that 
increases rapidly with the aging population. For patients 
requiring major surgical intervention, procedures are still 
uncertain in outcome and have a high complication rate. The 
main objective of the EU-funded project TLEMsafe is to 
develop, validate and clinically implement an ICT-based 
patient-specific surgical navigation system that integrates 
modeling, simulation and visualization tools. This system will 
offer surgeons a system to safely reach the optimal functional 
result for the patient and a user friendly training facility. 
 
Collecting subject-specific information from medical imaging 
techniques (MRI/CT) is a topical challenge in musculoskeletal 
modeling: it could improve the preciseness of musculoskeletal 
geometries, allowing more accurate biomechanical analysis. 
Unfortunately, at the moment there is no efficient method that 
allows the construction of image-based models without 
extensive manual intervention. Methods for segmenting bone 
structures, estimating muscle attachment contours and 
defining the entire muscle path have already been proposed in 
the literature [1], but validation of these techniques and their 
application to biomechanical analysis on a larger scale have 
not yet been demonstrated. 
 
The aim of this study was to perform an extended sensitivity 
analysis to assess the effects of errors in medical imaging 
techniques on musculoskeletal models outcome. The results 
provide quantitative information about which parameters and 
which muscles need to be selected most carefully to create a 
reliable subject-specific musculoskeletal model. 
 
 
METHODS 
In this study we used the recently developed Twente Lower 
Extremities Model (TLEM), based on the first comprehensive 

and consistent anatomical dataset from a single cadaveric 
specimen [2], and its implementation in the AnyBody 
Modeling System (version 4.2.1) [3]. The model consists of 12 
body segments (HAT, pelvis and right and left femur, patella, 
tibia, talus, foot), 11 joints (L5S1, right and left hip, knee, 
patella/femur, talocrural, subtalar), 21 DOF. Each leg contains 
159 muscle-tendon elements, represented as a Hill type muscle 
in series with tendon, to describe the mechanical effect of 56 
muscle-tendon parts. Each element is described by two 3D 
points, representing the origin and insertion on the 
corresponding bone segments, plus one or more via points in 
case of curved muscle paths. Inverse dynamic simulation and 
static optimization were used to calculate the time histories of 
muscle-tendon forces for one cycle of normal walking. The 
performance criterion was to minimize the cubes of muscle 
activation at each instant during the gait cycle. 
 
We quantified the effects of small perturbation of 
musculoskeletal geometry on the model outcome. 3D 
locations of origin, via and insertion points of each muscle-
tendon element were varied from their nominal value (±1 cm 
along the anterior-posterior, proximal-distal and medial-lateral 
direction according to the segmental local reference frame) 
(Figure 1). Next, an inverse dynamic problem was solved to 
compute the corresponding changes in the calculated muscle-
tendon forces. The sensitivity of the model was quantified by 
computing a Local Sensitivity Index (LSI) and a Global 
Sensitivity Index (GSI). LSI was used to quantify the effect of 
the geometrical perturbation on the force delivered by the 
muscle-tendon actuator whose path was perturbed, while GSI 
was used to quantify the effect of the geometrical perturbation 
on the sum of the forces delivered by all the other muscle-
tendon actuators: 
 

 

Figure 1: Example of geometrical perturbation on attachment 
site - Insertion point of the Achilles tendon. 
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RESULTS AND DISCUSSION 
The results of our analysis show that the sensitivity of model 
outcome to perturbations on musculoskeletal geometry 
depends largely on the muscle-tendon actuator perturbed 
(Table 1). In particular, we obtained very high sensitivity 
values to variation on attachment points of the prime movers 
in a walking movement, like triceps surae, quadriceps femoris 
and gluteal muscles, and on via points of peroneus muscles. 
Instead, variations in muscles like sartorius and gracilis caused 
very low sensitivity values. The sensitivity values changed 
also with the direction of the geometrical perturbation: it 
depends on the specific path of each muscle-tendon actuator 
and on the position of their attachments sites with respects to 
the joint on which they act. Moreover, the values of GSI were 
lower than LSI: this means that the complex musculoskeletal 
system was able to compensate for geometrical perturbations 
better than the perturbed muscle-tendon actuator alone, due to 
multiple muscle interactions throughout the gait cycle. 
 
The results of this study provide quantitative information 
about which parameters and which muscles need to be 
selected most carefully, through accurate measurements and 
detailed optimization, to create a reliable subject-specific 
musculoskeletal model. It suggests also that approximate 
methods, such as geometric laws, may be used for the least 
sensitive parameters. Unfortunately, direct measurements of 
muscle paths and attachment sites on the bones are still 

difficult to obtain, and new methodologies are needed for 
achieving accurate estimates in vivo. 
 
A limitation of our sensitivity study is that it applies only to 
normal gait. It is likely that the results of analysis will change 
depending on the task being analyzed, as the pattern of muscle 
force development changes. Next steps of our work will be to 
perform an extended sensitivity analysis for a range of tasks of 
daily living, like stair climbing or sitting down and getting up 
from a chair. This will allow understanding better the 
dependence of subject-specific models outcome to errors in 
musculoskeletal geometries. 
 
 
CONCLUSIONS 
We performed an extended sensitivity analysis to assess the 
effects of perturbation of musculoskeletal geometry on the 
calculated muscle-tendon forces. The results showed that 
subject-specific model outcomes are sensitive to errors in 
medical imaging techniques, and sensitivity values depend 
largely on the muscle-tendon actuator perturbed, its role 
during the movement analyzed and the direction of the 
perturbation. We obtained quantitative information about 
which parameters and muscles need to be selected most 
carefully to create a reliable subject-specific musculoskeletal 
mode, and based on these results we developed a priority list 
containing requirements for medical imaging measurements 
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Table 1: Geometrical perturbations causing the highest and lowest values of Local and Global Sensitivity Index. 
 
  Local Sensitivity Index Global Sensitivity Index 
  Ant.-Post. Prox.-Dist. Med.-Lat. Ant.-Post. Prox.-Dist. Med.-Lat. 

O
rig

in
 P

ts
 Rectus Femoris 18.89% 10.70% 12.08% 2.72% 1.74% 2.86% 

Glutues Medius Anterior 6.94% 2.91% 1.58% 2.05% 1.20% 0.39% 
Gastrocnemius Medialis 1.30% 0.77% 9.37% 0.29% 0.16% 2.99% 
… … … … … … … 
Extensor Digitorum Longus 0.03% 0.78% 0.09% 0.00% 0.01% 0.00% 

V
ia

 P
ts

 Peroneus Longus 1.26% 20.66% 12.08% 0.29% 2.76% 1.41% 
Peroneus Brevis 3.38% 26.61% 12.90% 0.21% 2.06% 0.99% 
… … … … … … … 
Sartorius Proximal 0.01% 0.00% 0.01% 0.00% 0.00% 0.00% 

In
se

rt
. P

ts
 Achilles Tendon 24.62% 5.60% 16.46% 7.11% 1.68% 12.55% 

Gluteus Medius Anterior 15.94% 28.39% 9.43% 3.31% 3.62% 1.42% 
Gluteus Minimus 28.65% 22.89% 13.59% 4.08% 1.74% 1.40% 
… … … … … … … 
Gracilis 0.04% 0.18% 0.07% 0.00% 0.00% 0.00% 


