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SUMMARY 

Nowadays the generation of personalized Neuro Musculo 

Skeletal (NMS) models requires the combination of data from 

multiple medical imaging modalities and biomedical 

measurements, an operation that demands the knowledge of 

many specialized software tools. The aim of the present study 

is to describe a new application called the NMSBuilder, which 

provides the user an integrated environment for the generation 

of NMS models from heterogeneous data towards probabilistic 

and personalized simulations of the neuromusculoskeletal 

system. The NMSBuilder is based on a software application 

framework (Multimod Application Framework, MAF), which 

is specifically designed to support the rapid development of 

computer aided medicine applications, integrated with 

dedicated simulation (OpenSim) and numerical computing 

(Octave) environments. In this work, we briefly introduce the 

base framework and we illustrate its use by an example. The 

subject-specific NMS model of the lower limb was generated 

from a combination of heterogeneous anatomical data from a 

cadaver study and the muscle function was simulated using the 

motion capture from body-matched volunteer. While the 

NMSBuilder is clearly still a prototype, we believe that it is 

already capable of being used to solve a number of problems 

common to many biomedical engineering activities. 

INTRODUCTION 

The musculoskeletal apparatus is probably the organ system 

where the need for the integrative approach, advocated by the 

Virtual Physiological Human (VPH) initiative, is most 

pronounced making more and more evident that personalized, 

predictive, and integrative musculoskeletal medicine would be 

possible through the development of new Information and 

Communication Technology (ICT). The work for the 

generation of personalized NMS models is based on the 

simultaneous use of data sets that have come from disparate 

sources. It is common to use data from multiple medical 

imaging modalities (e.g. CT and MRI images) and combine 

these with biomedical measurements (e.g. the motion capture). 

This poses a number of technical problems including the 

interpretation of different storage formats, spatial and 

temporal registration, feature extraction, classification and 

segmentation, interactive visualisation, etc. Specialised 

software exists to solve the individual problem. Common 3D 

visualisation and image processing tools (e.g. Amira, 3D 

Doctor and Mimics) do not allow the simulation of the human 

motion while the dedicated NMS simulation environments 

(e.g. AnyBody and OpenSim) do not allow the user to process 

medical data. The Multimod Application Framework (MAF) 

[1] was developed to combine the ability to manage all types 

of medical data, advanced visualisation tools and the ability to 

load simulation results but, again, currently no tools are 

available to run NMS simulations of the muscle function. 

Thus the absence of an integrated environment is currently 

forcing the user to spend a considerable time and effort to 

combine all tools in a smooth workflow. A demanding process 

that becomes clearly insufficient when probabilistic NMS 

simulations are of interest and a large number of deterministic 

simulations needs to be run sequentially. The present study 

describes a new application, the NMSBuilder, which provides 

the end user with a fully integrated environment for the 

generation of personalised musculoskeletal models as well as 

to run and visualise the results on probabilistic simulation of 

the muscle function. 

DESCRIPTION OF THE SOFTWARE 

TheNMS Builder integrates the ability to import virtually any 

type of biomedical data into a hierarchical data structure 

developed in [4]. The data types more relevant for the 

generation of musculoskeletal models are 3D volumes that can 

be generated from almost any medical imaging modality (e.g. 

CT, MRI, 3D Ultrasound), polygonal surfaces (e.g. as an stl 

file format) can be imported as well as motion capture data 

(e.g. as a PGD, C3D or raw ASCII file formats) and scalar and 

vector signals (e.g. electromyograms and force platform 

signals) can be also imported from raw data ASCII files. The 

hierarchical data structure and the available tools allows the 

user to organize the data in a tree and to modify the pose in 

space of each entity. Tools are available to register in space 

data types from difference sources such as polygonal surfaces 

or landmark clouds. Other tools allow the user to interactively 

identify relevant skeletal locations and to define the muscle 

line of action between a selected origin and insertion. The path 

of the muscle line of action can be defined by different 

methods as straight lines, poly-lines and curved lines wrapped 

around multiple parametric surfaces defined by the user. The 

local coordinate systems as well as the joint markers can be 

interactively defined on the skeletal surfaces. In the frame of 

the NMS Physiome running project (FP7 #24818965) these 

functionalities are extended and integrated with a dedicated 

neuromusculoskeletal simulation (OpenSim, [2]) and a 

numerical computation (Octave) environment. The software 

was added the possibility to derive the inertial properties of 

the body segments from the clinical images. A textual 

interface is provided to the user to define a musculoskeletal 



simulation identifying the model parameters using the subject-

specific data stored in the MAF tree and invoking the 

OpenSim algorithms. The integration of the Octave makes it 

possible to define selected parameters as stochastic variables, 

to set the desired output and to run probabilistic 

musculoskeletal simulations accordingly to a Monte Carlo 

scheme. Some relevant outputs (i.e. muscle loads, activations 

and joint loads) can be interactively visualized in MAF 

together with relevant clinical data.  

 

Figure 1:  The NMSBuilder structure 

USE CASE: SIMULATING THE MUSCLE FUNCTION 

DURING GAIT 

A musculoskeletal model of the lower body was developed 

from publicly available data [3]. The data include the full body 

CT and MRI scan from the cadaver of a 81 years old woman, 

the muscle attachments on bones, the muscle lengths, the 

superficial lines of action digitized during dissection. The 

ground reactions and the electromyograms of the principal 

muscle groups recorded during gait from a body-matched 

healthy volunteer were also available. The biomechanical 

model of the musculoskeletal system of the lower-limb was 

defined as a 7-segment, 10 degree-of-freedom articulated 

system actuated by 82 muscle-tendon units. The skeletal 

surface was extracted from the CT volume. Relevant 

anatomical landmarks were interactively identified on the 

bone surfaces following the ISB standards. The same 

landmarks were located in each dataset, and the various 

landmark clouds were then registered with rigid 

transformations that were computed using the Register 

Landmarks operation implementing single-value 

decomposition. Alternatively, surfaces could have been 

registered using the Register Surface implementing the 

Interactive Closest Point algorithm. A publicly available 

muscular anatomy model [4] was registered on the digitized 

skeletal markers using the Register Landmarks operation. An 

expert anatomist adjusted the anatomical muscular model by 

comparison with the registered MRI volume and the 

corresponding muscle surfaces (Figure 2-A, B) by fitting each 

3D surface representing the muscle with one or more linear 

elements that were created with the operation Derive Muscle 

Line of Action. The anatomical and the joint reference 

systems were derived from selected landmarks with the 

operation Create RefSys. The inertial parameters of each 

segment were derived from CT data assuming homogeneous 

density properties for both the hard and the soft tissues. MRI 

images were used to define the separation between tendon and 

muscle, so as to compute the effective length of the muscle. 

Muscle volumes were calculated and these were used to 

compute the physiological cross-sectional (PCSA) area by 

evaluating the muscle volume divided by the effective length. 

The peak force each muscle can exert was estimated from the 

PCSA, assuming 1MPa the muscle tetanic stress. The muscle 

mechanical properties were taken from the literature [4]. At 

this stage of the project the personalized NMS model is 

generated through custom-made routines and passed to 

OpenSim together with the motion data to run the NMS 

simulation, however the first integrated release of the software 

is expected in few months. The predicted motion can be 

loaded and visualized jointly with clinical data and the results 

of other NMS or Finite-Element simulations.  

 

Figure 2:  The CT volume, the muscular surfaces extracted 

from the MRI and the digitized muscle path registered in 

space (A), the NMS model (B) and an intermediate frame of 

the simulated motion (C). 

CONCLUSIONS 

The present work provides a general description of the 

NMSBuilder and an illustrative use case from which it is 

possible to understand the software potential. We believe the 

software can be used to solve a number of problems common 

to many biomedical engineering activities. The NMSBuilder 

will be available on BiomedTown [5]; the first prototype is 

expected to be ready for download by December 2011 and all 

functionalities are expected to be implemented by the end of 

the project (December 2012).  
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