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SUMMARY 
This paper describes a scalable double-step registration 
(SDSR) method aiming at combining single joint 
physiological kinematics with overall lower limb segment 
pose. Additionally, soft tissue (ST) data are fused from a 
template database to allow analysis of the ST behavior during 
particular motion task performed by the subject under 
investigation. 
 
INTRODUCTION 
A number of pathologies (e.g., cerebral palsy, diplegia, brain 
stroke) lead to dysfunction of the patient's muscle system that 
can show a variety of primary disorders (i.e., spasticity, 
weakness, lack of coordination). In order to understand the 
normal and pathological physiology of the musculoskeletal 
system, new modeling tools need to be developed to determine 
the relationships between clinical measurements and the 
underlying anatomy of a particular patient. Unfortunately, 
current state-of-the-art is still lacking reliable method for the 
required data integration and further development is necessary 
to ensure input data are fused along a satisfactory protocol. 
The obtained model, once properly validated, can then be used 
in further simulation in order to obtain clinically relevant 
information that are difficult to measure directly in clinical 
settings such as muscle length and muscle moment arms. 
This paper describes a scalable double-step registration 
(SDSR) method aiming at combining single joint 
physiological kinematics [2,7,8,9] with overall lower limb 
segment pose. Additionally, ST data are fused from a template 
database to allow analysis of the ST behavior during particular 
motion tasks performed by the subject under investigation. 
This approach is an extension of a previously published 
double-step registration (DSR) method [3]. Advanced 
computer graphics visualization and user interface allows to 
display simultaneously fusion results and measurement 
graphs. These data can then be exported for further statistical 
analysis. 
 
METHODS 
Data for generic models (GM) morphology were collected 
during a past European-funded project (VAKHUM project, 
contract: IST-1999-10954). Three-dimensional bone models 
of both lower limbs including the pelvic girdle of several 
specimens and volunteers were collected from MI following 
[7]. On these specimens, accurate in-vitro joint kinematics 
data was collected for all major joints of the lower limbs (hip 
joints, knee joints and ankle joints) using 6DoFs instrumented 
spatial linkage (GONIO) [2] and registered with the available 

MI 3D bone models. Knee joint passive motion was collected 
from full flexion to full extension by pulling on the quadriceps 
tendon against gravity. Ankle joint passive motion was 
obtained similarly from full dorsiflexion to full plantarflexion. 
In-vivo lower limb motion data (GAIT) was collected from 
seven volunteers performing several daily tasks. Only results 
related to squatting is reported in this paper to illustrate the 
method. Manual ALs palpation was performed by a newly-
developed [1] anatomical palpator device (called A-Palp) 
using the forefinger pulp directly. Seven bone-related 
anatomical frames (AF) for the pelvis, thighs, shanks, and feet 
were defined from ALs both in GONIO and GAIT. Guidelines 
proposed in [10] were used to improve both accuracy and 
reproducibility of AL locations. ST morphology data were 
collected using custom made stereophotogrammetry system 
based on three computer-driven digital cameras (Figure 1) 
[4,5]. ST data (including muscle attachment sites and muscle 
path) were collected during careful dissection of two cadavers 
(LHDL project, IST-2004-026932). 

 
Figure 1. Example of shank ST model obtained by fusion of 
dissection data with medical imaging (posterior, lateral and 
medial views). This example shows the lateral and medial 
gastrocnemius and soleus muscles. Fibre paths are indicated 
by spheres and thin lines. Muscle fibres are highlighted with 
thick lines. 
Final registration was achieved through the implementation of 
a multi-stage processing pipeline presented in Figure 2. Source 
(i.e., input) volunteer's data (VD) is first analyzed to select the 
most appropriate generic model (GM). Then the selected GM 
data is scaled to the VD data to create the final model 
including anatomically correct joints and bones and bony 
landmarks of interest (i.e., ALs and ST information). The 
general GM-to-VD scaling follows the recently-published 
method described in [6] and that can be used for any 



anatomical, tissular or cellular systems which data fusion is 
based on landmarks. 
 

 
 

Figure 2. Schematics presentation of the workflow for 
selected generic model registration to the volunteer's 
kinematics and manual palpation data. 
 
RESULTS AND DISCUSSION 
 

 
 

Figure 3. Selected generic model (GM) scaled to VD 
dimensions using palpable ALs.. The left part of the 
illustration shows results obtained by applying scaling with 
palpable ALs only (correction coefficient = 1.0). On the right, 
the same scaling was applied and further corrected (correction 
coefficient value = 0.95). 
 

 
 

Figure 4. Final results. SGM model obtained from the fusion 
of GM data with motion data obtained from two volunteers 

(i.e., showing different size). The illustrated motion is 
squatting. The first row shows from the left to right: the 
upright pose and three frames of the reconstructed motion. 
The top right image shows the same models along a sagittal 
plane (note the anatomically correct knee and ankle 
behaviour). The second row shows results for the two 
volunteers separately. 
Evaluation of the SGM accuracy has been performed by 
registration of the selected volunteer GM using AL manually 
palpated by trained senior physiotherapists with the same AL 
virtually palpated on the bone model. ALs used for 
heterogeneous registration were located according to strict 
palpation procedures [10] 
Figure 3 shows the results of AL heterogeneous scaling of the 
palpated ALs and bones. Due to soft tissue influence on 
manual ALs palpation, a supplementary correction coefficient 
was used to better match GM to VD. Figure 4 contains results 
of the GM-to-SGM fusion using data obtained from two 
volunteers using the SDSR method presented in this method.  
 
CONCLUSIONS 
Current drawbacks of the method include the need for large 
in-vitro range of motion matching the amplitude of the motion 
data collected from the analyzed subject; this can be a 
drawback when collecting in-vitro required for GM building 
using elderly specimens with limited joint amplitude. 
SDSR results include 6-DOFs joint kinematics and ST data 
with bone segment orientation obtained from typical clinical 
analysis data. Such results are useful in fundamental and 
clinical research, and in medical education. Bone models will 
probably not come from the subject undergoing the motion 
analysis because it requires irradiation of the subject and time-
consuming processing. Therefore, the morphology of the 
available generic bone models will not exactly reflect the 
specific subject's morphology. Solutions to allow local bone 
deformations should help to solve this problem. 
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