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Abstract—Aim of the present work is to present the new software 
DataManager, that can help clinicians in pre-operative planning 
and post-operative management of orthopedics patients. This 
software tool allows the full integration of different data sources, 
such as medical imaging, both static as CT, SPECT or MRI, or 
time-varying like fluoroscopy or dynamic MRI, with motion 
analysis data, 3D computer models and finite element models of 
bone segments or soft tissues. All the data can be visualized with 
highly interactive and specialized modalities and can be 
integrated to offer a complete representation of the patient 
anatomy. Several algorithms are implemented to allow 
registration and synchronization of these data. A fully 3D 
environment is offered to the surgeon to navigate inside the 
medical imaging dataset. In monitoring the evolution during 
follow-up, the surgeon can get quantitative indicators on the 
mechanical strength recovery and on the fracture risk associated 
to specific motor tasks, integrating the information provided by 
finite element models with the kinematics data derived from a 
specialized gait analysis session. Clinical cases are shown with 
this software for the planning of the reconstructive surgery and 
for the evaluation of the functional recovery during follow-up. 
Many snapshots are taken from the utilization of the software for 
a full report of its visualization features. 
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I.  INTRODUCTION 

The term data fusion indicates the methods and the 
technologies that allow the synergistic combination of 
disparate data into a new dataset, which potentially contains 
more information than the sum of the original data. We applied 
fusion to combine medical imaging, movement analysis, 
muscolo-skeletal modeling, and finite element analysis data, 
into a coherent representation of local skeletal loading during 
certain motor tasks. This approach was used to estimate the 
risk of fracture under fully unprotected loading in pediatric 
patients, which underwent a massive skeletal reconstruction 
due to the presence of a bone sarcoma. 

Patients affected by primary bone tumors can undergo 
nowadays skeletal reconstructions using massive bone 
allografts in conjunction with bone autografts with very 
encouraging clinical results [1]. These are usually young 

subjects, and during the first years of follow-up the 
reconstruction undergoes important morphological changes 
which are monitored by routine Computed Tomography (CT) 
to check for local recurrences. There is an enormous clinical 
interest also to calculate relevant changes in mechanical 
strength [2] and to assess patterns of loading during activity at 
the reconstructed bones, to plan carefully the rehabilitation 
therapy, particularly the most appropriate timing for 
physiological load restoring. For the latter, motion analysis is 
necessary and CT scan offers a great opportunity to have 
access to internal bones at the same time of external markers. 

The present study reports on issues related to registration 
between internal bone models and external marker position 
measurements in the context of these large skeletal 
reconstructions. A new software tool, Data Manager (DM, 
project Multimod [3]) was tested, whose main features are 
reported elsewhere [4]. This was designed specifically to 
perform data fusion and multimodal visualisation of disparate 
data used in biomedical research, in particular to import, 
organise, view, and operate on a large spectrum of models and 
measurements. The scope of the present work is to evaluate 
these features in the clinical and biomechanical context of these 
massive skeletal reconstruction. Particularly, we want to verify 
whether DM can be considered as a valuable solution to the 
lack of integration, synchronisation, registration, and 
accessibility to motion data of the musculo-skeletal system. 

II. MATERIAL AND METHODS 

A. CT scans 
Several young patients operated with reconstruction of the 

proximal femur using a massive bone allograft in conjunction 
with a vascularized fibula autograft were analyzed at about 
four-year follow-up. Before CT, the patients were instrumented 
with four 14 mm diameter spherical markers on the latero-
central aspect of the thighs and shanks and around the pelvis 
(Figure 1). In addition, markers were attached at the great 
trochanter, lateral and medial epicondyles, heads of the fibula, 
tibial tuberosities and lateral and medial malleoli. At least two 
scans of each of these markers were collected within the 
normal CT scan protocol. 



 

Figure 1.  CT scout of a patient with the reflecting markers mounted. 

B. Gait analysis 
With these markers still in place, the patients were taken 

nearby to a gait analysis laboratory (Figure 2). The following 
markers were added to complete the marker set for a standard 
gait analysis protocol [5] to be performed: the two acromions, 
seventh cervical spine, fifth lumbar spine, the two postero-
superior iliac spines, calcaneous and first, second and fifth 
metatarsal heads. Standard motion analysis was performed 
using a 8-M2 cameras stereophotogrammetric system (Vicon 
Motion Systems, UK). Static acquisitions in supine and up-
right postures were collected, together with other motor tasks 
such as walking, chair and stair raising/descending.  

 

Figure 2.  Vicon screen during a gait analysis session. 

C. Muscle-skeletal and marker models 
Bone morphological 3D models were generated from the 

CT data using the AMIRA segmentation software (Mercury 
Computer System, Inc., USA). The positions of the external 
markers were identified on the CT dataset using the DM 
software. The most relevant landmarks of the bone segments of 
the lower limb skeleton were identified onto the skeleton 
models using a functionality called Virtual Palpation 
implemented in DM. The muscle origins and insertions were 
estimated registering a standardized atlas [6] into the patient 
bone morphology using an affine registration algorithm 
available in DM. Muscles were represented with linear 

segments starting from the muscles’ origin to its insertion. 
Muscles with broad origin or insertion areas were represented 
with more than one segment. Using some of the skeletal 
landmarks identified through the virtual palpation, joint 
reference systems were then accurately identified following the 
ISB recommendations [7], and all biomechanical quantities 
necessary to predict muscle and joint forces with static 
optimization were computed. At the same time the bone data 
are processed to create a subject-specific finite element model. 

Loaded with muscle and joint forces, the model predicts the 
stresses and strains induced in the bone for each recorded time 
sample [2]. Robust quality insurance protocols are used to 
monitor all instrumentations. The stress results are imported 
back in DM and fused with the rest of the data. Using its 
advanced interactive visualization features, these results are 
reported to the medical professionals fused with the relevant 
anatomical (imaging) and functional (gait analysis) data. 

D. Model to Gait registration 
Position and orientation of these models in the laboratory 

frame during execution of the motor tasks were obtained by 
matching the marker arrays of the rigid morphological models 
and the corresponding collected marker trajectories from gait 
analysis, using a standard SVD algorithm [8]. Optimal bone 
pose was also achieved by including in the standard spatial 
registration technique also ball-and-socket joint constraints at 
the hip and knee joints. These ‘virtual’ landmarks were 
considered more reliable than the skin mounted markers, and a 
larger weight in the registration process was given. 

Original and registered gait analysis data, including ground 
reaction force, EMG, joint angles etc. were structured in the 
directory of the original medical imaging information. Full 
integration of the different data sources (medical imaging, 3D 
computer models, standard video records and motion analysis 
data), was pursued by using DM. 

III.  RESULTS 

Accurate muscle-skeletal models of the bones including the 
markers were obtained (Figure 3). 

 

Figure 3.  Surface model of a patient with the reflecting markers mounted. 



Technically successful spatial registration was obtained at 
each segment using the external markers, but the expected skin 
motion artifact resulted in unrealistic position and motion at the 
hip and knee joints (Figure 4) when ‘standard’ registration was 
performed, with peak erroneous distances between the same 
landmarks reconstructed from the adjacent bones ranging from 
9 to 72 mm in level walking (see also Table I). 

 

Figure 4.  Result of the ‘standard’ registration between rigid models of the 
bone segment plus markers and corresponding gait analysis data, in an 

exemplary frame within the gait cycle. 

When the advanced ‘weighted’ registration technique was 
performed, with joint constraints included and weighted four 
times with respect to the external markers, much more realistic 
position and motion at the joints were observed (Figure 5), 
with corresponding peak erroneous distances dropped to 4 and 
24 mm (Table I). 

 

Figure 5.  Result of the advance ’weighted ‘registration between rigid models 
of the bone segment plus markers and corresponding gait analysis data, in an 

exemplary frame within the gait cycle. 

TABLE I.  PEAK ERRONEOUS DISTANCES [MM ] 

Standard registr. Weighted registr. Joint 

Centres Min Max Min Max 

Left Hip 18.7 52.4 4.0 12.5 

Right Hip 20.6 72.2 8.2 22.2 

Left Knee 9.1 26.2 4.9 20.8 

Right Knee 20.1 44.6 7.5 23.8 

Distances in millimeters 

Satisfactory results were also obtained for the registration 
of the muscle origins and insertions from the standardized atlas 
into the patient bone morphology (Figure 6). 

 

Figure 6.  Rigid models of the bone segment and of the markers after 
registration with the muscle attachment data set. 

Overall, all these data, either obtained from medical 
imaging, both static as CT, SPECT or MRI, or time-varying 
like fluoroscopy or dynamic MRI, or from motion analysis 
data, or from 3D computer – based and finite element models 
of bone segments or soft tissues, were visualized with highly 
interactive and specialized modalities and integrated to offer to 
clinicians and biomechanists a complete representation of the 
patient anatomy, function and internal stresses, and also the 
possibility for the surgeon to navigate inside the medical 
imaging dataset. A few exemplary screens are here reported. 

 

Figure 7.  A combination of CT, registered motion data and standard video of 
a single patient, all in a single screen. 



A hierarchical tree is also available (right part of Figures 7, 
8, 9) to organise each data block (a medical image, a marker 
trajectory, a bone model, etc.) in a Virtual Medical Entity 
(VME). The VME can be edited, transformed, and registered 
with the techniques mentioned above, and also synchronization 
over time was possible. Visualization frames can render data of 
different types simultaneously, can display time-varying data, 
and support user interaction by pan, zoom and rotate operations 
on the camera. Surfaces views support multiple lights, fly-to 
camera motion and a multi-resolution scheme. Camera can also 
be attached to any of the VME, thus absolute as well as any 
relevant motion can be depicted. 

 

Figure 8.  A further possible combination of disparate data and views in the 
DM environment. In clockwise order, from top-centre: the CT dataset taken 
with the markers attached to the patient skin; the FEM results mapped onto 
the CT volume; the FEM model of the right femur within the muscle-skeletal 

model used to predict muscle forces; a movie of the walking task. On the right, 
the tree-type structure used to organize the different data sources. 

IV. DISCUSSION 

The new software tool DM (freely available at 
http://www.tecno.ior.it/datamanager.htm), was analyzed in its 
claimed abilities of importing, organizing, registering and 
viewing biomedical data typical of clinical and biomechanical 
research. Data from a large variety of different sources were 
gathered and successfully imported and organized in a 
hierarchical tree within the tool. Skeletal bony segments were 
registered successfully to corresponding marker position data 
for effective three-dimensional animations. These were shown 
in various combinations, in different views, from different 
perspectives, according to possible specific research interests. 

Considerable improvements in bone pose optimal 
estimation was achieved by weightening differently the more 
reliable joint centers, this being possible because rigid models 
of the internal bones and the external markers were available. 
Nevertheless, skin motion artifact remains the most critical 
issue for these advanced data registrations. All data can be 

visualized with highly interactive and specialized modalities 
and can be integrated to offer to the clinicians a complete 
representation of the patient radiographic and functional status. 
In surgical planning, the clinician can find the best matching 
allograft positioning its 3D model inside the patient CT dataset 
where the tumor, as derived from MRI data, is registered and 
shown. In the assessment of the evolution during follow-up of 
these patients, these achievements enable the development of 
musculo-skeletal models necessary to get quantitative 
indicators on the mechanical strength recovery and on the 
fracture risk associated to specific daily living activities. This is 
fundamental for a cautious planning of load recovery in 
patients with massive skeletal reconstructions. 

The method is becoming in our hospital the de facto 
standard for planning the rehabilitation protocol in these 
difficult cases. This poses major problems, as the whole 
procedure currently requires a large amount of time to collect, 
process and analyze all these data.  However, we are optimistic 
that improvements in the software algorithms can provide the 
level of automation that is necessary for large-scale clinical 
usage.  In the meanwhile, preliminary attempts are being made 
to use this methodology also in pre-operative planning or in 
post-operative functional assessments [4]. 

Bioengineering and medical professionals would be much 
facilitated in interpretation particularly of the motion analysis 
measurements necessary in their research fields, and would 
benefit therefore from this software tool. This tools improved 
also considerably the efficacy of doctor-engineer 
communication. 
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