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ABSTRACT   

SPE3D is a surgery planning environment developed within TLEMsafe project [1] (funded by the European Commission 
FP7). It enables the operator to plan a surgical procedure on the customized musculoskeletal (MS) model of the patient's 
lower limbs, send the modified model to the biomechanical analysis module, and export the scenario's parameters to the 
surgical navigation system. 
The personalized patient-specific three-dimensional (3-D) MS model is registered with 3-D MRI dataset of lower limbs 
and the two modalities may be visualized simultaneously. Apart from main planes, any arbitrary MRI cross-section can 
be rendered on the 3-D MS model in real time. The interface provides tools for: bone cutting, manipulating and removal, 
repositioning muscle insertion points, modifying muscle force, removing muscles and placing implants stored in the 
implant library. 
SPE3D supports stereoscopic viewing as well as natural inspection/manipulation with use of haptic devices. 
Alternatively, it may be controlled with use of a standard computer keyboard, mouse and 2D display or a touch screen 
(e.g. in an operating room). 
The interface may be utilized in two main fields. Experienced surgeons may use it to simulate their operative plans and 
prepare input data for a surgical navigation system while student or novice surgeons can use it for training. 
Keywords: surgery planning, virtual reality, functional outcome, MRI, haptic device  
 

1. INTRODUCTION  
TLEMsafe project’s [1] aim is to create a patient-specific surgical navigation system, based on innovative information 
and communication technologies (ICT) tools, for training, pre-operative planning and execution of complex 
musculoskeletal (MS) surgeries of lower limbs. It aims to help the surgeon to safely reach the functional result optimal 
for the patient, and it will be a user-friendly training for surgeons. The key to reliable surgery planning is detailed and 
consistent dataset describing the patient’s locomotor system. Three-dimensional (3-D, static) and four-dimensional (3-D 
+ time, dynamic) medical imaging.is used in TLEMsafe project to adjust standard parameters of lower limbs MS model 
so as to imitate the subject’s biomechanics [2, 3, 4]. The surgery planning procedure is performed with SPE3D (Surgery 
Planning Environment 3D, pronounced speed) application. The patient-specific model is modified according to one or 
more scenarios driven by the operator (a surgeon or a student being trained). Essential in SPE3D is the fact that the 
operator is provided with multimodal 3-D model that may be modified in a natural manner. The changes committed by 
the operator update the model parameters. Modified parametric models are analyzed with a biomechanical tool and the 
functional outcome is estimated for every individual surgery scenario. The optimal plan may be fed into a surgical 
navigation system that allows the surgeon to reproduce the selected plan during the actual surgery. A path of the 
preoperative planning process is depicted in Figure 1. 
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Figure 1. A path of the surgery pre-planning process. The optimal surgery scenario is colored red. 

 

The system developed in the TLEMsafe project is the first consistent solution providing the complete process path that 
includes: gathering patient data, building customized MS model, planning surgery scenarios, simulating functional 
outcome of the intervention and guiding the surgeon in the operating room. An earlier version of SPE3D application was 
described in [5] while this paper covers the most crucial improvements introduced in the system since publication of the 
aforementioned publication. 
 

2. DATA EXCHANGE AND PRESENTATION FEATURES 
The new functional requirements for SPE3D system resulted in a need for new data types to be imported/exported and 
viewed. They include namely: incorporation of an improved AnyBody musculoskeletal model structure, support for 
visualization of MRI scans of the patient and visualization of model’s muscle activity levels during certain activities of 
daily living. 

2.1 Improved musculoskeletal model 

The patient-specific musculoskeletal models loaded by the SPE3D application originate from the AnyBody Modeling 
System (AnyBody Technology A/S, Denmark) and are created based on medical imaging using Mimics® Innovation 
Suite (Materialise N.V.) as well as functional trials. Incorporated into SPE3D version 5.3 of the AnyBody Core API 
utilizes an optimized model definition as well as allows better fitting of model to the original geometry data. 

Reconstructed model geometry improvement is easily noticeable in images presenting femoral head geometry 
superimposed over original patient’s MRI data (Fig. 2). Existing in the previous version 5.0 of AnyBody Core API 
disparity between model geometry (yellowish surface) and real shape (blue wireframe) generated based on the MRI 
image sequence may be seen in Fig. 2 a). Vice versa, surface congruent to MRI image outline may be seen in Fig. 2 b) 
presenting a model customized with AnyBody Core API version 5.3. 

Another important feature included in AnyBody Core API version 5.3 is the possibility to register the position of the 
human model to posture in the MRI image data. Consequently, the musculoskeletal model and the MRI images can be 
properly overlaid in the SPE3D's views. 
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Figure 2. Comparison of the bone geometry fitting in Anybody Core API version 5.0 a) and 5.3 b). Better surface to MRI 
data fitting may be seen in picture b). 

2.2 MRI modality support 

One of the first surgeon-validation sessions of SPE3D had shown that MRI imaging is one of the key modalities used by 
surgeons when planning a complicated surgical intervention. MRI images present the locations of crucial and often 
delicate anatomical structures (e.g. nerves, blood vessels etc.) that must not be damaged during the surgery. The need of 
real-time viewing of MRI data in DICOM format in side 2-D panels at surgeon-controlled cross-sections proved to be a 
necessity. 

The integration of a 3-D model with a series of 2-D DICOM images was an interesting task and the main issues to solve 
were: ‒ importing od DICOM MRI format into SPE3D, ‒ MRI data representation (2-D panels at the side of the application window, 3-D planes registered with the 3-D 

musculoskeletal model, ‒ implementation of voluminous MRI data presentation to the user in real time, without any noticeable lags. 
The first problem was solved with some help from MaterialiseN.V. project partner from Belgium that prepared merged 
full-length MRI sequences covering the volume of pelvis and lower limbs.  Initially the idea was to represent the volume 
data in a form of a 3D point cloud or volume rendering. The initial implementation and trials have shown that these 
solutions were either not robust enough for real-time interaction or were not offering sufficient quality. 

Therefore, it had been decided that DICOM data would first be converted into a series of JPEG image files and an XML 
file containing the sequence’s metadata. Such package would then be loaded into SPE3D and cross-sections of MRI data 
would be presented on 2D side panels. The most effective method of implementation turned out to be creating a custom 
shader – a specialized program that is executed on the Graphics Processing Unit (on a graphics card) and therefore does 
not put load on the Central Processing Unit (CPU) of the computer. As a result the CPU may be used to support other 
tasks, e.g. real-time user interaction or haptic device manipulation. Also the 3DVIA Virtools™ environment (in which 
SPE3D was developed) supports compiling of shader programs. 

The required shader program was developed and its performance was estimated. It turned out that thank to the fact that 
the MRI data processing and visualization is done solely by the GPU there is practically no decrease in framerate due to 
MRI presentation. Moreover, there still was computational power overhead so the shader program could be developed to 
calculate completely unrestricted cross-sections of MRI data. 

Finally, the SPE3D application allows the operator to view MRI data in three ways: ‒ cross-sections aligned to the main planes of the patient presented in three 2-D side panels (Fig. 3), ‒ cross-sections aligned to the main planes of the patient rendered on three planes that intersect the MS model 
(Fig. 3), 
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‒ an unconstrained 3-D cross-section, position and orientation of which are arbitrarily set by the operator (in this 
case the cross-section may be directly used to define a cutting plane to perform an osteotomy) (Fig. 4). 

 
Figure 3. Musculoskeletal model data fused with MRI data (center) and MRI presented in 2D panels (right). 

 
Figure 4. Musculoskeletal model data fused with MRI data (unconstrained arbitrary cross-section plane). 

It is the operator’s choice which cross-sections he or she wishes to have rendered. In particular, MRI data should not be 
visualized after the operator has performed osteotomies and manipulated bony fragments as the 3D model and MRI 
dataset are not coherent any more. 

Consultations with surgeons working on the TLEMsafe project lead to a belief that the solution implemented proves 
itself very useful and is a strong advantage of the SPE3D application. 

2.3 Functional outcome data visualization 

Functional outcome of every surgical scenario is evaluated in order to choose the one optimal for the patient. The 
outcome is estimated for a number of activities of daily living (walking, crouching, climbing stairs etc.). Changes 
introduced in the model during surgery planning may influence the muscle activity level (muscle engagement) required 
to perform a task. In order to investigate it a Functional Outcome Evaluation Tool (FOET) was developed by AnyBody 
Technology. For each activity a simulation is calculated in which an ‘operated’ model performs a certain task. The 
information about resulting simulated activity of certain muscles represents the effort that the model puts into performing 
the activity or may suggest that a model is incapable of completing a task. It may be used by the surgeon to further 
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improve the surgical scenario and finally find the solution optimal for the patient. There are over 300 muscles (including 
branches) implemented in the MS model used. Analysis of such tables for each activity even with FOET’s intelligent 
formatting and filtering is a burdensome work with a high chance of overlooking some issues or data misinterpretation. 
There was a need to present the analysis results to the surgeons in a more appealing way. SPE3D was chosen for this 
purpose as it already had a visualization module implemented and the surgeons were familiar with it. 

 
Figure 5. SPE3D application presenting muscle activity levels during a squatting activity for ‘operated’ MS model PostOp1. 

A dedicated ADL viewer window was designed to view activation data  (Fig. 5, bottom right corner). With use of drop-
down menus it gives access to all scenarios and in a scenario to all ADLs calculated by FOET application. Muscle 
activity levels are represented by colors: green – low activity, red – high activity, blue – activity over 100% impossible to 
achieve. The ADL viewer has a small video window to present the current activity stage. Below some control buttons 
may be found, similar to those of a standard video player. The muscle colors in the main 3-D model view change 
accordingly to the progress of the activity video. The operator may anytime manipulate the model so as to find the 
desired point of view. We believe that a graphical dynamic presentation of muscle activity in 3-D space may facilitate 
the analysis process for the surgeons and in consequence help them better understand the nature of modifications made. 

 

3. MUSCULOSKELETAL MODEL MANIPULATION FEATURES 
Apart from import, export and visualization of new data modalities several model manipulation features were 
implemented in SPE3D after consulting with surgeons and academic staff. These functionalities include: ‘smart’ 
placement of hip implant, notification of an osteotomy in proximity of a tumor, manipulation of muscle effective 
strength and a possibility to use two haptic devices for viewport and/or model manipulation at the same time. 

3.1 Aided placing of a hip prosthesis 

During a total hip arthroplasty (THA) both parts of the joint (femoral head and acetabulum) are surgically replaced with 
prostheses. There may be many reasons for THA (e.g. dysplastic hip, degraded articulation surface etc.) but in almost 
every case it is desired to put the hip prosthesis’ rotation center in symmetry with the contralateral hip joint. It may be 
not an easy task to plan, especially when a joint is fully dislocated and a false acetabulum has formed on the affected 
side. A potential help in SPE3D system is a function that projects the position of the healthy joint to the opposite side 
(Fig. 6). The function assumes that the pelvis is close to symmetrical in the coronal view. A plane for which the left and 
right side disparity is minimal is estimated (it will be referenced as best plane of symmetry hereafter). A theoretical 
articulation sphere for the healthy joint is calculated based on the shape (mesh vertices) of the acetabular surface. The 
articulation sphere’s center is projected on the opposite side of the best plane of symmetry and the new hip joint 
prosthesis’ center of rotation is placed there. SPE3D’s operator may correct the position of the center of rotation but if it 
seems reasonable only rotations of the femoral and acetabular components are required. 
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Figure 6. A close-up on a hip prosthesis placed with use of SPE3D (please note that the prosthesis used is just a generic 

sample and is not of correct parameters for the MS model used). 

3.2 Tumor proximity danger notification 

Patient’s safety is a crucial question during the surgical intervention. Driving a cutting tool (a chisel or an oscillating 
sew) through a tumorous tissue could compromise patient’s safety and cause additional threat to life. Taking advantage 
of the fact that tumor geometry can be defined based on MRI imaging, it is possible to load such a 3D object into SPE3D 
and visualize it in 3D view. Moreover, a certain safety margin (distance) can be set and if a cutting plane is closer to the 
tumor than the threshold distance the operator is being warned that the tumor safety margin has been breached (the 3D 
background temporarily changes from light blue to light red). 

3.3 Muscle strength manipulation 

Surgical interventions in hip joint areas often require he surgeon to incise a muscle (e.g. in order to elongate it). An 
undesirable but inevitable effect of this operation is a change in muscle strength (weakening of the muscle). Depending 
on the muscle and the incision size the change in muscle strength may have a significant impact on patient’s ability to 
perform activities of daily living and therefore it should be reflected in the MS model parameters. The effect of incisions 
may be declared by the surgeon in SPE3D application with use of a percentage slider that presents the relative strength of 
currently selected muscle. 

3.4 Possibility to use two haptic devices at the same time 

Preliminary validation sessions of the haptic interface for SPE3D system have proven that use of a six degree-of-freedom 
(6DoF) manipulator Phantom Omni (Sensable, USA) may drastically decrease the time needed by the surgeon to inspect 
the multimodal model of the patient and to create a surgery plan. The users needed less than ten minutes to get 
acquainted with the new device and were very satisfied with its usability. One issue that the test users described as a 
nuisance was the need to often switch the mode of the device between viewport manipulator and multi-tool. Using haptic 
device together with a mouse in the other hand was somewhat useful. However, right hand was usually selected as 
operating Phantom and mouse was to be used with left hand that was not as skilled in mouse operation. 

A straightforward solution was to add one more haptic device to the system. When the system detects two Phantom 
Omni devices connected (Fig. 7 and 8) one of them is used for camera manipulation only while the other may be used as 
any of the model manipulators (bone cutter, bony fragment mover, muscle manipulator, etc.). Worth mentioning is that 
both haptic devices work in local coordinates of the monitor display, i.e. viewport and model manipulation are realized 
in a way resembling natural perception.  
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Figure 7. SPE3D workstation used with two Phantom Omni devices. One is used for viewport manipulation while the other 

is (currently) used to plan an osteotomy (cut in the bone). 

 
Figure 8. SPE3D interface showing final inspection of a model before osteotomy planning. Blue and orange pointers 

represent the styli of haptic devices. The orange one is in control of the position of the arbitrary MRI visualization 
plane. The intersection of the plane and the bone will define the cutting plane. 

 

4. CONCLUSION 
SPE3D system has been created for surgery pre-planning based on multimodal patient-specific three-dimensional models 
of lower limbs. The authors believe that such approach will have a growing significance in evidence-based medicine. 
Surgery scenarios created with SPE3D may be directly used by a) FOET software to simulate the functional outcome of 
the surgery and b) surgical navigation system if the simulated outcome is satisfactory. New features and functionalities 
implemented in SPE3D reflected the remarks and requirements expressed by test users – surgeons cooperating in 
TLEMsafe project. Especially, incorporation of MRI data enriches the MS model with required volumetric data 
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describing soft tissue in a form that surgeons are familiar with. On the other hand, taking advantage of two haptic devices 
is big leap forward in terms of usability and user-friendliness of the interface. The system allows semi-immersion when 
used with 3-D display (shutter glasses) and a haptic device. However, complete planning functionality is available even 
for simple configurations with a 2-D display and a standard mouse. 

 

5. FUTURE WORK 
Recent improvements of SPE3D system have significantly increased its usefulness and applicability in pre-planning of 
complicated surgeries in lower limbs region. Nonetheless, the more features are implemented the more possibilities for 
development show. In short term, the closest attention will be most probably paid to: ‒ utilization of haptic device’s force feedback for collision detection and probably automatic snapping the pointer 

to bone surface, ‒ implementing a method for temporary locking required degrees of freedom for most precise and controlled 
positioning, ‒ importing a commercial hip prosthesis database (agreement with a world-class prosthesis manufacturer has been 
signed), ‒ designing a nicer more appealing user interface (current rather functional but far from being esthetic). 

In further scope, developing modules supporting other types of surgical interventions is planned. This will expand the 
functionality offered by the interface. Regarding these paths of evolutions the authors hope that the proposed interface 
will gain user’s popularity and will contribute to the welfare of the society. 
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