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I. INTRODUCTION

A. Context

For the last two decades, computer modeling showed
important progress in the field of virtual simulation
related to the analysis of the musculoskeletal sys-
tem. This progress mainly concentrated on the
technological aspects of modeling systems:

• More and more efficient algorithms have
been developed to solve theoretical problems;

• current systems can process and register more
heterogeneous data simultaneously thanks to
the continuously increasing speed of available
hardware;

• display technology allows stunning data
visualization;

• and, last but not least, bioengineering classes
enable young researchers to perform research
that aims to enhance understanding of human
anatomy and its many functions.

At first view, our current know-how and state-
of-the-art technology may appear capable of solv-
ing most problems and producing a clinically
useful technological frame. However, despite these
promising aspects, serious limitations appear once
the above progress is applied to the clinical setting.
Problems exist for various reasons mainly related
to the specific constraints clinicians meet when
performing diagnosis or patient follow-ups.

The following text proposes the various com-
ponents of a research frame that would allow
increasing the usefulness of today’s simulation
systems within a clinical context. Some of these
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components are already available from the litera-
ture, others are under development or are yet to
be developed. In all cases, serious clinical valida-
tion should be performed to determine the level
of accuracy one can expect within a clinical con-
text, which is usually much more constrained
than the ideal experimental conditions of a re-
search laboratory.

The goal of this article is to serve as a basis for
further interdisciplinary discussions that can lead
to a definition of clinical needs and long-term
goals, and to find a consensus about how to answer
these needs by improving the current state-of-the-
art technology  in the field. The readers can find
more details related to the techniques discussed in
the references.

B. Statement

Technologies found in modern simulation sys-
tems include advanced algorithms and state-of-
the-art displays. Throughout the world, many
human efforts are daily performed in the develop-
ment of tools dealing with biomechanical re-
search. Most of these answer some local, practical
questions, either at the fundamental research level
or, sometimes, at the clinical level. Unfortunately,
most of these efforts appear to become useless
once exported to other locations where local needs
or local resources are different.

This poor transportability of resources (data,
protocols, software codes, hardware, people, etc.)
can be explained at various levels:

• complexity of the problems to be solved;
• inhomogeneity of the local resources at differ-

ent locations;
• lack of a common technical language in a field

including individuals from various backgrounds
(engineers, physiotherapists, physicians, etc);

• lack of standardization;
• lack of optimal communication;
• lack of consensus about the goals to reach;
• and more.

In summary, numerous efforts are currently
expended to answer local questions, but, in prac-
tice, only a limited number of these efforts are
truly useful at a larger scale, especially in clinical

practice. Better coordination and collaboration
should help to reduce redundant efforts and in-
crease resource sharing.

C. Limitations of Current Modeling
Systems in Clinics

Because the above-mentioned recent progress in
the field of musculoskeletal modeling allows in-
teresting analyses to be performed at the funda-
mental level,1–6 one can either study the relation-
ship between a particular work environment and
the position of specific joints and surrounding
muscles or analyze the effect of a particular tendon
transfer on limb dynamics (Fig. 1).

Unfortunately, these systems also show at
least two serious shortcomings that limit their use
within a daily clinical program. The first limita-
tion is the lack of extensive clinical validation
necessary before integrating any new tool into a
clinical environment (we will not describe clinical
validation here because it is too specific to national
regulations and to the tool to be validated). The
second main shortcoming is the difficulty in quickly
integrating patient-specific information into the
modeling pipeline to obtain the customized re-
sults that are needed for diagnosis or patient
follow up. The remainder of this article proposes
new research ideas to stimulate the field of inquiry
and hopefully increase the clinical usefulness of
today’s available modeling systems. It is also a call
to launch a debate about the best strategies for
reaching this goal.

D. The Ultimate Clinical
Simulation System?

One of the most challenging goals to achieve in
biomechanics is found in the clinical analysis of
the musculoskeletal system. The following system
(Fig. 2) is the fruit of discussions that occurred
recently with people from various backgrounds
and expertise (mechanical engineers, orthopedists,
physiotherapists, motion experts, muscle experts,
physiologists, anatomists, radiologists, computer
programmers, computer graphic experts, clini-
cians, academic researchers). Many components
found in this description already exist as separate
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entities in the literature. However, this system is
yet to be developed through the improvement and
combination of these components, as suggested in
the remainder of the article. Unfortunately, this
creation may not be feasible because of the com-
plexity of the endeavor, unless a truly interna-
tional and multidisciplinary effort is organized, as
explained in the last section.

II. DESCRIPTION OF THE SYSTEM

A. Anatomical Database (In Vitro and In
Vivo) (Fig. 2, Label 1)

The kernel of the system is based on a large and
detailed anatomical database entirely collected
from validated and objective data collection pro-
cedures. Most of the data available from the
database would be collected during in vitro experi-
ments. Other data, such as gait analysis or electro-
myography, must be obtained from volunteers

during in vivo procedures. The following data
should be available to produce anatomically sound
generic models.

1. Bone Morphology

Bone morphology can be obtained from medical
imaging in an accurate way using computerized
tomography (CT). Existing segmentation tools
perform automated or semiautomated extraction
of bone information, and anatomically correct
3-D models can then be constructed and stored in
a variety of formats.7 Spatial resolution of current
CT systems allows quality reconstruction of any
bony structures and observation of most surface
features at the bone surface (Fig. 3A). High ana-
tomical accuracy is necessary if models have to be
used for the location of anatomical landmarks, as
described later.

Finite element data are requested for fine
analysis of structure constraints—both in normal

FIGURE 1. Examples of modeling environments
used in real-world applications. (A) Lifting tasks
are among the main occupational risks. Musculo-
skeletal modeling can analyze the influence of
the workplace on the loads of different tissues.
(B) Wheelchair users might experience shoulder
pain. Such modeling can be used to optimize the
design of the wheelchair to reduce this problem.
(C) Simulation-based treatment planning for stiff-
knee gait.6 Stiff-knee gait is characterized by in-
sufficient knee flexion during the swing phase. A
muscle-driven simulation that reproduces an
individual’s gait dynamics can provide a scientific
basis for planning treatments—for example, by
predicting whether an increase in knee flexion is
likely to result (D) following rectus femoris trans-
fer surgery (E). [Figures 1A and 1B have been
provided courtesy of J. Rasmussen (Anybody
Research Project, Institute of Mechanical Engi-
neering, Aalborg University, Denmark). Figures
1C, 1D, and 1E have been provided courtesy of A.
Arnold (Mechanical Engineering Department,
Stanford University, USA).]
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and pathological conditions. Material properties
of bone, necessary for that purpose, can be ob-
tained by biopsies or by using bone intensity in CT
datasets8 (Fig. 3B). An understanding of bone
microdamage is also possible combining iodinated
contrast agents and micro-CT.9

Such modeling should be performed for the
entire skeleton (Fig. 3C), and the final database
should include as many individuals as possible
(Fig. 3D) to better represent the numerous ana-
tomical variations found in the human body.

2. Anatomical Landmarks

Location of landmarks is a key element in mod-
eling of the musculoskeletal system for data
registration and representation of results accord-
ing to conventions (local or standardized). In
vitro protocols can use fiducial markers implanted

FIGURE 2. Proposal of a clinical modeling system integrating decision-making support (see further subsections for
a description of each component and related data): (1) Detailed anatomical database, including multilevel data;
(2) registration engine to associate and combine inhomogeneous data; (3) generic models built from (1); (4) patient-
specific data used to update (3) into patient-customized models; (5) patient-customized models; (6) knowledge-
based engine processing model (5) for decision-making support. Two research pipelines would interact with each
other (empty arrows: fundamental research pipeline; full arrows: clinical research pipeline). Fundamental modeling
will create well-validated knowledge and generic models necessary to describe the normal musculoskeletal system.
The available patient-specific data will be used to customize the generic models. Results of this customization are
then statistically analyzed through a decision-making engine to provide support to clinical teams.

within the bone segments-of-interest (eg, reflec-
tive markers for motion-tracking devices or alu-
minum balls—Figs. 4A–4C) to characterize bone
position and orientation in different hetero-
geneous datasets before registration.11 The latter
can then be performed using the spatial coordi-
nates of the located markers using, for example,
least-squares algorithms.12

Despite their usefulness for registration pur-
poses, fiducial landmarks (FLs) cannot usually be
used for anatomical representation of results be-
cause their location does not correspond to the
available standards that are similar to clinical con-
ventions. Therefore, any database related to a
modeling system should include spatial coordinates
of landmarks as defined by international stan-
dards13-15 to construct anatomically meaningful
reference frames. This should also facilitate data
exchange and comparison.16 Anatomical landmarks
can be located using virtual palpation directly from
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FIGURE 4. Fiducial (FL) vs. anatomical (AL) landmarks. Top row shows FLs. Bottom row shows ALs. (A) Aluminum
balls inserted in a Plexiglas plate that is mounted on a surgical pin (aluminum is artefact-free in an X-ray field). (B) Two
pins similar to 1 drilled into both shank and foot of a specimen. (C) Cluster of reflective markers inserted into the skull,
first vertebra, and second vertebra. (D) ALs palpated on 3-D bone models of vertebrae using virtual palpation. (E) Virtual
palpation of the great trochanter. (F) Local anatomical frames obtained from ALs.

FIGURE 3. (A) Detailed 3-D surface model of bones: (1) iliac bone; (2) femoral bone; (3) patella; (4) foot.
(B) Finite element models. (C) Fully segmented human skeleton. (D) Models of 4 different pairs of lower limbs.
[Figure 3B has been provided courtesy of M. Viceconti (Laboratory for Medical Technologies, Istituti Ortopedici Rizzoli,
Italy).] All data were obtained during the VAKHUM project.10 (Available from: www.ulb.ac.be/project/vakhum.)
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FIGURE 5. Example of discrepancies during motion interpretation to illustrate the need for accurate landmark
definitions. (A): Lateral view; medial view. (C): Anterior view with semi-transparent femoral bone. (D): General view.
(A), (B), and (C): Location of two anatomical landmarks (FMEi: medial epicondyle; FLEi: lateral epicondyle) of the
distal femoral knee was performed by three different experimenters (i = 1, 2, 3) without using strict definitions.
Location discrepancy is observable (average discrepancy < 1 cm and < 2 cm between pairs 1–2 and pairs 1–3,
respectively). For each experimenter, the corresponding joint coordinate system (JCS) was then determined (D).18,19

One motion dataset (knee flexion/extension) was obtained using in vitro electrogoniometry,11 registered to the
above 3-D models,11 and represented in each of the three JCSs. Bottom: JCSs motion graphs. Motion representation
discrepancy did not appear for the main rotational degree-of-freedom (ie, flexion/extension, left graph) but is large
for the associated degrees (center graph: internal rotation/external rotation; right graph: adduction/abduction).
Observing these graphs in a clinical context would lead to different conclusions, whereas the collected motion
dataset was the same in this example.

3-D bone models obtained from medical imaging7

(Figs. 4D and 4E) for accurate anatomical descrip-
tion (Fig. 4F). This palpation must be performed
according strict anatomical definitions to achieve
higher reproducibility.17 Without detailed defini-
tions, the comparison of results reported in even
slightly different reference frames is difficult (Fig. 5).
This probably explains why so many contradictory
results are found in the literature; indeed, various
papers related to similar topics frequently report
different results, partly because the anatomical co-
ordinate systems used to represent the kinematic

results are dissimilar. Therefore, strict guidelines
about accurate and reproducible anatomical land-
mark palpation must be developed16 (such guide-
lines are currently in redaction and should be pro-
posed in the year 2006).

3. Joint Kinematics and Motion Analysis

Joint kinematics describes the intrinsic behavior of
a joint. Current data collection procedures (stereo-
photogrammetry, electrogoniometry) allow good
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accuracy (error on orientation and position
< 1° and 1 mm, respectively) when used in vitro,
that is, using invasive protocols.11 In vivo protocol
shows lower accuracy mainly due to the inter-
position of soft tissue between the joint compo-
nents and the landmarks used to track the
motion17; therefore, it is advisable to use in vitro
procedures to collect full 6 degrees-of-freedom
(DOFs) data.

In vitro protocols allow invasive procedures to
be used by attaching an electrogoniometer rigidly
into the bone structure11 or by drilling a marker
cluster into the skeleton during data collection
based on stereophotogrammetry analysis sys-
tems20,21 or electromagnetic devices.22 Combined
with medical imaging performed on the same
specimen, this method allows the production of an
accurate computer simulation of the analyzed joint
kinematics (Fig. 6). Anatomically meaningful
results can be presented by using virtual palpation
on the 3-D models obtained from medical ima-
ging in order to generate motion graphs (Fig. 5).
No matter the device used to collect joint kine-
matics, the obtained 6 DOFs data should repre-

sent a required basis for improved analysis of
patient-specific data (see below).

Supplementary motion data must also be col-
lected during the analysis of particular tasks (walk-
ing, sitting, stair ascending/descending, etc.) that
are performed in daily life. If well standardized,
this “living” motion database should represent an
important normalized population usable for com-
parison in clinical practice, especially if combined
with muscle activity and medical imaging.24,25

4. Muscle Parameters

Research in muscle modeling showed great progress
over the last decade. Advanced modeling of the
musculoskeletal system is now possible and allows
researchers to quantify the effect of a tendon
transfer or working environment on the dynamics
of a limb.2–6 Numerous physiological muscle para-
meters are included in these models26: origins,
insertions, mass, volume, pennation, wrapping
points, tendon/muscle fiber ratio, sarcomere length,
etc. It has been previously mentioned that results
obtained from such systems are valuable for fun-
damental research.

Unfortunately, these systems are built around
generic models that are supposed to represent an
acceptable average of the human anatomy. De-
spite advanced underlying technologies, current
systems are unable to generate extensive custom-
ized results usable in clinical practice. There are
several reasons for these limitations. First, most
anatomical data within these systems have not
been collected using accurate and well-validated
procedures. Furthermore, the above parameters
necessary for muscle modeling are frequently not
available from one unique source. Researchers in
the field must then obtain them from various
resources (their own experiments, literature, pub-
lic or commercial Internet data repositories, etc.)
without extensive documentation. It is then up to
the developers to find a way to combine the
different pieces of the puzzle into one coherent
anatomical system. In practice, data combination
requires much manual tuning and data editing to
achieve “acceptable” results, which are difficult to
validate. Another problem is that developing teams
are usually not located in premises where extensive
data collection can be organized to collect all

FIGURE 6. Simulation of the joint kinematics of the
atlantoaxial joint, that is, between the first cervical
vertebra (fully rendered) and the second vertebra (mesh
rendered). Row 1: anterior view; row 2: superior view.
Column A: right rotation; column B: neutral position;
column C: left rotation. Representation of the instan-
taneous axis of rotation is also displayed.23 The ex-
perimental data collection setting can been seen in
Figure 4C.
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necessary data for modeling. Therefore, optimal
communication and consensus between the various
actors—the data collection team and the
developers—is important. Unfortunately, such com-
munication rarely exists. A third problem is due to
the numerous disparities found in the human
anatomy: At all levels, muscles included, anatomi-
cal structures show many individual variations and
changes (related to age and gender) that are of
importance in explaining physiological differences.
Such variations should be represented in modeling
environments. Producing enough data to create
generic models for all variations is highly utopian.
The solution is the creation of customizable models
built from well-validated data collection.

Organizing extensive data collection at one
location by a large team that encompasses various
fields of expertise can solve the first above-men-
tioned problem. A maximum number of param-
eters would be collected during the same validated
protocol and on the same specimen. A large dataset
of naturally linked physiological parameters would
then be available for further processing and devel-
opments. Such efforts have already been per-
formed27,28 but were unfortunately limited in scope
(also see http://www.fbw.vu.nl/research/Lijn_A4/
shoulder/VUstudy_intro.htm). More recently, a
feasibility study performed at the Université Libre
de Bruxelles (ULB) investigated the possibility of
processing a whole specimen (Fig. 7).

The feasibility study presented in Figure 7 is
extremely promising but is, unfortunately, still
incomplete. Indeed, important parameters such as
the sarcomere length and tendon stiffness have
not been processed.29,30 Supplementary protocols
to achieve more detailed collection should be put
into place. Joint kinematics (see previous section)
of the same specimen should also be performed to
obtain a final model that would include all re-
quested information needed from musculoskeletal
analysis from one unique subject and source.

Processing one specimen will, of course, not
solve the problem of the current lack of represen-
tation of individual anatomical variations. Speci-
mens of both genders and various ages (children,
young adult, elderly) should be processed, probably
at various locations, to share this time-consuming
effort. It is, therefore, important that collabora-
tions between multiple research departments are
organized (this problem is tackled in the last section

of this article). This should ensure that the data
collection protocol is similar for all partners to
facilitate data registration and data exchange.

It is highly probable that not all existing
anatomical variations can be directly measured on
all specimens because they are too numerous (see
a detailed anatomy textbook for a description of
anatomical variations). The amount of work would
be highly time-consuming. Alternatives should be
found in more specialized work regarding which
data would be integrated into a general model. For
example, supplementary information about the
insertion variations of some muscles could be
introduced into a full model similar to the one
illustrated in Figure 7.

Muscle activity data collected during in vivo
experiments is also of importance to create a
reference database for further dynamics work. For
that purpose, electromyography (EMG) associ-
ated with motion analysis (see above) should be
performed during well-standardized in vivo proto-
cols.31 Unfortunately, EMG techniques are stil
lacking accuracy for deep muscles, or within areas
where several muscles are close to each others (ie,
cross-talk phenomenon). Further work on that
specific topic is necessary.32,33

5. Intermediate Joint Components, Hyalin
Cartilage, Meniscus, Labrum

Current biomechanical musculoskeletal models
rarely include full morphological joint data. Joint
descriptions are usually limited to the shape of the
underlying bone surface. However, joint compo-
nents are numerous and important to explain par-
ticular joint behavior. The components that can be
found in a particular joint will depend on the joint
type.34 Joints are usually classified according to the
nature of the intermediate element found within
the joint cavity, that is, the space between the bony
elements articulating to each other. The interme-
diate element can be bony (eg, between skull bones),
fibrous (eg, inferior tibiofibular joint), cartilaginous
(eg, costal cartilage), or synovial (the most commun
joint type). Anatomically correct modeling should
represent this intermediate element if our under-
standing of joint physiology is to improve.

Synovial joints are covered with hyalin carti-
lage, which sometimes exhibit a different shape
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FIGURE 7. Digitization of a full musculoskeletal system (from left to right and from top to bottom). (A) A specimen
(male, 59 years old) of average size (172 cm) and weight (69 kgs) was selected from the Body Donation program of
ULB. No visible problem related to the musculoskeletal system was apparent. Large balls filled with an oily solution
were set at different locations on the skin surface. These balls were visible in both CT scan and magnetic resonance
imaging (MRI). (B) In each major bone (here a left clavicle), four aluminum balls (diameter: 4 mm) were inserted and
glued. These balls were visible in the CT scan and remained in place during further dissection. (C) Both full-body MRI
and CT scan imaging were performed the same day. A special jig ensured that the body position was similar in both
medical imaging datasets. (D) Slices obtained from MRI allowed extracting information related to muscle volume
and location of the oily balls using so-called segmentation operations. On this image, segmentation of the gluteus
major muscle is highlighted (see arrow). Each segmented structure was then reconstructed three dimensionally.
Segmentation of the CT data (not shown) enabled the attainment of 3-D models of the entire skeleton. Spatial
location of all visible balls (oily balls and aluminum balls) was also processed. (E) During dissection of the specimen,
each dissected muscle (here a left deltoid muscle) was carefully cleaned, and needles were inserted into the muscle
following selected muscle fiber paths, including the tendon and the musculotendinous junction (if any). (F) The
spatial position of each needle inserted into the muscle was digitized using a 3-D digitizer (arrow). The location of
the bones-of-interest was also processed by digitizing the aluminum balls glued into those bones. After muscle fiber
digitizing, the muscle was removed and its bone origins and insertions were digitized, as well. Weight and volume
of each muscle were also obtained. (G) Registration of the digitized muscle fiber coordinates with the CT skeleton
looks anatomically correct [here the left deltoid muscle shown in (E)]. (H) Registration of the digitized muscle origins
and insertions toward the 3-D skeleton lead to anatomical cartography (view of the posterior aspect of the femoral
bone). (I) MRI volume models registered with the CT skeleton were also performed (displayed muscles: sartorius,
rectus femoris, and gracilis). (J) Further processing allows combining MRI volume data with the digitized fiber path
and CT skeleton (displayed muscle: vastus lateralis and vastus medialis).

from the underlying bone, and important vis-
coelastic properties. These joints may also include
supplementary structures, such as the meniscus
(knee joint) or labrum (shoulder joint, hip joint),

which mainly aim to increase joint stability and
decrease local joint constraints.

Dissection similar to the one illustrated in
Figure 7 allows data collection on structures such
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as the meniscus (Fig. 8, bottom). From an imag-
ing point of view, MRI is the best available
technology and allows accurate visualization and
anatomical representation. Ultrasound also shows
potential but needs further development before
extensive use within biomechanical applications,
mainly to improve registration abilities of ultra-
sound data and 3-D reconstruction.

Morphological data on hyalin cartilage can be
collected by dissection and digitizing, and regis-
tered to bone models. Unfortunately, hyalin carti-
lage is often too thin to be digitized during dissec-
tion (eg, cartilage is a few millimeters thick at the
hip joint level). Digitizing accuracy is becoming an
issue for automated registration (“automated regis-
tration” means that no manual human intervention
is necessary to correct registration imperfections). A
good alternative is found in MRI combined with an
injection of contrast agent in the joint cavity (Fig. 9).

Special MRI sequences then produce quality data
about the hyalin cartilage that can be reconstructed
three dimensionally.35-36 Arthro-CT (ie, CT imag-
ing with contrast agent in the joint cavity) can also
be used for that purpose but is less accurate then
MRI.37-40 Recent MRI systems do not need con-
trast agents anymore, which facilitates cartilage
data collection.

If material properties of hyalin cartilage must
be assessed, then biopsies at various locations of
the cartilage volume must be performed. Indeed,
cartilage thickness is not homogoneous,41 and it
can be expected that cartilage mechanical pro-
perties might be locally different between high
and  low loading areas.36 Viscocity analysis of the
synovial fluid should also be performed to ana-
lyze its lubrification properties and the mecha-
nism of hyalin cartilage nutrition (ie, the imbibi-
tion mechanism).41,42

FIGURE 8. Example of soft tissue modeling (right knee joint). (A): MRI dataset (sagittal view and horizontal view).
(B), (C), and (D): 3-D reconstruction. (B) and (C): medial view, (D): posterior view. (1): semitendinosus muscle (m.);
(2): sartorius m.; (3): internal meniscus; (4): patellar ligament; (5): posterior cruciate ligament; (6): medial gastrocne-
mius m.; (7): patella; (8): lateral gastrocnemius; (9): vastus medialis m.; (10): femoro-patellar joint cavity; (11): femoral
bone; (12): semimembranosus m.; (13): semitendinosus m.; (14): biceps cruralis m.; (15): lateral patellar retinaculum;
(16): medial patellar retinaculum. (B): Bone model has been obtained from CT imaging; muscle modeling was
performed using MRI [see (A)]; ligament and meniscus modeling was from dissection. All data in (B) came from the
same specimen (Figure 7) and were registered together. (Figures 8C and 8D have been provided courtesy of
© Primal Pictures Ltd. They indicate the results of realistic rendering of data obtained from MRI.)
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6. Other Soft Tissue Parameters
(Ligament, Joint Capsule, and
Muscle Aponeurosis)

Besides muscle information, biomechanical models
do not include detailed information on other soft
tissues, despite their importance for fundamental
and clinical research. Ligaments are important
because they keep joints together, and their tension
both limits and guides joint motions.43,44 Accurate
joint modeling should therefore include extensive
ligament data. Some ligaments are actually rein-
forcements of joint capsule, and therefore modeling
of the latter is interesting to increase our under-
standing about how important joint capsule archi-

tecture is for normal joint physiology. Another
anatomical structure, whose role is usually largely
underestimated, is muscle aponeurosis. Muscle apo-
neurosis has two functions: muscle contention and
muscle attachment. The first function is probably
less important for biomechanical applications, al-
though it can be involved in the clinical context (see
below). On the other hand, aponeurosis can host
large muscle attachment areas (Fig. 10). However,
current models include muscle bone attachments
only, and no relationships between muscles and
aponeurosis are described, whereas for some muscles,
aponeurosis attachment is important. Integrating
muscle aponeurosis attachment in musculoskeletal
models should improve current modeling systems.

FIGURE 9. MRI imaging with contrast agent (metacarpophalangeal joint). (A): MRI used in combination with
contrast agent to display the cartilage of a metacarpophalangeal joint (in vitro experiment). (B): Same specimen as
on the left after sawing to obtain sagittal slices for comparison: (1) First phalanx; (2) metacarpal bone; (3) hyalin
cartilage. A millimetric scale is displayed, as well.

FIGURE 10. Example of large muscle attachment on aponeurosis (left forearm, anterior view): (1) medial epi-
condyle; (2) lateral epicondyle; (3) towards the wrist joint; (4) flexor carpi radialis muscle (m.); (5) brachioradialis m.;
(6) flexor digitorum superficialis m. (Note that no palmaris longus m. was observed on this specimen.) Muscle 6
shows two kinds of aponeurosis attachment on this dissection: on the superficial aponeurosis (closed arrows) and on
the aponeurosis shared with muscle 4 (open arrows).
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Data collection protocols for aponeurosis are
very similar to the above-mentioned tools avail-
able for joint components (Fig. 8). MRI allows
visualization of collagenic fiber bundles and allows
3-D reconstruction.45 MRI is certainly necessary
for ligaments that are difficult to access by dissec-
tion only (such as the knee cruciate ligaments).
Ultrasound also shows potential but is limited for
the reasons mentioned previously (registration
problem). Ligament deformation and ligament
tension during a particular motion remain poorly
quantified. This can be studied by protocols com-
bining joint kinematic analysis with external de-
vices inserted into the ligaments (Fig. 11).46 Fur-
ther registration with medical imaging will be of
interest to better understand ligament behavior
and its role in joint control.

Limited information related to joint capsule
attachments can be collected using dissection. Joint
capsules may indeed show complex architecture,
for example, the presence of recesses, to allow
optimal joint mobility. Accurate data on this archi-
tecture can be obtained using arthro-CT (Fig. 12).

Performing data collection for muscle apo-
neurosis remains a problem. Dissection can be
performed but needs aponeurosis to be opened to
access the muscle bundles located inside their
limits. Such opening often disturbs the anatomical–
spatial relationships between both aponeurosis
and muscle structures. MRI can also be used for

the thickest aponeurosis (Fig. 8). Unfortunately,
some aponeuroses are too thin to be correctly
identified on a MRI dataset. Ultrasound is pro-
bably an alternative, but image interpretation and
efficient registration to the bone structure remains
a challenge because no tool to help build biome-
chanical models from such data is widely available.

7. Other Parameters, Documentation,
and Standards

The above list of parameters is not exhaustive. For
example, future work should also focus on quan-
tifying brain activity during central control of the
musculoskeletal system. Genomics and cellular
and tissular information could also be included to
create a data infrastructure answering the needs of
the Physiome initiative.47

A key element for optimal data exchange will
be the availability of extensive documentation
describing the whole data collection and data
processing procedure for any data (including full
validation and accuracy) and data formats. Stan-
dards related to the data formats must also be
discussed and adopted. Once the research commu-
nity agrees on a particular format, the latter must
be documented to allow the development of data
filters adapting the customized formats to the
agreed-upon standards.

FIGURE 11. Simultaneous in vitro data collection of wrist joint kinematics by electrogoniometry (white arrow) and
of ligament length changes with differential transducers (black arrow) inserted into the ligaments.46
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In all cases, personal data related to the speci-
men (gender, age, weight, height, known pathol-
ogy) must be given in the documentation describ-
ing the collected data. It must be stressed that
ethical rules at most locations forbid stating the
subject’s name within the documentation. Subject
identification must be organized around a coding
system, the key to which must be owned by
officially appointed persons (usually the scientist
in charge of the data collection coordination).

B. Registration Engine and Generic
Models (Fig. 2, Label 2)

Registration is an important element to guarantee
that the combination of the available data is
accurate enough to obtain anatomically correct
and meaningful generic models. Registration is
usually based on features available from the vari-
ous datasets, such as anatomical or fiducial land-
marks attached to the structures. In the above
example (see Fig. 7), muscle volume obtained
from MRI has been registered to a skeleton col-
lected from CT scan using fiducial landmarks.
Motion can be registered to a particular 3-D joint
model using anatomical landmarks.48 Other algo-
rithms analyzed the anatomical structure volume
to determine the spatial relationships of the datasets
to register.49 Such morphological algorithms can
perform registration of various kinds: rigid (in-

cluding both translation and rotation), scaling and
shearing.50 Spatiotemporal registration of local
joint kinematics with motion analysis and 3-D
bone morphology has recently been developed for
the lower limb25: A general motion performed by
a subject (eg, walking, sitting) was registered to a
3-D skeleton, including a 6 DOFs mechanism at
both knee and ankle joint levels. This method
allows combining anatomically accurate in vitro 6
DOFs joint kinematics with motion data collected
from a volunteer. Application of this method to
other joints should be considered. Because the
underlying joint behavior of the model is accurate,
further determination of muscle excursion and
muscle moment arm should lead to more repre-
sentative results than those obtained from model-
ing systems that integrated a simplified kinematic
representation (Fig. 13).

The above registration procedures are mainly
used for inverse kinematics and inverse simula-
tion. Unfortunately, inverse methods require a
large amount of heterogeneous data if one wants
to solve related questions accurately—for exam-
ple, “What are joint constraints during a particu-
lar motion?” In practice, it is often impossible to
collect all required data (eg, in the previous
example, the electromyography activity of all
muscles crossing the joint of interest), and too
many equations must be solved from too few
known variables. Therefore, optimization proce-
dures must be used in order to analyze the prob-

FIGURE 12. Arthro-CT of the shoulder joint: (1) humeral bone; (2) scapula; (3) joint capsule. (A) Original CT data
(horizontal view). (B) 3-D model from data displayed on the left. The scapula is semitransparent (posterior view). The
spatial morphology of the joint capsule can be visualized between the scapula and the humerus. Such a model also
allows measuring the volume of synovial fluid within the joint. The axillary recess (4) is well observable at the lower
aspect of the joint capsule. [Figure 12A: CT image data was obtained courtesy of X. Demondion (Department of
Musculoskeletal Radiology, Hospital R. Salengro, CHRU Lille, France).]
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FIGURE 13. (A): Registration of 6 DOFs joint kinematics (in vitro), motion data (in vivo), and CT imaging (in vitro).25

Attachments of the posterior muscles of the thigh have been registered from dissection results and their action lines
displayed. On-line length of the action lines are processed during the motion (only two lengths are displayed here).
(B): OVP representation of the current motion (sitting on a chair) of the shank related to the thigh observable on (A)
(current motion frame is indicated by a dot on the curves).51 The modeling system illustrated here is the freeware
Data Manager developed by the Multimod project.52–54 (C): Posterior view of a skull and the first two vertebrae:
Simulation obtained from setting from Figures 4C and 6.55 (D): Motion curves of the second cervical vertebrea are
displayed according to Grood and Suntay convention.18 (E): Moment arm of the obliquus capitis inferior muscle was
estimated using the tendon excursion and joint-angle data.56 (D) and (E): Same specimen as in (C).

lem based on physics-based modeling (direct
dynamics).57,58 Direct solutions prove to be use-
ful in a fundamental research context but still
need to be extensively validated to determine

the anatomical and physiological accuracy of
such models. A promising approach is the com-
bination of both direct and inverse methods
(Fig. 14).59,60
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Eventually, all above-described data must be
registered to generate generic models that are
both anatomically correct and documented
enough to allow further fundamental analysis
and integration of patient-specific data within a
clinical decision-making process. It must be
stressed again that before clinical integration, all
components of these generic models must be
fully and carefully validated.

C. Patient-Specific Data (In Vivo)
(Fig. 2, Label 4)

The use of current modeling systems is severely
limited for clinical practice because they do not
represent the real anatomy of the patients, or their
pathological conditions. Customization of these
systems is limited by the fact that data collection
in clinical practice using traditional clinical tools

FIGURE 14. (A) Neuromusculoskeletal tracking (NMT) overview: Stage 1, skeletal motion tracking of experimental
measurements of body kinematics and ground reaction forces (q^,S

^
) to determine joint torques, τt, which produces

model-simulated kinematics, qt, and ground contact forces, St (subscript t denotes tracking), in a forward simulation.
Stage 2, neuromuscular tracking determines excitations, um, as inputs to muscle dynamics in order to determine the
individual muscle forces, fm, which produce joint moments, τm (subscript m denotes muscle), which track the joint
torques, τt, from Stage 1. (B) Modeled segment angles obtained from tracking (gray) compared to observed data
(circles) and actual segment angles (thin black). Segment angles were also obtained when the joint torques calculated
from inverse dynamics were used to drive the model in a forward simulation (dashed). (C) Modeled ground contact
forces obtained from tracking (gray) compared to observed data (circles) and actual ground reaction forces (thin
black). Ground contact forces were also obtained when the joint torques calculated from inverse dynamics were used
to drive the model in a forward simulation (dashed). [Figure 14 was provided courtesy of A. Seth (Department of
Biomedical Engineering, University of Texas at Austin, USA) and M. G. Pandy (Department of Mechanical Engineer-
ing, University of Melbourne, Australia). It was originally presented at the ISB 2005 in Cleveland, Ohio.]
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(patient palpation, medical imaging, motion analy-
sis, etc.) did not produce data that could be directly
used in current modeling engines. The latter also
require too long a processing time to produce
clinically relevant patient-related reports. There-
fore, changing how useful data is collected for
modeling in the clinical setting, and further devel-
opment in modeling strategies to answer clinical
constraints, should allow the speeding up of data
processing and report production. Extensive clini-
cal validation is also still missing. This should be
organized on a large scale to demonstrate if such
systems might become a supplementary clinical
tool, without putting the patients at risk (eg, by
giving inaccurate results during clinical decision
making; see Fig. 5).

The above in vitro anatomical database can be
obtained using invasive methodologies because of
the nature of the in vitro data collection procedures.
Collecting data from patients or healthy volunteers
is usually performed under the terms of ethical rules
guaranteeing that the subject’s integrity is respected.
The general attitude to adopt when developing a
data collection procedure for clinical purposes must
be based on ethical values and must answer the
questions: “What is the quantitative individual’s
benefits from such procedure?” and “Do such bene-
fits justify the potential risk related to the proce-
dure?” In summary, in vitro procedures as above-
described are usually too invasive to be directly
applied in an in vivo context, especially in clinics.
Alternatives must, therefore, be found.

1. Bone Morphology

Medical CT imaging is frequently performed on
patients exhibiting joint problems. Therefore,
individual data from bone and joint surfaces can be
obtained from such imaging. One must note that
CT imaging leads to X-ray radiation of the sub-
jects. Although there is no consensus on the long-
term effects of clinical diagnosis doses,61 some
ethical committees might refuse CT imaging unless
benefits for the patient’s are clearly demonstrated.
If this is not the case, an alternative can be found
with MRI, but with a loss of spatial resolution for
bone reconstruction.62 Another alternative is to
consider the use of low dose CT (LDCT).63 LDCT
decreases the effective dose absorbed by the subject

by more than 90% compared to standard proto-
cols, with limited loss of quality in the data reso-
lution for 3-D bone modeling.64 Once patient-
specific medical imaging is performed, individual
skeletal architecture (eg, deformation, particular
joint surface, etc.) can be introduced in the model-
ing system.

Customized finite-element modeling is pos-
sible using automated procedures on medical imag-
ing datasets.8

2. Anatomical Landmarks

Fiducial landmarks inserted in bones are usually
not available from patient-specific analysis be-
cause no invasive materials can be used, for obvi-
ous ethical reasons. On the other hand, landmarks
are still needed if one wishes to perform registra-
tion, or if results must be anatomically repre-
sented. If subject-specific 3-D models are avail-
able from medical imaging then coordinates of
anatomical landmarks can be located using virtual
palpation under the same strict conditions as above
(ie, need for strict palpation guidelines).

Manual palpation can be performed through
the subject undergoing analysis (eg, joint motion
analysis). Such palpation requires serious training
and practice by the “palpator”—both in anatomy
and palpation technique—before he or she is able
to achieve a satisfactory confidence level, espe-
cially in anatomical areas where a thick layer of
soft tissue (ie, fat and muscle tissues) can be found
between the skin and the underlying bones. Here,
too, detailed guidelines are needed to obtain sat-
isfactory reproducibility.16

A common method to identify the spatial
location of anatomical landmarks is to use a
special palpation wand associated with stereo-
photogrammetry systems to decrease skin arti-
facts.65 The subject is first equipped with several
groups of technical markers, called clusters of
markers, which are strapped around the joint
segments. Motion analysis will later occur by
tracking the trajectories of these clusters during
segment displacements. The palpation wand also
includes a few reflective landmarks (Fig. 15A).
The architecture of the wand, that is, the spatial
relationship between the wand tip and the vari-
ous wand markers, must first be calibrated using an
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external device (Fig. 15B). For each landmark,
manual palpation is then performed, and the tip
of the stick is put on the palpated location
(Fig. 15A). The attitude (ie, position and orien-
tation) of both wand and technical cluster are then
simultaneously recorded by the analysis system in
some reference position during a so-called anatomical
landmarks calibration operation (Fig. 15C). Once all
anatomical landmarks are calibrated, recording of
the motions can be performed.

Data processing must first interpolate the
wand tip location from the known wand architec-
ture; this gives the coordinates of the palpated
landmark (Fig. 15D). The palpated landmark is
then attached to one particular cluster, whose
trajectory is known (the foot cluster, in this ex-
ample). This is performed by registration of the
cluster attitude in the reference position (Fig. 15C)
towards the attitude of the same cluster in one of
the frames (usually the first one) of the motion
dataset (Fig. 15D). Such registration can be per-
formed using least-squares algorithms.12

The same transformation matrix is used to
register the palpated anatomical landmark, lo-
cated by the wand extremity, towards the motion
dataset. The latter registration leads to interpola-
tion of the anatomical landmark trajectories. An
alternative to the wand procedure can be found in
3-D digitizers.66

Manual palpation using a wand, or a digitizer,
associated with detailed palpation guidelines has
the advantage of being highly anatomical and
presents good reproducibility. A high level of
accuracy of the method also ensures promising
results for online in vivo analysis.16

3. Joint Kinematics and Motion Analysis

Traditional motion data collection systems track
the subject’s segment motion from the trajectories
of reflective markers set on well-standardized
locations (for example the Helen Hayes configu-
ration, see Fig. 15E). Despite well-accepted stan-
dardization, anatomical accuracy of such configu-
rations is not high, especially if the subject shows
thick layers of soft tissues (obese patients). More
improvements are needed.67 Another alternative
is to adopt wand calibration of anatomical land-
marks, as described in the previous section.

Current in vivo motion analysis protocols are
unable to track the motion of particular segments
using 6 DOFs, mainly because of the interposition
of the subject’s soft tissue between the skin and the
underlying bone segments. Inhomogeneous dis-
placement of both skin and bones17,65 makes most
DOFs unreliable (see Fig. 5 for example of dis-
crepancy). Therefore, modeling systems usually

FIGURE 15. (A): Typical anatomical landmark calibration. Reflective markers are set on rigid plates attached to
the subject’s segments. The palpation wand is used here to locate a foot anatomical landmark (open arrow: foot
cluster; closed arrow: palpation wand). (B): Wand architecture (wn = wand markers; tip = wand extremity position).
(C): Wand attitude during palpation with attitude of a segment cluster. [Note that only the wand markers are
displayed here because the wand tip is not recorded by the system and will be interpolated later (see D).] (D): Attitude
of a segment cluster together with the interpolated tip (see text for explanations). (E): Markers set in standardized
locations (Helen Hayes configuration).
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represent in vivo motion dataset using a reduced
number of DOFs.

Reducing the number of available DOFs is
justified because of the limitations of the data
collection protocols and is acceptable if only
motion analysis has to be performed. On the
other hand, such limitations seriously decrease
the usefulness of the data for more advanced
analysis. For example, most modeling systems
reduce the knee joint to a one DOF system,
although it is widely accepted that the knee joint
exhibits complex behavior.68 Performing a quan-
titative analysis of subject-specific muscle level
arm using a highly simplified joint model will
show large bias. Including supplementary DOFs
in the underlying models is, therefore, justified
to allow better musculoskeletal analysis. Another
argument for including more DOFs is the fact
that one cannot predict how a particular pathol-
ogy will modify a joint morphology and behavior:
Rupture of the anterior cruciate ligament intro-
duces knee anterior draw, but how is joint kine-
matics modified in cases of severe osteoplasy? It
is therefore advisable to try integrating 6 DOFs
in any joint. The analysis system will then decide
which DOFs to use, according to the available
input data.

Such integration has been performed for the
lower limb using a so-called dubble-registration
procedure.25 In summary, the latter found the in
vitro relationships between the main DOF of
both knee and ankle joints (ie, flexion/extension)
and the five other DOFs (abduction/adduction,
internal rotation/external rotation, and the three
translations). This relationship is then used in
combination with in vivo motion analysis data,
where the main degree-of-freedom (ie, flexion/
extension) is used to register the spatiotemporal
information available from the in vitro data (Figs.
16A and 16B). The result is the integration of
patient-specific data into anatomically correct
joint modeling that is useful for further and more
advanced musculoskeletal analysis (Figs. 13, 16C,
and 16D).

The fact that the final model includes only
one DOF from the patient dataset can be seen as
a drawback. Further work should integrate supple-
mentary patient DOFs, if accuracy of in vivo
motion analysis protocol proves to be high enough
for them.

4. Muscle Parameters

Muscles are frequently involved in pathologies
involving deformities of the skeleton. For exam-
ple, nonphysiological muscular contracture or
weakness in cerebral palsy patients lead to severe
lower limb deformities and unnatural walking
patterns.69-71 Individual muscle information is
therefore of importance if accurate analysis must
be performed.

CT imaging can be used, but available in-
formation is often limited to the borders of the
muscle bellies. Muscle pennation or tendon
data cannot be obtained with current CT proto-
cols because of limits inherent in this techno-
logy (CT is not aiming to study muscle tissue).
On the other hand, MRI can be used: If well
tuned, such technology can give muscle infor-
mation, such as origins, insertions, muscle-tendon
ratio, and even pennation (Fig. 8). Unfortu-
nately, long muscles are often partly imaged,
and, therefore, full 3-D reconstruction is not
feasible. When possible, imaging of full muscles-
of-interest should be performed to collect enough
spatial information to create entire surface models.
New developments in ultrasound technology
are promising to obtain patient-specific muscle
data.72 Cost-effectiveness of the method makes
it even more attractive for clinical purposes.
Unfortunately, following, in vivo, a particular
muscle fiber to determine its spatial pathway and
pennation, and then integrate this information
into customized musculoskeletal modeling, is
still a major challenge. New techniques should be
investigated, as well—for example, MRI tech-
nology based on water diffusion for fiber tracking
or tractography.73,74

Despite their value for musculoskeletal imag-
ing, the above medical imaging techniques have
been mainly developed for clinical purposes and
not for biomechanical modeling. Therefore, spe-
cific modeling needs have not been answered, and
processing medical imaging data for biomechani-
cal applications still requires a lot of manual work:
Data registration between modalities is still com-
plicated, and fiducial markers must be used, iden-
tified, and registered. It would be interesting to
develop systems where advanced registration is
based on anatomical features only (bone and muscle
shape, anatomical landmarks).75
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FIGURE 16. Principle of the double registration. (A): Joint kinematics is collected during in vitro experiments and
allows the modeling of both knee and ankle joints as 1 degree-of-freedom mechanisms, where all DOFs are linked
to flexion/extension. A 3-D skeletal model was obtained from CT imaging. (B): Motion data is then collected from
a volunteer, and the flexion/extension DOF is used to animate the in vitro model. (C): The mechanism integrated in
the model is promising for more anatomically correct determination of musculoskeletal parameters. For example, the
moment arm of the biceps cruralis muscle has been processed from the double-registration method (C) and compared
to a “traditional” model, where the center of rotation of the knee is fixed (D): This leads to a difference of about 24%
[55 and 72 mm for (C) and (D), respectively].

5. Intermediate Joint Component, Hyalin
Cartilage, Meniscus, and Labrum

All components included in a joint cavity might
potentially be involved in joint traumatisms or
joint degenerative pathologies. During its life,
hyalin cartilage is subjected to daily loading that
can change its inner properties.76 It can be eroded
(arthrosis), inflamed (arthritis), or simply age.77,78

Synovial liquid is also of importance for correct
nutrition and lubrication of the hyalin cartilage.41,42

Other joint components, such as meniscus or
labrum, can be torn or sustain degenerative pa-
thologies.79-82 Such pathologies may lead to
nonphysiological joint behavior and joint con-
straints. They are also highly subject-specific (ie,
a meniscus can be torn in multiple ways, which
depend on the underlying trauma mechanism).
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Clinical modeling should, therefore, include as
many patient-specific data as possible.

Clinical data collection for such structures is
similar to the above-described in vitro procedures.
Both MRI and CT scan can be associated with
contrast agents (Gadolinium and iodinated solu-
tions, respectively) injected into the joint capsule
to visualize the hyalin cartilage.83,84 MRI can also
be used for structures, such as the meniscus or
labrum, especially with surface coils that increase
the spatial resolution of the resulting image dataset
by reducing the field-of-view.85 Subject-specific
data of quality can therefore be obtained.

Arthroscopy or biopsy would allow extracting
fragments of hyalin cartilage86 or meniscus87 for
further material property analysis. Synovial bi-
opsy88 through the joint capsule can collect synovial
fluid for further analysis of lubrication properties.89

For all data, the development of registration
tools to combine the above inhomogeneous data
into one single model must be performed because
of the shortcomings of the current state-of-the-art
in the various fields involved.

6. Other Soft Tissue Parameters
(Ligament, Joint Capsule, and
Muscle Aponeurosis)

Soft tissues are highly involved in clinical prob-
lems. Ligaments are frequently involved in joint
traumatism.90,91 Joint capsules can be ruptured or
can adhere to the surrounding environment after
inflammation occurs.92,93 The same can occur to
muscle aponeurosis. Such perturbations of the soft
tissue integrity can lead to serious malfunctions of
the musculoskeletal system by limiting motion
amplitude. Patient-specific modeling should there-
fore integrate clinically useful information about
such structures.

Here, too, MRI surface coils enable good data
for modeling to be obtained.85 Similar to muscle
observation, ultrasound is an interesting alterna-
tive72 but with serious limitations for modeling
purposes. Unfortunately, both MRI and ultra-
sound are mainly used as qualitative tools in clini-
cal practice and not to perform advanced spatial
measurements, such as fiber tracking or locating.
Efficient registration tools of such patient data
need to be developed.

7. Other Parameters and Documentation

The above description of supplementary para-
meters and the need for extensive documentation
during fundamental in vitro and in vivo experi-
ments (see above) also apply for any clinical in vivo
data collection.

D. Patient-Updated Generic Model

Registration of patient-specific data toward a clini-
cally useful generic model is probably the most
challenging topic within the overall project. It is
expected that registration algorithms will be simi-
lar to the ones used to generate the generic models
based on anatomical landmarks (see above). Tech-
niques based on markerless protocols94,95 are prom-
ising, especially in a clinical environment where
time constraints are of great importance (setting
markers on a patient is time-consuming).

E. Decision-Making (DM): Engine and
Support (Fig. 2, Label 6)

Complexity of the final models will probably be
too high to be directly interpretable in a clinical
context for various reasons:

• Complexity of the pathological model (ie, the
patient-customized generic model)

• Time constraints clinicians face when dealing
with patients

• Lack of technical training of clinical staff
• Lack of clinical reality of system developers

To solve these problems, new data represen-
tations96,97 and case-based reasoning procedures98,99

should be implemented in decision-making sys-
tems. A knowledge-based database will be the root
of the decision-making support. Creation of this
database should occur during close collaborations
among senior clinicians (mostly medical doctors
and physiotherapists) and developers (mostly en-
gineers, physicists, or mathematicians). It should
include all statistical data available from the vali-
dated literature that link particular anatomical,
physiological, or clinical parameters to particular
pathologies. Once developed, the decision-making
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engine will statistically analyze the above patient-
updated generic models and compare the results to
the knowledge-based database. Eventually, a
decision-making support report will give clinicians
probability data related to their patients being
analyzed. It will then be up to the clinicians, based
on the report analysis, to decide whether to per-
form further analysis in a particular direction or
start therapeutic actions.

Such an advanced analysis system is obviously
not necessary for “simple” clinical cases in which the
etiology of the pathology is easily understandable.
On the other hand, many pathologies of the mus-
culoskeletal systems (eg, cerebral palsy, diplegy,
polyarthritis, etc) show highly complex clinical
signs: muscle spaticity, bone deformation, soft tis-
sue retraction, etc. The number of clinical signs
analyzed in clinics by many different means is
characterized by a non-negligible amount of inho-
mogeneous data that is usually mentally processed
by the clinical team. Very few automated or
semiautomated tools exist, making standardization
difficult, and human mistakes (eg, due to fatigue)
are more likely to occur. Automated support is
therefore requested from the clinical practitioners.

On the other hand, one must be careful when
dealing with the implementation of a modeling
system in daily clinical practice. To be accepted in
a clinical context, such a system will require im-
portant validation efforts, probably as important
as those that drug companies are facing when
developing new drugs. Only then, will clinicians
be able to rely on the produced reports.

III. FEASABILITY OF THE CREATION
OF AN ANATOMICALLY ACCURATE
CLINICAL MODELING SYSTEM

The creation of the above-described system is a
long-term endeavor; a decade is probably not
overestimated. Large human and technological
efforts will have to be spent before being able to
bring the first version of such systems for clinical
testing. An almost equally large effort will have to
be spent for clinical validation.

The good news is that many elements re-
quired to build it already exist in the literature.
Many data collection protocols already exist. Effi-
cient data processing tools are already available.

Current computer technology allows astonishing
display and user comfort. And, last but not least,
clinical preknowledge based on long-term experi-
ence is making daily progress thanks to a very
systematic approach to pathologies and etymolo-
gies. Of course, the already available resources will
not be sufficient to create the models as described
previously. But they represent a strong basis for
the whole project, and for the necessary improve-
ments and new developments.

Progress to be made should not be limited to
data collection only. Indeed, the creation of such
a clinical decision-based system is, unfortunately,
currently not feasible because of its complexity, as
well as the multidisciplinary character of the re-
quirements needed to build it:

• Data necessary to feed the system are numer-
ous and highly inhomogeneous in nature.

• Protocols used for data collection are relatively
accurate during in vitro collection but are also
invasive and cannot be used during clinical
practice. Therefore, noninvasive tools will have
to be developed.

• Numerous inhomogeneous data lead to large
numbers of processing tools. These tools can
work nicely independently but should work
together to achieve more complex modeling
through better registration procedures.

• Inhomogeneous data also lead to different
kinds of visualization tools; so the simulta-
neous display of disparate data must therefore
be solved.

• Clinical interpretation of the results must be
performed in close collaboration with clini-
cians. Unfortunately, communication between
different professional groups (eg, engineers
with physicians) is a common problem. A
change in mentality is therefore required.

From this analysis, it is clear that the above-
described simulation system can only be achieved
through a well-coordinated and multidisciplinary
effort. The amount of expertise and data is so
large that such a project cannot be realized at one
location. Only a long-term and continuous, inter-
national effort can achieve this. This kind of
effort requires optimal communication to ensure
cooperation at all levels. Although the ultimate
goal of better quality healthcare is commonly
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accepted, the long research challenges and strate-
gies, and the intermediate milestones, need to
come as a result of concerted efforts and consulta-
tions on issues such as the data environment (that
is the nature of the data to be collected and the
protocols to be used to collect and process them),
how to share data (formats, repository structure,
and legal issues—eg, intellectual property rights),
and more.

Clearly, the first aim should be to inspire an
international effort to discuss the possible future
directions biomedical research should take to
achieve the above goals. These directions would
eventually be reported in publicly available guide-
lines that would serve as a roadmap for anyone
who would wish to participate in such develop-
ment. The roadmap would be regularly updated
with new state-of-the-art developments. Such
guidelines should help enable researchers to orient
their research toward more clinically relevant ap-
plications and participate in the overall efforts. It
is the author’s belief that the above-mentioned
decision-making support system might be avail-
able for clinical practice only if the understanding
and participation of all stakeholders is assured
along the given roadmap.

This kind of effort is close to the Physiome
initiative47 that aims to create a public-domain
structure for the creation of virtual models related
to the entire human organism, reflecting various
anatomical levels—genetic, molecular, tissue, and
organ. The European Commission (through ICT
for Health, DG Information Society http://
www.cordis.lu/ist/directorate_c/ehealth/index.html)
is currently launching such a coordinated effort
(called STEP) that aims to define the technologi-
cal infrastructure necessary to develop Physiome-
like projects for the creation of clinically relevant
expert tools. This effort aims to increase the
awareness of our community at large (politicians,
academia, industry, general public) about that
particular topic, and to define a general roadmap
that will prioritize research challenges and appli-
cations based on in-silico human modeling for
clinical use, as well as related industrial develop-
ments. A first draft document related to multilevel
modeling and simulation of the human physiol-
ogy is available from: http://europa.eu.int/
information_society/activities/health/docs/events/
barcelona2005/ec-draft-vph-white-paperv2.5.pdf.

The outcome of this roadmaping exercise
will be submitted to national and international
funding organizations, as well to the industrial
community—that is, motion analysis, pharma-
ceutical, medical imaging, and medical prosthe-
sis industries. It is up to our research community
to organize itself and meet the objectives of this
Great Challenge.
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