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Motion study of the hip joint in extreme postures

Abstract Many causes can be at the origin of hip osteoarthmore specifically, lesions of the superior labrum [31].
tis (e.g., cam/ pincer impingements), but the exact patfoge
esis for idiopathic osteoarthritis has not yet been cledely
lineated. The aim of the present work is to analyze the con-
sequences of repetitive extreme hip motion on the labrum
cartilage. Our hypothesis is that extreme movements can in-
duce excessive labral deformations and lead to early arthri
tis. To verify this hypothesis, an optical motion capture-sy
tem is used to estimate the kinematics of patient-specific hi
joint, while soft tissue artifacts are reduced with an effec
tive correction method. Subsequently, a physical simorati
system is used during motion to compute accurate labral de-
formations and to assess the global pressure of the labrum,
as well as any local pressure excess that may be physiologi-
cally damageable. Results show that peak contact pressures
occur at extreme hip flexion/ abduction and that the pressure
distribution corresponds with radiologically observedanda

age zones in the labrum. Fig. 1 Top: Reduced head-neck offset of cam FAI: non-spherical hea

) ] ) ] abuts the acetabular rim. Down: Excessive overcoveragesdétnoral
Keywords Motion capture Physically-based simulation head by acetabulum in pincer FAI, causing abutment agaiestt-

Extreme motion Hip osteoarthritis etabular rim.

Although the mechanism of degeneration in the cam/ pin-
cer -FAI hip is well understood, the exact pathogenesis for
oifiopathic OA has not yet been clearly delineated. Indeed,
g@@nges in the movement and alignment of the hip (e.g.,

by femoroacetabular impingements (FAI) that occur wh luxation) can be other potential causes of early OA [24].

there is an abnormal contact between the proximal femlit€refore, do people practicing a sport requiring extreme
%ovements present a higher risk of developing arthritis? To

1 Introduction

Osteoarthritis (OA) affects the hip joint and is a comm
problem for many people. This pathogenesis can be cau

and the acetabular rim [13]. Generally, two basic mech I . .
tect arthrogenous activities, a clinical study with 36-pr

nisms of impingement can be distinguished (Fig. 1): the ¢ : : ' . .
FAI caused by a non-spherical femoral head and the pin g§3|onal ballet dancers is being conducted. The aim of this
udy is to verify if repetitive extreme motion could be a

FAI due to acetabular overcover. These morphological S . )
normalities induce degenerative lesions of the cartilagels '2Ctor of joint degeneration through excessive labral defo

mations.

C. Charbonnier To pursue this goal, an optical motion capture systemis used
MIRALab, University of Geneva to obtain bone poses of patient-specific hip joint 3D models,

7, rte de Drize reconstructed from magnetic resonance imaging (MRI) data.
CH-1227 Carouge . : . . .

Switzerland The_ma]or drawback with this systemis thfe soft tissue defor-
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ear optimization and joint motion constraints, and allgyinOnce the femoroacetabular movements are precisely esti-
some shifts at the joint. The estimation of the hip kinengatienated, they provide the motion input for the physicallydzhs
was successfully validated with data collected from a dgimulation. The analysis of the stress and contact distribu
namic MRI protocol. tion in the acetabulum region was the focus of several stud-
Subsequently, a fast functional joint model is used to simigs, based on either Mass-Spring systems [22,27] or Finite-
late the mechanical behavior of the soft tissues during mielement methods (FEM) [1,34]. Normal and pathological
tion. To this end, we have developed a physical simulatitip joints (e.g., dysplastic hip [34], cam/ pincer -FAI hip
system that aims at computing accurately the deformatidi®]) were also intensively investigated.

of the cartilage during the joint motion, estimated from thidowever, these studies do not generally simulate complex
optical capture system. The goal is to compute precisely theometrical 3D meshes (for instance patient-specific mod-
strain and stress, in order to assess the global pressurelsf during sophisticated movements. Indeed, the movement
the labrum, as well as any local pressure excess that maysg/pically simplified to simple anatomical angles or to low
physiologically damageable. amplitude motion. Therefore, we believe that the combina-
Finally, simulation results are presented for one dancdr an of physical simulation and motion capture can be an
for various extreme dancing movements, and are compagdfizctive approach to study the hip joint in extreme posture
with the radiological analysis of patient's MR images. More

over, a morphological analysis is performed using standard

measurements_(e.g., fgmoral alpha ngck angle, acet?bglﬂﬁaterial and methods

depth and version), typically used to diagnose cam/ pincer

-FAl. Since our hypothe5|s is that the hip OA is not only théur study is conducted with professional female ballet das\c
result of cam/ pincer -FAl, the prevalence of the subjec
hip joint must be evaluated, in order to confirm that repe
tive extreme motion may lead to labral microtrauma.

the institutional medical-ethical committee approveddtuely
%nd the subjects gave written informed consent. For each
dancer, patient-specific 3D models (1 femur, 1 hip bone, 1
labrum and 1 skin) of the hip joint were reconstructed from
a static MRI protocol [15]. The same bone models were
2 Related works used to evaluate the hip joint center’s (HJC) position using
functional method, detailed in [14]. The pelvis and femoral
To derive the motion of the skeleton, various methods wifipordinates’ systems were implemented following the rec-
direct access to the bone (e.g. intra-cortical pins [5]eext Ommendations of the International Society of Biomechanics
nal fixators [8], percutaneous trackers [29]) have been p|[§7 I. ) _
posed. These techniques are robust, but are strongly inVAe acetabular region represents the contact area. Since ou
sive. Therefore, the optical motion capture system appe8f@l is to assess the labral deformations _durlng extrememov
as a non-invasive solution for studying the kinematics #fents, only the labrum was tetrahedralizedt(K tetrahe-
the joint, allowing the recording of a large range of motiorfira), whereas the 3D models of the bones were hypothesized
However, the internal bone remains inaccessible and the #-rigid bodies. A method based on the medial axis infor-
sulting estimations are embedded with soft tissue artifaghation was used to construct the corresponding tetrahedral
(STA). Displacements of individual markers of more than 2Mesh, as depicted in [3].
mm are observed [8] and the STA associated with the thigh
is greater than any lower limb segment.
Several methods were proposed to reduce these errors,JlitMotion recordings
these techniques have the following limitations: 1) A récen
study [9] has showed that some mathematical approachies clusters of six 7 mm spherical markers were affixed
[2] are unstable and do not perform better than traditionahto the lateral and frontal parts of both thighs. Six magker
bone pose estimators (e.g., SVD algorithm [36]). These apere also stuck on the pelvis (Fig. 2a). These skin mark-
proaches are thus not efficient to compensate STA 2) Soare were arranged to ensure their visibility to the cameras
methods [7,26] are based on invalid assumptions (e.g., ctimroughout the range of motion. Additional reflective mark-
sidering that the skin moves linearly between two postures)s were distributed over the body to confer a more complete
3) Some techniques [25] are limited to the use of ball anisualization from general to detailed.
socket joints (i.e., meaning that no shifts are allowed)ctvh Data from the subjects were acquired during 3 different danc
simplifies the joint structures and is not subject-specific. ing activities: grand plié, frontal split and developpk 'sec-
To overcome thisissue, we propose to extend previous worksde (Fig. 2b,c,d). These movements have been chosen, be-
with a correction method combining nonlinear optimizatiooause they require extreme hip flexion and/ or abduction.
(i.e., we use a quadratic algorithm for robustness and fadoreover, they seem to create significant stress in the hip
convergence) to optimize joint center locations and segméuint, according to some dancer’s pain feedback. The mark-
orientations, and joint constraints to avoid non-physiaal ers trajectories were tracked within a 45.3 m3 measurement
jointtranslation and even dislocation, but allowing soiés volume (3.6 x 4.2 x 3 m) using 8 infrared cameras (Vicon
at the joint. MX 13i, Oxford Metrics, UK), sampling at 120 Hz.
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3.2 Subject calibration Phase 1: During a movement, several components contribute
to the motion of a skin marker. Assuming that the pelvis mo-
Before converting markers trajectories into animatior, tiion is known, the HJC can slightly move during the rotation
skin markers must be replaced into the MRI space to estafthe thigh. This introduces one translatiyand one rota-
lish a correspondence between the markers set-up andtibe R. Additionally, a rigid displacement is observed due to
segmented 3D models. To establish the required calibrati&TA which is denoted by another translatityn The motion
our idea is to combine MRI and 3D body scan informatiogf a marker with respect to the pelvis can hence be described
to have an accurate approximation due to marker positidpys 3 transformations successively applied. Since we cannot
on the skin. accurately estimate bofla andTs simultaneously, one of the
Following the motion recordings, the subjects underwentti@nslations must be discarded. Previous works [8] showed
3D body scan (Vitus Pro, Vitronic, Germany) with the markthat, for the thigh, the magnitude of the STA is greater than
ers still in place to retrieve their exact external body scef the displacement of the joint center. Therefore, we decided
The positions of the skin markers were identified on the rtg compute the best estimate Gfand to assume that is
sulting body scan mesh using a least-squares sphere fittgse to null. On the contrary, for the pelvis, it appears tha
technique [35]. Finally, the body scan mesh was registerd@ STA remains small. Thus, for this bone we assumed that
[28] with the skin generated from MR images, performings is close to null and we estimatdd instead. In order to
the required calibration (Fig. 2a). find the transformation (3 unknowns for the rotation in an
axis-angle form and 3 for the translation) that minimizes th
error made globally on the markers, the objective function
to minimize for each segment and for each instant frame is
as follows:
S (p—p)? @)
n
with n the number of markers attached to the bone segment,
pi the recorded position of th# marker, ang its estimated
position. This is a least-squares minimization for which we
used the rfsq optimizer [23]. Since the skin markers move
nonlinearly [8], the solution converges faster thanks ® th
quadratic programming algorithm.

aj ; T . Phase 2. We assume that the position of the pelvis is cor-
Fig. 2 a) Calibrated subject showing the markers configuratioh wif €Ct, because the magnitude of the STA remains small for
the reconstructed hip joints, the MRI volume and the bodyisnash  this bone. In case of collision between the articular bones,
(the segmented skin is not shown for clarity) b,c,d) Dangimgve- the position of the femur must be hence corrected, for each
ments recorded with the Vicon system: grand plié (b), ®08plit () jnstant frame, in order to reach the non-penetrating state.
and developpé a la seconde (d). . ! .
This correction corresponds to a translation of the HIC of
vectorDy ¢ (boldface notation for vector). For fast compu-
tation, an uniform-level octree subdivision [17] is used fo
the hip bone model and the following algorithm is applied
(see Fig. 3):
3.3 Bone poses estimation Let's consider® being thecollider (i.e., the femur) and”
the collided object (i.e., the hip bone). The two meshes are

Rigid motion of the bone segment cannot be robustly esgiefined by asetof point® = {R € R%} andl" = {Q e R®},
mated from the markers trajectories, unless the STA is sm&aSPectively. First, we project each poltonto ", yield-
To reduce STA, our correction method works in 2 phasd§9 the projected poinB, . Then,R is defined as being in-
1) First, we combine nonlinear optimization and joint corgide, and therefore colliding, ®iP;, .Np,, > 0 whereNp,
straints. The optimization provides us for each segmert wif the outward normal & , . This subset ok colliding points
the rotation and translation that minimize the error madé = {P1,---, Pk} creates the displacement vector:

globally on all the markers, while the HIC remains fixed dur- K pp. K g
ing this first phase 2) Although the HJC can be considergd= 21 PP 3 2)
as fixed during low amplitude movements, this is not true for k k

extreme motion. Indeed, a potential subluxation may occtihecollider undergoes a translation proportional to the vec-
to avoid bones penetration. Thus, our algorithm adjusts ttee D. This algorithm is iteratively performed for each in-

HJC by detecting collisions among the articular bones, tetant frame, until no more collisions are detected. As dtesu
goal being to reach the non-penetrating state. More detdlig translatiorDy ;¢ of the HJC is equivalent to the sum of

about these 2 phases are given below: the translation vectors applied on ttwlider.
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Since the only degrees of freedom of such models are the
vertices of the mesh, it can be associated to any fast numer-
ical integration method commonly used in particle systems
[18], as well as good convenience for managing collisions,
contacts and other geometrical constraints efficiently.

This model has been optimized to the context of large de-
formations through the corotational scheme: this avoids th
nonlinearity of shear deformations by expressing the defor
mation state of the material in a local coordinate system
oriented along the eigendirections of the strain tensoy [20
30]. This preserves accuracy in the linearized expresdion o
the material strain, allowing linearity to offer a more ro-
bust processing of high compression states than the Saint-
Venant-Kirchhoff models usually implemented in the con-
text of large deformations [6,19, 32].

We have associated this model to an adapted numerical inte-
gration scheme which uses either Newton-Raphson or Back-
Fig. 3 2D schematic view of the collisions detection algorithm,eThV\{ard Egler_steps, depending if static relaxation or O!y”a’.“'c
femur is corrected at each instant frame. As a result, thetmtergoes  Simulation is used. Both take advantage of an efficient im-
a translation of vectoby jc. plementation of the Conjugate Gradient method which al-
lows variable force Jacobian matrices to be accuratelyntake

o o o ) ] . into account, key to an accurate processing of the nonlinear
Validation: The validation of the hip kinematics estimatiorjeg resulting from large deformations.

was obtaine_zd using marker position da_ta, collecte_d durifgis system provides us with a good performance in com-
clinical motion patterns (flexion/ extension, abductiodf & pyting the strain and stress states of the deformable tissue

duction, internal/ external rotation) on 6 volunteers s&h \hich can then be rendered interactively though adequate
with a dynamic MRI protocol [16]. The subjects were equipisyalization techniques.

ped with external MRI-compatible marker sets and a track-

ing device was used to ensure the movements repeatability.

For each instant frame, the position and orientation of both

the hip and femur bones were computed and the kinem4tResults

ics derived from the marker position data were compared

with that of the MRI bone tracking. Only the error on the fe4.1 Morphological analysis

mur translation/ orientation was calculated, since no mark

ers were placed on the pelvis. Table 1 shows the femur ggince our goal is to investigate idiopathic OA, we must first

sition and orientation reconstruction errors expressatan eliminate the typical abnormalities of the hip joint thatita

hip joint coordinates system. lead to cam/ pincer -FAI. Therefore, a morphological anal-

As said previously in Sect. 2, the femur exhibits substaysis is performed to evaluate the prevalence of the subject’

tial skin motion. From these results, the STA errors for thisp joint. The morphology of the hip is well described by

bone are thus significantly reduced by the use of the pigglected anatomical parameters.

posed method. One important parameter is the computation of the acetabu-
lar version which can be an indicator of pincer FAI [31]. We
have implemented the standard measurement method from

Table 1 Femur position X/Y/Z [mm] and orientatioa/B/y [deg] re- [33]. It is based on the angle between the sagittal direction

construction errors. and lines drawn between the anterior and posterior acetabu-

X Y z a B y lar rim, at different heights (Fig. 4a). The angle is coneéide
as positive when inclined medially to the sagittal plane (an
Mean 0.45 019 0.37 328 149 043 . . 0 _
RMS 059 024 04 386 171 055 teversion) and negative when inclined laterally to thetsalgi
Std 04 016 0.17 206 089 0.37 plane (retroversion). Normal hips are anteverted.

Another indicator of pincer FAI is the acetabular depth [31]
The depth of the acetabulum is defined as the distance in
mm between the center of the femoral he@) &nd the line
AR-— PR connecting the anterioAR) and posterior®R) ac-

3.4 The simulation model etabular rim (Fig. 4b). The value is considered as positive

and normal ifO is lateral to the lindAR— PR.

The base of this simulation model is a first-order finite-edati-inally, a standard parameter related to the femur geometry
system [4,6,11], which offers a good tradeoff between ais-the femoral alphad) neck angle that is used for detect-
curacy and computation speed in the context of soft tissuggy cam FAI [31]. Thea angle is being defined by the an-
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gle formed by the lin€d — O’ connecting the center of theapproach described in Sect. 3.3. Then, an appropriate colli
femoral head®) and the center of the femoral ned®] at sion response is computed, based on quadratic penaltgforce
its narrowest point, and the lif@— P connectingO and the [21]. The aim is to constrain the two models to reach the
point P where the distance between the bony contour of then-penetrating state.

femoral head an® exceeds the radius)(of the femoral We define the pressur as the stress along the direction
head (Fig. 4c). Deviation from the normal geometry is usof the maximal compression. For each movement, the peak
ally associated with larger angles & 60°). contact pressures of the labrum are plotted, as a function of
All the dancers’ hips were analyzed, according to thosen3otion (Fig. 5). Furthermore, Figure 6a shows for the three
anatomical parameters. No morphological abnormalitiegeweotions the pressure distribution within the labrum, fa th
detected and it was concluded that all the measured hipstant frame where the maximal pressure was computed.
were anteverted, with a positive depth andoaangle in the Finally, Table 2 presents, for the three movements, the max-
normal range (30< a < 55°). The results were validatedimal and average peak pressures calculated during the entir
by a radiological expert. motion, but only when collisions were detected.

Grand plié

Pressure
©

1 7 13 19 25 31 37 43 49 55 61 B7 73 79 85 91 97 103109
. . . Frames

Fig. 4 a) Computation of the acetabular version based on 3D recol

struction; roof edgeRE) and equatorial edgeEE) are lines drawn

between the anterior and posterior acetabular edges, rigtiné ori- Frontal split

entation of the acetabular opening proximally and at theimam di- 16

ameter of the femoral head respectively (arrows) b) Definitf the

acetabular depth (right) on a transverse oblique MR imagfg) ¢) Def-

inition of the a angle (right) on a radial MR image (left), illustrating a

cam type morphologyd = 85°).

Pressure

4.2 Physical simulation 0

1 89 17 25 33 41 49 57 65 73 81 89 97 105 113 121 129 137 145

Simulation results are presented for one dancer. They we Frames
obtained during the simulation of the hip joint, where the

labral deformations and pressures were computed. The Développé a la seconde
ements present in our tests were: the hip and femur bone  '®
as well as the tetrahedralized labrum. We investigated tt 11
three dancing’s movements (grand plié, frontal split aed d 12 1
veloppé a la seconde) recorded from the motion capture,
motion input. Since they all require extreme hip flexion and
or abduction, they should create significant stress in the €
ticulation. 4]
All the biomechanical materials considered in the currer
study were assumed as linear elastic and isotropic. The &

Pressure

0

models of the bones were hypothesized as rigid bodies, a | 8 152 2 % 43 50 & 6 71 79 8 @ % 106 113 120 127

the material properties for the labrum in terms of elasti Frames

modulus (Young’s modulug) and Poisson’s ratio/) were

defined to be 20 MPa and 0.4, as depicted in [12]. Fig. 5 Peak contact pressures of the labrum during the whole motion

The mechanical simulation first detects the collisions be-
tween the femur and labrum surfaces, using the previous
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Fig. 6 a) Computed motion and resulting pressure distributiomiwithe labrum: grand plié (top), frontal split (middle)cadeveloppé a la
seconde (bottom). We clearly see that the maximal peak comtassures occur at the maximal hip joint flexion and/ ouabidn b) Top: spatial
partitioning of the acetabular region in quadrants. Midalkel bottom: diagnosed labral lesions in patient's MR imdges arrows). The labral
deformations (a) and the lesions (b) are both located intpersor quadrant of the acetabular rim.

Table 2 Maximal and average peak pressures within the labrum, céers, the morphological analysis for this subject reposted
culated during the entire motion, but only when collisionsrevde- angle of 4295° (left hip) and 4367 (right hip), an ac-

tected. etabular depth of 8.06 mm (left hip) and 7.72 mm (right hip)
Movement Peak (MPa) Mean (MPa) and no retroversion. Thus, the subject’s hips did not ptesen
— any cam or pincer type morphology.
(,:Brfg&pslﬁit ii.':ng %gfég For the three movements analyzed, the maximal peak con-
Developpé a la seconde 14.27 9.16 tact pressures occured at maximal hip joint angle, as shown

in Fig. 6a. Strong labral deformations were observed when
the subject was performing extreme hip flexions or abduc-
tions. Moreover, the labral deformations were located & th
superior area of the acetabular rim, which corresponds to
— . ; . the localization of diagnosed lesions (Fig. 6b). Finally; a
The subject's MR images were analyzed by a rad'Olog'Ct)‘!:,jlg)rding to Table 2, the calculated maximal and average peak

expert. For the tested dancer, the localization of the labf? high dto th | situation. Indeed
lesions were diagnosed for both hips in the superior regiBﬁessures are nigh compared fo the hormai situation. fhdee

of the acetabular rim. The labrum was considered as degBFﬁ\;'ous studies [34] [10] r?ported cartilages rp])_ressmeg-r i
erated (abnormal signal intensity) for the left hip and torfd from 2 I\él_Pa to 4 MPa orhas¥mptﬁmaﬂc IPS and_ daily
(abnormal linear intensity extending to the labral sur)‘acgcuv't'es' T 1S corroboratgst e factt aftt € artlcoiaun-

for the right hip. According to the three anatomical param ergoes a high stress during extreme hip motion. Moreover,

4.3 Interpretation
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Fig. 5 reveals that such high pressures are often reached d&ir Benoit, D., Ramsey, D., Lamontagne, M., Xu, L., Wretegh#x,

ing dancing activities.

In conclusion, the simulation clearly demonstrates thét bo
the pressure and its distribution within the labrum are-cling
ically relevant with respect to radiologically observedrda
age zones in the labrum. 7.

5 Discussion

In this paper, a methodology to perform functional simula®-
tions of the hip joint in extreme postures has been described
The use of optical motion capture allows us to accurately es-
timate bone poses of patient-specific hip joint, whereas the
physical simulation provides us with accurate labral defor
mations and pressure indications in the simulated joint.
The simulation results have been reported for a single dan
presenting no morphological abnormalities. These realslts
ready reveal that motion has a direct influence on the pres-
sure distribution within the labrum. Moreover, a strong-cof2.
relation is observed between the computed labral deforma-
tions and the diagnosed lesions. These are clinically encot™
aging results, but this methodology needs to be tested with
additional subjects. However, there is little doubt thaete 14.
itive extreme hip motion could be a potential cause for the
development of hip pain and OA in this selected population5
with potential stigmata in the symptomatic dancers. 15.
Future work will address the following points: The complex
mechanical behavior of cartilage (i.e., non-linear andhaip

sic properties) will be considered. A more advanced simul&s.
tion accounting for all the cartilages of the hip joint (labr,
acetabular and femoral cartilages) will also be investigat
Finally, further experiments will be carried out to estimat
the error made on the hip kinematics during extreme move-
ments, since currently only low amplitude motion was valit8.
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