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Background: Early hip osteoarthritis in dancers could be explained by 15 
femoroacetabular impingements. However, there is a lack of validated non-invasive 16 
methods and dynamic studies to ascertain impingement during motion. Moreover, it 17 
is unknown whether the femoral head and acetabulum are congruent in typical 18 
dancing positions. 19 

Hypothesis: The practice of some dancing movements could cause a loss of hip 20 
joint congruence and recurrent impingements, which could lead to early 21 
osteoarthritis. 22 

Study Design: Descriptive Laboratory Study. 23 

Methods: 11 pairs of female dancer’s hips were motion captured with an optical 24 
tracking system while performing 6 different dancing movements. The resulting 25 
computed motions were applied to patient-specific hip joint 3D models based upon 26 
MR images. While visualizing the dancer’s hip in motion, impingements were 27 
detected and located using computer-assisted techniques. The range of motion and 28 
congruence of the hip joint were also quantified in those 6 recorded dancing 29 
movements. 30 

Results: The frequency of impingement and subluxation varied with the type of 31 
movement. Four dancing movements (développé à la seconde, grand écart facial, 32 
grand écart latéral and grand plié) seem to induce significant stress in the hip joint, 33 
according to the observed high frequency of impingement and amount of subluxation. 34 
The femoroacetabular translations were high (range: 0.93 - 6.35 mm). For almost all 35 
movements, the computed zones of impingement were mainly located in the superior 36 
or posterosuperior quadrant of the acetabulum, and this was relevant with respect to 37 
radiologically diagnosed damaged zones in the labrum. All dancers’ hips were 38 
morphologically normal. 39 

Conclusion: Impingements and subluxations are frequently observed in typical ballet 40 
movements, causing cartilage hyper compression. These movements should be 41 
hence limited in frequency. 42 

Clinical Relevance: The present study indicates that some dancing movements 43 
could be damageable for the hip joint, which could lead to early osteoarthritis. 44 

Keywords: motion capture; early hip osteoarthritis; impingements; dancing 45 
 46 
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Professional ballet dancers are subject to develop hip osteoarthritis (OA) due to 47 

repetitive and extreme movements performed during their daily dancing 48 

activities.3,12,19,20 In the nondysplastic hip, early OA could be explained by 49 

femoroacetabular impingements (FAI) which occur when there is an abutment 50 

conflict between the proximal femur and the acetabular rim. Two types of FAI have 51 

been distinguished: the cam FAI caused by a non-spherical head at the femoral head-52 

neck junction2,14,16,17,24,30 and the pincer FAI due to acetabular overcoverage2,9,16,17,24,30 53 

or acetabular retroversion.25 FAI induces early chondrolabral damages typically 54 

described as located in the anterosuperior quadrant of the acetabulum.1,2,28,30 55 

FAI of the cam/ pincer type cannot explain observed OA in hips with normal 56 

morphology. However, repetitive microtrauma is believed to be one of the causes of 57 

the development of early OA in the young active adult.20,22 Indeed, sporting activities 58 

that require repetitive external rotation3,8,12,20,21,22 or hyperabduction12,26 such as ballet, 59 

have been thought to result in labral tears. Nevertheless, the arthrogenous movements 60 

(i.e., the movements that could lead to OA) have not yet been clearly identified. It is 61 

also unclear whether the femoral head and acetabulum are congruent in extreme 62 

positions (e.g., split position). Lack of joint congruency could be another potential 63 

cause of early OA. 64 

According to Tannast et al30 and to the FAI theory, hip damage occurs at the 65 

zone of femoroacetabular impingement. However, the concurrence of the actual 66 

impingement zone and resulting joint damage in the same patient has not yet been 67 

confirmed. Moreover, there is a lack of validated non-invasive methods to ascertain 68 

impingement during motion. Existing imaging methods only include a static 69 

interpretation of the joint damage (e.g., computed tomography (CT)1, magnetic 70 

resonance imaging (MRI)18), while dynamic imaging protocols are affected by 71 
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technical limitations (e.g., trade-off between acquisition speed and image quality, 72 

confined area of measurement). Thus, a dynamic study of the hip joint in extreme 73 

positions, such as the ones regularly assumed by the dancers, has never been 74 

performed. 75 

Our hypothesis was that the practice of some dancing movements could expose 76 

the dancer’s hip to a loss of joint congruence and to recurrent impingements, which 77 

could lead to early OA. In this paper, we present the results of a descriptive study 78 

conducted with female professional ballet dancers. The purpose of this research is to 79 

visualize and simulate in 3D extreme ranges of motion of the hip and to detect and 80 

locate potential FAI, using optical motion capture and computer-assisted techniques. 81 

Moreover, this study aims at quantifying in-vivo the range of motion (ROM) and 82 

congruence of the hip joint in typical dancing positions. 83 

 84 

MATERIALS AND METHODS 85 

Motion capture of the hip joint was carried out on 11 female dancers (22 hips) aged 86 

between 18 and 38 years (mean, 25.36 years). The volunteers were either advanced 87 

students at higher schools of dance or professional dancers. They all performed 88 

classical ballet and contemporary dance.  They had all been dancing for more than 10 89 

years and practiced for more than 12 hours per week. The study was approved by the 90 

local ethics committees and the volunteers gave written informed consent. The 91 

exclusion criterion was a history of hip surgery or injury. 92 

 93 

 94 

 95 

 96 



4 

MR Imaging and 3D Reconstruction 97 

Before motion capturing, each dancer was MRI scanned with a 1.5-T system (Avanto; 98 

Siemens Medical Solutions, Erlangen, Germany). The images were acquired in the 99 

supine position.  100 

Two musculoskeletal radiologists performed a consensus reading. For each 101 

subject, acetabular cartilage lesions and labral lesions were assessed and documented, 102 

including locations and extents. The presence of subchondral acetabular or femoral 103 

bony abnormalities (e.g., cysts) and the presence of a herniation pit (a round cystic 104 

lesion at the anterior aspect of the femoral neck) were also reported. The normality of 105 

both the femoral head and the acetabulum was measured according to radiographic 106 

criteria: femoral alpha neck angle23, acetabular depth24 and acetabular version.25  107 

Using the MR images, a virtual 3D model of the hip joint was reconstructed 108 

thanks to a validated segmentation software.11,27 Thus, for each dancer, patient-109 

specific 3D models of the pelvis, femur, including cartilage surfaces and labrum were 110 

obtained. The average (standard deviation) accuracy of this recontruction was 1.25 111 

mm (1 mm).11,27 112 

 113 

Motion Capture 114 

The motion of the 11 dancers were optically captured within a 45.3 m3 measurement 115 

volume (3.6 x 4.2 x 3 m) using 8 infrared cameras (Vicon MX 13i, Oxford Metrics, 116 

UK), sampling at 120 Hz. The volunteers were equipped with two clusters of six 7 117 

mm spherical markers affixed onto the lateral and frontal parts of both thighs. Six 118 

markers were also stuck on pelvic anatomical landmarks (e.g., anterior superior iliac 119 

spines). The skin markers were arranged to ensure their visibility to the cameras 120 

throughout the range of motion. Additional reflective markers were distributed over 121 

the body to confer a more complete visualization from general to detailed. 122 
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Data from the subjects were acquired during 6 dancing movements (Figure 1): 123 

arabesque, développé devant, développé à la seconde, grand écart facial, grand écart 124 

latéral and grand plié. These movements were chosen, because they combined 125 

extreme hip flexion and/ or abduction with rotation. Moreover, they seemed to create 126 

significant stress in the hip joint, according to the dancers’ experience.  127 

 128 

Figure 1. Recorded dancing movements: A) Left arabesque B) Left développé devant C) Left 129 
développé à la seconde D) Grand écart facial E) Right grand écart latéral F) Grand plié. 130 

 131 

The hip joint kinematics was computed from the recorded surface markers' 132 

trajectories. The major drawback with optical motion capture systems is the soft tissue 133 

deformation due to muscle contractions, causing parasitic marker movements with 134 

respect to the underlying bones (e.g., 20 mm for a marker stuck on the thigh4). Thus, 135 

rigid motion of the innominate bone and femur cannot be robustly estimated. To solve 136 

this issue, we used a previously developed and validated optimized fitting algorithm 137 
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which accounted for skin motion artifacts and anatomical constraints.5,6,7 Its accuracy 138 

was 0.4, 0.59, 0.24 mm for medio-lateral, anteroposterior and proximo-distal 139 

translations, and 0.55°, 2.86°, 1.71° for flexion/ extension, abduction/ adduction and 140 

internal/ external rotation, respectively. From these results, the soft tissue artifacts 141 

were hence successfully minimized by the use of this algorithm. 142 

The resulting computed motions were applied to the dancer’s hip joint 3D 143 

models reconstructed from MRI data. Figure 2 shows examples of computed dancing 144 

postures. A ball and stick representation of the overall skeleton was also added to 145 

improve the analysis and visualization of the motion. 146 

 147 

Figure 2. Examples of computed dancing postures (here the left hip), showing the markers 148 
setup (small colored spheres) and the virtual skeleton: A) Left développé à la seconde B) 149 
Grand plié C) Grand écart facial. 150 
 151 

ROM and Joint Congruency Computation 152 

The ROM and congruency of the hip joint were quantified for each dancer and for the 153 

6 recorded dancing movements. This was calculated using the dancer’s bony 3D 154 

models and two coordinate systems (one for the femur and one for the pelvis). We 155 

used the definitions proposed by the Standardization and Terminology Committee of 156 

the International Society of Biomechanics32 to report joint motion in an intra- and 157 

inter-subject repeatable way. The local axis system in each articulating bone was first 158 
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generated. This was achieved by setting a geometric rule that constructed the pelvic 159 

and femoral coordinate systems using selected anatomical landmarks defined on the 160 

reconstructed surface of the innominate and femur bones. These axes then 161 

standardized the joint coordinate system (Figure 3A). In the neutral position and 162 

orientation, the pelvic and femoral frames were aligned. Thus, given the computed 163 

bone positions from the motion capture data, the relative orientation between the 164 

innominate bone and femur was determined at each point of the movement by 165 

computing the relative orientation of the femoral frame to the pelvic frame (Figure 166 

3B). This was finally expressed in clinically recognizable terms (flex/ ext, abd/ add 167 

and IR/ ER) by decomposing the relative orientation into three successive rotations. It 168 

is important to note that the measurements were performed independently of the 169 

major anatomical planes (i.e., sagittal, transverse, frontal planes). 170 

 171 

Figure 3. A) The pelvic coordinate system (XYZ), the femoral coordinate system (xyz), and 172 
the joint coordinate system (e1e2e3) for the right hip joint. Flexion/ extension is about the 173 
pelvic body fixed axis (e1). Internal/ external rotation is about the femoral body fixed axis (e3) 174 
and abduction/ adduction is about the floating axis (e2). B) Representation of the relative 175 
orientation between the innominate bone and femur using the pelvic and femoral coordinate 176 
systems, while the subject is performing, e.g., a grand écart latéral (top view). 177 
 178 

The relative position between the innominate bone and femur was described by 179 

making reference to a vector (DHJC) joining a point defined in each of the pelvic and 180 
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the femoral frames. This vector provided numerical information about the congruency 181 

of the joint, where non-null value for this vector denoted a subluxation representing a 182 

loss of joint congruence, as demonstrated in Figure 4. For the sake of the already-183 

mentioned repeatability issue, these reference points were chosen so as to coincide 184 

with the origins of the two frames, namely the hip joint center (HJC). To determine its 185 

position, a functional method10 was used. This entailed the simulation of hip joint 3D 186 

models during a circumduction motion pattern, while enforcing a constant inter-187 

articular distance corresponding to the reference distance in the neutral posture. For 188 

this simulated motion (involving rotations and translations), the HJC was estimated as 189 

the least moving femoral point in the pelvic frame. 190 

 191 

Figure 4. The vector DHJC used to quantify the congruency of the hip joint. Left: the vector is 192 
null and the joint is thus congruent. Right: the vector denotes a subluxation (i.e., a loss of joint 193 
congruence). 194 

 195 

FAI Detection and Localization 196 

Individual impingement zones were automatically detected and calculated in real-time 197 

over the full range of motion. The 6 recorded dancing movements were investigated. 198 

While visualizing the dancer’s hip joint in motion, a collision detection algorithm was 199 

used to virtually locate abnormal contacts between the proximal femur and the 200 

labrum.5,6,7 Moreover, the surface-to-surface distance (i.e., penetration depth) was 201 
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computed in order to estimate the overall FAI (Figure 5). This distance represented 202 

the topographic extent of the labrum compression and was reported in millimeters. 203 

 204 

Figure 5. 2D schematic view of the impingement zone (yellow area). The surface-to-surface 205 
distance (i.e., penetration depth, dotted line) is defined for each Pi of the labrum's surface by 206 
the norm of the vector PiPi┴., where Pi┴.is the projected point Pi onto the femur's surface. This 207 
distance represents the topographic extent of the labrum compression. 208 

 209 

To document areas of increazed labral compression, the penetration depth 210 

distribution on the surface of the labrum was represented using a color scale (Figure 211 

6A).  The blue color was assigned when no collisions were detected (penetration 212 

depth=0), while other colors showed the impingement zone. The red color denoted the 213 

area with the highest labral compression (penetration depth=max). 214 

To describe and report the exact location of the impingement zone, the 215 

acetabulum was divided into 8 sectors (position 1, anterior; position 2, anterosuperior; 216 

position 3, superior; position 4, posterosuperior; position 5, posterior; position 6, 217 

posteroinferior; position 7, inferior; position 8, anteroinferior), as depicted in Figure 218 

6B. The impingement zones were hence assigned numbers correlating with their 219 

position.  220 
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 221 

Figure 6. A) Visualization of the FAI region during extreme motion (posterior and lateral 222 
views). The colors represent the penetration depth distribution: the blue color is assigned 223 
when no collisions are detected (penetration depth=0), while other colors show the 224 
impingement zone. The red color denotes the area with the highest labral compression 225 
(penetration depth=max). B) Acetabulum divided into 8 sectors (position 1, anterior; position 226 
2, anterosuperior; position 3, superior; position 4, posterosuperior; position 5, posterior; 227 
position 6, posteroinferior; position 7, inferior; position 8, anteroinferior) to report the location 228 
of the impingement zone. 229 

 230 

Statistical Analysis 231 

A statistical analysis was conducted for each of the 6 dancing movements. We 232 

calculated the frequency of impingement, subluxation and created histograms 233 

displaying the frequency of distribution of the zone of impingement. We computed 234 

the mean values and the standard deviations (SD) of the penetration depth, 235 

subluxation and range of motion according to the three standard anatomical angles. 236 

We finally computed the frequency of distribution of the location of diagnosed MRI 237 

lesions. 238 

 239 

RESULTS 240 

As shown in Table 1, dancing involves intensive hip flexion and abduction (except the 241 

arabesque where the hip is in extension and the grand écart latéral where one hip is in 242 

extension). For all movements, no significant left-right differences were noted. 243 
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Globally, the angles showed low standard deviations (range: 5.2 - 29.9), suggesting 244 

that movements were repeated similarly across dancers.  245 

Findings concerning impingement and subluxation are presented and discussed 246 

below for each recorded dancing movement. The following two criteria were applied: 247 

(1) Whenever there is subluxation, there is loss of hip joint congruence. Thus, any 248 

femoroacetabular translation can be considered detrimental to the joint; (2) Increased 249 

penetration depth results in increased labral compression. Thus, when performed 250 

repetitively, the greater the penetration depth is, the more potentially damageable for 251 

the joint the impingement can be. 252 

Table 2 summarizes for the reader mean values and standard deviations of 253 

computed penetration depths and subluxations by movement. For all movements, no 254 

privileged direction of femoroacetabular translations was observed. 255 

 256 

Arabesque 257 

For the 11 dancers analyzed, neither FAI nor subluxation were detected, while 258 

performing this movement. We believe this may have a kinematical interpretation: 259 

since only low amplitude angles are required to reproduce this motion, this does not 260 

create significant stress in the hip joint.  261 

 262 

Développé Devant 263 

Impingements were observed for 24% of the dancers’ hips. The mean penetration 264 

depth (SD) was 2.5 mm (1.2 mm). The computed zones of impingement were variably 265 

distributed between the anterior and posterior quadrant of the acetabulum (position 2 266 

to 5 according to our documentation), as depicted in Figure 7A. No subluxations were 267 

noted. 268 
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TABLE 1 269 
Range of motion (deg) of the hip joint by movement, according to our referential (the 270 

neutral orientation of the hip joint is taken as reference)  271 
 272 

Movements 
Left hip Right hip 

Mean SD Mean SD 

Left arabesque 
Flex / Ext 

Abduction 
IR / ER 

 
0 / 28.4 

18.7 
0 / 27.7 

 
10.2 
7.8 

13.6 

- - 

Right arabesque 
Flex / Ext 

Abduction 
IR / ER 

- - 

 
0 / 23.4 

21.5 
0 / 22.7 

 
11.0 
7.7 
20 

Left développé devant 
Flex / Ext 

Abduction 
IR / ER 

 
88.4 / 0 

24.9 
0 / 2.7 

 
14.5 
14.9 
29.9 

- - 

Right développé devant 
Flex / Ext 

Abduction 
IR / ER 

- - 

 
92.5 / 0 

24.2 
0 / 0.7 

 
15.2 
10.3 
11.7 

Left développé à la seconde 
Flex / Ext 

Abduction 
IR / ER 

 
84.9 / 0 

49.9 
18.3 / 0 

 
18.6 
5.2 

17.6 

- - 

Right développé à la seconde 
Flex / Ext 

Abduction 
IR / ER 

- - 

 
95.2 / 0 

49.2 
22.1 / 0 

 
16.6 

6 
15 

Grand écart facial 
Flex / Ext 

Abduction 
IR / ER 

 
62.2 / 0 

73.1 
0 / 2.3 

 
23.4 

6 
25.1 

 
72.8 / 0 

71.5 
9.9 / 0 

 
18.5 
8.4 

24.5 

Left grand écart latéral  
Flex / Ext 

Abduction 
IR / ER 

 
 

116.4 / 0 
38.8 

35.7 / 0 

 
 

18.4 
13.5 
15 

 
 

0 / 42.8 
29.8 

0 / 28.1 

 
 

13.3 
8.4 

18.2 
Right grand écart latéral 

Flex / Ext 
Abduction 

IR / ER 

 
0 / 31.2 

25.8 
0 / 27.3 

 
6.6 
5.7 

13.8 

 
117 / 0 

34.6 
37.9 / 0 

 
5.8 
14 
8.9 

Grand plié 
Flex / Ext 

Abduction 
IR / ER 

 
52.9 / 0 

68.2 
0 / 10.2 

 
13.3 
7.6 

11.3 

 
62.1 / 0 

64.9 
0 / 11.2 

 
18.3 

8 
18.4 

 273 

 274 
 275 



13 

Développé à la Seconde 276 

FAI were detected for 45% of the dancers’ hips. 78% of the contacts were located in 277 

the superior or posterosuperior area of the acetabular rim (Figure 7B). The penetration 278 

depths were intense (mean: 3.25 mm; SD: 1.91 mm), with a peak value of 6.22 mm. 279 

Subluxations were observed in 25% of the cases, but the femoroacetabular 280 

translations were significant (mean: 4.56 mm) for all hips, as suggested by the low 281 

standard deviation (1.14 mm). Furthermore, when a subluxation occurred, it was 282 

always correlated to an impingement. 283 

TABLE 2 284 
Computed penetration depths and subluxations by movement 285 

Movements 
Penetration depth (mm) 

Mean ± SD (range) 

Subluxation (mm) 

Mean ± SD (range) 

Arabesque 0 0 

Développé devant 2.5 ± 1.2 (1.12 – 4.01) 0 

Développé à la seconde 3.25 ± 1.91 (0.89 – 6.22) 4.56 ± 1.14 (3.16 – 5.57) 

Grand écart facial 3.63 ± 2.55 (0.77 – 6.88) 3.42 ± 1.6 (0.93 – 5.67) 

Grand écart latéral 
(front leg) 

2.22 ± 1.83 (0.32 – 5.84) 5.14 ± 1.28 (3.33 – 6.35) 

Grand écart latéral 
(back leg) 

1.11 ± 1.33 (0.17 – 2.05) 3.15 ± 0 

Grand plié 2.47 ± 1.76 (0.37 – 4.93) 3.77 ± 2.08 (1.4 – 5.29) 

 286 

Grand Ecart Facial 287 

While executing this movement, impingements were often observed (61% of the 288 

dancers’ hips). All computed impingement zones were located in the superior or 289 

posterosuperior quadrant of the acetabulum (Figure 7C). The mean penetration depth 290 

(SD) was 3.63 mm (2.55 mm). Moreover, this is the movement with the highest 291 
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frequency of subluxation (39%) with a mean value (SD) of 3.42 mm (1.6 mm). All 292 

subluxations were associated with an impingement. 293 

 294 
Figure 7. Histograms showing the distribution of frequency of the computed impingement 295 
zones for each movement: A) Développé devant B) Développé à la seconde C) Grand écart 296 
facial D) Grand écart latéral (front leg) E) Grand écart latéral (back leg) F) Grand plié.  297 
 298 

Grand Ecart Latéral 299 

For the leg in flexion (front leg), the highest frequency of FAI (70% of the dancers’ 300 

hips) was noted. The mean penetration depth (SD) was 2.22 mm (1.83 mm). The 301 
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simulation showed that all collisions occurred at the superior or posterosuperior 302 

acetabular rim (Figure 7D). We also found strong femoroacetabular translations 303 

(mean: 5.14 mm; SD: 1.28 mm) in 31% of the cases that were correlated to 304 

impingements.  305 

For the leg in extension (back leg), the frequency of impingement was low (22% 306 

of the dancers’ hips), as well as the penetration depths (mean: 1.11 mm; SD: 1.33 307 

mm). The contacts were all located in the superior or posterosuperior quadrant of the 308 

acetabulum (Figure 7E). Only one subluxation was detected. 309 

 310 

Grand Plié 311 

Impingements were observed for 44% of the dancers’ hips. The mean penetration 312 

depth (SD) was 2.47 mm (1.76 mm). All computed impingement zones were located 313 

in the superior or posterosuperior area of the acetabular rim, as shown in Figure 7F. 314 

The frequency of subluxation was low (17%) with a mean value (SD) of 3.77 mm 315 

(2.08 mm). However, all femoroacetabular translations were correlated to an 316 

impingement. 317 

 318 

MRI Findings 319 

According to the morphological analysis, the hips of the 11 dancers did not present 320 

any cam or pincer morphology. It was concluded that all 22 measured hips have a 321 

normal anteversion, alpha angle and acetabular depth (see Appendix A). 322 

Based on the assessment of the MRI scans, three types of lesions were found: 1) 323 

degenerative labral lesions, 2) cartilage thinning associated with subchondral cysts 324 

and 3) herniation pits in superior position. For more than 80% of the dancers' hips, the 325 

degenerative labral lesions and acetabular damages were diagnosed in the superior 326 

(61% and 77%, respectively) and posterosuperior parts (22% and 8%, respectively) of 327 
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the acetabular rim. Fibrocystic changes (herniation pits) were found in 11 hips, 9 328 

being located in a superior or posterosuperior position (81%).  329 

Interestingly, the computed zones of impingement were relevant with respect to 330 

the MRI findings. Indeed, both the degenerative labral lesions and computed zones of 331 

impingement were located in the superior or posterosuperior quadrant of the 332 

acetabulum (position 3 and 4).  333 

 334 

DISCUSSION 335 

As previously mentioned in the introduction, there is a lack of validated non-invasive 336 

methods to ascertain impingement during motion. Moreover, little is know about the 337 

congruency of the hip joint. In this study, we have therefore presented a methodology 338 

to perform functional simulations of the hip joint in extreme positions. FAI and joint 339 

congruency were actively assessed and demonstrated in-vivo. With the use of motion 340 

capture, the active ROM of the hip joint could be accurately determined, which is 341 

clinically not possible. The results of this study clearly showed that the detected FAI 342 

were located in the superior or posterosuperior quadrant of the acetabulum, and that 343 

subluxations occurred in dancing movements. As far as we know, this is the first in-344 

vivo study of the hip joint in extreme dancing positions. 345 

According to the literature13,15,29, the passive hip ROM of dancers is normal 346 

compared to the general population, with a trend to increased flexion, abduction and 347 

external rotation. However, only trained subjects are able to assume dancing 348 

movements, such as the ones performed in ballet. As expected, this extreme motion is 349 

thus possible thanks to a combination of three articular motion patterns. This is also 350 

confirmed by the active ROM reported in this study, showing that dancing requires 351 

intensive hip flexion and abduction combined with rotation. 352 
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The results have been reported for 11 dancers, presenting no morphological 353 

abnormalities. The computed FAI can therefore not be imputed to any cam or pincer 354 

morphology. This already reveals that motion seems to have a direct influence on the 355 

physiology of the hip joint. For all dancers’ hips, FAI and subluxations occurred at the 356 

maximal hip ROM and were frequently observed. Moreover, the subluxations were 357 

always visually correlated to impingements, suggesting that a subluxation would 358 

occur in response to the collision between the proximal femur and the acetabular rim. 359 

These findings corroborate the fact that the hip joint undergoes a high stress during 360 

extreme motion, as it was also pointed out in previous studies.3,8,12,20,21,22,26  361 

Based on our statistical analysis, the frequency of impingement and subluxation 362 

varied with the types of movement. However, four dancing movements seem to be 363 

potentially harmful for the hip joint: the grand écart facial where the highest 364 

frequency of subluxation (39%) was observed, the grand écart latéral (front leg) 365 

where the highest frequency of FAI (70%) was noted, the développé à la seconde and 366 

the grand plié where high penetration depths (mean: 3.25 mm and 2.47 mm, 367 

respectively) and femoroacetabular translations (mean: 4.56 mm and 3.77 mm, 368 

respectively) were quantified. These results do not mean that the dancers should stop 369 

executing these movements, but rather they should limit them in frequency during 370 

dancing class. We suppose that, in that way, the hip joint would be better preserved. 371 

 In a previous work10, a MRI-based assessment of the congruence of the hip 372 

joint in lateral split position was conducted. Compared with our study, the 373 

femoroacetabular translations were similar (mean: 2.05 ± 0.74 mm; range: 0.63 – 3.56 374 

mm), but slightly lower to those we computed. One explanation could be that the hip 375 

joint kinematics computation is less accurate in motion capture than in MRI scanning. 376 

In fact, our translation errors were in the order of magnitude of the reported MRI bone 377 
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motion tracking accuracy (~ 0.5 mm), and they thus cannot explain the discrepancies 378 

in the results. However, in the MRI study, the assessment was limited to a single static 379 

posture and did not account for joint dynamics. It is therefore understandable to obtain 380 

a higher amount of subluxation when analyzing the hip joint in active motion. 381 

Substantial penetration depths were computed for all extreme movements 382 

(range: 0.17 – 6.88 mm). Knowing that the labrum has superiorly and posteriorly an 383 

average height of 6-7 mm31, our results indicate that the labrum is highly compressed 384 

during extreme motion. However, the true extent of compression cannot be 385 

determined without a more advanced simulation. Indeed, our simulation ignores soft 386 

tissue and potential bone deformation under loads. Taking into account the 387 

mechanical properties of the bones, cartilages and labrum could lead to slightly 388 

different results. Future work should hence include a physically-based simulation of 389 

the bony and chondrolabral structures. Nevertheless, according to our data, there is 390 

little doubt that the labrum is exposed to high mechanical stress.  391 

For almost all movements, the computed zones of impingement were mainly 392 

located in the superior or posterosuperior quadrant of the acetabulum and this was 393 

relevant with respect to the MRI findings. In fact, the detected lesions were typical 394 

lesions of femoroacetabular conflicts, but they were located in superior or 395 

posterosuperior position. This is unusual because the resulting chondrolabral damages 396 

in the cam or pincer hip are generally located in the anterosuperior position, as 397 

reported by different authors.1,2,28,30 Consequently, we think that dancing implies a 398 

new superior/ posterosuperior FAI. 399 

There are potential limitations to the accuracy of the global set-up. Indeed, 400 

errors in our methodology could originate from two different sources: the first source 401 

of error could be the segmentation and modeling of 3D models from MRI data (error 402 
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≈ 1.25 mm). While CT provides a better evaluation of the bones than MRI, it is not 403 

truly appropriate for soft tissue imaging. We therefore decided to use MRI, because it 404 

was less invasive and allowed to evaluate both soft and bony structures at the same 405 

time. The second source of error could be the kinematics computation from motion 406 

capture data (translational error ≈ 0.5 mm, rotational error < 3°). Since the 407 

measurements are external (no direct access to the joint), motion capture is generally 408 

subject to greater errors (especially in rotation) than dynamic RSA or MRI. However, 409 

this modality is not harmful and allows for the recording of large ranges of motion. It 410 

was thus more suitable for a study involving professional ballet dancers volunteers. 411 

Despite these two possible sources of error, our methodology was still accurate and 412 

valid. In particular, we do believe that the error values of the global set-up did not call 413 

into question the conclusion of this study. 414 

In summary, the findings validate our hypothesis. From our data, we conclude 415 

that (1) the practice of some dancing movements could expose the dancer’s hip to 416 

recurrent impingements located in the superior or posterosuperior quadrant of the 417 

acetabulum, and (2) the femoral head and acetabulum do not seem to be always 418 

congruent in typical dancing positions. Based on the evidence, we believe that FAI 419 

and subluxation could lead to cartilage hyper compression and therefore could be 420 

potential factors for the developement of early hip OA.  421 

 422 

APPENDIX A 423 

Results of the morphological analysis of the 11 dancers' hips according to 424 

radiographic criteria (Table 3). The femoral alpha neck angle was measured in eight 425 

positions aorund the femoral neck in accordance with the method described by Nötzli 426 

et al.23 The acetabular depth was evaluated according to the method detailed by 427 
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Pfirrmann et al.25, and the acetabular version according to the method detailed by 428 

Reynolds and al.24 For the alpha angles, only the measures in anterior and 429 

anterosuperior positions are reported, since they are the more significant. 430 

TABLE 3 431 
Morphological analysis 432 

Measures Min Mean ± SD Max 

Femoral alpha 
neck angle 
(anterior) 

36.52 45.32 ± 4.13 53.85 

Femoral alpha 
neck angle 

(anterosuperior) 
34.88 45.14 ± 6.02 55.0 

Acetabular depth 4.64 8.14 ± 1.27 10.26 

Acetabular version 0.34 7.02 ± 3.41 15.67 

 433 
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