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Abstract 1 

Purpose: Rehabilitation is an important aspect of both nonoperative and operative 2 

treatment of knee ligaments tear. Posterior cruciate ligament (PCL) non-operative 3 

treatment consists of a step-by-step rehabilitation protocol and is well described. It goes 4 

from rest (phase I) to strengthening exercises (phase IV). More specific and high intensity 5 

exercises such as cutting, sidestepping or jumps are however not described in detail, as 6 

no in vivo data exist to tell how these exercises constrain the ligaments and if they have 7 

the same effect on all of them, in particular regarding lengthening.  The goal of this study 8 

was to measure the ligament lengthening in static knee flexion based on 3D 9 

reconstructions from Magnetic Resonance Imaging (MRI), and from motion capture and 10 

ligament simulation during dynamic exercises. 11 

Methods: The knee of nine volunteers was first imaged in a close-bore MRI scanner at 12 

various static knee flexion angles (up to 110°) and the corresponding lengthening of the 13 

PCL and the other major knee ligaments was measured.  Then, the volunteers underwent 14 

motion capture of the knee where dynamic exercises (sitting, jumping, sidestepping, etc.) 15 

were recorded. For each exercise, knee ligaments elongation was simulated and 16 

evaluated. 17 

Results: According to the MRI scans, maximal lengthening occurred at 110° of flexion in 18 

the anterior cruciate ligament (ACL) and 90° of flexion in the PCL. Daily living movements 19 

such as sitting were predicted to elongate the cruciate ligaments, whereas they shortened 20 

the collateral ligaments. More active movements such as jumping put the most constrain 21 

to cruciate ligaments. 22 
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Conclusion: This study provides interesting insights for a tailored post-operative 23 

regimen. In particular, knowing the knee ligaments lengthening during dynamic exercises 24 

can help better define the last stages of the rehabilitation protocol, and hence provide a 25 

safe return to play.  26 

 27 

Keywords: Posterior cruciate ligament; Knee ligaments lengthening; High knee flexion; 28 

MRI; Motion capture; Kinematics; Simulation. 29 

 30 

Word count: 3541  31 
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Introduction  32 

Rehabilitation is an important aspect of both nonoperative and operative treatment of 33 

knee ligaments tear. Knee ligaments reconstruction is successful if a specific 34 

rehabilitation program is conducted after the surgery. The goal of this program is to 35 

recover knee range of motion (ROM) and function, without constraining too much the graft 36 

or the torn ligament in order to let it heal and to prevent graft loosening. Thus, knowing 37 

the biomechanical behavior of the ligaments and their lengthening are mandatory, not 38 

only during basic ROM but also during specific rehabilitation exercises, such as jumps or 39 

squats. Knee ligaments properties and behavior have been largely studied in labs on 40 

cadaveric knees. The posterior cruciate ligament (PCL) is the primary restraint to 41 

posterior tibial translation and consists of two components, the anterolateral and 42 

posteromedial bundles which demonstrate different strains at different degrees of knee 43 

flexion [3, 5]. Cadaveric studies have also analyzed the tensile strength, chondral 44 

deformation forces, and primary and secondary restraining functions of the PCL [5]. 45 

All rehabilitation protocols are based on these laboratory data, by extrapolating the 46 

results. But do live exercises constrain the ligaments exactly the same way as in the 47 

experiments? Komatsu et al. [18] showed that the PCL played an important role for the 48 

maintenance of the joint gap during flexion in Magnetic Resonance Imaging (MRI) from 49 

extension to deep flexion. Goyal et al. [14] used Dynamic Stereo X-Ray (DSX) and 50 

showed that patients with isolated PCL injuries experienced significant knee instability 51 

during running and stair ascent that could not be identified by standard non-weight 52 

bearing static laxity measurements. The findings that different activities create different 53 
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degrees of instability may have important implications for rehabilitation and activity 54 

limitations for PCL-deficient individuals [14].  55 

PCL non-operative treatment consists of a step-by-step rehabilitation protocol and 56 

is well described. It goes from rest (phase I) to strengthening exercises [1, 16, 19, 23] 57 

(phase IV). More specific and high intensity exercises such as cutting, sidestepping or 58 

jumps are not described in detail in such rehabilitation protocols, as no in vivo data exist 59 

to tell how these exercises constrain these ligaments and if they have the same effect on 60 

all of them, in particular regarding lengthening. Studying the dynamic behavior of the knee 61 

ligaments during daily living and high intensity exercises could hence improve the 62 

rehabilitation protocols. 63 

From a static point of view, MRI is ideal for studying the knee ligaments, because 64 

this modality offers a good visibility of these tissues. However, only few studies [28, 29, 65 

35] have succeeded in imaging the knee in up to 90° flexion in close-bore MRI scanners, 66 

due to the limited space to position the patient. Open-bore MRI scanners allow knees to 67 

be imaged at higher ROMs [10, 17, 18, 22] but generally with lower signal-to-noise ratio, 68 

resulting in decreased image quality. Nevertheless, studying knee ligaments deformation 69 

based on MRI remains difficult due to the complex technical protocol. Therefore, data 70 

about mechanical and morphological changes in knee ligament measured in vivo is still 71 

sparse.  72 

3D simulation techniques, combining both anatomical and kinematical models of 73 

the patient, can be good solutions to obtain a more comprehensive understanding of the 74 

knee joint biomechanics. However, simulating ligament deformation during motion and 75 

thus measuring elongation in vivo are challenging. Current physically-based methods 76 
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(e.g., finite element models, musculoskeletal models) are difficult to set up or are limited 77 

to simple knee motion simulation where loads can be estimated [2, 15, 25, 30, 33]. In this 78 

study, we hence propose the use of a simplified technique [7] based on a patient-specific 79 

bone-ligament representation which allows stable and real-time simulation of the knee 80 

ligaments during complex motion, such as strengthening exercises.  81 

The aim of this study was twofold. First, to image in a close-bore MRI scanner the 82 

PCL and the other major knee ligaments to measure their corresponding lengthening at 83 

various static knee flexion angles up to 110°. Our hypothesis was that the PCL has a 84 

curved shape in extension and straighten in flexion. The second objective was to simulate 85 

and evaluate knee ligaments elongation during dynamic exercises (e.g., sitting, jumping, 86 

sidestepping) recorded by motion capture, in order to fine tune the rehabilitation program 87 

and to grade these dynamic movements in terms of ligament solicitation. We expected 88 

similar lengthening patterns compared to the static MRI study but of increased magnitude 89 

due to the velocity of the movements.   90 
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Methods 91 

Subjects 92 

The measurements were made on the right knee of nine healthy young active participants 93 

(five females, four males). The mean age, weight and height were 27.2 years, 63.2 kg 94 

and 167.4 cm, respectively. Because of the MRI technical protocol, a height criterion was 95 

used. The subjects higher than 180 cm were excluded. Other exclusion criteria were 96 

reported previous knee injuries, knee surgery or contraindications for MRI. Institutional 97 

ethical approval (CCER n°15-043) was obtained prior to data collection. All procedures 98 

performed in the study were in accordance with the ethical standards of the institutional 99 

and/or national research committee and with the 1964 Helsinki declaration and its later 100 

amendments or comparable ethical standards. Informed consent was obtained from all 101 

participants included in the study. 102 

 103 

MRI acquisition and morphological evaluation 104 

All volunteers were MRI scanned with a 1.5 T Optima MR450w GEM system (General 105 

Electric Healthcare, Milwaukee, WI, USA). A flexible surface coil was used and images 106 

were acquired at several unloaded knee flexions: 0°, 45°, 90° and 110°. At neutral knee 107 

flexion (0°), the subjects were placed in supine position. One 3D intermediate weighted 108 

fast spin echo without fat saturation (Cube®) sequence (section thickness 0.8 mm; no 109 

gaps; TR/TE ms 1500/27.9) centered on the knee and three 3D fast gradient echo (Lava®) 110 

sequences (section thickness 3 mm; no gaps; TR/TE ms 4.2/2.0) were achieved covering 111 

a region of interest from the pelvis to the ankle. For the other flexion angles, the subjects 112 

were lying on the right side to ensure sufficient room to center the knee joint in the 113 
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magnetic bore (Figure 1). A hand-held goniometer was used to position the subject’s 114 

lower limb at the desired knee flexion. For each position, one 3D intermediate weighted 115 

fast spin echo without fat saturation (Cube®) sequence was acquired.  116 

 117 

Figure 1. Subject lying on the right side with the knee flexed at 90° for MRI scan. 118 

 119 

A musculoskeletal radiologist (FCK) with 13 years of experience assessed all MR 120 

images in each degree of flexion. For each volunteer, signal, orientation and morphology 121 

of each ligamentous and tendinous structure was assessed.  The shape and direction of 122 

the PCL was also especially evaluated and abnormal signal and morphology of the 123 

ligament was reported. Bony morphology and associated lesion of articular structures as 124 

cartilage and menisci were also documented.   125 

 126 
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3D reconstruction and ligaments measurements at MRI 127 

Bone geometry was obtained from 3D reconstruction based on the 3D images in neutral 128 

knee flexion. The MRI volumes were registered and manually segmented using Mimics 129 

software (Materialize NV, Leuven, Belgium). For each volunteer, subject-specific 3D 130 

models of the femur, tibia, fibula and patella were thus obtained. For reference, the 3D 131 

bone models were also registered to each MRI pose. The knee ligaments (PCL, anterior 132 

cruciate ligament (ACL), medial collateral ligament (MCL) and lateral collateral ligament 133 

(LCL)) were reconstructed for each flexion angle based on the high-resolution 3D Cube® 134 

images and modelled as 3D splines centered on the ligament’s medial axis (Figure 2). 135 

Since anatomically and biomechanically differences between the PCL fiber bundles have 136 

been reported [3, 19], both the anterolateral (PCL_AL) and posteromedial (PCL_PM) fiber 137 

bundles were reconstructed. However, we did not reconstruct the two fiber bundles of the 138 

ACL (anteromedial and posterolateral), because this ligament was well studied in 139 

previous researches [15, 30] and was not the main focus of our study. 140 

The 3D splines were used to measure the ligament length at the different knee 141 

flexion angles (0°, 45°, 90°, 110°). For clarity, the obtained measures were also expressed 142 

as a percentage of elongation or shortening (ratio of current length in millimeter with 143 

respect to the base length in neutral flexion, expressed in %).  144 

 145 

Motion recording and kinematic modeling 146 

Following MRI scan, the volunteers participated to a motion capture session. They were 147 

equipped with a dedicated knee markers protocol [6] (see Figure 3), including twelve 148 

spherical retroreflective markers (Ø 14 mm) placed directly onto the skin using double 149 
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sided adhesive tape. The femur marker set included three markers placed on anatomical 150 

landmarks (greater trochanter, lateral and medial femoral epicondyles) and four markers 151 

distributed on the lateral and frontal parts of the thigh. For the tibia/fibula, three markers 152 

were placed on anatomical landmarks (tibial tuberosity, medial and lateral malleoli), one 153 

on the lateral part and one on the medial part of the shank. Additional markers were 154 

distributed over the body (trunk, upper limbs, contralateral leg and feet) to provide a global 155 

visualization of the motion.   156 

 157 

Figure 2. 3D bone models reconstructed in neutral knee flexion and registered to each MRI pose 158 

with the reconstructed ligaments as 3D splines (left, knee poses with the high-resolution 3D Cube® 159 

images; middle, anterior view; right, posterior view). 160 
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After appropriate warm-up, the volunteers were asked to perform three trials of the 161 

following dynamic activities: 1) sitting on a low seat, 2) cutting motion, 3) drop jump from 162 

a 45 cm height stool followed by a kangaroo jump, and 4) sidestepping from one direction 163 

to the other with the knees flexed at a minimum of 50°-60° during approximatively 30 164 

seconds. These activities were chosen, because they all required important knee flexion 165 

and mostly at a high velocity, and because they are part of the last steps of any 166 

rehabilitation program after ligament reconstruction. Motion was recorded using a Vicon 167 

MXT40S motion capture system (Vicon, Oxford Metrics, Oxford, UK) consisting of twenty-168 

four cameras sampling at 120Hz. The same investigator (CC) attached all markers and 169 

performed all measurements. 170 

Knee kinematics were computed from the markers trajectories based on the 171 

definitions suggested by the International Society of Biomechanics [34] and using a 172 

validated biomechanical model [6] which accounted for skin motion artifacts (accuracy: 173 

translational error <3 mm, rotational error <6°). The model was based on multi-body 174 

optimization (MBO) [8, 9, 13, 20, 26, 27] with a personalized parallel mechanism (i.e., four 175 

ligaments constraints with prescribed ligament length variations and two surface-on-plane 176 

contacts defined on the subject-specific knee models). The main advantage of such 177 

parallel mechanism is its ability to realistically model the complex physiological kinematic 178 

behavior of the knee that comes into play at high ROM (i.e., knee rollback) [6, 11, 20]. 179 

More details about the model and its validation can be found in Charbonnier et al. [6]. As 180 

a result, the subject’s knee 3D models could be visualized at each point of the movement 181 

(Figure 3).  182 
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 183 

Figure 3. Examples of computed postures showing the markers set-up (small colored spheres) 184 

and a virtual skeleton used to better visualize and analyze the motion as a whole: A) sitting on a 185 

low seat (maximal knee flexion), B) cutting motion (maximal knee flexion while changing of 186 

direction), C) drop jump (maximal knee flexion during reception), D) kangaroo jump (maximal 187 

knee flexion while jumping), and E) sidestepping.  188 

 189 

Ligaments simulation and evaluation of elongation during motion 190 

Once knee kinematics were computed, ligaments were subsequently simulated using a 191 

position-based dynamics approach [7, 21]. This simulation technique was developed and 192 

described in a previous study assessing rotator cuff elongation during shoulder 193 

strengthening exercises obtained from motion capture data [7].  In summary, the 3D 194 

splines are first discretized into a set of connected particles. Then, position-based 195 

dynamics directly derive position updates from the particle positions itself using a straight-196 

forward distance constraint which attempts to keep the distance between two particles 197 

equal to a specified rest-length. This simple formulation allows for real-time evaluation of 198 

the simulation, while remaining inherently stable. To prevent interpenetration between the 199 

3D bone models and the splines, continuous collision detection is used [24] in 200 

combination with an AABB tree [4] to speed up the computation in an efficient way.  201 

To validate the simulation technique in the present ligament context, the ligaments 202 

lengths computed by the simulation were compared with those measured on the MRI at 203 

the different knee flexion angles (45°, 90° and 110°). This was achieved by using the 204 
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position and orientation of the 3D bone models registered to each MRI pose as input in 205 

the simulation [7] and the 3D splines of the ligaments reconstructed for each MRI pose 206 

as reference lengths (see Figure 2).  207 

The proposed simulation technique was then used to compute ligaments lengths 208 

during the dynamic exercises recorded by motion capture. For the sidesteps, the 209 

measures were taken during the entire ROM and averaged. For the other movements, 210 

the measures were taken at critical positions (see Figure 3): for sitting at maximal knee 211 

flexion, for cutting at maximal knee flexion while changing of direction, for the drop jump 212 

at maximal knee flexion during reception, and for the kangaroo jump at maximal knee 213 

flexion while jumping. The measures were expressed as a percentage of elongation (or 214 

shortening) with respect to the ligament length at neutral flexion. Moreover, a color scale 215 

was used to visualize the length variations of the 3D splines, with warm colors denoting 216 

elongation and cool colors indicating shortening (Figure 4).  217 

 218 

Figure 4. Ligaments simulation (front and back views). The colors represent the length variations 219 

with respect to the neutral knee pose: warm colors mean that the ligament is elongated, whereas 220 

cool colors mean that the ligament is shortened during motion.   221 
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Statistical analysis 222 

Descriptive statistics are presented as mean and standard deviations (SD). For each 223 

subject, we calculated based on the 3D reconstructions from MRI the ligaments length 224 

variation at the different knee flexion angles. For each dynamic activity and for each trial, 225 

we calculated at critical positions the length variation for each ligament. For the validation 226 

of the ligament simulation technique, we calculated the errors between the ligaments 227 

lengths computed by the simulation with those measured on the MRI at the different knee 228 

flexion angles.  229 
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Results 230 

Morphological findings 231 

Among all the volunteers, evaluation of the MR images revealed two of them showing 232 

superficial fraying of the patellar cartilage. No other lesions were found. Based on the 3D 233 

Cube® images, the analysis of the posterior cruciate ligament did not show any pathology. 234 

The PCL was smooth and continuous with homogenous hypo-intensity on all sequences 235 

acquired. No thickening was noted on the images acquired at neutral knee flexion. Images 236 

acquired with the most important degrees of flexion showed a thinner and elongated PCL 237 

but no abnormal signal was noted. 238 

 239 

Ligaments lengths at MRI 240 

As shown in Figure 5, ACL shortened from 0° until 45° of knee flexion (mean ± SD: 96% 241 

± 5%) and then slightly lengthened with increasing flexion (mean ± SD: 100% ± 5% at 242 

90°, 106% ± 7% at 110°). PCL presented a curved shape below 45° of knee flexion, 243 

lengthened maximally around 90° and then shortened until 110°. PCL_PM length was in 244 

average longer than PCL_AL: respectively, 105% ± 6% and 105% ± 5% at 45°, 109% ± 245 

5% and 108% ± 6% at 90°, and 108% ± 6% and 106% ± 7% at 110°. Concerning MCL 246 

and LCL, they constantly shortened from 0° until 110° of knee flexion. Table 1 247 

summarizes the ligaments lengths and their variation measured based on 3D 248 

reconstructions from MRI. 249 

 250 
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 251 

Figure 5. Average percentage of elongation of the knee ligaments in function of the knee flexion 252 

angles (n = 9).   253 

 254 

Ligaments lengths during dynamic activities 255 

Ligament lengths computed by the simulation showed good agreement with respect to 256 

MRI measurements in the different knee flexion angles (Table 2) but were always slightly 257 

overestimated. The simulated MCL and LCL presented small length errors (mean ratio: 258 

1% and 4%, respectively), while the ACL, PCL_PM and PCL_AL lengths were slightly 259 

more overestimated by the simulation (mean ratio: 7%, 7% and 6%, respectively). 260 

Ligament length variations were estimated to vary from 88% to 123% in average 261 

during the various dynamic exercises (Table 3). The ACL and PCL elongated in all 262 

activities (range: 108-115% for ACL, 111-117% for PCL_PM and 114-123% for PCL_AL) 263 
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with maximal elongations during movements requiring more knee flexion (sitting in a low 264 

seat, drop jump and kangaroo jump). The anterolateral fiber bundle of the PCL always 265 

lengthened more than the posteromedial fiber bundle. MCL and LCL showed less 266 

pronounced patterns of length variations (range: 88-102% and 93-100%, respectively) 267 

but globally increased shortening with movements requiring more knee flexion.  268 
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Discussion 269 

This study measured the ligament lengthening in static knee flexion based on 3D 270 

reconstructions from MRI, and from motion capture and ligament simulation during 271 

dynamic exercises.  272 

The results of this study revealed that the cruciate ligaments were not isometric 273 

structures. According to the MRI scans, ACL shortened from 0° until 45° of knee flexion 274 

and then slightly lengthened with increasing flexion. Maximal lengthening occurred at 275 

110° of flexion in the ACL. PCL presented a curved shape below 45° of knee flexion, 276 

lengthened maximally around 90° and then shortened until 110°. Simulation and 277 

evaluation of knee ligament elongation correlated reliably with MRI measurements. 278 

Dynamically, the AL fiber bundle compared to the PM fiber bundle of PCL showed the 279 

greatest lengthening variations according to the movements performed. PCL and ACL 280 

were maximally elongated during kangaroo jumps. MCL was maximally elongated during 281 

sidestepping, and LCL was maximally elongated during cutting movements. 282 

The outcomes also provided interesting insights to better define the post-operative 283 

rehabilitation protocols. Daily living movements as sitting were predicted to elongate the 284 

cruciate ligaments, whereas they shortened the collateral ligaments. Cutting movements 285 

elongated ACL and PCL much more than MCL and LCL. Drop jump and kangaroo jump 286 

put the most constrain to cruciate ligaments and this was maximal during kangaroo jump. 287 

Sidestepping elongated the ACL, PCL and MCL, but not the LCL. Based on these 288 

findings, ACL and PCL reconstruction should be initially rehabilitate in the first degrees of 289 

flexion, whereas MCL and LCL patients can be moved to cutting activities sooner without 290 

harm. Jumps, especially drop and kangaroo jump, should not be performed before the 291 
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ending rehabilitation phase.  Sidestepping is part of the return to sport testing battery and 292 

the high constrain measured during this maneuver should caution its use too early into 293 

the post-operative period. Even sitting in a deep armchair after a PCL reconstruction 294 

should not be recommended before the proper healing and incorporation of the graft 295 

(probably 6 months). 296 

Compared to the literature, our results are in agreement with previous in vivo works. 297 

Utturkar et al. [32] measured ACL elongation using MRI and biplanar fluoroscopy during 298 

static knee positions, and showed a decreased of the ACL length from full extension to 299 

30° of flexion as observed in the present study. They however did not image the knee at 300 

higher flexion angles. King et al. [17] measured PCL lengthening during flexion using an 301 

open-bore MRI scanner. The PCL appeared curved when the knee was in unloaded 302 

relaxed extension and appeared straight at 40° of flexion. The study also depicted similar 303 

lengthening patterns of the anterior surface of the PCL between extension and 120° of 304 

flexion. Regarding dynamic activities, Englander et al. [12] and Taylor et al. [31] measured 305 

ACL elongation during single-legged jump and jump landing, respectively, using a 306 

combination of MRI, biplanar fluoroscopy and motion capture. In both cases, the jumps 307 

under evaluation did not exceed 20-45° of knee flexion. The authors concluded that the 308 

length of the ACL during these activities decreased with increasing flexion angle, which 309 

corresponds to our MRI observations at low flexion angles. We did not find any study 310 

measuring knee ligaments elongation during dynamic activities at high knee flexion 311 

angles like the ones investigated in our study. 312 

Although the simulation technique presented in this paper is a simplified non-313 

physical approach, it is based on a patient-specific bone-ligament representation enabling 314 
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a stable and real-time simulation of the knee ligaments during complex motion, thus 315 

allowing gathering valuable clinical data. In particular, this study offers novel insights into 316 

the analysis of mechanical and morphological changes in knee ligaments measured in 317 

vivo at different knee flexion angles and both statically and dynamically. 318 

There were several limitations that warrant discussion. First, the accuracy of the 319 

kinematics computation from motion capture data could be criticized. Indeed, the model 320 

based on MBO did not account for muscle dynamics and its validation was obtained 321 

against MRI during static and non-weight-bearing knee poses. Tibio-femoral orientation 322 

and translation errors were reported to be respectively within 6° and 3 mm for each 323 

anatomical plane [6], which is acceptable for clinical use in the study of knee physiology 324 

and pathology, but one should acknowledge that the accuracy of this model may vary 325 

when considering dynamic activities. Second, our proposed techniques are non-physical 326 

and irrespective of many loads, as no physical model allowing simulation of knee ligament 327 

elongation in such complex motions exists. Moreover, the validation of the ligament 328 

simulation was based on static MRI knee poses, which does not represent dynamic 329 

activities. It is also important to note that we would have been unable to evaluate the PCL 330 

below 45° of knee flexion, as at these degrees this ligament presents a curved shape – a 331 

behavior we cannot simulate due to the nature of the simulation technique that tries to 332 

find the shortest path between the two attachment points. Nevertheless, this study was 333 

interested in measuring ligament lengthening at higher knee flexion degrees. Third and 334 

last, the static ligament length measurements were based on 3D splines, a simplified 3D 335 

reconstruction. Reconstructing the entire surfacic mesh would provide more accurate 336 
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measurements but would also require accurate ligament segmentation on medical 337 

images, which remains a complicated task. 338 

Future work should consider the evaluation of additional healthy subjects, as well 339 

as post-operative patients, as findings may be different in knees with pathology. Further 340 

strengthening exercises should also be investigated to propose comprehensive 341 

recommendations for the design of knee strength training protocols.  342 
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Conclusion 343 

The experimental and simulation results of this study are in agreement with previous 344 

biomechanical and imaging studies and provide interesting insights for a tailored post-345 

operative regimen. Statically, ACL and PCL were maximally lengthened at 110° and 90° 346 

of knee flexion, respectively. Dynamically, cruciate ligaments were estimated to elongate 347 

during daily living movements such as sitting, whereas collateral ligaments shortened. 348 

More active movements such as jumping put the most constrain to cruciate ligaments.  349 

Knowing the knee ligaments lengthening during dynamic exercises can help better define 350 

the last stages of the rehabilitation protocol, and hence provide a safe return to play.  351 

 352 

 353 

 354 

Research involving humans: Institutional ethical approval (CCER n°15-043) was 355 

obtained prior to data collection. All procedures performed in the study were in 356 

accordance with the ethical standards of the institutional and/or national research 357 

committee and with the 1964 Helsinki declaration and its later amendments or 358 

comparable ethical standards. Informed consent was obtained from the individual 359 

participant included in the study.  360 
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Table 1. Length (mm) and length variation (%) of the knee ligaments at the different knee flexion angles measured based 

on 3D reconstructions from MRI* (n = 9) 

Flexion 
angle 

ACL PCL_PM PCL_AL MCL LCL 

Length Ratio†  Length Ratio†  Length Ratio†  Length Ratio†  Length Ratio†  

0° 31.8 ± 5.0 100% ± 0% 35.2 ± 5.6 100% ± 0% 33.4 ± 5.2 100% ± 0% 91.0 ± 10.4 100% ± 0% 55.8 ± 7.3 100% ± 0% 

45° 30.5 ± 5.3 96% ± 5% 37.0 ± 6.3 105% ± 6% 35.1 ± 5.9 105% ± 5% 89.1 ± 9.3 98% ± 4% 55.1 ± 6.4 99% ± 5% 

90° 31.9 ± 4.8 100% ± 5% 38.4 ± 6.4 109% ± 5% 36.1 ± 5.8 108% ± 6% 86.5 ± 9.2 95% ± 6% 52.1 ± 6.0 94% ± 4% 

110° 33.0 ± 3.8 106% ± 7% 36.9 ± 5.6 108% ± 6% 34.6 ± 5.4 106% ± 7% 79.1 ± 10.6 88% ± 9% 49.4 ± 5.5 89% ± 5% 

* Data are mean ± SD. 
† Ratio of current length with respect to the base length in neutral flexion. Percentage > 100% means that the ligament is elongated, otherwise it is shortened. 
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Table 2. Errors (mm) between the ligaments lengths computed by the simulation with those measured on MRI at the 

different knee flexion angles (n = 9) 

Ligament Mean* ± SD Ratio** (mean ± SD) 

ACL 2.1 ± 1.2 7% ± 4% 

PCL_PM 2.3 ± 0.9 7% ± 2% 

PCL_AL 2.0 ± 1.1 6% ± 4% 

MCL 1.1 ± 1.3 1% ± 2% 

LCL 2.0 ± 1.7 4% ± 3% 

* Values are positive, meaning that the simulation tended to overestimate the length 
** Error reported as length variation (ratio of current length with respect to the base length in neutral flexion) 
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Table 3. Length (mm) and length variation (%) of the knee ligaments during the dynamic activities, with indication of the 

knee flexion angles when the measures where taken* 

Activities 
Flexion 
angle 

ACL PCL_PM PCL_AL MCL LCL 

Length Ratio†  Length Ratio†  Length Ratio†  Length Ratio†  Length Ratio†  

Sitting 121.8 ± 12.2  35.5 ± 4.1 112% ± 8% 42.2 ± 7.1 116% ± 10% 39.7 ± 6.3 119% ± 10% 80.9 ± 9.2 88% ± 10% 51.4 ± 6.6 93% ± 10% 

Cutting 74.5 ± 8.0 35.0 ± 4.6 108% ± 14% 41.2 ± 6.9 114% ± 12% 38.4 ± 6.0 115% ± 10% 91.9 ± 8.8 101% ± 5% 55.4 ± 5.5 100% ± 5% 

Drop jump 106.2 ± 23.1 35.7 ± 4.3 113% ± 8% 42.1 ± 7.7 116% ± 2% 39.3 ± 7.0 118% ± 9% 84.9 ± 8.3 94% ± 8% 53.5 ± 4.9 97% ± 7% 

Kangaroo jump 126.1 ± 15.5 35.6 ± 3.5 115% ± 10% 42.1 ± 7.9 117% ± 10% 40.1 ± 8.4 123% ± 12% 83.9 ± 6.3 93% ± 6% 53.6 ± 4.3 99% ± 11% 

Sidestepping 71.3 ± 11.3 34.7 ± 4.6 109% ± 5% 40.5 ± 7.2 111% ± 12% 38.1 ± 6.1 114% ± 9% 92.3 ± 9.2 102% ± 4% 52.5 ± 9.3 95% ± 17% 

* Data are mean ± SD and reported for the participants performing three trials for each activity. 
† Ratio of current length with respect to the base length in neutral flexion. Percentage > 100% means that the ligament is elongated, otherwise it is shortened. 
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