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Abstract 28 

Purpose: This study investigated the effect of anteromedial (AM) and central anterior cruciate 29 

ligament (ACL) reconstructions on the patellofemoral joint (PFJ) contact mechanics during 30 

walking and running.  31 

Methods: Six knee models were established under a musculoskeletal multibody dynamic 32 

framework. The ACL attachment points and muscle volume of the quadriceps femoris and 33 

hamstrings were modified to simulate ACL reconstructions and post-operative muscle atrophy. 34 

Walking and running simulations were performed to quantify ACL graft force and PFJ contact 35 

force. A single stance phase of the motion cycle was divided into eleven time points (periods 36 

0.0-1.0). The computational results were statistically tested at each time point.  37 

Results: The results showed that central ACL reconstruction reduced graft force at contralateral 38 

toe-off and toe-off phases under walking conditions and the entire cycle under running 39 

conditions, with maximal reductions were 10.96 ± 7.42 % and 29.00 ± 10.41 %, respectively. 40 

Compared to AM reconstruction, central reconstruction increased the mean PFJ contact force 41 

by up to 2.12 ± 1.17 % of body weight during periods 0.4-0.9 of the walking cycle and exhibited 42 

a complex pattern during the running cycle.  43 

Conclusions: Central ACL reconstruction provided a significantly higher PFJ load compared 44 

with AM reconstruction during walking after surgery. No consistent conclusions were reached 45 

between the two surgical protocols on PFJ contact force during running. These findings provide 46 

clinicians with a better understanding of the PFJ mechanics after ACL reconstruction. 47 
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1. Introduction 57 

Patellofemoral joint (PFJ) osteoarthritis (OA) following anterior cruciate ligament (ACL) 58 

reconstruction has received much attention in recent years. Clinical studies have reported that 59 

17.4 % of patients developed new-onset PFJ OA after ACL reconstruction [34]. The prevalence 60 

of radiographic PFJ OA post-surgery ranges from 11 % to 90 % [13]. Adverse symptoms, such 61 

as prepatellar pain caused by cartilage degradation, gravely affect surgical outcomes. 62 

Furthermore, young patients would suffer premature joint ageing, which results in an inability 63 

to return to sports [14].  64 

Mechanical disorders are among the mechanisms contributing to OA [24]. Cartilage 65 

requires sufficient load to maintain its typical structure and function. PFJ underloading appears 66 

in various dynamic tasks early after ACL reconstruction, including walking, single-leg hop and 67 

running [48], [49], [57]. Recent studies have indicated that reduced PFJ loading in the early 68 

stage after surgery is closely associated with poor long-term cartilage and PFJ OA [41], [45], 69 

[56]. Consequently, restoring early PFJ mechanics post-ACL reconstruction could be critical in 70 

mitigating PFJ degeneration.  71 

Determining the surgical protocol to better restore joint contact is beneficial for promoting 72 

cartilage health. Previous research has demonstrated that anatomic double-bundle ACL 73 

reconstruction more accurately restores PFJ contact areas and pressures compared to non-74 

anatomic single-bundle reconstruction [50]. With evolving concepts, anatomic single-bundle 75 

ACL reconstructions are increasingly used and have achieved clinical outcomes comparable to 76 

double-bundle ACL reconstructions [2]. Since anatomic single-bundle ACL reconstructions 77 

cannot fully restore the original surface area of the native footprint, the femoral tunnel could be 78 

positioned centrally, anteromedially, or posterolaterally within the footprint. Anteromedial (AM) 79 

and central ACL reconstructions have proven superior to posterolateral reconstruction for graft 80 

isometric, maturation, and knee stabilization [12], [35], [38], [43] and were the two most 81 

commonly used reconstruction techniques. Different tunnel placements of the two techniques 82 

change the graft angle connecting the femur and tibia. Previous study identified graft angle as 83 

a primary determinant of internal knee mechanics after ACL reconstruction [55]. However, 84 

biomechanical results of PFJ were not included in this study. To date, the effect of AM and 85 



 

 

central ACL reconstructions on PFJ contact mechanics remains unclear.  86 

Shreds of evidence have shown that variations in muscle load could also affect TFJ 87 

kinematics, further changing the PFJ contact pressures [36], [54]. Therefore, a primary 88 

challenge in assessing the potential impact of the surgical protocols on PFJ biomechanics is 89 

eliminating the influence of muscle load. Lower limb muscle atrophy is universal in the early 90 

stage after ACL reconstruction, which may exacerbate the impact of graft angle on PFJ load 91 

under dynamic conditions [9], [42]. Musculoskeletal (MSK) models have advantages in 92 

simulating muscle atrophy and dynamic activity under physiological conditions.  93 

Hence, this study used MSK models to determine the effects of AM and central graft tunnel 94 

placements on PFJ contact mechanics during walking and running post-anatomic single-bundle 95 

ACL reconstruction. First, the kinematics of the TFJ and PFJ of the normal knee during the 96 

entire gait cycle were calculated and compared to the experimental studies to verify the MSK 97 

model effectiveness. Then, muscle force pre- and post-muscle volume reduction during the gait 98 

stance phase was calculated to evaluate the impact of volume changes on muscle force. Finally, 99 

graft forces and PFJ contact forces in AM and central ACL reconstructions during the stance 100 

phase of both walking and running cycles were calculated and compared. The results were 101 

expected to expand biomechanical evidence of ACL reconstruction, and provide potential value 102 

for clinicians to optimize rehabilitation strategies after surgery. We hypothesized that PFJ 103 

mechanics in AM reconstructed knees would differ from those in central reconstructed knees 104 

and that central ACL reconstruction would more effectively restore early PFJ biomechanics 105 

post-surgery under dynamic conditions.  106 

2. Methods 107 

2.1 Subject information 108 

Motion capture data and ground reaction force (GRF) of walking trials [18] and running 109 

trials [19] were obtained from two public databases. All subjects from the databases were 110 

healthy without any neurological or musculoskeletal disorder. The subjects were asked to 111 

perform walking or running trials on an instrumented treadmill comfortably. A three-112 

dimensional (3D) motion-capture system with 12 cameras was used to collect kinematics. 113 

Detailed information of selected subjects was shown in Table 1.  114 



 

 

Table 1. Details of the subjects involved in the current study. 115 

Walking  Running 

 
Height 

(m) 

Weight 

(kg) 

Speed 

(m/s) 

  Height 

(m) 

Weight 

(kg) 

Speed 

(m/s) 

Subject 1 1.79 75.85 1.27  Subject 7 1.80 75.00 2.5 

Subject 2 1.67 52.90 1.25  Subject 8 1.66 56.85 2.5 

Subject 3 1.70 62.45 1.28  Subject 9 1.69 60.00 2.5 

Subject 4 1.71 61.15 1.32  Subject 10 1.72 64.70 2.5 

Subject 5 1.86 79.05 1.16  Subject 11 1.83 80.00 2.5 

Subject 6 1.76 66.25 1.21  Subject 12 1.75 68.15 2.5 

 116 

2.2 MSK modelling 117 

2.2.1 Description of model 118 

Lower limb models were developed utilizing AnyBody (v7.4, AnyBody Technology, 119 

Denmark) [15]. The lower limb MSK model was taken from the AnyBody Managed Model 120 

Repository (v2.2.1) and modified for this study [31]. Fifty-five muscle-tendon units comprised 121 

of roughly 160 three-element Hill-type muscle models actuated the model.  122 

2.2.2 Model scaling 123 

The segments and isometric muscle strength of each muscle model were scaled via a 124 

length-mass-fat scaling approach according to the height and weight of subjects [26]. Moreover, 125 

a parameter optimization method proposed by Andersen et al. [1] was also used to scale the 126 

skeleton and determine the joint center.  127 

2.2.3 Geometry of bone and cartilage  128 

Six normal right knee joint models comprising bones (femur, tibia, and patella) and 129 

articular cartilage (femoral cartilage, medial and lateral tibial cartilage, and patellar cartilage) 130 

were included in the current study. The 3D geometric surfaces were sourced from Open Knee, 131 

a publicly available project, have been previously verified [11]. Detailed information of all 132 

models was shown in Table 2. The models were selected to match the motion capture data 133 

according to the most similar body mass index (BMI) of the subjects. The mean absolute 134 

difference of BMI in walking and running trials was 0.45 ± 0.45 and 1.13 ± 0.72, respectively. 135 



 

 

Two-sample t tests were used to determine the significance of the differences. No significant 136 

differences of BMI in both walking trials (P = 0.736) and the running trials (P = 0.322) after 137 

the matching step. Then, the knee joint models were integrated into the MSK models via rigid 138 

registration, performed in Geomagic Studio (v2013, Geomagic Inc., USA). The bone 139 

registration was implemented by aligning the bony landmarks of femur (lateral and medial 140 

epicondyle, apex of intercondylar notch, trochlea groove), tibia (lateral and medial edge of tibial 141 

plateau, tibial tuberosity) and patella (lateral and medial border, base and apex of patella) 142 

between the geometric surfaces of knee joint models and MSK models. The registration of 143 

cartilages was performed an automatic alignment according to the transform matrixes of the 144 

attached bone, respectively.  145 

Table 2. Details of the models included in the current study. 146 

ID oks001 oks002 oks004 oks006 oks007 oks008 

Side Right Right Right Right Right Right 

Height (m) 1.83 1.55 1.58 1.52 1.70 1.78 

Weight (kg) 77.1 45.3 54.4 49.4 65.8 63.5 

BMI 23.1 18.9 21.9 21.3 22.7 20.1 

 147 

2.2.4 Ligament bundle 148 

Eighteen non-linear one-dimensional spring ligament bundles were modelled around the 149 

TFJ and PFJ to maintain stability during physiological motion simulation: anteromedial (aACL) 150 

and posterolateral (pACL) bundles of the anterior cruciate ligament; anterolateral (aPCL) and 151 

posteromedial (pPCL) bundles of the posterior cruciate ligament; lateral collateral ligament 152 

(LCL); anterior portion (aMCL), central portion (cMCL) and posterior portion (pMCL) of the 153 

medial collateral ligament; medial (Mcap) and lateral (Lcap) posterior capsules; oblique 154 

popliteal ligament (OPL); superior (sMPFL), middle (mMPFL) and inferior (iMPFL) medial 155 

PF ligament; superior (sLPFL), middle (mLPFL) and inferior (iLPFL) lateral PF ligament and 156 

patellar tendon (PT) (Fig. 1A). The 3D coordinates of the ligament bundle attachment points 157 

were obtained from subject-specific MR images. Wrapping surfaces were applied to the 158 

ligament bundles to wrap around the bony structure to prevent ligament penetration into the 159 

bone.  160 



 

 

The force-strain relationship of the non-linear spring ligaments was defined as follows [7]: 161 

 𝑓(𝜀) = {

𝑘(𝜀 − 𝜀1), 2𝜀1 < 𝜀
𝑘𝜀2

4𝜀1
, 0 ≤ 𝜀 ≤ 2𝜀1

0, 𝜀 < 0

 (1)   162 

  𝜀 =
𝑙−𝑙0

𝑙0
 (2) 163 

where 𝑓(𝜀) is the current force, 𝑘 is the stiffness, 𝜀 is the strain, and 𝜀1 is assumed to be 164 

constant at 0.03. 𝑙0  is the ligament bundle zero-load length. Two methods were used to 165 

determine the ligament bundle zero-load length; one is the zero-load length percentage method, 166 

which considered to take subject-specific ligament information into account [8]: 167 

 𝑙0 = 𝑙𝑚𝑎𝑥  × 𝐶𝑃𝐶𝑇 (3) 168 

where 𝑙max is the maximum length of the ligament bundle in passive knee flexion, and CPCT 169 

is the correction percentage. This method was applied to determine the 𝑙0 of ACL, PCL, MCL 170 

and LCL. The 𝑙max of each ligament was converted by the length at the extended position 171 

using the length change pattern [3]. The best CPCT were the cruciates (ACL and PCL) at 85 % 172 

and the collaterals (LCL and MCL) at 75 %, according to the literature [8]. Another is the 173 

reference strain method: 174 

 𝑙0 =
𝑙𝑟

𝜀𝑟+1
 (4) 175 

where 𝑙𝑟 is the ligament reference length at the reference (extension) position, and 𝜀𝑟 is the 176 

ligament reference strain at the reference position. This method was applied to determine the 177 

𝑙0 other than ACL, PCL, MCL and LCL. The 𝑙0 of the PT was measured from sagittal MRI 178 

images. The stiffness and reference strain values of the ligament bundle could be found in 179 

previous literature [6], [39].  180 



 

 

 181 

Fig. 1. Subject-specific musculoskeletal model during walking and running conditions. (A) Eighteen ligament 182 

bundles. (B) Contact conditions between femur, tibia and patella. 183 

 184 

2.2.5 Contact conditions 185 

Three rigid-rigid STL-based contact pairs were defined between the femoral and tibial 186 

cartilage and between the femoral and patellar cartilage (Fig. 1B). The contact surface was 187 

defined as the entire cartilage area, and the two opposite surfaces were in a master-slave 188 

relationship. All contact surfaces were represented with the triangles of the STL files. The 189 

contact forces of each contact pair were computed using a linear force-penetration volume law 190 

[6]. One vertex of the triangular meshes penetrates the opposite surface, forming a penetration 191 

depth (the distance between the vertex and the nearest point on the opposite surface) and a 192 

contact area (one-third of the sum of the areas of adjacent triangles). The penetration volume 193 

was the product of the penetration depth and the contact area. A pressure module of 1.2E10 194 

N/m3 was applied to determine contact force magnitudes at cartilaginous interfaces [28]. The 195 

vertex contact force was the product of the penetration volume and the pressure module. The 196 

contact force for each contact pair was the vector sum of all the vertex contact forces. 197 



 

 

2.2.6 Definition of TFJ and PFJ 198 

A joint coordinate system (CS) was defined to describe the kinematics for both the TFJ 199 

and PFJ according to previous studies [10], [16]. The kinematics of TFJ and PFJ were described 200 

as the tibia with respect to the femur and the patella with respect to the femur, respectively. The 201 

3D translation was measured by the relative displacement between the origins of the two CSs. 202 

Angular rotations were calculated using a Cardan angle in the following sequences: flexion-203 

extension, abduction-adduction and external-internal rotation for TFJ [25] and flexion, rotation 204 

and tilt for PFJ [16].   205 

2.2.7 Simulation of the AM and central ACL reconstructions 206 

The aACL and pACL ligament bundles of the normal knee joint models were removed and 207 

subsequently reconstructed (Fig. 2A). Attachment points for the femur and tibia were 208 

determined based on prior research employing the quadrant method [4], [53]. The numerical 209 

description of the femoral tunnel was measured based on a sagittal plane grid aligned to the 210 

Blumensaat line. The numerical description of the tibial tunnel was measured based on an axial 211 

plane grid with the transverse line (defined by the most posterior margin of the lateral and 212 

medial tibial condyles) aligned to the coronal plane. Grids were constructed using SolidWorks 213 

(v2018, Dassault Systemes, USA) by an experienced researcher. The AM femoral tunnel 214 

placement was 23.7 % depth and 21.3 % height. The center femoral tunnel placement was 28.2 % 215 

depth and 34.8 % height [59] (Fig. 2B). The tibial tunnel placement was 46.1 % anterior and 216 

47.6 % medial [51] (Fig. 2C). The stiffness of the reconstructed ACL graft was set as the product 217 

of the normal ACL stiffness used in MSK model [6] and the actual stiffness ratio of the normal 218 

ACL [58] and the double-looped semitendinosus and gracilis graft [27].  219 



 

 

 220 

Fig. 2. Subject-specific ACL reconstruction models (A) Schematic of the AM and central ACL reconstruction. 221 

(B) The AM and central femoral tunnel placement were defined using the quadrant method. (C) The tibial tunnel 222 

placement was defined using the quadrant method. 223 

2.2.8 Simulate muscle atrophy 224 

Quadriceps femoris and hamstrings muscle volumes were modified based on an MR-based 225 

quantitative study to accurately model muscle force post-ACL reconstruction [40]. The ratio of 226 

postoperative to normal muscle volume was applied to the rectus femoris (RF: 78.26 %), vastus 227 

lateralis (VL: 74.29 %), vastus medialis (VM: 80 %), vastus intermedius (VI: 78.26 %) and 228 

semitendinosus (ST: 83.33 %). As a result, each muscle force was adjusted and resolved to 229 

achieve balance during motion simulation. 230 

2.2.9 Inverse kinematics and dynamic analysis 231 

An inverse kinematics method based on motion capture data was employed to track the 232 

marker trajectories during one motion cycle [1]. The entire gait cycle was defined from heel-233 

strike to next heel-strike. The stance phase of both walking and running cycles was defined 234 

from heel-strike to toe-off. A GRF threshold of 10 N was used to define heel-strike and toe-off. 235 

Following the kinematic analysis, inverse dynamics analysis, including force-dependent 236 

kinematics (FDK) solver, was performed [47]. During the FDK-solving process, muscle forces, 237 

secondary joint kinematics, ligament forces and joint contact forces were calculated. All 238 



 

 

simulation results were resampled on a 0-100 % trial duration scale at 1 % intervals. Both 239 

muscle force and joint contact force were normalized by body weight (BW). 240 

2.3 Statistical analysis 241 

Differences between model calculations and in vivo experimental measurements reported 242 

by Gary et al. [23] were quantified using interclass correlation coefficient (ICC) of type (3,1) 243 

according to Shrout and Fleiss [46]. An ICC > 0.75 indicates excellent, 0.75-0.40 moderate to 244 

good and < 0.40 poor reliability [22]. A single stance phase of the walking and running cycles 245 

was divided into eleven-time points (periods 0.0-1.0). The calculated graft forces and PFJ 246 

contact forces in each model were compared with the corresponding simulation data from the 247 

same knee at the same cycle phase. The Shapiro-Wilk test was used to detect data normality. If 248 

the data conformed to the normality, paired t-tests were performed to detect statistically 249 

significant differences in the AM and central ACL reconstruction data. The Wilcoxon signed-250 

rank test was used if the data did not conform to normality. To account for multiple testing, P 251 

values were adjusted according to the method of Holm-Bonferroni to control the family-wise 252 

error rate. All analyses were performed using SPSS (v19.0, IBM Statistics, New York, USA). 253 

Cohen’s d was reported as the effect size, with the following interpretation standards: 0.8 (large), 254 

0.5 (medium), and 0.2 (small) [44]. In addition, continuous analysis of time series data through 255 

Statistical Parametric Mapping (SPM) was also performed. SPM two-sample independent t-256 

tests (P < 0.05) were used to compare the results between groups. All analyses were 257 

implemented using the open-source spm1d code on Python software (v7.2).  258 

3. Results 259 

3.1 Comparison of TFJ and PFJ kinematics in intact model 260 

Predicted versus experimental [23] 6-DOF kinematics of the TFJ and sagittal kinematics 261 

of PFJ during the entire gait cycle are depicted in Fig. 3. The established MSK models can 262 

reasonably predict the overall trend of kinematics and the characteristic peak value of the TFJ 263 

and PFJ during the gait cycle (Table 3). The inter-session reliability for flexion, valgus in TFJ 264 

and anterior, superior translation in PFJ were excellent, with ICC of 0.766, 0.835, 0.924, 0.803 265 

and confidence interval of 95 % from 0.671-0.836, 0.764-0.885, 0.889-0.948, 0.721-0.869, 266 

respectively. The inter-session reliability for the other kinematics in TFJ and PFJ was moderate 267 



 

 

to good.  268 

 269 

Fig. 3. (A) The 6-DOF tibiofemoral joint kinematics describing displacements of the tibia with respect to the 270 

femur for one entire gait cycle. (B) The sagittal kinematics of patellofemoral joint kinematics describing 271 

displacements of the patella with respect to the femur for one entire gait cycle. (The positive direction of the 272 

three rotational DOFs [47] was opposite to the current study) 273 

 274 

Table 3. Agreement between predicted and in vivo experimental 6-DOF kinematics of TFJ (A) and sagittal 275 

kinematics of PFJ (B) during the entire gait cycle. 276 

(A) Flexion Valgus 
Internal 

Rotation 

 Lateral 

Translation 

Anterior 

Translation 

Superior 

Translation 

ICC  0.766 0.835 0.722  0.474 0.411 0.538 

95% CI 
0.671-

0.836 

0.764-

0.885 

0.614-

0.804 

 0.220-

0.645 

0.236-

0.561 

0.315-

0.689 

(B) Flexion Anterior Translation Superior Translation 

ICC 0.688 0.924 0.803 



 

 

95% CI 0.569-0.778 0.889-0.948 0.721-0.869 

ICC: interclass correlation coefficient 277 

CI: confidence interval 278 

 279 

 280 

3.2 Prediction of muscle force 281 

The mean muscle forces of the RF and ST continued to be lower than normal after reducing 282 

muscle volume (Fig. 4). The peak force of the RF was 0.48 BW, decreasing by 22.58 % 283 

compared to the normal value of 0.62 BW, occurring at the contralateral heel-strike of the stance 284 

phase. The mean peak muscle force of the ST was 0.20 BW, decreasing by 20.00 % compared 285 

to the normal value of 0.25 BW, occurring at the heel strike of the stance phase. The mean 286 

muscle force of the VL was lower than normal before the 0.6 periods and then higher than 287 

normal. The peak force was 0.36 BW, decreasing by 7.69 % compared to the normal value of 288 

0.39 BW, occurring at the contralateral toe-off of the stance phase. The mean muscle forces of 289 

the VM and VI increased slightly toward the end of the stance phase. The peak forces were 0.10 290 

BW and 0.04 BW, respectively, almost the same as normal, occurring at the contralateral toe-291 

off of the stance phase. The above results showed the necessity of muscle volume modification 292 

in post-operative dynamic activity simulation using kinematic data of healthy subjects. 293 



 

 

 294 

Fig. 4. Mean muscle forces predicted before and after muscle volume reduction during the stance phase of gait. 295 

Solid lines represent a normal muscle volume, and dashed lines represent a decreased muscle volume. (RF, 296 

rectus femoris; VL, vastus lateralis; VM, vastus medialis; VI, vastus intermedius; ST, semitendinosus; HS, heel-297 

strike; TO, toe-off; CTO, contralateral toe-off; MS, midstance; CHS, contralateral heel-strike) 298 

3.3 Graft force 299 

Results show that forces exerted on the ACL graft during the stance phase of the walking 300 

and running cycles, see Figure 5. Compared with AM reconstruction, the mean force on ACL 301 

graft of central reconstruction was reduced by 9.06 ± 7.31 % in the 0.2 period near the 302 

contralateral toe-off of the stance phase, under the walking-load condition. At the toe-off of the 303 

stance phase, the mean force on the ACL graft of central reconstruction was reduced by 10.96 304 

± 7.42 %, compared with AM reconstruction. Under the running-load condition, the mean force 305 

on the ACL graft of central reconstruction remained lower than AM reconstruction throughout 306 

the stance phase of running. The peak graft force was reduced by 29.00 ± 10.41 % in the 0.3 307 

period. Fig. 6A and Fig. 6B show the comparisons of the graft forces-time series by SPM under 308 

walking and running conditions, respectively. Nonsignificant (P > 0.05) differences between 309 

all pairwise comparisons.  310 



 

 

 311 

Fig. 5. Comparison between the AM and central ACL reconstruction of the forces exerted on the ACL grafts 312 

during the stance phase of the walking (A) and running (B) cycle. (HS, heel-strike; TO, toe-off; CTO, 313 

contralateral toe-off; MS, midstance; CHS, contralateral heel-strike) 314 

 315 

Fig. 6. Comparison of graft forces/patellofemoral joint contact forces-time series by SPM between reconstruction 316 

types. (Graft forces during the stance phase of the (A) walking and (B) running; Patellofemoral joint contact 317 

forces during the stance phase of the (C) walking and (D) running) 318 

 319 

3.4 PFJ Contact Force 320 

The PFJ contact forces during the stance phase of the walking and running cycles are 321 

depicted in Fig. 7. Compared with AM reconstruction, the mean PFJ contact force of central 322 

reconstruction was significantly increased under the walking-load condition by 1.06 ± 323 

0.39 %BW (P = 0.006, Cohen’s d = 0.059), 1.62 ± 0.60 %BW (P = 0.001, Cohen’s d = 0.065), 324 

1.60 ± 0.88 %BW (P = 0.001, Cohen’s d = 0.062), 2.12 ± 1.17 %BW (P = 0.002, Cohen’s d = 325 

0.078), 1.83 ± 0.62 %BW (P = 0.001, Cohen’s d = 0.073) and 1.79 ± 0.49 %BW (P < 0.001, 326 

Cohen’s d = 0.091), respectively, in the 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 periods. Compared with 327 

AM reconstruction, the mean PFJ contact force of central reconstruction was increased in the 328 



 

 

0.0-0.2 periods, and then reduced in the 0.3-0.6 periods, and finally increased in the 0.7-1.0 329 

periods, under the running-load condition. However, these differences were not statistically 330 

significant. In addition, it was worth noting that although the two graft conditions caused 331 

statistical differences of PFJ contact forces at several time points in the walking cycle, this 332 

might not be meaningful and clinically relevant due to the small effect sizes of the results. Fig. 333 

6C and Fig. 6D show the comparisons of the PFJ contact forces-time series by SPM under 334 

walking and running conditions, respectively. Nonsignificant (P > 0.05) differences between 335 

all pairwise comparisons.  336 

 337 

Fig. 7. Comparison between the AM and central ACL reconstruction of the patellofemoral joint contact forces 338 

during the stance phase of the walking (A) and running (B) cycle. (* means significant differences; HS, heel-339 

strike; TO, toe-off; CTO, contralateral toe-off; MS, midstance; CHS, contralateral heel-strike) 340 

4. Discussion  341 

This study aims to investigate the effect of AM and central ACL reconstructions on the 342 

PFJ contact mechanics during walking and running. The primary finding is that central ACL 343 

reconstruction provides a significantly higher PFJ load than AM ACL reconstruction during 344 

walking after surgery. The maximum difference is 2.12 ± 1.17 %BW in the 0.7 period. 345 

Nevertheless, no consistent conclusions were reached between the two surgical protocols 346 

regarding PFJ contact force during running. AM ACL reconstruction provides a higher PFJ 347 

contact force in 0.3-0.6 periods, while central ACL reconstruction provides a higher PFJ contact 348 

force in 0.0-0.2 and 0.7-1.0 periods during the running cycle. 349 

Articular cartilage is a mechanosensitive tissue. Following ACL tear, the ACL-deficient 350 



 

 

lower limb has been reported to decrease the PFJ contact forces by approximately 30 % [26]. 351 

Simultaneously, osteoarthritic-associated cartilage composition would also reduce [32]. Cyclic 352 

joint loads generated by joint motion are essential to maintain normal metabolism and structure 353 

of cartilage. However, PFJ load during dynamic activity is often insufficient due to lower limb 354 

muscle atrophy and reduced joint mobility after ACL reconstruction [48], [49], [57] which may 355 

be the initiating factor leading to long-term PFJ degeneration. In addition, given the weakness 356 

of ACL graft soon early after surgery [21], excessive stress should be avoided to avoid 357 

secondary tissue damage. Therefore, PFJ loads closed to pre-injury conditions and lower graft 358 

forces are considered advantageous when evaluating the impact of the ACL reconstruction 359 

surgical protocol on PFJ biomechanics under dynamic conditions.  360 

Previous studies reported that peak PFJ contact forces of the ACL reconstructed limb 361 

averagely decreased by 0.2-0.4 BW (20-40 %BW) and 0.6 BW (60 %BW) during walking and 362 

running, respectively, compared with the uninjured limb within 24 months after surgery [57], 363 

[49]. The threshold of these findings was much greater than that of the current study, meaning 364 

that the differences in PFJ contact forces caused by two surgical interventions, while significant, 365 

might not be clinically relevant. Few studies have indicated no differences in clinical outcomes 366 

between AM and central ACL reconstruction [59], which supported this hypothesis to some 367 

extent. Further research is needed to confirm the significance of the current findings in PFJ 368 

degeneration after ACL reconstruction. 369 

The ACL graft acts as a stabilizer connecting the femur and tibia, further affecting the PFJ 370 

contact mechanics by affecting the TFJ kinematics. A previous biomechanical study has 371 

demonstrated that increased tibial posterior translation and external rotation could result in 372 

higher PFJ contact pressure in normal knee joints [36]. Another study also indicated that 373 

excessive posterior tibial loading during ACL reconstruction increased PFJ contact pressures at 374 

the time of surgery [29]. The native ACL fibers close to the femoral footprint location of AM 375 

reconstruction have been proven to mainly resist anterior tibial translation [30]. In the current 376 

study, the ACL graft forces of AM reconstruction were significantly greater than those of central 377 

reconstruction in both walking and running cycles, consistent with the previous findings. In 378 

addition, a simulation study revealed that a more vertical ACL graft induced greater anterior 379 

tibial translation, internal rotation and ACL loading in walking conditions [55]. The above 380 



 

 

results may explain why AM ACL reconstruction results in lower PFJ loading than central ACL 381 

reconstruction.  382 

Lower limb muscle force, especially the quadriceps femoris, is essential in the mechanics 383 

of the PFJ during dynamic load conditions [5]. In vivo ACL strain increases concurrently with 384 

quadriceps femoris force [17], which means that the quadriceps femoris force and the ACL graft 385 

tension may be synergetic factors in PFJ mechanics. Clinical studies found that quadriceps 386 

femoris dysfunction is common in patients with PFJ degeneration [33]. The atrophy degree of 387 

each quadriceps femoris muscle was different, and the duration of atrophy and recovery were 388 

also different after ACL reconstruction [9]. Unbalanced atrophy of the quadriceps femoris could 389 

affect the static alignment of the PFJ and has been confirmed to be associated with PFJ 390 

degeneration [37]. Additionally, the current study showed that muscle forces changed 391 

differently after reduced muscle volume, emphasizing the necessity of modifying muscle 392 

volume in investigating PFJ biomechanics during dynamic activity after ACL reconstruction. 393 

In vitro cadaver experiments present with challenges in accurately loading muscle forces in a 394 

state of muscle atrophy. In contrast, MSK models have advantages in predicting in vivo joint 395 

contact forces and muscle forces during physiological activities [28], [52].  396 

Several limitations of this study should be noted. First, only walking and running activities 397 

were included in this study. Other functional activities in daily life, such as step-ups, lunges and 398 

squats, should be considered. Secondly, the current study considered only the atrophy of the 399 

quadriceps femoris and hamstrings, whereas muscle atrophy is more extensive after ACL 400 

reconstruction. Fixed atrophy ratios were used without validation against longitudinal patient 401 

data, which may affect the generalizability of the results. Third, only the sagittal kinematics of 402 

the PFJ and the 6-DOF kinematics of the TFJ were reported during model validation because 403 

the PFJ contact forces were mainly affected by the above factors after ACL reconstruction. Due 404 

to the lack of individual data points in the compared experimental study, the absolute errors 405 

were not reported in the current research, which limited validation of the results to some extent. 406 

In addition, there is biomechanical asymmetry in the involved limb compared with the 407 

uninvolved limb after ACL reconstruction. Individuals with ACL reconstruction walk with a 408 

stiffer knee throughout the stance [20], which will change the movement trajectory and GRF. 409 

However, this study did not take this into account.  410 



 

 

5. Conclusion 411 

The study concluded that central ACL reconstruction provided a significantly higher PFJ 412 

load compared with AM reconstruction during walking, which might be conducive to early PFJ 413 

biomechanics after surgery. No consistent conclusions were reached between the two surgical 414 

protocols on PFJ contact force during running. The results from this study may help clinicians 415 

better understand the PFJ mechanics after ACL reconstruction. More clinical studies and 416 

patient-based longitudinal biomechanical analyses are required in the future to confirm the 417 

conclusions of this study. 418 
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