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Abstract

This study was to investigate the in vivo tibiofemoral cartilage contact locations before and after 

anterior cruciate ligament (ACL) reconstruction at 6 and 36 months.
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Ten patients with unilateral ACL injury were included. A step-up motion was analyzed using a 

combined magnetic resonance modeling and dual fluoroscopic imaging techniques. The 

preoperative (i.e. ACL deficient and healthy contralateral) and postoperative cartilage contact 

locations at 6 and 36 months were analyzed.

Similar patterns of the cartilage contact locations during the step-up motion were found for the 

preoperative and postoperative knee states as compared to the preoperative healthy contralateral 

side. At the end of step-up motion, the medial contact locations at postoperative 36 months were 

more anterior when compared to the preoperative healthy contralateral (p=0.02) and 6 months 

postoperative knee states (p=0.01). The changes of the cartilage contact locations at 36 months 

after ACL reconstruction compared to the healthy contralateral side were strongly correlated with 

the changes at 6 months postoperatively.

This study showed that the tibiofemoral cartilage contact locations of the knee changes with time 

after ACL reconstruction, implying an ongoing recovery process within the 36 months after the 

surgery. There could be an association between the short-term (6 months) and longer-term (36 

months) contact kinematics after ACL reconstruction. Future studies need to investigate the 

intrinsic relationship between knee kinematics at different times after ACL reconstruction.
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INTRODUCTIONS

Although anterior cruciate ligament (ACL) reconstruction has been routinely performed to 

stabilize the knee joint after ACL injury, numerous studies have revealed a prevalent 

radiographic evidence of postoperative osteoarthritis (OA) up to 85% after 10-15 years of 

the surgery (Ajuied et al., 2014; Chalmers et al., 2014). Various assumptions have been 

proposed on the mechanisms that could lead to early onset of postoperative OA (Englund 

and Lohmander, 2004; Pernin et al., 2010; Salmon et al., 2006; Yamaguchi et al., 2006). It 

has been reported that ACL injury and reconstruction cause changes to knee joint kinematics 

as compared to the healthy contralateral side; the kinematic changes subsequently result in a 

shift in cartilage loading areas that are not commonly loaded in healthy knees (Andriacchi 

and Dyrby, 2005; Defrate et al., 2006; Hosseini et al., 2012). The loading change in the 

cartilage has been widely accepted to play an important role in the OA development of the 

knee.

In vitro studies have been extensively used to investigate the effect of ACL reconstruction on 

knee joint kinematics (Bates et al., 2015; Herbort et al., 2016), and have indicated that ACL 

reconstruction could restore knee joint stability at time-zero after the surgery (Bates et al., 

2015). In vivo studies have reported on the postoperative knee kinematics during various 

functional knee joint activities, such as gait (Gao and Zheng, 2010; Zabala et al., 2013), 

lunge (Hosseini et al., 2012; Papannagari et al., 2006), step-up (Zabala et al., 2013), jump 

landing (Ristanis et al., 2009), downhill running (Hoshino and Tashman, 2012) etc. In 

general, these studies demonstrated that ACL reconstruction improved knee joint 
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kinematics, but was unable to restore normal knee kinematics under weight-bearing, 

functional loading conditions.

However, different postoperative time points were used in these in vivo studies, with the 

majority performed within one year after the surgery (Gao et al., 2012; Gao and Zheng, 

2010; Hosseini et al., 2012). It is well known that ACL reconstruction experiences 

postoperative graft healing/remodeling as was shown in animal model (Wei et al., 2011) as 

well as muscle strength recovery through rehabilitations (Grindem et al., 2014; Grindem et 

al., 2015). A paucity of data and inconsistencies exists in the current literature when it 

comes to changes of knee joint kinematics with postoperative time. Some investigators 

described significant changes over time (Webster et al., 2012; Zaid et al., 2015), while others 

described no changes (Tagesson et al., 2015). These differences might be explained due to 

the various measurement methods with limited accuracy: reflective-markers (Webster et al., 

2012), electrogoniometer (Zaid et al., 2015) and a MRI kinematic loading technique (Zaid et 

al., 2015). In addition, it was suggested that a single time point measurement of knee 

kinematics might not reflect the long-term outcome of ACL reconstruction surgery (Webster 

et al., 2012). Therefore, it is important to quantitatively determine if there is a change in 

knee joint kinematics during functional knee activities with postoperative time and if there is 

a relationship between the knee kinematics changes at different postoperative time points in 

order to investigate the mechanisms of postoperative OA development in ACL 

reconstruction patients.

The objective of this study was to evaluate the in vivo tibiofemoral cartilage contact 

locations at three different time points (before operation, 6 and 36 months after ACL 

reconstruction) during a dynamic step-up motion. We hypothesize that the cartilage contact 

locations change over time and there could be an association between the short-term and 

long-term postoperative knee kinematics after ACL reconstruction during the same 

functional activity.

METHODS

Subjects

This study was approved by the Institutional Review Board and written consent was 

obtained from all subjects prior to participation in the study. Ten patients (sex: 5 males/5 

females; age: 36.7 ± 9.3 years; body height: 171.3 ± 5.9 cm; body mass: 74.9 ± 8.6 kg; BMI: 

25.5 ± 2.8 kg/m2) with a unilateral ACL injured knee and no other ligamentous injuries, no 

evidence of gross cartilage damage at the time of ACL injury confirmed by magnetic 

resonance imaging (MRI) and arthroscopy (ICRS grade 0), and no history of contralateral 

knee injury or knee pain participated in this study. None of the patients had new onset of 

injury to either knee after ACL reconstruction (Table 1).

ACL Reconstruction Technique and Rehabilitation

All patients underwent ACL reconstruction within 6 weeks after injury. All surgeries were 

performed by one surgeon using a bone-patellar tendon-bone graft and a modified transtibial 

technique which is able to place the graft in more anatomic fashion (Sim et al., 2011). 
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Postoperatively, a simple knee brace was used to immobilize the reconstructed knee. 

Isometric knee muscle exercises were applied one day after surgery. Range of motion of the 

knee and weight bearing exercises were allowed 3-4 days after surgery and progressed 

gradually. Full-weight bearing without any crutch was encouraged within the first 4 weeks. 

Various sport activities were practiced step-by-step, and desired sport activities were allowed 

between 6 to 9 months after surgery if the patient had achieved at least 80% of the knee 

extension strength of the uninjured leg.

Imaging procedures

Both knees (i.e. healthy contralateral and ACL injured) were scanned using a 3-Tesla 

magnetic resonance (MR) scanner (MAGNETOM Trio, Siemens, Malvern, PA, USA) prior 

to surgery. The MR images were used to construct 3 dimensional (3D) models of both knees, 

including the femur, tibia, and cartilage surfaces, using an established protocol (Li et al., 

2013). All patients then performed a step-up motion (14 cm high) prior to, at 6 and 36 

months after ACL reconstruction. The knee motion was imaged using a dual fluoroscopic 

imaging system (Fig. 1A). The healthy contralateral knee was imaged once, prior to the 

ACL reconstruction.

To maintain the consistency of the primary measure in the longitudinal study design, the 

experimental setup was kept the same during the preoperative to 36 months postoperative 

measurements using the advantage of the compact buildup of the dual fluoroscopic system 

(Fig. 1). Prior to taking the fluoroscopic images, each patient was asked to practice the step-

up motion several times. The images of the finale, single motor task motion were used for 

analyses.

The dual fluoroscopic images were imported into solid modeling software (Rhinoceros, 

Robert McNeel and Assoc, Seattle, WA, USA) and placed in the orthogonal planes that were 

created based on the positions of the actual fluoroscopes during the imaging of patient's knee 

motion. Two virtual cameras were setup in the software to represent the x-ray sources of the 

actual fluoroscopes. Therefore, a virtual dual fluoroscopic system was recreated in the 

software. The 3D knee model was then introduced in the software and viewed from the two 

orthogonal directions from the two virtual cameras. The 3D knee model could be 

independently manipulated in 6 degrees-of-freedom inside the software until the projections 

of the model matched the silhouettes of the corresponding bones on the two fluoroscopic 

images. In this way, the model reproduced the in vivo position of the knee. Using the series 

of images captured during the step-up motion, the knee positions along the motion path 

could be reproduced using a series of 3D knee models. This analysis method has been 

previously validated with an error of <0.1 mm and a repeatability of <0.38° in measuring the 

position and orientation of the knee, respectively (Defrate et al., 2006; Hosseini et al., 2012).

To analyze the tibiofemoral cartilage contact locations, the cartilage models of the femur and 

tibia were mapped to the corresponding bony models at each knee position. The cartilage 

contact area at a given knee position was determined by overlapping of the tibial and 

femoral cartilage surfaces (Li et al., 2013). The centroid of the overlapping area was defined 

as the cartilage contact location. In this study, the contact locations were depicted on the 

medial and lateral tibial cartilage surfaces in anterior-posterior and medial-lateral directions 
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using a coordinate system constructed on the tibial plateau (Fig. 1B). The tibial long axis 

was defined parallel to the posterior wall of the tibial shaft. The medial-lateral axis was 

defined as a line connecting the centroids of the two circles fit to the medial and lateral tibial 

plateau surfaces (Chen et al., 2012). The anterior-posterior axis was perpendicular to the 

other two axes. For each patient, the coordinate system was built on the injured knee and 

mirror-mapped to the healthy contralateral side as used in our previous studies (Liu et al., 

2010). The femoral long axis was defined along the femoral shaft. The knee flexion angle 

was defined as the angle between the tibial and femoral long axes in the sagittal plane.

Data analysis

In this study, the knee kinematics at different time points after ACL reconstruction, i.e. prior 

to, 6 months and 36 months after ACL reconstruction were analyzed. The tibiofemoral 

cartilage contact locations on the tibial plateau in both anterior-posterior and medial-lateral 

directions were acquired along the step-up motion. The cartilage contact locations and knee 

flexion angle at end of the step-up motion (i.e. 100%) was specifically analyzed since the 

ACL mainly functions at low flexion angles (Jordan et al., 2007; Wu et al., 2010). The 

healthy contralateral knee was used as a baseline reference for calculation of the changes of 

the cartilage contact locations at end of the step-up motion at different postoperative time 

points. This was done by subtracting the postoperative cartilage contact location data from 

that of the healthy contralateral knees.

Statistical analysis

Changes in cartilage contact location at every 10% of the step-up motion between healthy 

contralateral, preoperative and reconstructed knee conditions (i.e., 6 and 36 months 

postoperatively) were assessed using a repeated measure ANOVA test, having the Tukey 

post hoc test to determine statistically significant differences in cartilage contact locations 

between knee states. The differences at the end of the step-up motion were specifically 

analyzed. Pearson correlation analysis was used to evaluate the relationship between the 

changes of the cartilage contact locations at 6 and 36 months after ACL reconstruction. 

Significant difference was set when p<0.05.

RESULTS

Cartilage contact locations along step-up motion with postoperative time

Similar patterns for both medial and lateral cartilage contact locations during the step-up 

motion were seen in the anterior-posterior and medial-lateral directions among the healthy 

contralateral, preoperative and postoperative knee states at 6 and 36 months. Both the 

cartilage contact locations of the medial and lateral compartments moved anteriorly with 

increasing knee extension (Fig. 2, see Appendix for data of means and standard deviations).

At the end of the step-up motion (100%), no statistically significant differences in cartilage 

contact locations were found between the healthy contralateral, preoperative and 6 months 

postoperative knee states in the anterior direction. When compared to the healthy 

contralateral side, at 36 months postoperatively, the cartilage contact locations were located 

significantly more anteriorly in medial compartment (p=0.02), but did not change 
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significantly in the lateral compartment (p=0.21). At 36 months, the cartilage contact 

locations of both the medial and lateral compartment were located significantly more 

anteriorly when compared to the preoperative (p=0.05, p=0.02, respectively) and at 6 months 

postoperative (p=0.01, p=0.04, respectively) knee states. No significant differences were 

found for the medial-lateral translation in both the medial and lateral compartment (Fig. 3).

Changes of cartilage contact locations with postoperative time

At the end of step-up motion, when compared to the healthy contralateral side, both the 

medial and lateral cartilage contact locations did not change significantly in the anterior-

posterior direction at 6 months postoperatively (by −1.5 ± 3.6 mm and −0.9 ± 3.4 mm, 

respectively). In the medial-lateral direction, the contact locations also did not change 

significantly at the medial and lateral compartments (by −0.1 ± 2.4 mm and −1.0 ± 3.4 mm, 

respectively). At 36 months postoperatively, the medial contact location changed by 1.6 

± 1.7 mm (p=0.02) and the lateral side not significantly by 0.9 ± 2.1 mm in the anterior-

posterior direction as compared to the contralateral knee. In the medial-lateral direction, the 

contact location did not change significantly for the medial and lateral compartments (by 

−0.6 ± 2.7 mm and −0.6 ± 3.2 mm, respectively).

The changes of anterior-posterior contact locations at 6 and 36 months postoperatively were 

found to have strong correlations at the medial compartment (r=0.65, p=0.03) (Fig. 4A) and 

at the lateral compartment (r=0.73, p=0.02) (Fig. 4B). No significant correlation was found 

for the changes in medial-lateral direction between 6 and 36 months postoperatively at the 

medial compartment (r=0.43, p=0.22) (Fig. 4C), but a strong correlation was found at the 

lateral compartment between the changes of the contact location in the medial-later direction 

at 6 and 36 months (r=0.78, p=0.01) (Fig. 4D).

DISCUSSION

This study investigated the in vivo tibiofemoral cartilage contact locations of the knee during 

a dynamic step-up motion at three time points: preoperatively (healthy contralateral and 

ACL deficient knees) and postoperatively (ACL reconstructed knee at 6 and 36 months). The 

data indicated that although the cartilage contact locations showed similar patterns at the 

three time points along the step-up motion, at the end of the motion, the contact locations 

were located more anteriorly at 36 months postoperatively when compared to those of the 

healthy contralateral, preoperative, and 6 months postoperative knee states. A strong 

correlation was found between the changes in contact locations in anterior-posterior 

direction of both medial and lateral compartments measured at 36 months and those 

measured at 6 months after ACL reconstruction. These data are in agreement with our 

hypothesis that the cartilage contact locations change with postoperative time and there 

could be a possible association between the short-term and long-term postoperative knee 

kinematics after ACL reconstruction during the step-up activity.

Postoperative knee kinematics after ACL reconstruction have been reported extensively in 

literature (Bates et al., 2015; Herbort et al., 2016). However, these studies investigated knee 

motion at different time points after the surgery. For example, Gao et al. studied the gait 

kinematics of the knee within 1 year of operation (Gao et al., 2012). Hosseini et al. reported 
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ACL reconstruction knee kinematics 6 months after the surgery (Hosseini et al., 2012). 

Scanlan et al. investigated the relationship between peak knee extension at heel strike of 

walking and the location of thickest femoral cartilage after 2 years of operation (Scanlan et 

al., 2013). In general, these studies reported that ACL reconstruction significantly improved 

knee kinematics, but was unable to restore functional knee kinematics to normal.

Several recent studies also indicated that the knee kinematics could change with time 

postoperatively. For example, Webster et al. found greater extension of the knee at terminal 

stance of the gait cycle and increased internal rotation at 3-years after ACL reconstruction 

when compared to the kinematics data at 10 months follow-up (Webster et al., 2012). Zaid et 

al. found that the ACL reconstructed knee at 6 months follow-up was significantly more 

anteriorly as compared to the contralateral healthy knee, but no differences were found at 1-

year follow-up (Zaid et al., 2015). Our data further corroborate on that cartilage contact 

locations might change with postoperative time after ACL reconstruction at the end of the 

step-up motion.

The change of knee kinematics with time after ACL reconstruction has a profound impact on 

investigation of ACL reconstruction biomechanics. In clinical practice, patients are usually 

considered healed from the surgery at 6 months after ACL reconstruction, and at 8 to 12 

months patients are recommended for full activities. (Kruse et al., 2012) These 

recommendations to patients after ACL reconstruction were mostly based on investigation of 

ACL reconstruction healing using animal models. For example, the ACL graft properties 

were shown to sharply deteriorate after surgery until 6 to 8 weeks and then slowly to recover 

(Wei et al., 2011). Therefore, most postoperative knee kinematics research did not consider 

the postoperative time effect. Our data and recent literature reports indicate that 

measurement of the knee kinematics after ACL reconstruction at only one postoperative time 

point may be insufficient to fully demonstrate the effect of the surgery on knee joint 

biomechanics.

Despite the recent recognition on the changes of knee kinematics at different postoperative 

times after ACL reconstruction (Webster et al., 2012), no data has been reported on the 

relationship of the knee joint motion at different postoperative times. Our data showed that 

the cartilage contact locations of both the medial and lateral compartments at 36 months 

after surgery were different from that measured at 6 months after surgery. The changes of the 

anteriorly located tibiofemoral cartilage contact locations at the end of the step-up motion at 

6 and 36 months after the surgery were positively correlated, implying that there may be a 

relationship between the cartilage contact locations at 6 months follow up and the longer 

postoperative follow up time.

Various mechanisms have been proposed to play a role in the changes of functional knee 

kinematics after ACL reconstruction. The graft and graft-tunnel healing could affect the 

knee joint function, however no study has reported on human graft and graft-tunnel healing 

with time due to technical difficulties. The correlation between the changes of postoperative 

cartilage contact locations at 6 and 36 months imply that there could be an intrinsic 

biomechanical relationship in knee kinematics at the two postoperative times. Scientifically, 

this is an interesting observation and indicates that long-term knee kinematics after ACL 
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reconstruction may be estimated using a early postoperative time measurement. A future 

study is warranted to quantitatively investigate the relationship between short-term and 

longer-term postoperative knee kinematics during various functional knee activities, so that 

the longer-term knee kinematics could be predicted using the short-term post-operative 

measurements of the knee kinematics. Future studies should also determine the 

postoperative time that is needed to reach a state in which knee kinematics remain 

unchanged with postoperative time.

Recently, biochemical MRI methods have been used to test the matrix changes of cartilage 

after ACL reconstruction by comparing with healthy populations or healthy contralateral 

knees (Bae et al., 2015; Li et al., 2011; Theologis et al., 2014; Van Ginckel et al., 2013). Van 

Ginckel et al. reported that T2 values of the medial femoral cartilage of ACL-reconstructed 

knees were higher than those of normal controls at 6 months following ACL reconstruction 

(Van Ginckel et al., 2013). Theologis et al. found that T1ρ values of the medial femoral 

condyle and medial tibia in ACL-reconstructed knees increased at 12-16 months of follow-

up compared to the contralateral knees (Theologis et al., 2014). Bae et al. found that 

heterogeneously increased T2 values in the ACL reconstructed knees when compared to the 

contralateral knees at the 3-year follow-up (Bae et al., 2015), where most patients (9 out of 

10) showed increases in T2 values in the weight-bearing areas of both the medial and lateral 

compartments of the ACL-reconstructed knees. The results of the current study showed that 

the cartilage contact locations changed with postoperative time during the same dynamic 

knee activity. It would be interesting to further investigate how the cartilage contact 

kinematics change could cause cartilage contact deformation change, and if the cartilage 

contact deformation change is associated to the postoperative OA development.

The data of this study should be explained under several limitations. First, the number of 

patients in the present study is relatively small although statistical significances were 

detected in kinematics changes at different postoperative time points. The high standard 

deviations relative to the magnitude of differences in the results could be due to the inter-

subject different. However, this is a repeated measure experiment design. A post hoc power 

analysis showed that the data has 75% power in detecting the differences between the 

cartilage contact locations in anterior-posterior direction of the ACL reconstructed knee 

measured at 36 months after the surgery and of the intact contralateral side measured 

preoperatively. In future study, a larger number of patients should be recruited to help 

strengthen the statistical analysis power. Second, although all patients in the present study 

followed one rehabilitation program after the ACL reconstruction and all returned to normal 

functional activity, the alternations of muscle strength at 36 months following ACL 

reconstruction remain unclear. Third, the healthy contralateral knee was measured at one 

point. However, this should not affect the current data analysis since we used the intact 

contralateral side data measured preoperatively as a reference to calculate changes of knee 

kinematics postoperatively, and different research groups have described that the healthy 

contralateral knee kinematics do not change over time (Tagesson et al., 2015; Tashman et al., 

2004). Forth, we acquired data only during one functional activity. The step-up motion was 

used because this has been described to be one of the most important daily activities. This 

activity creates a large joint moment together with quadriceps-hamstring co-contraction to 

help stabilize the knee and has been adopted as a closed-kinetic chain exercise in various 
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lower extremity rehabilitation protocols (Bynum et al., 1995; Garling et al., 2008; McQuade 

and de Oliveira, 2011). Other in vivo activities such as lunging, walking and running should 

be considered in future studies. Finally, the cartilage contact locations were measured from a 

single motor-task step-up motion, future studies may use repeated series analyses. The 

accuracy and repeatability of the cartilage contact locations were not analyzed in this study. 

Further, the determination of cartilage surfaces and the assumptions of the centroid of the 

contact area approach could also affect the current results (Marouane et al., 2016).

In conclusion, the data of this study showed that tibiofemoral cartilage contact locations 

changed with postoperative time after ACL reconstruction. The changes of cartilage contact 

locations at 6 months postoperatively showed strong correlation with the changes of contact 

locations at 36 months after the surgery. This information is essential for investigation of the 

biomechanical mechanisms of postoperative OA development in ACL reconstructed knees. 

Improved understanding of the mechanism behind the kinematic changes with postoperative 

time may be valuable for developing future rehabilitation regimens and surgical techniques 

that can help return patients back to normal activities and reduce the risk of postoperative 

OA development.
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Fig. 1. 
Schematic drawing showing (A) the step-up motion captured using a dual fluoroscopic 

imaging system; (B) coordinate system of the tibial plateau.
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Fig. 2. 
Cartilage contact locations after ACL reconstruction during the step-up motion. Anterior-

posterior translation of cartilage contact locations on the (A) medial and (B) lateral tibial 

plateau; Medial-lateral translation of the cartilage contact locations on (C) medial and (D) 

lateral tibial plateau.
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Fig. 3. 
Locations of cartilage contact locations at the end of the step-up motion (100%) with time. 

A) Anterior posterior translation, B) Medial lateral translation. (Pre: preoperation; 6m: 6 

months post operation; 36m: 36 months post operation; * p < 0.05, indicating that the data 

measured at 36 months are significantly different than those at preoperation and 6 months 

after operation).
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Fig. 4. 
The correlation of the changes of articular contact location at 6 months and at 36 months 

after ACL reconstruction. Anterior-posterior translation in the (A) medial and (B) lateral 

compartments; medial-lateral translation in the (C) medial and (D) lateral compartments.
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Table 1

Preoperative patient characteristics

Patients Sex Age (years) BMI (kg/m2) Injured Knee Meniscus tear Treatment 
of 

meniscus 
tear

Duration 
between 
injury 

and 
exam 
(days)

Follow-up duration (months)

# 1 F 31 25.1 Left LMPH PM 38 43

# 2 M 32 23.6 Right LMPH PM 13 44

# 3 M 28 26.4 Right LMPH PM 51 45

# 4 M 34 27.3 Left NONE NONE 69 44

# 5 M 43 27.4 Left MMPH PM 45 43

# 6 M 31 28.9 Left MMPH PM 40 46

# 7 F 20 22.8 Right NONE NONE 30 42

# 8 M 49 21.6 Right LM/MMPH PM 33 44

# 9 F 27 25.7 Left LMPH PM 45 39

# 10 F 43 29.3 Right LMMB PM 48 45

M: male, F: female, BMI: body mass index, MM: medial meniscus, LM: lateral meniscus, AH: anterior horn, MB: midbody, PH: posterior horn, 
NONE: no meniscal tear, PM: partial meniscectomy
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