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Abstract

Medial patellofemoral ligament (MPFL) reconstruction is currently the primary surgical procedure 

for treating recurrent lateral patellar instability. The understanding of graft function has largely 

been based on studies performed with normal knees. The current study was performed 

to characterize graft function following MPFL reconstruction, focusing on the influence of 

pathologic anatomy on graft tension, variations with knee flexion, and the influence on patellar 

tracking. Knee squatting was simulated with fifteen multibody dynamic simulation models 

representing knees being treated for recurrent lateral patellar instability. Squatting was simulated 

in a pre-operative condition and following MPFL reconstruction with a hamstrings tendon graft 

set to allow 0.5 quadrants of lateral patellar translation with the knee at 30° of flexion. Linear 

regressions were performed to relate maximum tension in the graft to parameters of knee anatomy. 

Repeated measures comparisons evaluated variations in patellar tracking at 5° increments of 

knee flexion. Maximum graft tension was significantly correlated with a parameter characterizing 

lateral position of the tibial tuberosity (maximum lateral tibial tuberosity to posterior cruciate 

ligament attachment distance, r2 = 0.73, p < 0.001). No significant correlations were identified 

for parameters related to trochlear dysplasia (lateral trochlear inclination) or patella alta (Caton­

Deschamps index, patellotrochlear index). Graft tension peaked at low flexion angles and was 

minimal by 30° of flexion. MPFL reconstruction decreased lateral patellar shift (bisect offset 

index) compared to pre-operative tracking at all flexion angles from 0° to 50° of flexion, except 
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45°. At 0°, the average bisect offset index decreased from 0.81 for the pre-operative condition to 

0.71. The results indicate that tension within an MPFL graft increases with the lateral position of 

the tibial tuberosity. The graft tension peaks at low flexion angles and decreases lateral patellar 

maltracking. The factors that influence graft function following MPFL reconstruction need to be 

understood to limit patellar maltracking without overloading the graft or over constraining the 

patella.
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Introduction

Medial patellofemoral ligament (MPFL) reconstruction is currently the primary surgical 

procedure for treating recurrent lateral patellar instability1,2. While rates of recurrent 

instability following MPFL reconstruction are generally reported at less than 4%2,3, rates 

as high as 8% to 20% have also been reported4–8. Poor outcomes following MPFL 

reconstruction are typically attributed to anatomical risk factors, in particular, trochlear 

dysplasia or a laterally positioned tibial tuberosity4,9–13. A non-anatomic MPFL graft 

attachment on the femur and over-tensioning of the graft have been reported to contribute 

to poor outcomes11. To limit the risk of over-tensioning, the graft length is typically set to 

allow the patella to glide laterally within the trochlear groove14,15.

Numerous biomechanical studies have evaluated the function of MPFL grafts. Studies 

utilizing in vitro and computational simulation of knee function have indicated that MPFL 

reconstruction limits lateral patellar tracking with respect to the femur16–20, although 

measures of patellar tracking relative to the trochlear groove would be more valuable for 

clinical interpretation. Trochlear dysplasia and a lateral position of the tibial tuberosity have 

been shown to increase lateral patellar tracking following MPFL reconstruction21,22, but 

the influence of knee pathology on graft function has yet to be thoroughly characterized. 

Computational simulation of knee function has also indicated that tension within an MPFL 

graft peaks at low flexion angles, with minimal graft tension beyond 30° of flexion17,18, 

but other studies focused on variations in graft tension with knee flexion angle have been 

inconsistent. The path length between standardized graft attachment points on the femur and 

patella has been measured in vitro as an indicator of graft tension. Some studies indicated 

an MPFL graft would be nearly isometric during function23– 26. Others indicated graft 

tension would be expected to decrease27 or increase28 with knee flexion. Similar studies 

using computational models reconstructed from imaging data of subjects indicated that graft 

tension would be expected to decrease with flexion29, decrease in early flexion followed by 

an increase30, or increase in early flexion followed by a decrease31. The studies based on 

path length between graft attachment points did not account for all of the anatomical factors 

that contribute to patellar instability or patellar glide allowed intra-operatively.

The current study was performed to provide a more thorough characterization of graft 

function following MPFL reconstruction for recurrent patellar instability than is currently 
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available. The study focuses on the influence of pathologic anatomy on graft tension, 

variations with knee flexion, and the influence of a graft on patellar tracking relative to the 

trochlear groove. The study is based on multibody dynamic simulation of knee function with 

computational models representing knees being treated for recurrent patellar instability.

Methods

Knee function was simulated with computational models representing the symptomatic 

knees of fifteen subjects being treated for recurrent lateral patellar instability. The subjects 

ranged in age from 12 to 34 years (mean = 19 years). One of the subjects had previously 

been treated with a lateral release and medial imbrication that subsequently failed, and one 

had previously been treated with tibial tuberosity realignment prior to the latest instability 

episode. The institutional review boards of the two treating institutions (Johns Hopkins 

University, Akron Children’s Hospital) provided approval for the study.

The accuracy of simulated patellar tracking was characterized previously for the original 

nine models. For each model, a functional activity performed by the corresponding subject 

during a diagnostic scan was simulated. The root mean square errors between simulated 

patellar kinematics and kinematics measured from the subjects over all flexion angles were 

2.7 mm and 3.7° for lateral patellar shift and tilt, respectively17. The surgical procedure 

performed on each subject (MPFL reconstruction or tibial tuberosity realignment) was also 

represented with each model to simulate a post-operative functional activity performed 

by the corresponding subject. For the subject-derived kinematics, the average (± standard 

deviation) patellar lateral shift and tilt decreased 1.4 ± 3.8 mm and 2.5° ± 4.1°, respectively, 

from the pre-operative to post-operative condition, compared to 2.4 ± 4.8 mm and 2.3° ± 

5.9° for the simulated motions17.

Computational Reconstruction of Knee Motion for Accuracy Assessment

The accuracy assessment was expanded to include the six new models developed for the 

current study. Seven of the fifteen subjects performed knee extension against gravity within 

a dynamic CT scanner (Aquilion ONE, Canon Medical Systems, Ōtawara, Japan)32,33. The 

other eight subjects positioned the injured knee at multiple positions of flexion within an 

MRI scanner (Magnetom Skyra, Siemens Healthcare GmbH, Erlangen, Germany), with 

quadriceps activation induced by a loading frame applying an external force at the foot34. 

The self-selected force that subjects could resist during the scan (approximately one minute) 

without pain, apprehension, or movement ranged from 60 to 85 N.

Post-operative imaging was not available for the six models added to the current study, 

so the accuracy assessment was only updated for pre-operative patellar tracking. For five 

subjects, the scans were performed for clinical evaluation (dynamic CT of knee extension 

plus an MRI scan), with the imaging retrospectively utilized to develop models. One subject 

prospectively participated in isometric knee extension at multiple flexion angles within an 

MRI scanner, but was lost to follow up.

A computational model of each knee was reconstructed (3D Doctor, Able Software Corp, 

Lexington, MA and Mimics, Materialise, Leuven, Belgium) from an MRI scan of the 
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extended and unloaded knee (fourteen 3.0 T and one 1.5 T, proton density weighted, 

slice thickness ranging from 0.5 mm to 3.0 mm). The femur, tibia and patella were also 

reconstructed at 3 to 5 positions spanning the flexion range from the CT or MRI scans 

acquired during knee function. For each subject, a single model of each bone was shape 

matched to all flexed positions using an iterative closest point algorithm35. Anatomical 

coordinate systems were created for the femur, patella and tibia32 to characterize knee 

kinematics based on the floating axis convention36.

Simulation of Knee Motion

The multibody dynamic simulation models (RecurDyn, FunctionBay, Seongnam, Korea) 

and representation of knee function have been described in detail previously17,18,21,37. 

Bones, cartilage surfaces and soft tissue attachment points were reconstructed from the 

unloaded MRI scans (Fig. 1). The femur, tibia, and patella were represented as rigid bodies. 

Simplified Hertzian contact determined the reaction forces at the articulating cartilage 

surfaces. Tension-only springs with properties assigned for stiffness, damping, and pre-strain 

at full extension represented bundles of the medial and lateral collateral ligaments (3 

each), anterior and posterior cruciate ligaments (2 each), patellar tendon (5), posterior 

capsule (4), lateral retinaculum (2), and medial retinaculum minus the native MPFL (1). 

Quadriceps forces were applied through springs representing the quadriceps tendon and 

divided among the vastus medialis obliquus, vastus lateralis, and combination of the vastus 

intermedius, rectus femoris, and vastus medialis longus. A weak vastus medialis obliquus 

was represented by applying 5% of the total quadriceps force based on subjects with lateral 

patellar malalignment38.

For the accuracy assessment, the motion each subject performed within a scanner was 

simulated. For the models of subjects who performed dynamic knee extension against 

gravity, the femur was fixed in space, and mass was added to the tibia to represent the 

moment of the lower limb about the flexion axis18. A quadriceps loading profile that 

initiated and maintained extension from maximum flexion in the CT scanner (approximately 

50°) to 0° was applied. For the models of subjects who performed isometric knee extension, 

the models were set at each flexion angle from the MRI scans. The femur was fixed in place, 

and a force was applied proximally at the foot to match the force applied to each subject. 

The quadriceps force that maintained the flexion angle was applied17. Knee kinematics 

were quantified using the same anatomical coordinate systems used for computational 

reconstruction of the functional activities performed by the subjects for calculation of root 

mean square errors with respect to measurements from the subjects.

Function of MPFL grafts was assessed while simulating a dual limb knee squat with all 

fifteen models. Three rotational degrees of freedom were allowed at the ankle and flexion/

extension, varus/valgus rotation, and superior/inferior translation allowed at the hip. The 

total quadriceps force increased from 42 N at full extension to 300 N at 50° of flexion. 

Medial and lateral hamstrings forces combined to apply one-third of the total quadriceps 

force. Body weight of 200 N was represented. A hip flexion moment applied over the first 

few degrees of flexion initiated the squatting motion.
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Squatting was simulated for the pre-operative condition and for simulated MPFL 

reconstruction. The Schöttle point was identified on each femur to represent the intra­

operative target for femoral attachment of the graft39 (Fig. 1). The patellar attachment was 

positioned between the medial edge of the vastus medialis obliquus attachment and the 

medial edge of the patella. The grafts wrapped around the femoral condyle, with the portion 

from the femoral attachment to the wrapping surface represented by a rigid cylinder. The 

graft resting length was set while allowing 0.5 quadrants of patellar lateral glide with the 

knee at 30° of flexion. A quadrant represents one-quarter of the medial-lateral width of the 

patella. A previous simulation study that compared multiple tensioning protocols found this 

to provide the most resistance to lateral patellar maltracking without over constraining the 

patella17. A dual strand gracilis tendon graft for MPFL reconstruction was represented by 

two springs with a total stiffness of 20 N/mm40. The total force within the two springs, or 

graft tension, was quantified throughout the motion.

Measures of patellar tracking and anatomy were quantified throughout the full range of knee 

flexion based on landmarks identified on the models (Fig. 2) with automated algorithms 

(Matlab, Mathworks, Natick, MA). Anatomical measures were based on parameters 

previously correlated with patellar tracking for computational reconstruction of function 

and simulation of function21,33,34, and parameters commonly used for clinical evaluation. 

Patellar tracking was based on measures used for assessment of patellar position with 

respect to the trochlear groove. Patellar tracking was characterized based on the bisect offset 

index, equal to the ratio of the patellar width lateral to the deepest point of the groove 

to the total width. The lateral direction was determined by the posterior condylar axis of 

the femur. The lateral position of the tibial tuberosity was quantified based on the lateral 

tibial tuberosity to posterior cruciate ligament attachment (TT-PCL) distance, which is the 

lateral distance from the patellar tendon attachment on the tibial tuberosity to the medial 

border of the posterior cruciate ligament attachment on the tibia. Trochlear dysplasia was 

based on the lateral trochlear inclination, the maximum slope of the lateral ridge of the 

trochlear groove with respect to the femoral posterior condylar axis. Patellar tracking, tibial 

tuberosity position and trochlear dysplasia measurements were made within a plane normal 

to the long axis of the patella. Identification of the deepest point of the trochlear groove 

and measurement of the lateral trochlear inclination occurred within an axial slice of the 

model including the most anterior point of the lateral ridge of the groove. Patella alta 

was characterized by the Caton-Deschamps index, the ratio of the distance from the distal 

point of the patellar cartilage to the anterior–superior border of the tibia to the articular 

length along the patella. Patellotrochlear index41, a ratio of the articular overlap between the 

patellar and trochlear cartilage to the total length of the patellar cartilage, was also quantified 

to characterize patella alta with a parameter more closely related to articulation of the patella 

within the trochlear groove. The measures of patella alta were made with the landmarks 

projected onto a sagittal plane.

Statistical Analysis

Statistical analysis focused on correlations between anatomical parameters and graft tension 

and changes in patellar tracking following MPFL reconstruction. Step-wise multivariable 

linear regression was used to correlate graft tension with measures of anatomy. Statistical 
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significance was set at p < 0.05, with variables included in the regression for p < 0.10. The 

correlations focused on maximum graft tension, with comparisons to the most pathologic 

condition of each anatomical parameter throughout the range of flexion: maximum lateral 

TT-PCL distance, minimum lateral trochlear inclination, maximum Caton-Deschamps index, 

and minimum patellotrochlear index. At 5° intervals of knee flexion, bisect offset index and 

lateral patellar tilt were compared between the pre-operative and post-operative conditions. 

For each comparison, normal distribution of the standardized residuals was evaluated with 

Shapiro-Wilk tests. Comparisons were performed with a paired t-test or a Wilcoxon signed 

rank test, as appropriate based on the tests for normality.

Results

For all fifteen models, the root mean square errors for comparisons between the simulated 

patellar kinematics and kinematics measured from reconstruction of function from the 

subjects were similar to the previously reported values for nine models. The root mean 

square errors over all flexion angles were 4.0° and 2.5 mm for patellar tilt and lateral shift, 

respectively.

The maximum tension within an MPFL graft was correlated with the maximum lateral 

TT-PCL distance. The ranges for the maximum lateral TT-PCL distance, minimum lateral 

trochlear inclination, maximum Caton-Deschamps index, and minimum patellotrochlear 

index were 13 to 31 mm, 3° to 20°, 0.8 to 1.5, and 0.0 to 0.7, respectively. The maximum 

graft tension was significantly correlated with the maximum lateral TT-PCL distance (r2 = 

0.73, p < 0.001, Fig. 3). The maximum Caton-Deschamps index, minimum lateral trochlear 

inclination, and minimum patellotrochlear index were not significantly correlated with 

maximum graft tension in univariate regressions (p > 0.05) or maintained within multivariate 

regressions (p > 0.10). Tension within the MPFL grafts was largest at low flexion angles and 

was minimal by 30° of flexion (Fig. 4).

MPFL reconstruction decreased lateral patellar tracking. MPFL reconstruction significantly 

decreased bisect offset index compared to the pre-operative condition at every flexion angle 

from 0° to 50° of flexion (Fig. 5), except 45°. At 0° of flexion, the position with the largest 

lateral tracking, average bisect offset index decreased from a pre-operative value of 0.81 to 

0.71 following MPFL reconstruction. MPFL reconstruction significantly decreased lateral 

patellar tilt compared to the pre-operative condition from 0° to 30° of flexion (Fig. 6). At 0°, 

MPFL reconstruction decreased the average lateral tilt by 3°.

Discussion

The results indicate that the maximum tension within a MPFL graft is correlated with 

the most lateral position of the tibial tuberosity during function. The graft tension was 

not significantly correlated with any parameters related to trochlear dysplasia or patella 

alta. The authors are not aware of any previous study that has related MPFL graft tension 

to knee anatomy. A previous simulation study identified the lateral TT-PCL distance as 

the primary factor correlated with patellar lateral maltracking during dynamic squatting21, 

although trochlear dysplasia was correlated to a lesser degree. In addition to influencing 
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pre-operative patellar tracking, a lateral position of the tibial tuberosity creates a force vector 

through the patellar tendon that is opposed by the MPFL graft. The results could potentially 

vary with the activity, as previous simulations indicated that lateral maltracking is correlated 

more strongly with trochlear dysplasia than lateral position of the tibial tuberosity for knee 

extension against gravity21.

The results also indicate that MPFL grafts primarily function at low flexion angles, limiting 

lateral maltracking when the patella is proximal to the trochlear groove and guiding the 

patella into the groove, with minimal tension once the patella is engaged with the groove. 

A previous simulation study similarly showed that graft tension peaks at 10° of flexion 

and begins to decrease as the patella enters the trochlear groove, with minimal tension by 

30° of knee flexion17. The in vitro studies that measured the path length between femoral 

and patellar attachment points for a graft showed a wide variety of results, including a 

decrease in graft length with flexion27, isometric function over the flexion range23–26, and 

an increase in graft length with flexion28. Previous studies that measured the path length 

with computational models reconstructed from imaging data of subjects indicated that graft 

length decreases with flexion29, decreases in early flexion followed by an increase30, and 

increases in early flexion followed by a decrease31 Differences with respect to the previously 

published data are likely related to the experimental approach. The previous studies did 

not directly measure tension within the graft or consider the intra-operative graft tensioning 

protocol included in the current study. The previous studies were also based on normal 

knees that did not display the pathology or maltracking associated with recurrent patellar 

instability, although one study created patella alta and a laterally positioned tibial tuberosity 

in a cadaveric model26. Both conditions caused the graft length to decrease with increasing 

flexion.

Graft tension that occurred at low flexion angles decreased lateral patellar tracking 

throughout the full range of flexion. Previous computational and experimental studies 

showed that MPFL reconstruction decreases lateral patellar maltracking17–20, although only 

the current study characterized patellar tracking based on alignment relative to the trochlear 

groove for comparison to clinical evaluation. The decrease in the average peak bisect offset 

index from 0.8 for the pre-operative condition to 0.7 for MPFL reconstruction is considered 

a change from maltracking to tracking within normal parameters42. The decrease in patellar 

tilt on the order of 3° is relatively small compared to differences of approximately 15° 

measured between patients with patellar instability and controls43,44; however, a significant 

difference of 3° in patellar tilt was identified between initial instability patients who went 

on to a second dislocation within two years compared to those who did not45. MPFL 

reconstruction maintained normal levels of lateral tracking even with minimal tension in the 

graft beyond 30° of flexion due to the graft guiding the patella into the trochlear groove at 

low flexion angles, and the subsequent articular constraint provided by the groove.

The graft tension values recorded for the current study would not be expected to induce 

failure. All tension values were less than 35 N. In vitro testing has identified failure loads of 

greater than 100 N for MPFL grafts40,46. The current study represented a simple squatting 

motion to maintain stability throughout the full range of flexion for the pre-operative 

condition to allow statistical comparisons to the post-operative condition. Future modeling 
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studies can represent a motion more likely to cause an instability episode, such as a 

cutting motion with internal femoral rotation47, which would likely produce higher graft 

tension due to larger quadriceps forces and a more lateral position of the tibial tuberosity. 

Biomechanical studies have also associated MPFL graft tension with elevated pressure 

applied to patellofemoral cartilage, particularly cartilage on the medial facet that may be 

damaged following an instability episode16–18,20. The graft tension associated with elevated 

medial cartilage pressures is primarily associated with a poorly positioned attachment point 

on the femur or intra-operative over-tensioning. A previous computational study indicated 

that allowing 0.5 quadrants of lateral glide when setting the graft length did not overload 

medial cartilage17, so it was not considered a risk for the current study. The computational 

models optimized conditions for identifying the femoral attachment site and setting the graft 

length, however. Errors in either parameter could occur intra-operatively11, increasing graft 

tension and inducing the risk of failure or overloading medial cartilage, particularly when 

combined with a lateral position of the tibial tuberosity.

The models used for the current study included pathology associated with patellar instability. 

The average of the maximum lateral TT-PCL distances was 21 mm. A value of 21 

mm is considered the threshold for pathology for the TT-PCL distance48, although for a 

measure along the tibial medial-lateral axis rather than the femoral posterior condylar axis. 

The average of the maximum Caton-Deschamps indexes was 1.2, which is considered a 

borderline value for patella alta49. The average of the minimum lateral trochlear inclination 

values was 15°. The value was less than 11° for six knees, indicating trochlear dysplasia50. 

The lateral trochlear inclination values may also have been slightly higher than would be 

measured clinically due to the computational measurement based on the maximum slope.

Limitations

The modeling approach does include limitations. Material properties and loading conditions 

assigned to the models were generalized based on previously published data, rather than 

individualized for the subjects. The assumed properties emphasize the importance of 

the continued assessment of accuracy compared to patellar kinematics measured for the 

subjects being treated for patellar instability represented by the models. The accuracy 

assessment was described in terms of lateral shift in mm, instead of the bisect offset 

index used for the current analysis, in order to utilize identical coordinate systems for 

both reconstruction of the subjects’ function and simulated motions. The analysis with 

respect to MPFL reconstruction was based on bisect offset index for the benefit of clinical 

interpretation. Simulated patellar tracking for subjects being treated for recurrent instability 

and changes due to MPFL reconstruction were expressed in terms of lateral shift in a 

previous publication17. The simulated activity was chosen to maintain patellar stability 

across the full range of motion, even for the pre-operative condition. This approach limited 

the graft tension, and did not provide characterization of graft function for conditions in 

which the graft is preventing a patellar dislocation.
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Conclusion

Based on the current simulations of dynamic knee squatting, the tension within an MPFL 

graft is largest when reconstruction is performed on knees with a laterally positioned tibial 

tuberosity. For motion patterns less stable than the one simulated or with errors in intra­

operative graft placement, elevated graft tension related to a laterally positioned tuberosity 

could potentially induce the risk of failure or over constrain the patella. For the simulated 

squatting motion, graft tension peaks at low flexion angles and limits lateral patellar 

maltracking, while tension becomes minimal once the patella becomes fully engaged within 

the bony constraint of trochlea.
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Figure 1. 
Computational model for multibody dynamic simulation for one knee. The model is shown 

for the pre-operative condition (A) and for the post-operative condition with an MPFL graft 

(B) at 15° of flexion.
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Figure 2. 
Measurements from the computational models to characterize patellar tracking (bisect 

offset index and lateral tilt), trochlear dysplasia (lateral trochlear inclination), tibial 

tuberosity position (lateral TT-PCL distance), and patella alta (Caton-Deschamps index and 

patellotrochlear index).
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Figure 3. 
MPFL graft tension vs. maximum lateral TT-PCL distance for all 15 computational models. 

The best fit line and the square of the correlation coefficient are shown.
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Figure 4. 
Average (± standard deviation) MPFL graft tension vs. knee flexion angle, showing a peak at 

10° and minimal graft tension by 30°.
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Figure 5. 
Average (± standard deviation) bisect offset index vs. knee flexion angle for the pre­

operative condition and following MPFL reconstruction. MPFL reconstruction significantly 

decreased bisect offset index at nearly all flexion angles (*).
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Figure 6. 
Average (± standard deviation) patellar lateral tilt vs. knee flexion angle for the pre-operative 

condition and following MPFL reconstruction. MPFL reconstruction significantly decreased 

patellar lateral tilt up to 30° of flexion (*).
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