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Abstract
Background: As the main passive structure preventing patellar lateral subluxation, accurate knowledge of the anatomy, material properties, and functional behavior of the medial patellofemoral ligament (MPFL) is critical for improving its reconstruction. 
Hypothesis/Purpose: This study aims to provide a state-of-the-art understanding of the properties and function of the MPFL through undertaking a systematic review and statistical analysis of the literature.
Study Design: Systematic Review
Methods: On the 26th June 2018, data for this systematic review were obtained by searching PubMed and Scopus. Articles containing numerical information regarding the anatomy, mechanical properties and/or functional behavior of the MPFL that met the inclusion criteria were reviewed, recorded, and statistically evaluated.
Results: A total of 48 articles met the inclusion criteria for this review. The MPFL presents as a fan-like structure spanning from the medial femoral epicondyle to the medial border of the patella. The reported data indicate ultimate failure loads from 72N to 200N, ultimate failure elongations from 8.4mm to 19.3mm and stiffness values from 8N/mm to 42.5N/mm. In both cadaveric and in vivo studies, the average elongation pattern demonstrates a close to isometric behavior of the ligament in the first 50° to 60° of knee flexion followed by a progressive shortening into deep flexion. Kinematic data suggest a clear lateralization of the patella in the MPFL-deficient knee during early knee flexion under simulated muscle forces. 
Conclusion: A lack of knowledge regarding the morphology and attachment sites of the MPFL remains. The reported mechanical properties also lack consistency, thus requiring further investigation. However, the results regarding patellar tracking confirm that the lack of an MPFL leads to lateralization of the patella, followed by a delayed engagement of the trochlear groove, plausibly leading to an increased risk of patellar dislocation. The observed isometric behavior up to 60° knee flexion plausibly suggests that reconstruction of the ligament can occur at flexion angles below 60°, including the 30° and 60° range as recommended in previous studies. 
Key Terms: Medial patellofemoral ligament, loading patterns, length change, mechanical properties, function, anatomy, MPFL
What is known about the subject: It is well known that the MPFL serves as the main passive stabilizer of the patellofemoral joint preventing lateral dislocation of the patella. Using a variety of different assessment techniques, previous studies have tried to clarify the structure and function of the ligament. However, the reported data are extremely inconsistent.
[bookmark: _Toc519263236]What this study adds to existing knowledge: This systematic review provides a clear insight into the available literature on biomechanics of the MPFL and summarizes the relevant numerical data. It provides an unbiased understanding of the function and biomechanics of this ligament, thus contributing science-based evidence towards optimizing surgical graft reconstruction. In addition, regarding the large variation observed that might originate from inconsistent assessment techniques, the authors recommended guidelines to standardize future studies investigating MPFL biomechanics.


Introduction
The medial patellofemoral ligament (MPFL) is one of the main passive stabilizers of the patellofemoral joint12,16 guiding the patella into the trochlear groove and preventing it from lateral luxation.14 However, a violent impact to the patella or a twist of the leg can lead to patellar dislocation.11,97 First-time patellar dislocations are most common in young athletes between the age of 10 and 17 years, and 61% of instances occur during sporting activities.23 In 95% of these cases, the consequences are damage to the MPFL and the medial retinaculum,72,99 possibly resulting in patellar instability and long-term risk of patellofemoral osteoarthritis.12,16,74,99 To restore normal functionality to the patellofemoral joint and prevent further dislocations, surgical reconstruction of the MPFL is becoming an increasingly routine clinical option, especially in mature adults due to possible damage to the growth plate.69 However, high complication rates accompany surgical reconstruction, including patellar fracture, postoperative patellar instability, reduced range of motion of the knee, and pain.81 The reasons for these complications are multifactorial: loosening or rupture of the graft, excessive tension on the graft, or failure to recognize additional risk factors for patellar instability (e.g. patella alta or malformation of the trochlear groove4).81 To reduce postoperative complications and ensure proper functionality of the patellofemoral joint after reconstruction, a clear understanding of the anatomy and loading conditions within the healthy MPFL is crucial. However, the bony attachment sites,19,79 the mechanical properties,13,31,53 and the physiological behavior of the natural MPFL27,62,92 all remain controversially discussed. 
Anatomical descriptions of the MPFL vary between studies, with the femoral attachment site showing the largest differences.105 This is likely due to difficulties in identifying the MPFL, since it is a slender structure emerging within the densely packed medial retinaculum of the knee.1 However, a clear description of the anatomy and morphology of the natural MPFL is essential for its successful reconstruction, especially for young subjects where the femoral attachment site relative to the growth plate is an important and open clinical question for reconstruction .
The in vitro mechanical properties of the MPFL have previously been investigated in tensile experiments.5,13,31,32,53 Similar to the anatomical data, the reported mechanical properties of the tissue are highly variable, possibly due to the advanced age of the donors. Here, most specimens used in cadaveric studies have been much older than patients who generally require MPFL reconstruction,23 hence limiting translation of these findings. Additionally, testing conditions, such as elongation rate, temperature, and humidity all influence the results.41,107 However, testing conditions are highly variable between studies and often remain unreported, suggesting caution should be taken in the interpretation of their results.
In addition to the mechanical properties of the MPFL, accurate knowledge of the functional behavior of the healthy MPFL can provide a scientific basis for surgical treatment and rehabilitation therapy. Biomimetic reconstruction of the MPFL could be critical since any abnormal tensioning of the graft is thought to lead to either laxity within the patellofemoral joint or increased patellofemoral contact pressure and possibly premature osteoarthritis.73 In vivo and in vitro studies have investigated the length change patterns of the ligament during knee flexion in order to understand the optimal knee position for reconstruction,33,65,88,90 but the reported data are highly inconsistent,26,28,88,89,111 and are therefore unable to advise on an optimal reconstruction.19,26,28,88,89,91,111 
Although cadaveric studies offer the possibility to investigate the geometry and mechanical properties of the ligament,53,90,91 their ability to assess an MPFL’s dynamic function is limited by various technical issues including simulation of in vivo muscle forces and joint kinematics. Studies using imaging techniques such as magnetic resonance imaging (MRI) and computed tomography (CT) have been able to contribute towards knowledge of the MPFL anatomy and in vivo function, based on its quasi-static kinematic behavior or more specifically the length change patterns of the ligament.33,76 Importantly, any direct translation of the ligament elongation obtained from imaging techniques into ligament strains or forces is limited by the unknown reference or “zero-strain” condition of the ligament – the length at which the ligament first becomes taut and can resist stretching. Furthermore, the accuracy of image-based assessments of ligament function is dependent upon the resolution of the image acquisition, identification of the attachments, and activity type that can be performed within the constraints of the imaging device.33,76 
[bookmark: _Toc519263237]Compared to other knee ligaments, the MPFL has more recently been categorized as a unique structure and the biomechanical data are still limited. The number of related studies has increased immensely in the last two decades, which have provided greater insights into the functionality of the MPFL and the healthy patellofemoral joint. However, current data are largely variable and inconsistent and therefore a clear and objective understanding of the MPFL biomechanics and its contribution to the patellofemoral joint stability is crucial. This study therefore aimed to provide a state-of-the-art understanding of the MPFL through undertaking a systematic review and statistical analysis of the current literature, as well as suggest guidelines for future investigations. Specifically, our goal was to answer the following four questions:
1. Are the reported data on the shape and attachment sites of the MPFL consistent in the available literature?
2. How strongly do mechanical properties depend on investigation techniques?
3. What are the average MPFL elongation patterns and variations in in vivo and in vitro investigations?
4. Does MPFL deficiency lead to altered patellar kinematic patterns?
Methods
[bookmark: _Toc519263238]Literature Search and Study Selection
The literature was searched for relevant content in the following two digital databases: PubMed on 26th June 2018 and Scopus on 16th June 2018. The aim was to identify reports containing numerical information about the anatomy, mechanical properties, and length change patterns of the MPFL and their influence on patellar tracking. The search string included the terms: “medial”, “patellofemoral”, ”patello femoral”, “patello-femoral”, “ligament” and “MPFL”, resulting in 2431 articles. All hits were exported into EppiReviewer 4 (version 4.6.4.1)95 and then checked for duplicates. Titles and abstracts were screened based on the following inclusion and exclusion criteria:
[bookmark: _Toc519263239]Inclusion Criteria
· Subject characteristics
Living human subjects, cadaveric specimens or computer models with healthy, injured or reconstructed MPFL. 
· Bundle definition
Definition of attachment points, representing the ligament as a one/multi-dimensional structure.
· Activities
Loaded flexion under in vivo/simulated flexion.
· Results
Quantitative results of in vitro, in silico or in vivo studies on the attachment locations, length, width, thickness, cross sectional area, length change patterns, ultimate elongation, ultimate load, stiffness, and lateral/medial patellar movement in correlation with a healthy or ruptured MPFL.
· Report
Journal articles written in English with the full text available. 
[bookmark: _Toc519263240]Exclusion Criteria
· Subject characteristics
Animal studies.
· Results
Only qualitative or descriptive results or results of only the reconstructed MPFL (excluding patellar tracking).
· Report
Articles written in languages other than English. 
Review or systematic review articles.
After initial screening of titles and abstracts, the full-texts were assessed to decide whether the article should be included in the study. Care was taken to exclude duplicate data reported in separate studies. Finally, the articles were included, analyzed, and their numerical data were extracted to calculate mean effect sizes and patterns for the lateral/medial displacement of the patella versus knee flexion, the length change characteristics at different flexion angles, mechanical properties and the anatomical data.
Quality Assessment
A custom-designed scale was designed to allow comprehensive assessment of methodological quality of the individual studies. Two investigators (QZ and SHHN) independently filled a checklist comprising six items with a possible 12-point total score. Each item was scored with “0” when the answer to the item question was “no”, “1” when the study did not provide sufficient information to clearly answer the question, and “2” when the answer was “yes” and the information was clearly provided in an unambiguous format. The average of the two investigator total scores was used to assess methodological quality of individual studies.
Statistical Analysis
To calculate the average and range of variation of the numeric data in the included studies, the pooled mean and the pooled standard deviations of the data were extracted and presented. When standard deviation was not reported in a study, the average standard deviation obtained from the rest of the dataset was assigned. This was important in order to include eligible studies without a standard deviation.22,44,88,90,98 For cases where the outcome measures were not reported in the text, numerical data were extracted by digitizing the graphs using WebPlotDigitizer (https://automeris.io/WebPlotDigitizer).
[bookmark: _Toc519263242]

Results
[bookmark: _Toc519263243]Study selection
The initial electronic search in PubMed and Scopus databases identified 2428 potentially relevant articles. Screening of the references in the relevant articles led to inclusion of three more articles. After excluding 1294 duplicate articles, the remaining 1137 articles were carefully screened based on title and abstract using the aforementioned inclusion/exclusion criteria. The full-text of the 88 potentially eligible articles were read comprehensively to decide about their inclusion/exclusion. Finally, 48 articles were found completely eligible and therefore included into the review (Figure 1: PRISMA diagramm50).Figure 1: The PRISMA diagram for the systematic review

[bookmark: _Toc519263244]Quality Assessment: 
The comprehensive assessment of methodological quality of the individual studies revealed that all studies were able to valuably contribute to this review (quality scores ranged from 54 - 100%), especially with respect to reporting methodological practice and results. More importantly, however, the analysis demonstrated that the area of greatest deficit in terms of publication quality for understanding anatomical and functional characteristics of the MPFL was that the subject / specimen inclusion and exclusion criteria, as well as subject age, body height, and body mass are generally not sufficiently clearly defined (average quality scores: Q1 – 0.58, Q2 – 1.00).
Anatomy of MPFL
Twenty-six studies assessing the anatomy of the MPFL could be categorized into in vivo and in vitro investigations (Table 1).
All the in vivo studies33,61,76 measured anatomical parameters of the ligament in healthy individuals using MRI. While most in vitro studies2,3,7,13,22,34,37,43,44,49,65,67,68,90,102 dissected cadaveric knee specimens and measured the MPFL manually using simple tools such as calipers or rulers, two in vitro studies measured the MPFL lengths and attachment sites based on CT scan data.25,40 An additional five in vitro studies didn’t clearly mention the measurement technique for assessment of the anatomy.32,58,64,88,98 
Figure 2: Illustration of the medial side of the knee; showing the MPFL and its attachment sites. AT = adductor tubercle; MFE = medial femoral epicondyle



Table 1: Anatomical properties of the MPFL

	
	Meanpooled ( SDpooled)
	References

	 Length [mm]
	56.4 ( 10.6)
	2,3,7,13,22,32,33,34,37,43,44,49,58,61,64,65,67,68,76,88,98,102

	Width [mm]
	Patellar attachment 
	24.7 ( 6.3)
	3,7,13,34,37,40,64,67,68,90,102 

	
	Mid substance
	15.2 ( 5.4)
	2,3,13,22,58,68,102

	
	Femoral attachment
	11.5 ( 4.3)
	3,7,13,34,64,67,68,90,98,102

	 Thickness [mm]
	1.3 ( 0.6)
	13,58,61,68,76



Most studies describe the MPFL as a fan-like structure spanning from its femoral attachment, located between the adductor tubercle and the medial femoral epicondyle, 2,3,7,37,58,64,67,68,88,90,98,102 to its insertion on the superior half to two-thirds of the medial patellar border (Figure 2).2,3,7,37,58,64,67,68,88,90,98,102 The average reported thickness was 1.3mm.58,61,68,76 
Six articles investigated the relationship between the femoral origin of the MPFL and the developing physis (growth plate) in pediatric subjects.21,39,55,82,85,86 Nelitz et al,55 Shea et al,82 and Kepler et al39 measured anatomical parameters in vivo using either CT or MRI, finding the origin of the MPFL to be 2.7 - 6.4mm distal to the physis. In their in vitro studies, however, Shea et al,86 Shea et al,85 and Farrow et al21 used digital calipers or CT scans to assess the same parameters. Here, Farrow et al21 reported a mean MPFL femoral insertion to be 8.5mm distal to the physis across all subjects, but Shea et al86 found less consistent results, from 3.3mm proximal to 6.8mm distal to the femoral physis. Shea et al85 measured two groups: A) very young subjects with a mean age of 7.6 months, and B) young subjects with an average age of 9.6 years. The average distance of the MPFL origin to the femoral physis was A) 9 mm and B) 4 mm distally. This study additionally provided data on the width of the femoral attachment of the MPFL: A) 7mm, and B) 11.2mm.85
To assess the patellar attachment site of the MPFL, a dissection study on specimens with a mean age of 7.3 years using CT and metallic pins was performed Shea et al,84 in which the attachment was reported to be 12mm wide and located on the upper half of the patella. 

Mechanical properties of the MPFL
Nine studies measured the mechanical properties of the MPFL. Specimens for mechanical testing were 69 years old on average,13,32,34,43,53,87 although two studies5,31 did not report the age of the measured knees (Table 2). MPFL complexes were tested using the ligament together with its bony attachments, but the strength of the ligament was investigated using the isolated MPFL. Specimens were strained either anatomically,5,13 where the angle between the medial-lateral axis of the patella and the MPFL reflected the anatomic configuration, or non-anatomically,31,34,43,53 where the MPFL was loaded with the medio-lateral axis of the patella aligned in the direction of the load. Ultimate loads ranged from 72N to 208 N depending on the elongation rates (10 mm/min,13,31 200 mm/min,32,53 and 100 % length/second5) (Table 2). 
Both Criscenti et al13 and Smeets et al87 measured the tensile properties of the isolated MPFL and reported similar ultimate strains of 24.3% and 22.2%, respectively. However, Smeets et al87 reported an ultimate stress of 49.1 MPa that was three times higher than the result reported by Cristenti et al.13 It must be noted here that estimation of stress is problematic due to itsthe thin structure of the MPFL causing difficulties in the accurate measurement of cross-sectional area.
[bookmark: _Toc519263245]Three studies5,13,32 measured stiffness of the MPFL complex based on the slope of the linear region in the force-displacement curves obtained from uniaxial tensile experiments, and reported inconsistent results ranging from 16 N/mm to 42 N/mm. Duchman et al18 measured the ligament stiffness from the two linear parts of the force-displacement curve during a 10mm lateral movement of the patella. In the initial linear region (0-1.5 mm), the ligament stiffness was reported to be 24.5 N/mm; in the second linear region (1.5-10 mm), a much lower stiffness (5 N/mm) was reported. 
Table 2: Properties of the MPFL complex (*), which include bone attachments, and properties of the isolated MPFL (**)
	Ref
	No. of specimens
	Age

	Loading direction*
	Loading Velocity*
	Ultimate Elongation
* [mm]
	Ultimate
Load*
[N]
	Stiffness
*[N/mm]
	Ultimate Stress** [Mpa]
	Ultimate Strain** [%]

	31
	8
	-
	Non-anatomical
	10mm/min
	8.4
	147
	-
	-
	-

	5
	4
	-
	Anatomical
	100% length/sec
	-
	167
	15.9
	-
	-

	53
	10
	71.6
	Non-anatomical
	200mm/min
	26
	208
	-
	-
	-

	32
	13
	70.1
	-
	200mm/min
	-
	191
	29.4
	-
	-

	13
	24
	75.0
	Anatomical
	10mm/min
	9.5

	145
	42.5
	16
	24.3

	43
	20
	56.4
	Non-
Anatomical
	25mm/min
	-
	178
	23
	-
	-

	34
	10
	67.4
	Non-Anatomical
	20mm/min
	19.3
	72
	8
	-
	-

	87
	12
	74
	-
	2% length / sec
	-
	-
	-
	49.1
	22.2

	
	
	
	
	Meanpooled
SDpooled ()
	14.3
( 8.6)
	158.3 
( 76.3)
	29.3 
( 14.9)
	27.0 
( 25.4)
	23.6 
( 6.5)



No mechanical properties have been presented for pediatric specimens.

Functional role of MPFL
Previous studies investigated functions of the MPFL by comparing the movement patterns of the patella between healthy and MPFL-deficient knees during knee flexion with loading applied to the quadriceps tendon. In vitro studies59,66,92,110 have reported a medial translation of the patella in early flexion (up to 30°) in the healthy knee. Thereafter, patellar translation reverses and moves laterally until 90°, the highest flexion angle measured (Figure 3). Conversely, the patella in MPFL-deficient knees showed a lateral shift at full extension,59,66,92,110 ranging from 1mm92 to 5mm.66 After 30° of knee flexion (when the patella enters the trochlear groove), the MPFL-deficient knee showed also a lateral translation of the patella.59,66,92,110 
Ostermeier et al,63 Baldwin et al,8 and Stephen et al91 investigated patellar translation in only healthy knees, and were therefore not included in Figure 3. While Stephen et al91 showed a clear lateral translation of the patella from the beginning of the flexion, Baldwin et al8 did not 
observe any considerable medio-lateral movement of the patella during the first 80° of knee flexion, rather but a small lateralization of 2mm after 80°. [99]	
[59]
[52]
[81]		
Figure 3: Mediolateral translation of the patella with an intact (solid line) or deficient (dotted line) MPFL during knee flexion with simulated muscle forces extracted from in vitro studies (shown in different colors). Contrary to the other included studies59,81,99 that defined the medio-lateral axis based on Grood and Suntay29, Ntagiopolous et al 52 used the transepicondylar line to represent this axis. 

Although Ostermeier et al63 measured patellar kinematics during extension of the knee (120° to 5°), rather than flexion, a similar patellar translation to that reported by Stephen et al91 was observed. Sandmeier et al75 also studied the kinematics of the patellofemoral joint, reporting a patellar lateralization with knee flexion. Interestingly, no differences were observed in patellar movement between healthy and MPFL-deficient knees. Moreover, an increased lateralization of the patella was found in MPFL-deficient knees compared to those with healthy MPFLs when a lateral load (2.72Kg) was applied to the patella.
Elias et al20 and Gobbi et al27 tracked the patellar movement in vivo. Here, the subjects extended their legs against gravity and kinematics of the MPFL deficient knees was captured using dynamic CT imaging. Contrary to previous in vitro reports (Figure 3), both of these studies observed slight lateralization of the patella during knee extension. The reasons for these in vivo results differing from the patellar kinematics measured in vitro are unclear. 
Several in vitro studies26,28,59,65,88,90,93,96,100 reported length change patterns of the MPFL in the intact knee. A variety of different techniques were used in the in vitro studies to assess the length change of the ligament during knee flexion under simulated muscle forces. Some studies performed direct measurement by utilizing linear variable displacement transducers26,93 or calipers65,88,90; some others performed indirect measurement through optical tracking systems,28 or CT imaging100 to measure change in the distance between the origin and insertion points of MPFL. In addition, Tischer et al96 and Ntagiopoulos et al59 used geometrical modelling to calculate the curvilinear path between the attachment sites. The reported length change patterns of the MPFL varied from an almost isometric behavior throughout the whole range of knee flexion26,93 to no significant elongation up to 30°-60° flexion28,59,65,88,96,100 followed by a consistent shortening with increasing knee flexion angles (Figure 4).90 The weighted average of the ligament elongation patterns reported in the included studies showed an isometric behavior during the first 50° of knee flexion followed by shortening of the ligament thereafter. Linear variable displacement transducer
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Figure 4: Length change patterns of the MPFL in healthy cadaveric knees during flexion with simulated muscle forces. Each circle represents a study (together with citation) with the size of the circle indicating the number of measured specimens. The dotted line shows the weighted polynomial regression line fitted to all the elongation data.
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[bookmark: _Toc522278771][bookmark: _Toc519263246]The in vivo studies33,60,89,109,111 quantified MPFL length change during passive knee flexion using MR-imaging or CT-scans. The weighted mean of the patterns obtained from in vivo studies showed an isometric behavior over the first 60° of flexion followed by shortening in length thereafter (Figure 5). All studies indicated an overall shortening of the ligament at high flexion angles; however, two studies89,109 showed lengthening of the MPFL (up to 3.5mm) in the first 30° of knee flexion where other studies33,60,111 reported an isometric behavior over this range. Graf et al29 measured their (intact) subjects using CT in a standing, weight-bearing position. Their results suggest that the MPFL length change patterns are similar to the average patterns for passive testing, except a shortening of 2.8mm during the first 30° of flexion.Figure 5: Length change patterns of the MPFL in healthy knees during passive knee flexion obtained from in vivo studies. Each circle represents a study (together with citation number) with the size of the circle indicating the number of measured subjects. The dotted line shows the weighted polynomial regression line fitted to all the passive elongation data. In addition, the only study to report weight-bearing length change patterns is shown in orange.
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The functional role of the MPFL in pediatric subjects has not been investigated in a scientific manner in the literature.

Discussion
The MPFL is an important structure for maintaining stability of the patellofemoral joint and is often injured as a result of patellar dislocation. Since its first description in 1979 as an independent structure acting to provide medial stabilization of the patella, the properties, anatomy, and function of the MPFL have not been investigated as comprehensively as for the other knee ligaments.105 Consequently, there is a lack of consensus on the best methods for MPFL reconstruction and rehabilitation in order to restore its natural function. With the aim to support clinical decision-making, this study therefore aimed to analyze all reported data through a systematic review of the literature, and thus provide the state-of-knowledge regarding the anatomy, material properties, and functional behavior of the MPFL. 
MPFL Anatomy
The anatomy of the MPFL has often been reported qualitatively as a fan-like structure,1,3,68,88,102 with this review providing evidence of the ligament width diverging from 11.5mm ( 4.3) at the femoral attachment to 24.7mm ( 6.3) at the patellar attachment (Table 1). However, it remains unclear whether the ligament should continue to be considered as a bulk structure or whether it consists of multiple functional bundles. Here, Amis et al1 and Kang et al37 have suggested that the MPFL is actually a double-bundle structure containing an inferior-straight bundle as well as a superior-oblique bundle; however, the functional behavior of each bundle remains to be extensively studied. 
In support of this observation, investigations into the influence of the patellar attachment sites on the elongation behavior of the ligament have suggested that the superior fibers are strained differently from the inferior fibers, hence plausibly indicating that two functionally independent regions of the structure exist.89,100 The observed different behavior of the ligament fibers may thus endorse a double-bundle over a single-bundle reconstruction of the ligament in order to better mimic the mechanical function of the natural MPFL, but whether the additional cost and effort of such a reconstruction adds significant functional value remains to be investigated. In fact, it has been reported that a double-bundle reconstruction is able to resist higher dislocation forces in early flexion and decrease abnormal patellar rotation during the whole range of knee flexion.79,103,104 Additionally, the MPFL and the vastus medialis obliquus (VMO) work together to maintain stability of the patella,64 suggesting that superior fibers of the MPFL graft could be meshed together with the VMO during surgical reconstruction to support patellar tracking in early knee flexion. Such novel surgical techniques, however, are clearly dependent on accurate knowledge of the functional anatomy of the MPFL, hence indicating that regional properties and elongation patterns of different fibers across the structure require further investigation. 
In addition to the natural morphology of the MPFL, the anatomical attachment sites of the ligament are also crucial parameters to be considered during reconstruction surgery. Non-anatomic femoral attachment of the MPFL graft can overcorrect patellar tracking, alter patellofemoral contact pressure, and increase the long-term risk of osteoarthritis.19,70 While morphology of the MPFL patellar attachment has been consistently described,3,68,102 reports of the femoral attachment vary between the adductor tubercle and the medial femoral epicondyle.2,3,7,37,44,64,67,68,88,90,98,102 This variation might originate from two different sources. Firstly, similar to most anatomical properties in the human body, the location of the MPFL femoral attachment site is subject-specific. Secondly, different assessment techniques have resulted in differing descriptions of the ligament attachment. For example, researchers subjectively chose either the adductor tubercle (AT) or the medial femoral epicondyle (MFE) as the reference bony landmark to determine the ligament attachment, resulting in different definitions of the attachment sites. Due to the large variability of the MFE position, it has been recommended to use the AT for defining the femoral attachment of the MPFL.25,88,102 However, even with accurate definitions, precise palpation of the bony landmarks is still very difficult during surgery. As a result, some surgeons prefer to double-check their proposed position of the femoral attachment against guidelines that define the average distance between femoral attachment and the neighboring bony landmarks.47 This can be done by connecting the proposed femoral origin to the patellar insertion using a suture and monitoring the suture tension throughout knee flexion. As an alternative approach, Wijdicks et al106, Schoettle et al80 and Stephen et al82 suggested using radiographic landmarks to determine the femoral attachment of the MPFL, although those might be unreliable in knees with trochlear dysplasia.
Patellar instability is a condition occurring mostly in young subjects.23 To ensure continuous patellar stability after patellar dislocation, MPFL reconstruction is considered as a possible treatment.69 In such cases, the close proximity of the growth plate to the femoral attachment of the MPFL presents a critical challenge, since damage to the physis during reconstruction can potentially impair femoral skeletal growth42,83 As a result, Nguyen and co-workers recommend taking both anteroposterior and lateral radiographs into consideration to ensure a more precise and secure definition of the femoral physis, but also that tunnels are drilled at an angle of 15-20° distally and anteriorly to minimize the risk of physis damage.56,57 Surgically, however, it is difficult to ensure a safe drilling trajectory intra-operatively, unless using fluoroscopy to check both the starting point and the path of the guide wire. Many surgeons have difficulty in accurately identifying the medial epicondyle through a small incision. Furthermore, it is difficult to locate the correct position of the femoral physis on lateral radiographs due to its concave distal anatomy. Therefore, many surgeons may choose the safer option of suturing the femoral end of the graft around the femoral attachment of the adductor magnus tendon, which is located relatively proximally. Even though this option is safe for the epiphysis, it results in non-isometric functional behavior, such that the MPFL slackens with knee extension. 
From this review of the literature, it seems that the attachment of the MPFL is located a few millimeters distally of the medial femoral physis.21,39,55,82,85,86 Compared to adults, the MPFL in pediatric specimens does not possess the characteristic fan shape (adolescents: femoral attachment: 11.2mm, patellar attachment: 12mm; Adults: femoral attachment: 11.5mm, patellar attachment: 24.7mm), plausibly due to the increasing size of the patella with age. However, the number of reported specimens in pediatric studies is extremely small and therefore clearly requires further investigation. 
Mechanical Properties of the MPFL 
The mechanical properties of the MPFL are critical to graft selection for successful reconstruction. A clear understanding of the mechanical properties of the natural MPFL can serve as a basis for choosing the replacement tissue. Reconstruction of the MPFL has been reported using autografts from semitendinosus or gracilis, as well as tendon transfer from semitendinosus, adductor magnus or quadriceps.6,15,17,77,78 Some studies have also reported use of allografts35 or artificial grafts for MPFL reconstruction.48,94 Theoretically, an ideal graft should have very similar material properties to the native structure.24,51 Here, although most studies have confirmed a non-linear force-displacement relationship of the MPFL during axial loading, reported values for failure load, ultimate elongation and stiffness are inconsistent. From this systematic review, it has now become clear that the mean ultimate load ranges from 72N to 208N.5,13,31,32,34,43,53 The variability in structural properties is likely partially due to differences in experimental conditions under which the tissues were tested. For example, a wide range of elongation rates (from 10mm/min to 200mm/min) were applied to the specimens. At the same time, the results indicate a clear positive relationship between the ligament elongation rate and its ultimate load, not dissimilar to the properties reported for other ligaments,46,108 plausibly due to visco-elastic effects. These results emphasize the need for using physiological and consistent elongation rates while testing the mechanical properties of the MPFL to improve surgical graft selection.
Several other factors are also known to affect the mechanical properties of ligaments and should therefore be considered. Age, gender, and race, are all likely to influence MPFL mechanical properties.107 However, the method with which specimens are prepared and tested, including freezing-thawing cycles,101 dissecting techniques,32 and orientation of the patella while loading,41 will all affect the measured properties of the ligament, and therefore should be clearly reported, and if possible standardized in future studies.
Patella Tracking
Comparing movement patterns of the patella as well as assessing length change patterns of the MPFL between healthy and MPFL-deficient knees during different activities can enhance our understanding on the biomechanical function of the MPFL. The data collected within this systematic review have revealed relatively large variations in the patellar movement in both healthy and MPFL-deficient knees. Moreover, the variation was considerably larger in the first 40-50° of knee flexion compared to larger flexion angles. It seems likely that the larger variability can be explained by two factors. Guidance and kinematic constraint by the trochlear groove after initial engagement at about 30-40° flexion is clearly a dominant factor in reducing the variability at high flexion angles. At lower flexion angles, however, the inconsistent approaches used to apply muscle forces, as well as the applied force magnitudes and directions, across different studies plausibly result in the high variability in patellar motion.
While studies on healthy knees reported a medial translation of the patella in early flexion, those on MPFL-deficient knees showed a clear lateralization of the patella over the same flexion angles, but this observed difference declines after 40-50° flexion. These features indicate the importance of the MPFL for patellar tracking throughout early knee flexion, before the patella enters the trochlear groove. Reduction in patellar guidance resulting from damage to the MPFL is therefore likely to increase the risk of patellar dislocation, possibly also resulting in osteochondral injury and osteoarthritis.74 As a result, reconstruction of the ligament has been recommended in order to avoid recurrent patellar dislocation as well as the associated co-morbidities.88 Here, the choice of graft, and then its tensioning and placement during MPFL reconstruction may influence the post-operative patellar kinematics.8,91 There remains a clear unmet need to further understand the influence of these MPFL-reconstruction parameters for restoring the natural patellar kinematics in-vivo.
MPFL Elongation Patterns 
Similar to the patellar kinematics, reported length change patterns of the MPFL also exhibited high variability between studies, generally caused by variations in cadaveric specimen preparation and measurement technique etc., but in particular, the muscle forces applied during testing.45,54,71 In addition, the assessment of functional strain patterns of the MPFL strongly depend on the estimated attachment sites,88,89,93,96,100,109,111 which alter the assumptions of its length, and which are inconsistent between studies. In a cadaveric study, Stephen et al93 showed that a change of 5mm in the proximal-distal position of the femoral attachment site of the MPFL can lead to a significant alteration (up to 10 mm, or 15% strain!) in the length change patterns. The location of patellar attachment also has an influence on the length change patterns of the MPFL82,109, although this influence is relatively low compared to that of the femoral attachment. 
Regardless of the inter-study variabilities, the average length change pattern extracted from the literature shows isometric behavior of the MPFL during the first 50-60° knee flexion followed by shortening at higher flexion angles. This result is somewhat counterintuitive given that the patella translates laterally throughout this range of deep flexion. However, MPFL shortening can be explained by the sagittal plane patellar movement, where the patella follows a near-circular path.36 The MPFL femoral attachment nearly aligns with the center of this circle in the superior-inferior direction, but lies posteriorly. Thus, as the patella tracks the circular path with a progressively flexed knee, the MPFL shortening in the sagittal plane exceeds the lengthening due to lateral movement. This data suggests that the MPFL may therefore slacken after about 50-60° (c.f. Figures 4&5), reinforcing the notion that the ligament is primarily functional before complete engagement of the patella in the trochlear groove.
The average elongation patterns of the MPFL could provide important guidelines for reconstruction surgery. For example, it is generally accepted that the ligament should be reconstructed at the position where it is subjected to the highest strain. However, to date, due to the inconsistent reports on the length-change behavior of the MPFL, the knee position during reconstruction surgery remains controversial, ranging from 20° to 60° of knee flexion.9,33 The justification for this range is either to avoid excessive tension in the graft33,89 or to ensure a proper guidance at 30° of flexion where the patella is most vulnerable to subluxation.1,9,88 Based on the average elongation patterns calculated in this review, graft fixation at any flexion angle between 0° to 60° can avoid overloading and subsequent rupture of the graft; however, to make sure that the graft provides proper guidance for the patella towards the trochlear groove, MPFL reconstruction at 30°-60° of knee flexion might be most appropriate in order to avoid any ligament laxity over this important period of tracking, and to avoid the possibility of over-medializing the patella if the graft is tensioned before the patella has engaged in the trochlear groove. 
Limitations
A number of limitations should be considered when interpreting the results of this systematic review. Most importantly, many of the included studies used different assessment techniques for measuring anatomical parameters, mechanical properties, length change patterns and patellar tracking. Care was taken to aggregate the data reported in studies using similar methodologies, which has consequently resulted in the exclusion of some numeric data from the statistical analyses. In addition, this review was limited to studies reported in the English language, which may have additionally led to the exclusion of some data, but this exclusion is known to have a negligible bias on the presented results.52
Ligament injuries, and especially first-time patella dislocations, are known to occur most commonly during dynamic activities, and in the 10-17 year-old age group.23 However, data presented in this review were almost exclusively collected during quasi-static activities such as passive knee flexion or flexion under simulated muscle forces. Moreover, most of the in vitro studies measured old specimens as extremely few studies were available that investigated young specimens, and therefore the reported data may contain an age-related bias.
A further limitation is that in-vitro studies have all used normal knees, whereas the surgical literature shows that patellar lateral dislocation – the MPFL injury mechanism – is associated with trochlear dysplasia, which may alter patella kinematics as well as stability. Future investigations on ligament behavior during dynamic activities in younger populations are necessary in order to obtain an improved understanding of MPFL biomechanics and thereby help the population in need of a ligament reconstruction.
The insight obtained from this systematic review may help to guide future investigations on anatomy and function of the MPFL, partly through standardization of the assessment techniques. Our major propositions for future studies include:
· Fully report properties of the specimens, including age, preparation technique and preconditioning of the specimens, temperature and humidity of the test environment, load axis, force magnitude and elongation rate. These parameters should be standardized in order to simplify study comparisons. Particularly, when measuring the mechanical properties, it is recommended to test using a physiological orientation of the patella as it was performed by Criscenti et al.13 Moreover, using elongation rates within the physiological range can increase usability of the data in clinical research, though further investigations are needed to determine the elongation rates experienced by the ligament during activities of daily living and sport. In addition, further mechanical tests on healthy specimens of younger ages are highly recommended. 
· The location of the MPFL femoral attachment site relative to the femoral growth plate is of critical importance in order to better inform clinicians on the optimal location for femoral attachment reconstruction. Despite presentation of all available information regarding the femoral MPFL attachment site in young (under 18) subjects in this review, our study has not been able to provide additional scientific evidence on best practice for tunnel positioning in surgical reconstruction (proximal or distal to the growth plate) in young subjects beyond that presented by Nguyen et al.56,57 As a result, future studies should present clear information regarding the MPFL attachments relative to the growth plates, together with subject age. In addition, follow-up studies to assess the efficacy of reconstruction for restoring patella function should be presented.
· We recommend using a standardized coordinate system for the patellofemoral joint in order to avoid crosstalk when reporting patellar movement. This requires a clear definition of the bone coordinate systems. For the patella, the mediolateral and supero-inferior axes can be defined by the poles of the patella whereas the cross-product of those axes defines the anteroposterior axis.59,110 The origin of the patellar coordinate system can be located at the mid-point between the medial and lateral poles.10,38 The femoral coordinate system can be defined using the mechanical axis (supero-inferior) of the shaft. While many studies have used Grood and Suntay to complete their axis definition, the most posterior points of the medial and lateral femoral condyles can be difficult to assess in vivo, and we would therefore rather recommend using the transepicondylar axis (mediolateral). Finally, the cross-product of these two axes defines the anteroposterior axis of the femur.30,92,110 The origin of the femoral coordinate system should be defined at the mid-point between the femoral epicondyles. Description of patella movement is not easy. Many clinical reconstruction cases have abnormal starting positions, including tilt. In addition, normal knees have a range of Q angles, which also affect the surgical starting position. As a result, we recommend defining the ML translation of the patella relative to the femoral reference position, with patellar rotations such as tilt as measured from the patellar ML axis relative to the femoral axis.30,110
[bookmark: _Toc522278772]Conclusion
The goal of this review was to summarize current quantitative data on the functional and mechanical properties of the MPFL in order to provide a comprehensive understanding of MPFL biomechanics, in order to enhance reconstruction and rehabilitation procedures. Based on the data reported in the literature, this systematic review uses the available literature to describe the fan-like shape of the MPFL, but shows that there is still a lack of clarity regarding the double-bundle morphology and inconsistencies in the reporting of femoral attachment sites. The data on mechanical properties indicate dependency of the MPFL failure load on the elongation rate, whereas current information on the stiffness and elongation rate for testing this ligament still varies and needs further investigation. Our results also confirm that the lack of an MPFL as a medial patellar stabilizer leads to lateralization of the patella in early knee flexion, leading to an unnatural entrance to the trochlear groove, possibly leading to an increased risk of patellar dislocation. The average length change patterns suggest isometric behavior up to 60° of flexion which may inform on appropriate knee angles for MPFL reconstruction. Future investigations with more standardized testing procedures, as well as during dynamic activities in a younger population are necessary to obtain a better understanding of the MPFL biomechanics. 
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