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Bony asymmetry in patellofemoral morphology and risk factors of instability are mostly clinically negligible
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Purpose Previous investigations suggested that femoral side-to-side differences were located in the upper femur anatomy. However, little is known about the asymmetry between distal femur and patella. The degree of bony asymmetry in the patellofemoral joint was evaluated using pairs of CT-scans with emphasis on morphometric measurements and risk factors relevant to patellofemoral disorders. Methods Patellofemoral morphometric parameters and anatomical risk factors were analyzed from 345 pairs of CT scans to evaluate side-to-side differences for each patient. All measurements were automatized using previously published algorithmcalculated bone landmarks. We analyzed asymmetry based on absolute differences (AD) and percentage asymmetry (AS%). Significant asymmetry was defined as AS% > 10%.

Results Patellar height was found to be highly symmetric (mean AD 0.1 for both Insall-Salvatti and Caton-Deschamps methods, AS% 8% and 9%, respectively). Patellar and femoral morphometric parameters were found highly symmetric, except for the trochlear groove depth. Substantial asymmetry was reported in two patellofemoral risk factors: the lateral trochlear inclination (mean AD 2°, AS% 16%) and the tibial tuberosity-trochlear groove distance (1 mm, 116%). Patellar and femoral morphometric asymmetries were independent of demographics, including age, gender, height, weight and ethnicity. Conclusion Patellar height was found to be highly symmetric and is, therefore, a reasonable index for contralateral templating. While very few patellofemoral morphometric parameters and anatomical risk factors were asymmetric, the mean differences were clinically negligible and independent of demographics. Level of evidence III.

Introduction

Studies evaluating bone anatomy and morphometry have focused more on inter-individual differences rather than intra-individual side-to-side differences [START_REF] Dargel | Side differences in the anatomy of human knee joints[END_REF]. An understanding of side-to-side differences is useful in the evaluation of bilateral musculoskeletal pathology. For example, differences in bone morphology and functional parameters between the knees of a patient may influence leg dominance which in turn may affect the risk of joint injury or degeneration [START_REF] Benítez-Martínez | Lower limb dominance, morphology, and sonographic abnormalities of the patellar tendon in elite basketball players: a crosssectional study[END_REF]. There are studies that have reported substantial asymmetry and side-to-side differences in the proximal and distal femur [START_REF] Ollivier | Anatomy of the proximal femur at the time of total hip arthroplasty is a matter of morphotype and etiology but not gender[END_REF][START_REF] Young | Are the left and right proximal femurs symmetric?[END_REF]. However, the literature is lacking with respect to side-to-side differences in the morphology of the femoral trochlea and patella.

The patellofemoral joint (PFJ), owing to its unique bone anatomy and the numerous capsuloligamentous structures and muscles that dynamically control the patella, is one of the most complex joints in the human body [START_REF] Zaffagnini | Patellofemoral anatomy and biomechanics: current concepts[END_REF]. Patellofemoral disorders are commonly described bilaterally in individuals. However, the effect of side-to-side differences in bone anatomy and morphology on the risk of patellofemoral disorders has yet to be elucidated. Some of these parameters include trochlear morphology, patellar tilt and patellar height [START_REF] Crema | Magnetic resonance imaging-based morphological and alignment assessment of the patellofemoral joint and its relationship to proximal patellar tendinopathy[END_REF]. To date, there has only been a single study that has reported side-to-side differences in the human knee joint [START_REF] Dargel | Side differences in the anatomy of human knee joints[END_REF]. However, patellofemoral parameters were not analyzed in that study. Despite the challenges researches face in analyzing the PFJ, data from modern computed tomography (CT) scans can be harnessed to reveal significant asymmetries [START_REF] Laumonerie | Which factors influence proximal femoral asymmetry?: A 3D CT analysis of 345 femoral pairs[END_REF][START_REF] Pangaud | Measurement of the posterior tibial slope depends on ethnicity, sex, and lower limb alignment: a computed tomography analysis of 378 healthy participants[END_REF]. The natural question that the surgeon may have is "Is contralateral screening or templating of the PFJ appropriate in regards to these asymmetries?" Indeed, the contralateral knee is often used as reference in extensor mechanism reconstruction. In addition, to quantify asymmetries in the PFJ is crucial for the understanding of patellar and trochlear development. Substantial differences would help supporting the developmental versus genetic theory for trochlear and patellar shapes.

As such, the degree of bony asymmetry in PFJ was evaluated using pairs of CT-scans with emphasis on morphometric measurements and risk factors relevant to patellofemoral disorders. We hypothesized that substantial asymmetry would be present in association with demographic factors.

Materials and methods

After IRB approval (IRB 2019-015333-13, Aix-Marseille University, France), paired CT scans of the lower limbs from 389 individuals taken from the Stryker Orthopedic Modeling and Analytics (SOMA) database (Stryker, Mahwah, New Jersey, USA) were specifically analyzed for this investigation. SOMA is a database containing over 3500 CT scans which have been segmented to provide three-dimensional models of more than 15,000 individual bones. This outstanding dataset has already been utilized to study morphometric characteristics of the proximal femur and tibia [START_REF] Laumonerie | Which factors influence proximal femoral asymmetry?: A 3D CT analysis of 345 femoral pairs[END_REF][START_REF] Pangaud | Measurement of the posterior tibial slope depends on ethnicity, sex, and lower limb alignment: a computed tomography analysis of 378 healthy participants[END_REF]. While the scans themselves are anonymized, patient data such as age, gender, height, weight, body mass index (BMI) and ethnicity were known for each scan. These scans were collected from several institutions globally and were included only if each slice was less than 1.5 mm thick with no motion artefact present.

Only patients with no clinical signs or symptoms in the knee were investigated. All participants underwent CT scans in the supine position, the knee in the fully extended with free natural rotation and complete extensor relaxation. Scans were excluded if they showed any bone and joint anomalies such as significant arthritis, posttraumatic bony deformities or any evidence of previous surgery to investigate the constitutional morphology of the patellofemoral joint from this subset of individuals. Of the 389 paired CT scans (778 knees, left and right measurements pooled together), 198 were from men (51%) and 191 were from women. The mean age of included patients was 58 ± 16 years, and the mean BMI was 25 ± 4 kg/m 2 . Demographic and functional parameters in the series can be seen in Table 1. The patients in our series had a diverse ethnicity including Caucasian (54%), Asian (39%), African-American and Middle Eastern (7%).

PFJ measurements

Anatomical measurements included patellar morphometric parameters, femoral trochlear morphometric parameters and PF anatomical risk factors usually considered of primary importance for the PFJ [START_REF] Bull | Standardisation of the description of patellofemoral motion and comparison between different techniques[END_REF][START_REF] Katchburian | Measurement of patellar tracking: assessment and analysis of the literature[END_REF]. All these measures were assessed for each pair of CT scans (Fig. 1). Automatized landmarks were used to assess bone metrics (width and thickness) and articular angulation in an index bone using algorithm-calculated technology. Then, these measurements were mapped to each bone of the database by a previously validated software (Soma TM, Stryker, Mahwah, US), resulting in reproducible patient-specific bony landmarks extraction. The most proximal and distal points of the patella were selected to define the patellar width, the most anterior and posterior point of the patella defining the patellar thickness (Fig. 1). The same method was used for the medial and lateral facets of the patella, the medial and lateral femoral condyle and the femoral trochlea, resulting in the extraction of bony width, thickness, height and length. The intraclass correlation coefficient was found > 0.99 after two independent software extractions.

The trochlear length ratio was defined as the ratio between the lateral facet and medial facet of the trochlea. The trochlear groove thickness ratio was defined as the ratio between the trochlear groove thickness (Line 1 is drawn across the posterior margins of the medial and lateral condyles. Two lines parallel to line 1 are drawn crossing the centers of the trochlear groove and the posterior femoral condylar groove, respectively. Trochlear groove thickness is the perpendicular distance between these 2 lines) and the central condylar height (line 1 is drawn across the posterior margins of the medial and lateral condyles. The central condylar height is the perpendicular distance from line 1 to the deepest part of the trochlear groove). The epicondylar width ratio was defined using the lateral or medial condylar height expressed as a percentage of the transepicondylar width. Patellar height was assessed using the Caton-Deschamps index [START_REF] Caton | Patella infera. Apropos of 128 cases[END_REF] and Insall-Salvati ratio [START_REF] Grelsamer | The modified Insall-Salvati ratio for assessment of patellar height[END_REF]. Anatomical risk factors were conventional measurements associated with patellofemoral pathology, including the alignment of the extensor mechanism (defined by the tibial tuberosity-trochlear groove (TT-TG) distance) [START_REF] Dejour | Factors of patellar instability: an anatomic radiographic study[END_REF], the patella articular angle (defined as the angulation between the two patellar facets, AFAP) [START_REF] Iranpour | Femoral articular geometry and patellofemoral stability[END_REF], the sulcus angle (defined as the angulation between the two trochlear facets, SA) [START_REF] Iriuchishima | The correlation between femoral sulcus morphology and osteoarthritic changes in the patello-femoral joint[END_REF] and the lateral trochlear inclination (defined as the angulation between the trochlear lateral facet and the femoral posterior condyles, LCI) [START_REF] Fucentese | CT changes after trochleoplasty for symptomatic trochlear dysplasia[END_REF]. Algorithmbased mesh-morphing and measurements from CT scans of human femurs have been reported to be greatly accurate [START_REF] Grassi | Evaluation of the generality and accuracy of a new mesh morphing procedure for the human femur[END_REF], and in-house accuracy and reproducibility analysis estimated that algorithms from CT scans allows automated bony measurements for the patella with the same margin of error < 2 mm and < 1°.

Assessment of asymmetry

Side-to-side absolute differences (AD) were calculated simply by subtracting right and left values for each individual and expressed by mean and range in the entire cohort (Tables 2 and3). As such, the maximum of individual AD reflected the magnitude of asymmetry.

The percentage of absolute asymmetry (AS%) was determined for each individual as the absolute difference divided by (the mean of the right and left values), and expressed by the mean of AS% in the entire cohort [START_REF] Young | Are the left and right proximal femurs symmetric?[END_REF]. As such, this value reflected the significance of asymmetry and we defined a percentage of > 10% as significant.

Statistical analysis

Mean and standard deviations (SD) were determined for each of the measurements made for the population as a whole and for various subgroups, based on gender and Fig. 1 CT scan measurements of the patellofemoral joint from axial and sagittal segmentations using automatized software ethnicity. Normal (Gaussian) distributions of the absolute and percentage asymmetry between pairs of PFJ parameters were determined. Univariate analysis was performed using Student's paired t tests to compare sideto-side mean values as well as Student's t test to compare smaller versus larger mean values. Pearson's coefficients were calculated to examine correlations among absolute differences, specimen demographic data and PFJ measurements. Multiple linear regression models were developed to establish the determinants for each of the variables that defined a difference between left and right measurements. For each model, variables with a p value < 0.1 in the univariate analysis were kept in the final model. A trained statistician (MO) performed all the statistical analyses using SPSS (Version 22; IBM Corp, Armonk, New York, USA). All calculations assumed two-tailed tests. Results were considered statistically significant at p value < 0.05. Sample size was calculated based on the estimated patellar inclination angle difference with a α of 0.05, and power (1-β) of 0.80. Using G*power, a minimum of 81 paired CT scans was calculated to detect 10% asymmetry [START_REF] Faul | Statistical power analyses using G*Power 3.1: tests for correlation and regression analyses[END_REF].

Results

Side-to-side differences in morphological parameters, percentages of asymmetry and absolute differences are summarized in Table 2. Patellar morphometric measurements including patellar width, patellar facet width and patellar thickness were found to have side-to-side differences under the 10% threshold (i.e. non-significant). As such, patellar asymmetries were found negligible. Femoral morphometric measurements were highly symmetric, including the width of the trochlear facets, transepicondylar width, condylar heights and ratio (Table 2). The only significant asymmetry was found in the trochlear groove depth (TGD, mean AD 1 mm, AS% 39%) with a maximum asymmetry of 4 mm. Patellar height was highly symmetric from one patient to another with a mean AD of 0.1 mm for both Insall-Salvatti and Caton-Deschamps methods (AS% 8% and 9%, respectively). We found significant side-to-side differences in two patellofemoral anatomical risk factors (Table 3): lateral trochlear inclination (LTI, mean AD 2°, AS% 16%) and TTTG distance (mean AD 1 mm, AS% 116%). The maximum asymmetry for LTI and TTGT were 10° and 3 mm, respectively.

While significantly asymmetric, mean absolute differences showed in this study were not clinically relevant the trochlear groove depth (mean absolute difference of 1 mm), LTI (2°) TT-GT (1 mm). The few asymmetries that we found above was independent of demographic factors, including age, gender, BMI and ethnicity (Table 4).

Discussion

The most important finding of the present study was very few patellofemoral morphometric parameters and anatomical risk factors were asymmetric. To our knowledge, this is the first study reporting side-to-side differences and asymmetry of the PFJ. Reconstruction of the extensor apparatus often required contralateral planning of the patella height or morphology, including quadriceps and patellar tendon reconstruction or sizing for allograft in chronic failure. Our main result suggests that templating patellar morphology from the contralateral side is a good option in cases that require patellar reconstruction, allograft sizing and patellar implantation [START_REF] Jacquet | Contralateral preoperative templating of lower limbs' mechanical angles is a reasonable option[END_REF]. Similarly, templating patellar height from the contralateral side can be a valuable target for the reconstruction of the extensor mechanism.

The main asymmetry in the femoral morphometric parameters was found in the trochlear groove depth (TGD, AS% 39%) with a maximum of 4 mm. This parameter is directly related to trochlear dysplasia and patellar maltracking [START_REF] Pfirrmann | Femoral trochlear dysplasia: MR findings[END_REF]. Previously reported side-to-side differences in the femur include neck-shaft angle, femoral offset, femoral neck version, femoral neck thickness, femoral shaft dimension, femoral canal flare index and coronal alignment of the distal femur [START_REF] Dargel | Side differences in the anatomy of human knee joints[END_REF][START_REF] Young | Are the left and right proximal femurs symmetric?[END_REF]. In our study, asymmetry in the distal femur was limited to the femoral trochlea, as the patella morphometric parameters were found highly symmetric.

Besides the asymmetry of the trochlear groove depth, we also found asymmetry in the lateral trochlear inclination (LTI, AS% 16%) with a maximum of 10°. While no asymmetry of the femoral condyle dimensions was found in this investigation, lateral trochlear inclination has been found to correlate with femoral neck anteversion angle, neck-shaft angle and mediolateral offset of the proximal femur [START_REF] Wright | Strong correlation between the morphology of the proximal femur and the geometry of the distal femoral trochlea[END_REF]. In light of known asymmetry of the proximal femur and the correlation between the morphology of the proximal femur and the trochlea, asymmetry of trochlear parameters was expected using modern measurement methods.

The clinical significance of these asymmetries is debatable although abnormalities in trochlear inclination, depth and orientation have been known to induce patellofemoral disorders [START_REF] Prakash | Comparison of radiological parameters between normal and patellar dislocation groups in Korean population: a rotational profile CTbased study[END_REF]. Mehl et al. reported that cartilage defects of the patella are associated with the geometry of the PFJ especially with flat and shallow trochlea [START_REF] Mehl | Association between patellar cartilage defects and patellofemoral geometry: a matched-pair MRI comparison of patients with and without isolated patellar cartilage defects[END_REF]. However, they did not perform side-to-side comparisons in their study. Deep femoral sulcus depth and increased sulcus angle have been found to correlate with the incidence of PFJ osteoarthritis [START_REF] Davies-Tuck | Femoral sulcus angle and increased patella facet cartilage volume in an osteoarthritic population[END_REF][START_REF] Iriuchishima | The correlation between femoral sulcus morphology and osteoarthritic changes in the patello-femoral joint[END_REF]. Moreover, we know that for every 1º increase in the femoral sulcus angle, there is an associated 9.1 mm 3 (95% CI 3.1-15.0) increase in medial patella cartilage volume [START_REF] Davies-Tuck | Femoral sulcus angle and increased patella facet cartilage volume in an osteoarthritic population[END_REF]. However, the asymmetries found in our cannot be strongly related to factors of early PF degeneration found by others [START_REF] Grelsamer | The pathophysiology of patellofemoral arthritis[END_REF] in regards to the small absolute differences.

In evaluating patellofemoral risk factors, we found sideto-side differences in LTI and TTTG distance. This asymmetries could explain side-dominance in the occurrence of patellofemoral pain syndrome, patellar instability and recurrent dislocation [START_REF] Demehri | Imaging characteristics of contralateral asymptomatic patellofemoral joints in patients with unilateral instability[END_REF]. As a strong predictor of patellofemoral tracking disorders, LTI correlated strongly with lateral tilt and bisect offset index with an adjusted R 2 of 0.70 and 0.46, respectively, in a study by Biyani et al. [START_REF] Biyani | Anatomical factors influencing patellar tracking in the unstable patellofemoral joint[END_REF] and was the best predictor of patellar lateral displacement and tilt at 20º, 40º and 60º of knee flexion [START_REF] Teng | Predictors of patellar alignment during weight bearing: an examination of patellar height and trochlear geometry[END_REF]. Interestingly, lateral tilt and bisect offset index are linked to other relevant parameters for the PFJ (lateral patellar displacement, patellar inclination angle and trochlear congruence angle). However, the methodology used in our study was not published to quantify asymmetries in functional measures (i.e. not anatomical).

Demographics (including age, gender, height, weight, and ethnicity) were not related to patellofemoral asymmetries from the multivariate analyses. In contrast, it has been reported that a higher risk of developing patellofemoral pain syndrome [START_REF] Huntington | Factors associated with an increased risk of recurrence after a first-time patellar dislocation: a systematic review and meta-analysis[END_REF] and patellar instability [START_REF] Boling | Gender differences in the incidence and prevalence of patellofemoral pain syndrome[END_REF][START_REF] Lewallen | First-time patellofemoral dislocation: risk factors for recurrent instability[END_REF] were found with females. This predisposition cannot be related to asymmetries found in our study, although some authors have postulated that females may have risk factors associated with asymmetry, predisposing them to patellofemoral disorders [START_REF] Lacey | Gender difference in symptomatic radiographic knee osteoarthritis in the Knee Clinical Assessment-CAS(K): a prospective study in the general population[END_REF][START_REF] Mahfouz | Patella sex determination by 3D statistical shape models and nonlinear classifiers[END_REF][START_REF] Teng | Predictors of patellar alignment during weight bearing: an examination of patellar height and trochlear geometry[END_REF].

This study does have its limitations. First, measurements of the proximal femur were not considered. The automatized measurements focused on patellofemoral landmarks with no integration of rotational abnormalities of the femur and at the ankle [START_REF] Ollivier | Anatomy of the proximal femur at the time of total hip arthroplasty is a matter of morphotype and etiology but not gender[END_REF][START_REF] Young | Are the left and right proximal femurs symmetric?[END_REF]. Next, CT-scans were utilized to investigate bony morphology in determining joint orientation, neglecting the geometry of articular cartilage. Finally, in assessing absolute side-to-side differences for individual patients, the number of paired femurs required to assess significant changes can range from 3 to 165 pairs depending on the desired effect size or sensitivity, as reported by Pierre et al. [START_REF] Pierre | Assessment of the bilateral asymmetry of human femurs based on physical, densitometric, and structural rigidity characteristics[END_REF]. A small risk of overestimation of the effect size needs to be acknowledged in regards to the high number of CT-scans included.

In regards to the magnitude of asymmetries located in the patellofemoral joint, we highlight the need for careful contralateral screening as these asymmetrical risk factors involve the occurrence of recurrent dislocations or contribute to adverse outcomes. These findings help to understand the underlying reasons for asymmetry in patellar positions, patellofemoral symptoms and adverse results. Potential sideto-side differences outcomes after isolated medial patellofemoral ligament reconstruction should be noted in the patient's information. The label of "healthy" contralateral knee should be considered with caution when addressing recurrent patellofemoral instability or patellofemoral pain syndrome.

Conclusions

Patellar height was found to be highly symmetric and is, therefore, a reasonable index for contralateral templating. While very few patellofemoral morphometric parameters and anatomical risk factors were asymmetric, the mean differences were clinically negligible and independent of demographics.

  

Table 1

 1 Demographic parameters in the overall series (left and right anatomical measurements are pooled together)

	Parameters	% or Mean ± SD (range)
	Demographic	
	Age, years	58 ± 16 (11-92)
	Gender (female)	49%
	Height, kg	166 ± 8 (140-189)
	Weight, cm	70 ± 15 (39-110)
	Body mass index, kg/m 2	25 ± 4 (15.6-41.6)
	Ethnic background	
	Caucasian	54% (211 individuals)
	Asian	39% (151)
	African American and middle eastern	7% (27)

Table 2

 2 Side to side differences in morphological parameters of the patellofemoral joint with percentage of asymmetry and absolute difference p values indicated with an absolute difference were calculated using Student's t test, upon smaller versus larger global means comparison. Substantially asymmetry is defined as a side-to-side difference %AS > 10% SD standard deviation, %AS percentage of asymmetry, AD absolute difference, n.s. non-significant

	Right side	Left side	AS% AD	p
	Mean (SD) Range	Mean (SD) Range	Mean (range)	

Table 3

 3 Side to side differences in patellofemoral anatomical risk factors with the percentage of asymmetry and absolute difference p values indicated with an absolute difference were calculated using Student's t test, upon smaller versus larger global means comparison. Substantially asymmetry is defined as a side-to-side difference AS% > 10%

			Right side		Left side		AS%	AD	p
			Mean (SD) Range	Mean (SD) Range		Mean (range)	
	Tibial tuberosity-trochlear	TTTG (mm)	11.3 (1)	0-16.7	11.3 (1)	0-15.3	116% 0.6 (0-3)	< 0.00001
	groove distance								
	Insall-Salvati ratio	IS	1.2 (0.4)	0.7-5.4	1.2 (0.4)	0.8-6.8	8.6%	0.1 (0-1)	0.0004
	Caton-Deschamps index	CD	1 (0.4)	0.6-6.1	1 (0.5)	0.7-7.2	8%	0.1 (0-1)	0.013
	Patella articular angle	AFAP,	115.8 (8.3)	83.9-137.8 114.8 (8.6)	82.9-155.7 4.4%	4.8 (0-44)	< 0.00001
	Sulcus angle	SA, °155.2 (8.7) 126.7-179.3 155.5 (9.1) 131.8-179.3 2.6%	3.9 (0-17)	< 0.00001
	Lateral trochlear inclination LTI, °15.6 (4.2)	0-26.1	15.8 (4.3)	1.3-25.9	16%	1.9 (0-10)	< 0.00001
	SD standard deviation, %AS percentage of asymmetry, AD absolute difference					
	°degrees								

Table 4

 4 Multivariate analysis regarding asymmetrical factorsAll p values calculated using multiple analysis of variance testing (MANOVA) TGD trochlear groove depth, TTTG tibial tuberosity-trochlear groove distance, LCI lateral trochlear inclination, BMI body mass index, n.s non-significant

	Parameters	Gender	Age	BMI	Height	Weight	Ethnicity
	TGD	(n.s)	(n.s)	(n.s)	(n.s)	(n.s)	(n.s)
	TTTG	(n.s)	(n.s)	(n.s)	(n.s)	(n.s)	(n.s)
	LCI		(n.s)	(n.s)	(n.s)	(n.s)	(n.s)
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