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Abstract 
Background: Medial patellar luxation is a common orthopedic condition in small breed dogs, though its etiology remains poorly understood. The aim of this study was to assess the morphometry of the femoral trochlea, patella and patellar ligament in small breed dogs with and without grade 2 medial patellar luxation. This retrospective study evaluated small breed dogs weighing ≤15 kg including 80 stifles with Grade 2 MPL and 80 controls. The femoral trochlear length to patellar length ratio (TL:PL), trochlear curvature to condylar curvature ratio (TC:CC) and patellar ligament length to patellar length ratio (PLL:PL) were assessed. In addition, these parameters were determined comparing dogs with and without a chondrodysplastic phenotype. T-tests and ANOVA were used for statistical analysis. 
Results: The TL:PL ratio was increased in dogs with grade II MPL compared to controls with 1.7 ± 0.3 and 1.6 ± 0.2. (p<.001), respectively. This indicates an increased length of the trochlea. No differences were found in the TC:CC and PLL:PL ratios between both groups. Within the grade II MPL group, there was an increased PLL:PL ratio (2.0 ± 0.2; 1.9 ± 0.2; p=.002) in dogs with chondrodysplastic phenotype in comparison with non-chondrodysplastic phenotype. A decreased femoral trochlear length, or a decreased curvature of the femoral trochlea does not seem to be related to grade II patella luxation in small breed dogs. In dogs with a chondrodysplastic phenotype the relatively longer patellar ligament could play a role in the development of grade II MPL. 
Conclusion: Trochlear length and curvature did not seem to be related to the development of grade II MPL. In dogs with a chondrodysplastic phenotype, grade II MPL could be related to a longer patellar ligament. 
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Background
Medial patellar luxation (MPL) is the most frequent orthopedic diseases in small breed dogs [1-3]. The disorder was shown to have a prevalence between 1,3% to 9,2% [4, 5]. MPL leads to lameness, pain and eventually osteoarthritis. Physiologically the patella lies in the trochlear groove and is mainly stabilized passively by the trochlear ridges, parapatellar cartilage, femoropatellar ligaments and retinacula. Dynamic stabilization is provided by the quadriceps femoris muscle group [6]. Patellar luxation is characterized by the direction of luxation: medial, lateral or bidirectional [7-11]. In small breed dogs, patellar luxation is more frequent than in large dogs, with medial patellar luxation (MPL) as the dominant type [2, 3]. Bilateral occurrence of MPL is found in up to 49% of affected dogs [2, 5]. Pomeranian, Chihuahua, Yorkshire Terrier, Poodle and French Bulldog are clearly overrepresented, highlighting the hereditary origin of patella luxation [4, 12, 13]. In contrast to human medicine, traumatic patellar luxation rarely occurs in dogs [2, 3, 14]. According to the modified grading system by Roush, patella luxation can be classified in four different grades, regardless of the direction [9, 15]. Grade II MPL has the highest prevalence in small breed dogs and is clinically most relevant [2,4]. The clinical signs typically are intermittent non-weightbearing lameness of the hindlimb. The exact pathogenesis of MPL still needs to be elucidated. Several developmental musculoskeletal abnormalities have been proposed to cause MPL [8, 16]. In grade II MPL, the anatomical conformations of the femoropatellar joint are mostly retained. In grade III and grade IV patella luxation the loss of physiological pressure of the patella on the trochlea results in a shallow trochlea. This is also known as trochlear dysplasia or trochlear hypoplasia [11, 17, 18]. In the end stage, the depth of the patella can be completely lost. 
Another important factor is the proximodistal position of the patella in the femoral trochlea. Consistent with patella luxation in humans, a proximal position of the patella, defined as patella alta, could predispose to patellar luxation in dogs [19, 20]. In view of this, the patellar ligament length to patella length (PLL:PL) ratio was introduced for dogs similar to the Insall-Salvati ratio in humans [21-24]. 
In literature, MPL in medium to giant breed dogs has been associated with patella alta and an increased patellar ligament length [22, 25]. However, in small breed dogs the PLL:PL ratio was not related to MPL [10, 16, 23, 24, 26-28]. To assess the relative proximodistal position of the patella, the relation between the insertion of the patellar ligament on the tibial tuberosity and the tibial plateau was determined. Small breed dogs with MPL showed a more proximal position of the patellar ligament insertion and patella [23]. A more proximal position of the patella could also be related to a reduced length of the femoral trochlea. Proximal lengthening of the femoral trochlea has been used successfully in the management in MPL [29]. In addition, trochlear configuration seems to play a role in patellofemoral contact mechanics, influencing both contact area and pressure distribution within the canine stifle joint[30, 31]. Therefore, an altered curvature of the femoral trochlea could play a role in a reduced patellar-trochlear contact and patellar instability. Grade II MPL is generally associated with mild or inconsistent changes in trochlear depth, in contrast to the more pronounced trochlear hypoplasia observed in advanced grades [32].
Grade III and grade IV MPL preclude radiographic measurement in a mediolateral view due to distortion of ligaments and bone structures. In grade II MPL, the patella is typically positioned in the femoral trochlea during radiographic examination. 
At present, studies concerning the influence of a chondrodysplastic phenotype on the development of MPL is lacking. Dogs with a chondrodysplastic phenotype (CD) are characterized by decreased bone length development resulting in alteration of the bone and soft tissue relation in comparison with non-chondrodysplastic (NCD) dogs. Patella length, patellar ligament length, femoral trochlear length, trochlear curvature could be different in dogs with a CD phenotype. 
The aim of this study was to evaluate morphometric differences assessing trochlear length and curvature, the patellar ligament length and patellar length in small breed dogs with grade II MPL. In addition, we investigated potential differences of these parameters between chondrodysplastic and non-chondrodysplastic phenotypes.
Methods 
Study design
[bookmark: _Hlk153958472]Medical records of dogs admitted to the teaching hospital from 2016 to 2022 were retrospectively reviewed. Small breed dogs with a body weight ≤15 kg diagnosed with Grade II MPL, a documented orthopedic examination, and a complete set of stifle radiographs of at least one stifle were included. A 4-grade clinical classification system was used as previously described (Table 1). [15] The control group consisted of small breed dogs with a body weight ≤15 kg without patella luxation and similar weight and size distribution. The femoral trochlear length to patellar length ratio (TL:PL), the trochlear to condylar curvature ratio (TC:CC) and the patellar ligament length to patellar length ratio (PLL:PL) were determined. Measurements were performed on mediolateral radiographs of the stifle, as similar previously described measurements. [22-25] Normal standing angles of the stifle joint, ranging from 125° to 155°, were applied. Accurate positioning relied on superimposition of the femoral condyles. The trochlear length was determined by measuring from the most proximal part of the trochlea to the junction between trochlea and femoral condyle. The patellar length was determined as the most proximal aspect of the base of the patella to the most distal aspect of the patellar apex. Patellar ligament length was determined from the distal end of the patellar apex to the most distal point of insertion of the patellar ligament on the tibial tuberosity (Figure 1). [25] Best-fit circles were superimposed to the osseous contours of the femoral trochlear groove and femoral condyles as previously described [33, 34]. The ratio of the best-fit trochlear (TC) and condylar circles (CC) and its surface area was used as a dimensionless measure (TC:CC) of the femoral trochlear curvature. (Figure 2). The measurements were exclusively done by the first author avoiding interobserver error. Ratios were used for all assessments, leading to independency of dog size or magnification of radiographic images. All radiographs were examined with blinding of groups. An imaging software was used for radiographic measurements (IntelliSpace PACS, Philips, Eindhoven, Netherlands). After performing all prior measurements, dogs were also assessed based on their CD or NCD phenotype. 
Statistical analysis
Descriptive statistical analysis and the Shapiro-Wilk test were used to confirm normal distribution for both groups and for all 4 groups after separation in CD and NCD. T-tests were applied to compare the means of the TL:PL, TC:CC and the PLL:PL ratio between the grade II MPL group and the control group. After separation in CD and NCD phenotype, ANOVA tests were applied to test the variances of the group means of all four groups for the three ratios. Post hoc analysis with Fishers LSD test was used for significant ANOVA tests. Statistical significance was considered for p-values <.05. Data analysis was conducted using the statistical package of MS Excel (Microsoft Excel, Microsoft, Redmond, Washington, USA) and IBM SPSS statistics version 27 (IBM, Armonk, New York, USA). 
Results: 
[bookmark: _Hlk198565826]The study included a total of 124 dogs. The grade II MPL group consisted of 54 dogs with 80 stifle radiographs in total. The group without MPL included 80 stifles radiographs. The population showed several breeds and cross breeds with an overrepresentation of Chihuahuas, French Bulldogs and Yorkshire Terriers. The distribution of male and female and neutered and intact dogs was similar between groups. The mean weight ± SD for the grade II MPL group was 7.6 ± 3.3 kg, for the group without MPL 9.8 ± 3.3 kg. The mean age ± SD for the grade II MPL group was 4.4 ± 3.2 years and for the group without MPL 7.1 ± 3.6 years. The grade II MPL group consisted of 40 stifle radiographs of dogs with a CD phenotype and 41 of dogs with a NCD phenotype. In the group without MPL the numbers were 30 and 54, respectively. The TL:PL ratio was significantly higher in dogs with grade II MPL than in controls (p<.001; 1.74 ± 0.31 and 1.60 ± 0.16, respectively). There were no differences in the TC:CC ratios and PLL:PL ratios between groups. However, dogs with grade II MPL and a CD phenotype showed an increase of the PLL:PL ratio in comparison with grade II MPL dogs with an NCD phenotype (1,97 ± 0.20; 1.93 ± 0.21; p=.002, respectively). meaning an increased patellar ligament length. In addition, there was a difference in PLL:PL ratios between the grade II MPL and control group (1,93 ± 0,21; 1,98 ± 0,16; p=.01, respectively) within the dogs with a NCD phenotype., meaning a shorter patellar ligament. Comparison of the TL:PL and the TC:CC ratios for the MPL and controls within CD and NCD phenotypes, showed no differences. Irrespective of a CD and NCD phenotype, grade II MPL TL:PL ratios remained significantly higher in comparison with controls (Table 2 and Table 3 and Table 4). 
Discussion:
Our study evaluated morphometric differences assessing trochlear length and curvature, the patellar ligament length and patellar length in small breed dogs with and without grade II MPL. We found a higher TL:PL ratio in dogs with grade II MPL. Although most literature uses the patellar length as reference, alterations in the PL would influence the TL:PL and PLL:PL ratio. This longer femoral trochlea would suggest that hypothesized patella alta does not seem to play a role in the development of grade II MPL. In contrast, the longer femoral trochlea length could be an adaptation in dogs with functional patella alta. This concept was confirmed by S Murakami, M Shimada and Y Hara [35] describing patella alta during full extension of the stifle. In view of this, preventing hyperextension of the stifle joint might be important in the management of medial patella luxation as the increase in femoral trochlear length, found in our study, was insufficient to prevent MPL.  
Interestingly, this increased femoral trochlear length is in contrast to previous findings by S Murakami, M Shimada, Y Harada and Y Hara [36] who found a decreased femoral trochlea length in affected dogs. This discrepancy may be explained by differences in breed and phenotype distribution or by the inclusion of dogs with grade I–III MPL in their study, whereas only dogs with grade II MPL were included in the present study. Our study population consisted of a larger portion of French bulldogs with a chondrodysplastic phenotype. To evaluate the possible influence of a CD phenotype on the morphometric measurements, we assigned the dogs accordingly. 
We found no differences in the PLL:PL ratio in dogs with and without MPL. This means that there is no direct indication for a more proximal position of the patella in the femoral trochlea, which is consistent with previous findings in small breed dogs [23, 24, 27, 37]. Interestingly, in dogs with a CD phenotype and grade II MPL the PLL:PL ratio was significantly higher, which would be consistent with a longer patellar ligament length. Dogs with a CD phenotype have decreased length of long bones, but a less pronounced shorting of soft tissues and ligaments. This might explain the relative increase of the PLL:PL ratio with a longer patellar ligament. It is unclear, whether dogs with a CD phenotype could have an altered patellar length. In contrast, the decreased PLL:PL ratio in dogs with grade II MPL and an NCD phenotype would imply a shorter patellar ligament. There is no description of elongation of the patella in NCD phenotype dogs. The decreased PLL:PL ratio contradicts a patella alta as causative factor. However, dynamic hyperextension of the stifle joint could predispose for MPL. To the authors knowledge, the assessment of the curvature of the femoral trochlea and femoral condyle defined as the TC:CC ratio to assess the configuration of the trochlea has not been described before. Nevertheless, we did not find any differences in these ratios. This would imply that the configuration of the femoral trochlea does not play a role in the development grade II MPL. The following limitations of our study must be considered. The present study has a relatively small sample size, particularly after dividing the dogs according to phenotype. Consequently, subgroups contained only a limited number of dogs, which may have reduced statistical power. 
Although superimposition of the femoral condyle was used to standardize the position of the stifle joint, slight variations were accepted. This could lead to suboptimal measurements. An additional limitation was, that measurements assessed the greatest trochlear length. However, the trochlear ridges usually are different in length on the medial and lateral side. Although morphometric assessment was done by one person repeatedly, measurement inconsistencies cannot be excluded. Another measurement limitation is the evaluation of a three-dimensional structures in only two dimensions. Three-D reconstruction computed tomography could theoretically improve accuracy. In using ratios instead of absolute measurements, we minimized the dependency on the patient size and magnification of the radiographic image.[38] As phenotype seems to influence morphometric measurements, assessment within breeds could lead to more specific insights in the development of MPL. 
Conclusion:
An increased length of the femoral trochlea in grade II MPL affected dogs could potentially be a result of a compensatory mechanism, nevertheless failing to prevent the development of MPL. The femoral trochlea length and curvature did not seem to be related to grade II MPL. In dogs with a CD phenotype, a relative longer patellar ligament could be a factor in the development of grade II MPL. 
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Tables:
[bookmark: _Ref150099994]Table 1: Patella luxation clinical grading system
	Grade
	Description

	I
	The patella can be manually luxated with little force but promptly returns to a normal position after releasing the force

	II
	The patella may luxate during motion of the stifle or by manual force and remains luxated until stifle extension or manual replacement occurs

	III
	The patella is permanently luxated but can be manually reduced. It reluxates spontaneously when manual force is removed.

	IV
	The patella is permanently luxated and cannot be manually reduced



[bookmark: _Hlk235085608]Table 2: Mean, standard deviation and p-value of the ratios TL:PL, PLL:PL, TC:CC in grade II MPL dogs and controls. TL – trochlear length, PL – patella length, PLL – patellar ligament length, TC – trochlear best-fit circle area, CC – best-fit condylar circle area
	
	TL:PL 
	PLL:PL 
	TC:CC 

	MPL-group
	1.74 ± 0.31
	1,98 ± 0,2
	2,38 ± 0,68

	Control group 
	1.60 ± 0.16
	1,97 ± 0,18
	2,43 ± 0,63

	p value
	p<.001
	p=.727
	p=.7



Table 3: Mean, standard deviation and p-value for dogs within the MPL or control groups separated in a chondrodysplastic (CD) or non-chondrodysplastic (NCD) phenotype. The table shows a comparison within the MPL and control group. TL – trochlear length, PL – patella length, PLL – patellar ligament length, TC – trochlear best-fit circle area, CC – best-fit condylar circle area. n.a. – not applicable as non-significant in the ANOVA. * significant in the post hoc Fishers LSD analysis.  
	
	
	TL:PL
	PLL:PL
	TC:CC

	MPL-group
	CD
	1,74 ± 0,21
	1,97 ± 0,20
	2,43 ± 0,64

	
	NCD
	1,65 ± 0,18
	1,93 ± 0,21
	2,48 ± 0,63

	P value (LSD)
	
	n.a.
	p= .002*
	n.a.

	Control group
	CD
	1,54 ± 0,16
	1,99 ± 0,19
	2,44 ± 0,72

	
	NCD
	1,57± 0,14
	1,98 ± 0,16
	2,42 ± 0,54

	p value (LSD)
	
	n.a.
	n.a.
	n.a.



Table 4: Mean, standard deviation and p-value for dogs within the chondrodysplastic (CD) or non-chondrodysplastic (NCD) phenotypes separated in the MPL or control group. TL – trochlear length, PL – patella length, PLL – patellar ligament length, TC – trochlear best-fit circle area, CC – best-fit condylar circle area. n.a. – not applicable as non-significant in the ANOVA. * significant in the post hoc Fishers LSD analysis.  
	
	
	TL:PL
	PLL:PL
	TC:CC

	CD
	MPL-group
	1,74 ± 0,21
	1,97 ± 0,20
	2,43 ± 0,64

	
	Control group
	1,54 ± 0,16
	1,99 ± 0,19
	2,44 ± 0,72

	P value
	
	p<.001*
	n.a. 
	n.a.

	NCD
	MPL-group
	1,65 ± 0,18
	1,93 ± 0,21
	2,48 ± 0,63

	
	Control group
	1,57± 0,14
	1,98 ± 0,16
	2,42 ± 0,54

	p value
	
	p=.026*
	p=.010*
	n.a.



[bookmark: _Ref151313715]Legends:
Figure 1: Morphometric measurements on medio-lateral radiographs, determining the patellar length (PL, marked in red), the length of the trochlea (TL) and the patellar ligament length (PLL)
Figure 2: Delineation of the circles superimposed on the femoral trochlear and femoral condyle to assess the trochlear curvature (TC) and condylar curvature (CC) as the TC:CC ratio using the surface area of both circles. 
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