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Abstract

:

Several studies have investigated cartilage degeneration and inflammatory subchondral bone and synovial membrane changes using magnetic resonance (MR) in osteoarthritis (OA) patients. Conversely, there is a paucity of data exploring the role of knee ligaments, infrapatellar fat pad (IFP), and suprapatellar fat pad (SFP) in knee OA compared to post-traumatic cohorts of patients. Therefore, the aim of this study was to analyze the volumetric and morphometric characteristics of the following joint tissues: IFP (volume, surface, depth, femoral and tibial arch lengths), SFP (volume, surface, oblique, antero–posterior, and cranio–caudal lengths), anterior (ACL) and posterior cruciate ligament (PCL) (volume, surface, and length), and patellar ligament (PL) (volume, surface, arc, depth, and length). Eighty-nine MR images were collected in the following three groups: (a) 32 patients with meniscal tears, (b) 29 patients with ACL rupture (ACLR), and (c) 28 patients affected by end-stage OA. Volume, surface, and length of both ACL and PCL were determined in groups a and c. A statistical decrease of IFP volume, surface, depth, femoral and tibial arch lengths was found in end-stage OA compared to patients with meniscal tear (p = 0.002, p = 0.008, p < 0.0001, p = 0.028 and p < 0.001, respectively) and patients with ACLR (p < 0.0001, p < 0.0001, p = 0.008 and p = 0.011, respectively). An increment of volume and surface SFP was observed in group b compared to both groups a and c, while no differences were found in oblique, antero–posterior, and cranio–caudal lengths of SFP among the groups. No statistical differences were highlighted comparing volume, surface, arc, and length of PL between the groups, while PL depth was observed to be decreased in end-OA patients compared with meniscal tear patients (p = 0.023). No statistical differences were observed comparing ACL and PCL lengths between patients undergoing meniscectomy and TKR. Our study confirms that IFP MR morphometric characteristics are different between controls and OA, supporting an important role of IFP in OA pathology and progression in accordance with previously published studies. In addition, PL depth changes seem to be associated with OA pathology. Multivariate analysis confirmed that OA patients had a smaller IFP compared to patients with meniscal tears, confirming its involvement in OA.
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1. Introduction


Osteoarthritis (OA) is the most common musculoskeletal disorder with an increasing impact worldwide. It is estimated that OA affects more than 32.5 million adults in the US and over 350 million adults globally, leading to both pain and disability [1,2]. OA can damage any joint, but preferentially affects knees, hands, hips, and the spine [2]. The pathogenesis is still under investigation. However, it is well established that OA affects not only cartilage but also all the other joint tissues [3,4,5]. Recently, attention has been focused on the role of the infrapatellar fat pad (IFP) in OA disease, hypothesizing that IFP and synovial membrane might act as an anatomo-functional unit [6]. It has been shown that IFP is a source of adipocytokines, which could contribute to OA inflammation. In addition, aging has a role in the remodeling of this tissue, and OA IFP appeared to be a stiffer adipose tissue compared to subcutaneous, visceral adipose tissues and heel fat pads [7,8,9,10]. Previous research has established that OA IFP is more inflamed, fibrotic, and vascularized compared to IFP isolated from cadavers and patients with anterior ligament cruciate rupture (ACLR) [11,12]. Moreover, OA IFP adipocytes are larger and numerically lower than anterior cruciate ligament (ACL) IFP adipocytes and there is a different collagen-type distribution, which could explain the changes in the biomechanical characteristics found in OA IFP [12,13]. Interestingly, Eymard et al. reported that the OA suprapatellar fat pad (SFP), another knee fat pad, was more fibrotic and produced higher levels of cytokines than subcutaneous adipose tissue in OA patients [8].



While there are numerous studies investigating cartilage, subchondral bone, and synovial membrane changes in OA patients using magnetic resonance imaging (MR) [14,15], only a few papers have been published so far using this imaging technique to explore the role of both IFP and SFP in knee OA. Moreover, there is a lack of studies evaluating volumetric and morphometric characteristics of ACL, posterior cruciate ligament (PCL), and patellar ligament (PL), also known as patellar tendon, in OA patients.



In 2015, Cowan et al. observed that IFP volume was higher in patients with patellofemoral joint OA compared to controls in a small cohort [16]. On the contrary, no differences were found in IFP volume between OA patients and healthy patients in two studies [17,18]. Cai et al. reported that a greater IFP volume was associated with greater knee cartilage volume and fewer structural abnormalities, suggesting a protective role of IFP size in OA [19]. Pan et al. measured the IFP size at the baseline and after 2.6 years of follow-up in a healthy cohort showing that the IFP size area appeared to have a protective role in the onset of knee symptoms and cartilage damage in older female adults [20]. Teichtahl et al. showed as a larger IFP at baseline was associated with reduced knee pain at follow-up in OA patients [21]. Moreover, a decrease in IFP volume, depth, and femoral and tibial arch lengths was found in moderate and end-stage OA compared to controls [22]. On the contrary, another study did not finc significant differences in IFP morphology between painful versus painless knees of people with unilateral knee pain [23].



Other than IFP size, changes in the intensity of the MR signal of the IFP were investigated. Han et al. found an association between the hypointense signal and increased knee cartilage defects, bone marrow lesions as well as knee symptoms in a cross-sectional study following the participants for at least 2 years [24]. A difference in IFP hypointense signal was also found between groups with moderate and end-stage OA compared to controls [22], suggesting a role of fibrosis in OA progression. In addition, Ruhdorfer et al. showed a difference in IFP heterogeneity between OA patients and controls [17]. In 2020, De Vries et al. observed that hyperintense IFP regions show different perfusion in controls, patients with patellofemoral pain, and OA patients, supporting the inflammatory pathogenesis of OA [25].



Regarding MR findings on SFP, the studies published so far on OA have been focused on the association between the SFP mass effect (defined as a posterior convex border) and the presence of anterior knee pain with contradictory results [26,27]. SFP signal intensity alterations were associated with OA, pain, and bone marrow lesions [27]. Data from the Osteoarthritis Initiative reported an association between SFP signal intensity alterations and the progression of patellofemoral OA [28]. While a recent small study showed no differences in SFP volumetric and morphometric characteristics between patients with moderate and end-stage OA compared to non-osteoarthritic controls [22].



The aim of this study is to investigate and compare the IFP, SFP, ACL, PCL, and PL MR volumetric and morphometric characteristics in patients with meniscal tears, ACLR, and end-stage OA.




2. Materials and Methods


2.1. Study Population


Patients with meniscal tears and patients with end-stage OA were enrolled at the Orthopaedic Clinic (University-Hospital of Padova, Padova, Italy), while patients with ACLR were enrolled at the IRCSS Rizzoli Orthopedic Institute (Bologna, Italy). The patients with meniscal tear were obtained in the framework of a multicenter prospective cohort study, entitled “The role of the meniscus in OA pathology and symptoms”, funded by the Italian Ministry of Health between 2012 and 2016 (Project code: GR-2010-2317593) [29]. The study was approved by both the Local Ethical Committee of the University-Hospital of Padova (protocol code 0005073 and CESC code 4510/AO/18) and IRCS Rizzoli of Bologna (prot N.0007206) and patients were enrolled after providing written informed consent. Patients with previous knee surgery or other significant pathologies (such as cancer and other rheumatologic disorders) were excluded from the study. For each patient, demographic and clinical data were retrieved.



The patients were divided into three groups: (a) patients with meniscal tears; (b) patients with ACLR; (c) patients undergoing total knee replacements for end-stage knee OA.




2.2. MR Image Acquisition and Analysis


MR imaging of each patient was collected prior to surgery. Images were obtained by different magnetic resonance equipment, and different imaging sequences, but all had at least T1- and T2-weighted sequences, a sequence with fat suppression, and a sequence for each scanning plane (sagittal, coronal, and axial).



Volumetric Analysis


For volumetric analysis, the T1-weighted sequence on the sagittal plane was chosen, with the slice thickness of 4 mm, the matrix of 256 × 256 pixel and the number of slices for each participant to cover the whole knee. Segmentation of the soft tissues were derived manually using an imaging density segmentation software (ITK-SNAP). The reconstruction of the soft tissues requires the elaboration of MR images that makes it possible to create a mask of the tissues and distinguish the different soft tissues based on voxel intensity (Figure 1). Manual mask-based adaptations were applied where necessary. The software automatically integrates the segmented structures in a single 3D image, to calculate the volumes and the surfaces. The lengths were calculated considering a single slice and defining splines construct along highlighted tissues. The same reader (C.G.F.) defined all segmentations, with quality control performed by an experienced radiologist (V.M.) to ensure reliable measurements [30].



The IFP volume and surface, the depth, the femoral arch length, and the tibial arch length of the sagittal slice located in the center of the segmented IFP (central sagittal slice) were determined (Figure 2a). The depth was calculated as the length of the perpendicular segment to the patellar tendon passing through the point of the IFP more internally to the joint. The femoral and tibial arch lengths were calculated as the profile of the IFP adjacent to the corresponding bone extremities [22].



In the same way, the SFP volume and surface were determined together with the antero–posterior (A–P), cranio–caudal (C–C), and oblique lengths (OBL) of the sagittal slice located in the center of the segmented IFP (central sagittal slice) (Figure 2b). The A–P length was defined as the distance between the posterior point of the pad and the dorsal contour of the distal quadriceps’ tendon along a line parallel to the patient’s axial plane. The C–C length was defined as the distance between the most superior and inferior points of the pad along a line vertical to the patient’s axial plane. The OBL length was defined as the distance between the most posterior and anterior points of the pad along an obliquely oriented measurement tangent running parallel to the superior aspect of the base of the osseous contour of the patella. The SFP arch length was evaluated on the transversal slice in correspondence with the A–P measure.



The hypointense signal within the IFP was graded on T2-weighted MR images by counting imaging slices with this abnormality as follows: grade 0 = none; grade 1 = 1–2 slices, grade 2 = 3–5 slices, grade 3 = ≥6 slices, as previously reported [22,24]. The hypointense scoring was also assessed within the SFP even if this MR grading system was not validated at this site. Moreover, the presence of edema within the SFP was evaluated, i.e., the diffuse hyperintense signal within the fat pad. These evaluations were conducted by an experienced radiologist (VM).



The ACL and PCL volumes, surfaces, and lengths were extracted (Figure 2c,d) in the meniscal tear group and in the end-stage OA group. ACL could not be measured in the ACLR group as the ligament was ruptured. The ACL and PCL lengths were defined as the maximum length, calculated on the sagittal slice where both the attachment sites of each ligament were visible. The measurements were taken from the midpoint of the ACL and PCL areas.



The PL volume and surface were determined, while the PL depth and length were evaluated on the sagittal slice located in the center of the segmented PL (central sagittal slice) (Figure 2e). The PL length was calculated as the length of the ligament from the lower pole of the patella to its inferior insertion on the tibia, while the PL depth was calculated as the length of the perpendicular segment to the PL passing through the midpoint of the PL length. The PL arch length was evaluated on the transversal slice in correspondence with the femoral condyles (Figure 2f).





2.3. Statistical Analysis


The data were reported as the median and interquartile range (IQR). Chi-square (χ2) test or Fisher’s exact test were performed to compare categorical and dichotomous data. The distribution of continuous variables was checked with the Shapiro–Wilk test. One-way ANOVA or Kruskal–Wallis, with Tukey’s post hoc tests, were used to compare continuous variables depending on the distribution of the data. Spearman’s correlations were performed to analyze correlations between variables. Linear regression models were applied to investigate the association between the quantitative variables and some predictors. The Shapiro–Wilk test was used to determine whether residuals were distributed normally. In case of non-normal residuals appropriate transformations of the response variable were modeled. Cumulative link models were used to study the association between ordinal variables and some predictors.



A p < 0.05 was considered significant. All analyses were performed with SPSS version 25.0 or R [31].





3. Results


3.1. Patient Characteristics


A total of 89 patients were enrolled in this study and divided into three groups. Thirty-two patients had meniscal tears, 29 ACLR, and 28 end-stage OA. Demographic data of the patients are reported in Table 1. A difference was observed regarding gender between the three groups (p < 0.001). Patients with meniscal tear and patients with ACLR were younger compared to end-stage OA (p < 0.001). Patients with ACLR were younger in comparison to patients with meniscal tears (p = 0.016). A difference between patients with ACLR and end-stage OA was observed regarding body mass index (BMI) (p < 0.001). IFP, SFP, and ligaments morphometric characteristics were investigated and compared among the three groups.




3.2. IFP and SFP Morphometric Characteristics


IFP volume, surface, depth, and femoral and tibial arch lengths were measured and compared between the three groups of patients (Figure 3, Table 2). IFP volume, surface, depth, femoral and tibial arch lengths were higher in patients with meniscal tears compared to end-stage OA patients (p = 0.002, p = 0.008, p < 0.0001, p = 0.028, and p = 0.0005, respectively). IFP volume, surface, depth, femoral and tibial arch lengths were higher also in patients with ACLR compared to end-stage OA patients (p < 0.0001, p < 0.0001, p < 0.008, and p = 0.011, respectively). Interestingly, patients with ACLR exhibited higher IFP volume, surface, depth, and femoral and tibial arch lengths compared to patients with meniscal tears, even if no statistical difference was observed.



The evaluation of SFP volume, surface, OBL, C–C, A–P, and arch lengths in the three groups (Figure 4) showed that SFP volume and surface were higher in ACLR patients compared to end-stage OA patients (p < 0.0001 and p < 0.0001, respectively). SFP volume and surface were smaller in patients with meniscal tear compared to patients with ACLR (p = 0.001 and p = 0.001, respectively). No other differences were highlighted.



IFP and SFP hypointense signals were evaluated in the three groups (Table 3). An increase in IFP hypointense signal was observed in end-stage OA patients compared to both ACLR and meniscal tear patients (p < 0.0001). The SFP hypointense signal decreased in ACLR patients compared to meniscal tear patients (p = 0.002), while the signal increased in end-stage OA compared to ACLR patients (p < 0.005). No differences were reported comparing the presence of SFP edema between the three groups (p = 0.385).




3.3. ACL, PCL, and PL Morphometric Characteristics


ACL volume, surface, and length were evaluated in patients with meniscal tears and end-stage OA. No differences were observed between the two groups (Figure 5 and Supplementary Table S1). PCL volume, surface, and length were measured in all groups without finding any differences.



PL volume, surface, length, depth, and arc were measured in all the groups showing no differences with the only exception being PL depth (Figure 6, Table 4). PL depth was higher in patients with meniscal tear compared to end-stage OA patients (p = 0.023).




3.4. Correlation Matrices


The relationships between the variables (age, BMI, and IFP, SFP, ACL, PCL, and PL lengths) were studied building a correlation matrix for all patients (Figure 7a) and each subgroup of patients (Figure 7b–d).



Age negatively correlated with IFP volume, IFP surface, IFP depth, IFP femoral, tibial arch, and PL depth considering all the patients (r = −0.515, p < 0.0001; r = −0.492, p < 0.0001; r = −0.490, p < 0.0001; r = −0.262, p = 0.015; r = −0.301, p = 0.005; r = −0.363, p = 0.001, respectively). However, when the patients were analyzed separately, the correlations with age were not retained. BMI was positively correlated with SFP OBL (r = 0.268, p = 0.015). Strong positive correlations were found between IFP volume and PL volume and PL surface (r = 0.674, p < 0.0001; r = 0.557, p < 0.0001, respectively).




3.5. Age, BMI, and Gender Influence


Since there is a difference between the three groups regarding gender, age, and BMI and all of these are risk factors for OA, linear models were applied to control their influence on IFP and SFP measurements (Table 5). The volume and surface of SFP did not fit a normal distribution and thus, data were log-transformed before being modeled.



Age did not affect the variables, while gender was always significant with the only exception being the SFP hypointense signal. BMI was significant only regarding IFP surface, SFP volume, and surface.



Considering the possible confounders, end-stage OA patients exhibited significantly smaller IFP volume, IFP surface, IFP depth, IF tibial arch length, and IFP hypointense signal compared to patients with meniscal tears.



ACLR patients had a significantly higher volume and surface of both IFP and SFP and lower SFP hypointense signal compared to patients with meniscal tears. The full models are reported in the Supplementary Files (Tables S2–S11).





4. Discussion


In this study, IFP, SFP, ACL, PCL, and PL MR volumetric and morphometric characteristics in patients with meniscal tears, patients with ACLR, and patients with end-stage OA were compared.



In this work, IFP and SFP geometries were measured by drawing tissue contours and the volumes were computed by a software program, adopting the same procedure as other authors [19,22,32]. Cheruvu et al. determined IFP volume using MR images by using a 3d Reconstruction software, ellipsoidal approximation, and a MATLAB code [32]. Their results showed that there was no significant difference between methods, validating all these procedures to measure the IFP volume [32]. We observed a decrease in IFP volume, surface, depth, and femoral and tibial arch lengths in end-stage OA compared to patients with meniscal tears, confirming the data of our previous study [22]. Moreover, a difference was found also comparing all the IFP lengths of ACLR patients with end-stage OA patients supporting the hypothesis that the IFP volumetric and morphometric characteristics undergoing modifications in patients affected by OA. An increase in the IFP hypointense signal was observed in end-stage OA patients compared to meniscal tear and ACLR patients, confirming that fibrotic IFP changes are important features of OA pathogenesis [12]. Regarding SFP, we observed a difference in SFP volume and surface between patients with ACLR and patients with meniscal tears as well as between patients with ACLR and end-stage OA patients. On the contrary, we did not find differences between patients with meniscal tears and end-stage OA patients suggesting that this fat pad is less involved in OA than IFP, in agreement with our previous study, probably due to the different locations in the knee and to different involvement in joint kinetics [22]. In any case, an increase in SFP hypointense signal was recorded comparing meniscal tear with ACLR patients and ACLR with end-stage OA patients, while no differences were highlighted regarding SFP edema. ACL and PCL morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA were comparable with the only exception of an increase of PL depth in meniscal tear patients compared to end-stage OA patients.



In our study, we showed that the IFP geometry of ACLR patients tends to be higher compared to those of meniscal tear patients, even if no statistical differences were highlighted. These results are in line with those of Cheruvu et al. reporting that patients with torn ACLs had significantly larger fat pads compared to a group of age, gender, and sport activity matched controls with intact ligaments [32]. Abnormalities of IFP, such as focal and diffuse edema, tears, scars, and synovial proliferation, are reported to be more common in patients with ACLR than in healthy subjects [33]. The main functional role of the ACL is to provide stability against anterior tibial translation and internal rotation. Patients with ACLR exhibit anterior translation of the tibia relative to the femur [34]. It is presumable that the intact ACL maintains confined the IFP in its localization and upon rupture, the adipose tissue is able to remodel itself. Moreover, the mechanical transmission of loads due to ligament injury causes a change of stress distribution in the tissues, with a consequent modification of its morphometry. Further studies are needed to determine the effects of ACLR on IFP.



Importantly, multivariate analysis confirmed a difference in IFP geometry (except for IFP femoral arch length) between patients with meniscal tears and end-stage OA patients considering possible confounders (age, BMI, and gender). A difference in IFP volume and IFP surface was also found between patients with meniscal tears and patients with ACLR. Interestingly, we found that gender influenced all IFP measures. This is in agreement with the findings of Diepold et al. who observed an increase of IFP volume in healthy men compared to healthy women [35].



SFP general linear models confirmed a difference only when comparing patients with ACLR and patients with meniscal tears considering possible confounders (age, BMI, and gender). Thus, it can be hypothesized that this fat pad might not be involved in OA pathology as we have previously described [22]. It should be noted that in literature there is a paucity of MR-based studies on SFP. Schwaiger et al. suggested an association between SPF abnormalities and the progression of patellofemoral OA [28]. However, Schwaiger evaluated the SFP signal alteration and not SFP geometry. An SFP mass effect was described in literature as an SFP expansion with a mass effect on the suprapatellar joint recess, defined by the presence of a convex posterior fat-pad border on the sagittal intermediate-weighted images [26]. Tsavalas et al. reported no correlations between the presence of SFP mass effect and patellofemoral malalignment, or patellofemoral joint OA, or pain [26]. On the contrary, Wang et al. observed that SFP mass effect and/or signal intensity alterations are deleteriously associated with knee pain and radiographic OA [27].



SFP abnormalities as well as IFP abnormalities were studied by Heilmeier et al. in a small cohort of patients with ACLR [36]. While they found several correlations between IFP abnormalities and inflammatory cytokines and metalloproteinases in synovial fluid, SFP abnormalities correlated only with interleukin-6 [36]. However, the authors did not evaluate the volume and surface of SFP.



In our study, SFP does not appear to be involved in OA while it may be affected by the mechanical change induced in the knee because of ACLR.



Several studies have been published on stem cells derived from IFP (for a review see [37]). However, it has been suggested that OA IFP-derived stem cells are primed by the pathological environment and thus these cells seem to exert an incomplete protective activity from OA inflammation [38]. Since SFP seems not to be involved in OA, SFP-derived stem cells are a promising possible source for cell therapeutic solutions to joint degeneration. This idea is supported by the study of Ignacio Muñoz-Criado et al. [39]. They showed that adipose stem cells derived from SFP represent a promising source for cartilage regeneration by promoting efficient endogenous chondrogenesis in a mouse model of severe OA [39].



No differences were observed in ACL and PCL measurements between the groups. Taneja et al. studied PCL morphometry and concluded that subjects with ACLR present larger PCL dimensions compared to controls [40]. Similarly, Jamison et al. analyzed left- and right-sided ACL volumes in control subjects [41]. All these studies measured ACL and PCL geometry from coronal and sagittal slices of MR, using a different procedure compared to our study. Indeed, in the present work ACL and PCL were selected considering only sagittal slices of MR obtaining smaller ACL and PCL volumes in all three groups, probably due to the different methodology. Other authors evaluated the double bundle anatomy of the ACL by measurement of consecutive coronal images using 3D analysis software [42,43]. Fayad et al. studied gender differences in ACL and PCL volumes and showed that gender differences in ACL volume are present, but may be accounted for height differences between males and females [42]. The mean ACL length reported by Van Zyl et al. was 40.6 mm in subjects with no apparent knee pathology, surgery, or trauma [44]. In our study, we observed a mean ACL length of 35.2 mm for patients with meniscal tears and 33.9 for end-stage OA patients). This might be due to the degenerative changes that all joint tissues, including the ACL, undergo during the OA process.



Regarding PCL, which is a knee fundamental stabilizer [45], no differences were observed in terms of volume and length. Ranmuthu et al. found significant differences in the distribution of T1rho and T2 values of the cruciate ligaments according to the sub-region between control and OA [46]. Particularly, in OA both T1rho and T2 values were significantly higher in the distal ACL when compared to the rest of the ligament, while the variation of T2 values within the PCL was lower in OA knees [46]. Thus, it is likely that OA determines changes in ligament composition heterogeneously within the ligament as demonstrated by histological analysis [47], but does not alter the volume and lengths. To the best of our knowledge, this study is the first report analyzing PCL volume and lengths.



Few studies evaluated the PL length reporting a range of 32–61 mm in healthy individuals [48,49] in line with the findings of this study. The PL length of OA patients was coherent with that reported by Lemon et al. who compared the PL length changes between patients who had their IFP either preserved or excised after total knee replacement [50]. Yoo et al. described the geometry of PL measured on knee MR for not OA patients, analyzing the proximal and distal part of PL. The PL depth was calculated on axial images and ranged from 3.2 to 5.0 mm, for the proximal and the distal parts, respectively. On the contrary, we evaluate the PL depth in the midpoint of the PL length on the sagittal image, measuring an intermediate value. Yoo et al. calculated the PL length as the minimum distance on PL between rotula and tibial insertions [49]. The PL longitudinal length was 40.2 mm [49], while in our study the values for control knees were higher, probably due to the different endpoints chosen for the evaluation of the distance. Wang et al. studied the geometric data of healthy PL and ACL by MR and analyzed the correlation of the two with body weight, height, and gender [51]. They found that the lengths of the PL and ACL in males were significantly greater than those in females [51]. Similarly, to our study, the length of PL was calculated in the ACL and non-ACL injury groups by Kang et al., finding not significant differences [52]. The biomechanical equilibrium of the joints is strongly affected by the presence of trauma or pathologies. In patients with meniscal tear, ACLR and end-stage OA, the biomechanics of the knee is modified and this alteration could affect both spaces and forces, causing both IFP and PL to change. This is evidenced by the positive correlations found between IFP and PL volumes in the three groups. To the best of our knowledge, no data about PL surface and volume are reported in the literature.



The main limitations of this study are the small sample size of patients analyzed and the different facilities used for collecting MR. However, it was possible to perform multivariate analysis, which enabled us to evaluate the influence of demographic confounders on IFP, SFP, and ligament measurements, strengthening the results. Finally, another limitation is the lack of MR collected from a control group of healthy subjects with an active lifestyle and without history of injuries/trauma involving the knees.




5. Conclusions


In conclusion, a decrease in IFP volume, surface, depth, femoral and tibial arch lengths, and an increase of the IFP hypointense signal was observed in end-stage OA patients compared to meniscal tear and ACLR patients. These data point out that IFP volumetric and morphometric characteristics are modified by OA disease and that fibrotic changes are important features of OA pathology. No differences between patients with meniscal tears or ACLR and end-stage OA patients were found regarding SFP, suggesting that probably this fat pad is less involved in OA than IFP. Regarding ACL, a decrease in PL depth in end-stage OA patients was observed.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines10061369/s1, Table S1: ACL and PCL MR morphometric characteristics in patients with meniscal tears, ACLR, and end-stage OA, Table S2. Multivariate analysis of IFP volume, Table S3. Multivariate analysis of IFP surface, Table S4. Multivariate analysis of IFP depth, Table S5. Multivariate analysis of IFP femoral arch length, Table S6. Multivariate analysis of IFP tibial arch length, Table S7. Multivariate analysis of SFP volume, Table S8. Multivariate analysis of SFP surface, Table S9. Multivariate analysis of IFP hypointense signal, Table S10. Multivariate analysis of SFP hypointense signal and Table S11. Multivariate analysis of PL depth.





Author Contributions


Conceptualization, C.G.F., E.B., V.M. and M.F.; methodology, C.G.F.; validation, C.G.F., E.B., E.L.C. and V.M.; formal analysis, C.G.F., E.B. and M.S.; investigation, C.G.F., E.B. and V.M. resources, C.G.F., E.B., E.L.C., A.P., E.O., D.R., M.F., R.R. and P.R.; data curation, C.G.F. and E.B.; writing—original draft preparation, C.G.F. and E.B. writing—review and editing, C.G.F., E.B., M.F., A.P., V.M., E.O. and D.R.; visualization, C.G.F. and E.B.; supervision, M.F., E.L.C., V.M., P.R., R.R. and R.D.C.; funding acquisition, M.F. and E.L.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Italian Ministry of Health (Project code: GR-2010-2317593) and by Italian Ministry of University and Research, FISR 2019, Project n° FISR2019_03221, titled CECOMES: CEntro di studi sperimentali e COmputazionali per la ModElliStica applicate alla chirurgia.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee of University-Hospital of Padova (protocol code 0005073, 30 January 2013 and CESC code 4510/AO/18, 25 July 2019) and IRCS Rizzoli of Bologna (N.0007206, 17 July 2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Callahan, L.F.; Ambrose, K.R.; Albright, A.L.; Altpeter, M.; Golightly, Y.M.; Huffman, K.F.; Nelson, A.E.; Weisner, S.E. Public Health Interventions for Osteoarthritis—Updates on the Osteoarthritis Action Alliance’s efforts to address the 2010 OA Public Health Agenda Recommendations. Clin. Exp. Rheumatol. 2019, 37 (Suppl. S120), 31–39. [Google Scholar] [PubMed]

	



Kloppenburg, M.; Berenbaum, F. Osteoarthritis year in review 2019: Epidemiology and therapy. Osteoarthr. Cartil. 2020, 28, 242–248. [Google Scholar] [CrossRef] [PubMed]

	



Belluzzi, E.; El Hadi, H.; Granzotto, M.; Rossato, M.; Ramonda, R.; Macchi, V.; De Caro, R.; Vettor, R.; Favero, M. Systemic and Local Adipose Tissue in Knee Osteoarthritis. J. Cell. Physiol. 2017, 232, 1971–1978. [Google Scholar] [CrossRef] [PubMed]

	



Belluzzi, E.; Stocco, E.; Pozzuoli, A.; Granzotto, M.; Porzionato, A.; Vettor, R.; De Caro, R.; Ruggieri, P.; Ramonda, R.; Rossato, M.; et al. Contribution of Infrapatellar Fat Pad and Synovial Membrane to Knee Osteoarthritis Pain. BioMed Res. Int. 2019, 2019, 6390182. [Google Scholar] [CrossRef] [PubMed]

	



Man, G.S.; Mologhianu, G. Osteoarthritis pathogenesis—A complex process that involves the entire joint. J. Med. Life 2014, 7, 37–41. [Google Scholar] [PubMed]

	



Macchi, V.; Stocco, E.; Stecco, C.; Belluzzi, E.; Favero, M.; Porzionato, A.; De Caro, R. The infrapatellar fat pad and the synovial membrane: An anatomo-functional unit. J. Anat. 2018, 233, 146–154. [Google Scholar] [CrossRef]

	



Belluzzi, E.; Olivotto, E.; Toso, G.; Cigolotti, A.; Pozzuoli, A.; Biz, C.; Trisolino, G.; Ruggieri, P.; Grigolo, B.; Ramonda, R.; et al. Conditioned media from human osteoarthritic synovium induces inflammation in a synoviocyte cell line. Connect. Tissue Res. 2019, 60, 136–145. [Google Scholar] [CrossRef]

	



Eymard, F.; Pigenet, A.; Citadelle, D.; Tordjman, J.; Foucher, L.; Rose, C.; Flouzat Lachaniette, C.H.; Rouault, C.; Clement, K.; Berenbaum, F.; et al. Knee and hip intra-articular adipose tissues (IAATs) compared with autologous subcutaneous adipose tissue: A specific phenotype for a central player in osteoarthritis. Ann. Rheum. Dis. 2017, 76, 1142–1148. [Google Scholar] [CrossRef]

	



Stocco, E.; Belluzzi, E.; Contran, M.; Boscolo-Berto, R.; Picardi, E.; Guidolin, D.; Fontanella, C.G.; Olivotto, E.; Filardo, G.; Borile, G.; et al. Age-Dependent Remodeling in Infrapatellar Fat Pad Adipocytes and Extracellular Matrix: A Comparative Study. Front. Med. 2021, 8, 661403. [Google Scholar] [CrossRef]

	



Fontanella, C.G.; Belluzzi, E.; Pozzuoli, A.; Favero, M.; Ruggieri, P.; Macchi, V.; Carniel, E.L. Mechanical behavior of infrapatellar fat pad of patients affected by osteoarthritis. J. Biomech. 2022, 131, 110931. [Google Scholar] [CrossRef]

	



Favero, M.; El-Hadi, H.; Belluzzi, E.; Granzotto, M.; Porzionato, A.; Sarasin, G.; Rambaldo, A.; Iacobellis, C.; Cigolotti, A.; Fontanella, C.G.; et al. Infrapatellar fat pad features in osteoarthritis: A histopathological and molecular study. Rheumatology 2017, 56, 1784–1793. [Google Scholar] [CrossRef] [PubMed]

	



Belluzzi, E.; Macchi, V.; Fontanella, C.G.; Carniel, E.L.; Olivotto, E.; Filardo, G.; Sarasin, G.; Porzionato, A.; Granzotto, M.; Pozzuoli, A.; et al. Infrapatellar fat pad gene expression and protein production in patients with and without osteoarthritis. Int. J. Mol. Sci. 2020, 21, 6016. [Google Scholar] [CrossRef] [PubMed]

	



Fontanella, C.G.; Macchi, V.; Carniel, E.L.; Frigo, A.; Porzionato, A.; Picardi, E.E.E.; Favero, M.; Ruggieri, P.; de Caro, R.; Natali, A.N. Biomechanical behavior of Hoffa’s fat pad in healthy and osteoarthritic conditions: Histological and mechanical investigations. Australas. Phys. Eng. Sci. Med. 2018, 41, 657–667. [Google Scholar] [CrossRef] [PubMed]

	



Conaghan, P.G.; Felson, D.; Gold, G.; Lohmander, S.; Totterman, S.; Altman, R. MRI and non-cartilaginous structures in knee osteoarthritis. Osteoarthr. Cartil. 2006, 14, 87–94. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, D.; Roemer, F.W.; Eckstein, F.; Samuels, J.; Guermazi, A. Imaging of OA—From disease modification to clinical utility. Best Pract. Res. Clin. Rheumatol. 2020, 34, 101588. [Google Scholar] [CrossRef]

	



Cowan, S.M.; Hart, H.F.; Warden, S.J.; Crossley, K.M. Infrapatellar fat pad volume is greater in individuals with patellofemoral joint osteoarthritis and associated with pain. Rheumatol. Int. 2015, 35, 1439–1442. [Google Scholar] [CrossRef]

	



Ruhdorfer, A.; Haniel, F.; Petersohn, T.; Dorrenberg, J.; Wirth, W.; Dannhauer, T.; Hunter, D.J.; Eckstein, F. Between-group differences in infra-patellar fat pad size and signal in symptomatic and radiographic progression of knee osteoarthritis vs non-progressive controls and healthy knees—Data from the FNIH Biomarkers Consortium Study and the Osteoarthritis Initiative. Osteoarthr. Cartil. 2017, 25, 1114–1121. [Google Scholar] [CrossRef]

	



Chuckpaiwong, B.; Charles, H.C.; Kraus, V.B.; Guilak, F.; Nunley, J.A. Age-associated increases in the size of the infrapatellar fat pad in knee osteoarthritis as measured by 3T MRI. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2010, 28, 1149–1154. [Google Scholar] [CrossRef]

	



Cai, J.; Xu, J.; Wang, K.; Zheng, S.; He, F.; Huan, S.; Xu, S.; Zhang, H.; Laslett, L.; Ding, C. Association Between Infrapatellar Fat Pad Volume and Knee Structural Changes in Patients with Knee Osteoarthritis. J. Rheumatol. 2015, 42, 1878. [Google Scholar] [CrossRef]

	



Pan, F.; Han, W.; Wang, X.; Liu, Z.; Jin, X.; Antony, B.; Cicuttini, F.; Jones, G.; Ding, C. A longitudinal study of the association between infrapatellar fat pad maximal area and changes in knee symptoms and structure in older adults. Ann. Rheum. Dis. 2015, 74, 1818–1824. [Google Scholar] [CrossRef]

	



Teichtahl, A.J.; Wulidasari, E.; Brady, S.R.E.; Wang, Y.; Wluka, A.E.; Ding, C.; Giles, G.G.; Cicuttini, F.M. A large infrapatellar fat pad protects against knee pain and lateral tibial cartilage volume loss. Arthritis Res. Ther. 2015, 17, 318. [Google Scholar] [CrossRef] [PubMed]

	



Fontanella, C.G.; Belluzzi, E.; Rossato, M.; Olivotto, E.; Trisolino, G.; Ruggieri, P.; Rubini, A.; Porzionato, A.; Natali, A.; De Caro, R.; et al. Quantitative MRI analysis of infrapatellar and suprapatellar fat pads in normal controls, moderate and end-stage osteoarthritis. Ann. Anat. 2019, 221, 108–114. [Google Scholar] [CrossRef] [PubMed]

	



Steidle-Kloc, E.; Culvenor, A.G.; Dorrenberg, J.; Wirth, W.; Ruhdorfer, A.; Eckstein, F. Relationship Between Knee Pain and Infrapatellar Fat Pad Morphology: A Within- and Between-Person Analysis from the Osteoarthritis Initiative. Arthritis Care Res. 2018, 70, 550–557. [Google Scholar] [CrossRef] [PubMed]

	



Han, W.; Aitken, D.; Zhu, Z.; Halliday, A.; Wang, X.; Antony, B.; Cicuttini, F.; Jones, G.; Ding, C. Hypointense signals in the infrapatellar fat pad assessed by magnetic resonance imaging are associated with knee symptoms and structure in older adults: A cohort study. Arthritis Res. Ther. 2016, 18, 234. [Google Scholar] [CrossRef]

	



De Vries, B.A.; van der Heijden, R.A.; Poot, D.H.J.; van Middelkoop, M.; Meuffels, D.E.; Krestin, G.P.; Oei, E.H.G. Quantitative DCE-MRI demonstrates increased blood perfusion in Hoffa’s fat pad signal abnormalities in knee osteoarthritis, but not in patellofemoral pain. Eur. Radiol. 2020, 30, 3401–3408. [Google Scholar] [CrossRef]

	



Tsavalas, N.; Karantanas, A.H. Suprapatellar fat-pad mass effect: MRI findings and correlation with anterior knee pain. AJR Am. J. Roentgenol. 2013, 200, W291–W296. [Google Scholar] [CrossRef]

	



Wang, J.; Han, W.; Wang, X.; Pan, F.; Liu, Z.; Halliday, A.; Jin, X.; Antony, B.; Cicuttini, F.; Jones, G.; et al. Mass effect and signal intensity alteration in the suprapatellar fat pad: Associations with knee symptoms and structure. Osteoarthr. Cartil. 2014, 22, 1619–1626. [Google Scholar] [CrossRef]

	



Schwaiger, B.J.; Mbapte Wamba, J.; Gersing, A.S.; Nevitt, M.C.; Facchetti, L.; McCulloch, C.E.; Link, T.M. Hyperintense signal alteration in the suprapatellar fat pad on MRI is associated with degeneration of the patellofemoral joint over 48 months: Data from the Osteoarthritis Initiative. Skelet. Radiol. 2018, 47, 329–339. [Google Scholar] [CrossRef]

	



Trisolino, G.; Favero, M.; Lazzaro, A.; Martucci, E.; Strazzari, A.; Belluzzi, E.; Goldring, S.R.; Goldring, M.B.; Punzi, L.; Grigolo, B.; et al. Is arthroscopic videotape a reliable tool for describing early joint tissue pathology of the knee? Knee 2017, 24, 1374–1382. [Google Scholar] [CrossRef]

	



Steidle-Kloc, E.; Wirth, W.; Ruhdorfer, A.; Dannhauer, T.; Eckstein, F. Intra- and inter-observer reliability of quantitative analysis of the infra-patellar fat pad and comparison between fat- and non-fat-suppressed imaging—Data from the osteoarthritis initiative. Ann. Anat. Anat. Anz. Off. J. Anat. Ges. 2016, 204, 29–35. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2013. [Google Scholar]

	



Cheruvu, B.; Tsatalis, J.; Laughlin, R.; Goswami, T. Methods to determine the volume of infrapatellar fat pad as an indicator of anterior cruciate ligament tear. Biomater. Biomech. Bioeng. 2016, 3, 27–35. [Google Scholar] [CrossRef]

	



Abreu, M.R.; Chung, C.B.; Trudell, D.; Resnick, D. Hoffa’s fat pad injuries and their relationship with anterior cruciate ligament tears: New observations based on MR imaging in patients and MR imaging and anatomic correlation in cadavers. Skelet. Radiol. 2008, 37, 301–306. [Google Scholar] [CrossRef] [PubMed]

	



Klass, D.; Toms, A.P.; Greenwood, R.; Hopgood, P. MR imaging of acute anterior cruciate ligament injuries. Knee 2007, 14, 339–347. [Google Scholar] [CrossRef] [PubMed]

	



Diepold, J.; Ruhdorfer, A.; Dannhauer, T.; Wirth, W.; Steidle, E.; Eckstein, F. Sex-differences of the healthy infra-patellar (Hoffa) fat pad in relation to intermuscular and subcutaneous fat content—Data from the Osteoarthritis Initiative. Ann. Anat. Anat. Anz. Off. J. Anat. Ges. 2015, 200, 30–36. [Google Scholar] [CrossRef]

	



Heilmeier, U.; Mamoto, K.; Amano, K.; Eck, B.; Tanaka, M.; Bullen, J.A.; Schwaiger, B.J.; Huebner, J.L.; Stabler, T.V.; Kraus, V.B.; et al. Infrapatellar fat pad abnormalities are associated with a higher inflammatory synovial fluid cytokine profile in young adults following ACL tear. Osteoarthr. Cartil. 2020, 28, 82–91. [Google Scholar] [CrossRef]

	



Zhong, Y.-c.; Wang, S.-c.; Han, Y.-h.; Wen, Y. Recent Advance in Source, Property, Differentiation, and Applications of Infrapatellar Fat Pad Adipose-Derived Stem Cells. Stem Cells Int. 2020, 2020, 2560174. [Google Scholar] [CrossRef]

	



Stocco, E.; Barbon, S.; Piccione, M.; Belluzzi, E.; Petrelli, L.; Pozzuoli, A.; Ramonda, R.; Rossato, M.; Favero, M.; Ruggieri, P.; et al. Infrapatellar Fat Pad Stem Cells Responsiveness to Microenvironment in Osteoarthritis: From Morphology to Function. Front. Cell Dev. Biol. 2019, 7, 323. [Google Scholar] [CrossRef]

	



Muñoz-Criado, I.; Meseguer-Ripolles, J.; Mellado-López, M.; Alastrue-Agudo, A.; Griffeth, R.J.; Forteza-Vila, J.; Cugat, R.; García, M.; Moreno-Manzano, V. Human Suprapatellar Fat Pad-Derived Mesenchymal Stem Cells Induce Chondrogenesis and Cartilage Repair in a Model of Severe Osteoarthritis. Stem Cells Int. 2017, 2017, 4758930. [Google Scholar] [CrossRef]

	



Taneja, A.K.; Miranda, F.C.; Demange, M.K.; Prado, M.P.; Santos, D.C.B.; Rosemberg, L.A.; Baroni, R.H. Evaluation of Posterior Cruciate Ligament and Intercondylar Notch in Subjects With Anterior Cruciate Ligament Tear: A Comparative Flexed-Knee 3D Magnetic Resonance Imaging Study. Arthrosc. J. Arthrosc. Relat. Surg. Off. Publ. Arthrosc. Assoc. N. Am. Int. Arthrosc. Assoc. 2018, 34, 557–565. [Google Scholar] [CrossRef]

	



Jamison, S.T.; Flanigan, D.C.; Nagaraja, H.N.; Chaudhari, A.M.W. Side-to-side differences in anterior cruciate ligament volume in healthy control subjects. J. Biomech. 2010, 43, 576–578. [Google Scholar] [CrossRef]

	



Fayad, L.M.; Rosenthal, E.H.; Morrison, W.B.; Carrino, J.A. Anterior cruciate ligament volume: Analysis of gender differences. J. Magn. Reson. Imaging JMRI 2008, 27, 218–223. [Google Scholar] [CrossRef] [PubMed]

	



Ng, A.W.H.; Lee, R.K.L.; Ho, E.P.Y.; Law, B.K.Y.; Griffith, J.F. Anterior cruciate ligament bundle measurement by MRI. Skelet. Radiol. 2013, 42, 1549–1554. [Google Scholar] [CrossRef] [PubMed]

	



Van Zyl, R.; Van Schoor, A.-N.; Du Toit, P.J.; Suleman, F.E.; Velleman, M.D.; Glatt, V.; Tetsworth, K.; Hohmann, E. The Association Between Anterior Cruciate Ligament Length and Femoral Epicondylar Width Measured on Preoperative Magnetic Resonance Imaging or Radiograph. Arthrosc. Sports Med. Rehabil. 2020, 2, e23–e31. [Google Scholar] [CrossRef] [PubMed]

	



LaPrade, C.M.; Civitarese, D.M.; Rasmussen, M.T.; LaPrade, R.F. Emerging Updates on the Posterior Cruciate Ligament: A Review of the Current Literature. Am. J. Sports Med. 2015, 43, 3077–3092. [Google Scholar] [CrossRef] [PubMed]

	



Ranmuthu, C.D.S.; MacKay, J.W.; Crowe, V.A.; Kaggie, J.D.; Kessler, D.A.; McDonnell, S.M. Quantitative analysis of the ACL and PCL using T1rho and T2 relaxation time mapping: An exploratory, cross-sectional comparison between OA and healthy control knees. BMC Musculoskelet. Disord. 2021, 22, 916. [Google Scholar] [CrossRef]

	



Hayashi, S.; Nakasa, T.; Matsuoka, Y.; Akiyama, Y.; Ishikawa, M.; Nakamae, A.; Awai, K.; Adachi, N. Evaluation of the degenerative pattern of PCL in osteoarthritis patients using UTE-T2 mapping. Asia Pac. J. Sports Med. Arthrosc. Rehabil. Technol. 2021, 24, 35–40. [Google Scholar] [CrossRef] [PubMed]

	



Navali, A.M.; Jafarabadi, M.A. Is There Any Correlation Between Patient Height and Patellar Tendon Length? Arch. Bone Jt. Surg. 2015, 3, 99–103. [Google Scholar] [PubMed]

	



Yoo, J.H.; Yi, S.R.; Kim, J.H. The geometry of patella and patellar tendon measured on knee MRI. Surg. Radiol. Anat. SRA 2007, 29, 623–628. [Google Scholar] [CrossRef]

	



Lemon, M.; Packham, I.; Narang, K.; Craig, D.M. Patellar tendon length after knee arthroplasty with and without preservation of the infrapatellar fat pad. J. Arthroplast. 2007, 22, 574–580. [Google Scholar] [CrossRef]

	



Wang, H.; Hua, C.; Cui, H.; Li, Y.; Qin, H.; Han, D.; Yue, J.; Liang, C.; Yang, R. Measurement of normal patellar ligament and anterior cruciate ligament by MRI and data analysis. Exp. Ther. Med. 2013, 5, 917–921. [Google Scholar] [CrossRef]

	



Kang, H.; Fu, K.; Dong, C.; Wang, F. The patellar tendon wavy sign as a new secondary sign of ACL tear on MRI. Acta Orthop. Traumatol. Turc. 2018, 52, 372–375. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 10 01369 g001 550] 





Figure 1. (a) IFP (green area), SFP (yellow area), PCL (cyan area), ACL (fuchsia area), and PL (violet area) masks on the central sagittal slice and (b) volumes identification on MR of all the tissues analyzed. IFP: infrapatellar fat pad, SFP: suprapatellar fat pad, ACL: anterior cruciate ligament, PCL: posterior cruciate ligament, PL: patellar ligament, MR: magnetic resonance. 
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Figure 2. (a) Definition of IFP depth, femoral and tibial arch lengths in the central slice. (b) Definition of antero–posterior (A–P), cranio–caudal (C–C), and oblique (OBL) lengths for the SFP in the central slice, with the definition of SFP arch length on the transversal slice. (c) Definition of PCL and (d) ACL lengths on two different sagittal slices. (e) Definition of PL depth and length on the central sagittal slice and (f) PL arch length on the transversal slice. IFP: infrapatellar fat pad, SFP: suprapatellar fat pad, ACL: anterior cruciate ligament, PCL: posterior cruciate ligament, PL: patellar ligament. 
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Figure 3. IFP morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA. (a) IFP volume, (b) IFP surface, (c) IFP depth, (d) IFP femoral arch, and (e) IFP tibial arch. Data are expressed as median and interquartile range. IFP: infrapatellar fat pad. ACLR: anterior ligament cruciate rupture. 
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Figure 4. SFP morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA. (a) SFP volume, (b) SFP surface, (c) SFP OBL, (d) SFP C–C (e) SFP A–P, and (f) SFP arch. Data are expressed as median (interquartile range). SFP: suprapatellar fat pad. ACLR: anterior ligament cruciate rupture. SFP= suprapatellar fat pad. OBL: oblique length. C–C: cranio–caudal length. A–P: antero–posterior length. 
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Figure 5. ACL and PCL morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA. (a) ACL volume, (b) ACL surface, (c) ACL length, (d) PCL volume, (e) PCL surface, and (f) PCL length. Data are expressed as median (interquartile range). ACL: anterior cruciate ligament. PCL: posterior cruciate ligament. ACLR: anterior ligament cruciate rupture. 
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Figure 6. PL morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA. (a) PL volume, (b) PL surface, (c) PL length, (d) PL depth, and (e) PL arc. Data are expressed as median (interquartile range). PL: patellar ligament. ACLR: anterior ligament cruciate rupture. 
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Figure 7. Spearman correlations among the variables. (a) all patients, (b) meniscal tear patients, (c) ACLR patients, and (d) end-stage OA patients. Negative correlations are displayed in red color, while positive correlations are in blue. The color intensity and the size of the circle are proportional to the correlation coefficients. ACLR: anterior ligament cruciate rupture. 
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Table 1. Demographic data of enrolled patients.
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	Meniscal Tear
	ACLR
	End-Stage OA
	p-Value





	Number of patients
	32
	29
	28
	



	Sex, male number (%)
	20 (62.5)
	21 (72.4)
	7 (25)
	<0.001



	Age, years, median (IQR)
	48.0 (58.0–35.0)
	34.0 (43.5–24.5)
	73.5 (78.0–66.5)
	a 0.016

b <0.001

c <0.001



	BMI, Kg/m2, median (IQR)
	25.1 (29.9–23.8)
	25.2 (26.3–22.2)
	28.2 (31.6–24.8)
	c <0.001







ACLR: anterior cruciate ligament rupture, OA: osteoarthritis, IQR: interquartile range, BMI: body mass index. Data are expressed as median (IQR). a meniscal tear versus ACLR, b meniscal tear versus end-stage OA, c ACLR versus end-stage OA.
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Table 2. IFP and SFP MR morphometric characteristics in patients with meniscal tear, ACLR, and end-stage OA.
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	Meniscal Tear
	ACLR
	End-Stage OA
	p-Value





	IFP volume (mm3)
	32113 (35460–23943)
	35073 (38249–28536)
	21552 (25111–18017)
	a 0.250

b 0.002

c <0.0001



	IFP surface (mm2)
	7550 (8366–6319)
	8495 (9393–7062)
	5906 (6549–5405)
	a 0.074

b 0.008

c <0.0001



	IFP depth (mm)
	29.2 (33.4–25.7)
	31.3 (35.1–29.0)
	23.2 (26.8–20.8)
	a 0.508

b <0.0001

c <0.0001



	IFP Femoral arch length (mm)
	30.9 (34.4–26.7)
	32.0 (34.2–29.2)
	25.7 (30.1–19.2)
	a 0.999

b 0.028

c 0.008



	IFP Tibial arch length (mm)
	31.2 (36.4–28.6)
	32.1 (34.4–26.9)
	28.3 (30.0–20.5)
	a 0.999

b <0.001

c 0.011



	SFP volume (mm3)
	1264.2 (1454.0–842.2)
	1979.3 (2401.5–1203.9)
	1021.6 (1480.0–784.0)
	a 0.001

b 0.999

c <0.0001



	SFP surface (mm2)
	903.3 (1021.3–754.8)
	1236.3 (1395.1–890.1)
	782.0 (1066.1–608.8)
	a 0.001

b 0.999

c <0.0001



	SFP OBL (mm)
	10.1 (11.8–9.3)
	9.2 (10.5–8.4)
	9.5 (11.0–9.1)
	0.113



	SFP C–C (mm)
	16.3 (18.4–13.9)
	16.7 (18.6–14.4)
	15.6 (18.0–14.3)
	0.837



	SFP A–P (mm)
	8.4 (9.3–6.9)
	8.3 (9.1–6.8)
	8.5 (9.2–7.6)
	0.689



	SFP arch (mm)
	27.4 (30.4–27.4)
	27.7 (30.4–23.1)
	24.6 (30.4–21.9)
	0.380







IFP: infrapatellar fat pad, SFP: suprapatellar fat pad, MR: magnetic resonance, OA: osteoarthritis, OBL: oblique length. C–C: cranio–caudal length. A–P: antero–posterior length. Data are expressed as median (interquartile range). a meniscal tear vs. ACLR, b meniscal tear vs. end-stage OA, c ACLR vs. end-stage OA. 
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Table 3. IFP and SFP MR hypointense signal grading in meniscal tear, ACLR, and end-stage OA patients.
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	Meniscal Tear (n = 32)
	ACLR (n = 29)
	End-Stage OA (n = 28)
	p-Value





	IFP
	
	
	
	<0.0001



	Grade 0
	19 (59.4%)
	15 (51.7%)
	1 (3.6%)
	a 0.101



	Grade 1
	12 (37.5%)
	7 (24.1%)
	8 (28.6%)
	b <0.0001



	Grade 2
	1 (3.1%)
	6 (20.7%)
	10 (20.7%)
	c <0.0001



	Grade 3
	0
	1 (3.4%)
	9 (32.1%)
	



	
	Meniscal tear (n = 32)
	ACLR (n = 26)
	End-stage OA (n = 27)
	p-value



	SFP
	
	
	
	<0.012



	Grade 0
	8 (25%)
	13 (50%)
	8 (28.6%)
	a 0.002



	Grade 1
	12 (37.5%)
	13 (50%)
	10 (37%)
	b 0.910



	Grade 2
	12 (37.5%)
	0
	9 (32.1%)
	c 0.005



	Grade 3
	0
	0
	0
	



	
	Meniscal tear (n = 32)
	ACLR (n = 24)
	End-stage OA (n = 26)
	p-value



	SFP edema
	
	
	
	0.385



	Yes
	12 (37.5%)
	5 (20.8%)
	9 (34.6%)
	



	No
	20 (62.5%)
	19 (79.2%)
	17 (65.4%)
	







Data are reported as the number of patients (%). a meniscal tear vs. ACLR, b meniscal tear vs. end-stage OA, c ACLR vs. end-stage OA.
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Table 4. PL characteristics in patients with meniscal tear, ACLR, and end-stage OA.
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	Meniscal Tear
	ACLR
	End-Stage OA
	p-Value





	PL volume (mm3)
	4476 (5242–3659)
	5172 (5913–4351)
	4302 (5175–3735)
	0.076



	PL surface (mm2)
	3139 (3973–2856)
	3494 (3764–3093)
	3287 (3704–2821)
	0.716



	PL length (mm)
	48.8 (53.1–45.8)
	50.8 (54.4–46.7)
	47.6 (51.0–44.6)
	0.108



	PL depth (mm)
	4.4 (4.7–3.3)
	4.2 (4.4–3.8)
	3.7 (4.1–3.5)
	a 0.999

b 0.023

c 0.153



	PL arch (mm)
	30.3 (36.9–28.6)
	31.2 (33.1–28.2)
	30.8 (34.8–27.6)
	0.962







PL: patellar ligament, ACLR: anterior ligament cruciate rupture. OA: osteoarthritis. Data are expressed as median (interquartile range). a meniscal tear vs. ACLR, b meniscal tear vs. end-stage OA, c ACLR vs. end-stage OA.
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Table 5. General linear models.
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	Age

(p-Value)
	Gender

(p-Value)
	BMI

(p-Value)
	ACLR vs.

Meniscal Tear

(p-Value)
	End-Stage OA vs.

Meniscal Tear

(p-Value)





	IFP volume
	0.579
	<0.0001
	0.066
	0.010
	0.018



	IFP surface
	0.549
	<0.0001
	0.028
	0.002
	0.045



	IFP depth
	0.413
	<0.0001
	0.907
	0.322
	0.004



	IFP Femoral arch length
	0.145
	0.0012
	0.540
	0.457
	0.059



	IFP Tibial arch length
	0.217
	<0.001
	0.621
	0.341
	<0.001



	SFP volume
	0.243
	0.025
	0.025
	<0.001
	0.288



	SFP surface
	0.279
	0.018
	0.035
	<0.001
	0.196



	IFP hypotense signal
	0.662
	0.011
	0.590
	0.225
	<0.001



	SFP hypotense signal
	0.319
	0.609
	0.832
	<0.005
	0.598



	PL depth
	0.082
	<0.001
	0.229
	0.137
	0.659
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