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Abstract

Background: The polyarticular nature of Osteoarthritis (OA) tends to manifest in multi-joints. 

Associations between cartilage health in connected joints can help identify early degeneration 

and offer the potential for biomechanical intervention. Such associations between hip and knee 

cartilages remain understudied.

Purpose: To investigate T1p associations between hip-femoral and acetabular-cartilage 

subregions with Intra-limb and Inter-limb patellar cartilage; whole and deep-medial (DM), deep-

lateral (DL), superficial-medial (SM), superficial-lateral (SL) subregions.

Study Type: Prospective.

Subjects: Twenty-eight subjects (age 55.1 ± 12.8 years, 15 females) with none-to-moderate 

hip-OA while no radiographic knee-OA.

Field Strength/Sequence: 3-T, bilateral hip, and knee: 3D-proton-density-fat-

saturated (PDFS) Cube and Magnetization-Prepared-Angle-Modulated-Partitioned-k-Space-

Spoiled-Gradient-Echo-Snapshots (MAPSS).

Assessment: Ages of subjects were categorized into Group-1 (≤40), Group-2 (41–50), Group-3 

(51–60), Group-4 (61–70), Group-5 (71–80), and Group-6 (≥81). Hip T1p maps, co-registered 
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to Cube, underwent an atlas-based algorithm to quantify femoral and acetabular subregional (R2–

R7) cartilage T1p. For knee Cube, a combination of V-Net architectures was used to segment 

the patellar cartilage and subregions (DM, DL, SM, SL). T1p values were computed from co-

registered MAPSS.

Statistical Tests: For Intra-and-Inter-limb, 5 optimum predictors out of 13 (Hip subregional 

T1p, age group, gender) were selected by univariate linear-regression, to predict outcome (patellar 

T1p). The top five predictors were stepwise added to six linear mixed-effect (LME) models. In 

all LME models, we assume the data come from the same subject sharing the same random 

effect. The best-performing models (LME-modelbest) selected via ANOVA, were tested with DM, 

SM, SL, and DL subregional-mean T1p. LME assumptions were verified (normality of residuals, 

random-effects, and posterior-predictive-checks).

Results: LME-modelbest (Intra-limb) had significant negative and positive fixed-effects of 

femoral-R5 and acetabular-R2 T1p, respectively (conditional-R2 = 0.581). LME-modelbest (Inter-

limb) had significant positive fixed-effects of femoral-R3 T1p (conditional-R2 = 0.26).

Data Conclusion: Significant positive and negative T1p associations were identified 

between load-bearing hip cartilage-subregions vs. ipsilateral and contralateral patellar cartilages 

respectively. The effects were localized on medial subregions of Inter-limb, in particular.

Evidence Level: 1

Technical Efficacy: Stage 1

Osteoarthritis (OA) is the most prevalent form of arthritis and is related to a serious health 

crisis.1 It causes a tremendous amount of functional burden and social isolation with 

limiting work and activity levels in the lives of approximately 32.5 million US adults.1 

Prediction studies foresee approximately 11.4% of adults experiencing OA-attributable 

activity limitations by the year 2040,2 and those are even worse for patients with concurrent 

conditions, such as sleep deprivation, anxiety, obesity, hypertension, and diabetes.3 The 

overall economic expenditure is projected at 17 billion in indirect lost earnings and 65 

billion annually in direct medical expenses,4 with a greater percentage of patients ultimately 

opting for total joint-replacement.3

The polyarticular nature of OA studies5 tends to manifest in more than one joint. Prierto-

Alhambra et al.6 have reported that knee OA can predict the occurrence of an eventual 

hip OA. On the other hand, 45% of lone hip OA patients have been shown to develop 

subsequent knee OA.7 Patients undergoing hip-replacement and developing progressive knee 

OA in the following decade had been reported to have a higher chance of the contralateral 

knee being affected than the ipsilateral with a 2.4:1 ratio.8 Age has been deduced as an 

important factor in developing single-joint OA.6 However, there is a lack of consensus 

in reported literature, on higher probabilities of developing bilateral or multi-joint OA 

systemically alone as a factor of age or gender.7 Such findings lead to the speculation of 

whether the propagation of OA is possibly favorable in joints that are anatomically closer or 

mechanistically connected, such as the hip and the knee, on which the reported literature is 

seemingly limited.9
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The possibility of mechanistically connected joints being vulnerable to OA propagation 

remains even more crucial from a prevention point of view. A compartment-specific 

assessment of degrading or preserved knee cartilage in association with degrading, 

already impaired, or normal-appearing hip cartilage, can potentially help to understand 

the multi-joint connection if done in a timely manner. Having developed OA, joints have 

fewer chances of complete cure10 with very limited treatment options. Targeted physical 

therapies,11 pain and inflammation control drugs,12 and lifestyle modifications have proven 

to help manage the conditions. However, prior knowledge of location-specific early-stage 

degradation of knee cartilage can be extremely helpful if the tissue is not yet fully lost, 

and initial extents of cartilage abnormalities can at least be arrested. Timely information on 

localized degenerative patterns might also be potentially utilized for identifying the right 

candidates for clinical trials for emerging pharmaceutical therapies13 or targeted treatments. 

In fact, often improvements in hip strength and coordination are suggested as part of 

rehabilitation programs to manage patellofemoral pain and discomfort.14

With degrading hip cartilage, an individual can be observed to have altered gait patterns.15 

Balancing the bodily mechanical load in sync with existing hip disability or pain can 

lead to unusual loading of the contralateral knee joint while walking or performing daily 

activities. Previous work provides copious examples14 of meaningful associations between 

overall hip weakness, hip abductor weakness specifically, and abnormal hip kinematics 

during various tasks in patients with patellofemoral pain,16 which is often a precursor to 

developing patellofemoral joint (PFJ) OA. Peak knee flexion moment and knee flexion 

moment impulse during the second half of the stance are reported to be related to the 

progression of PFJ-OA.17 Additionally, patellar malalignment is proven detrimental18 to the 

patellofemoral cartilage and can be mediated by abnormal gait kinematics. However, there is 

a lack of reported literature on whether the negative effects of degenerative hip cartilage and 

associated gait imbalances might be propagated to the knees.19

Initial degradation of cartilage starts with loss of proteoglycan content, increase in water 

content, and disruption of the collagen network.20 These changes over time can lead to 

broader extents of irreversible morphological cartilage damage and narrowing of joint 

spaces.21 Quantitative MRI, specifically T1p and T2 mapping22 have been quite well 

established for generating compositional imaging biomarkers to depict such microscopic 

extents of early cartilage changes, even in an asymptomatic population.23 Be it in the 

hip20 or the knee, elevated T1p and T2 time measurements can indicate early cartilage 

degeneration long before the cartilage is fully damaged beyond repair, and starts showing 

up in morphological MRI with abnormalities. Therefore, for the evaluation of early cartilage 

changes in the hip and knee, T1p and T2 mapping remains one of the various quantitative 

tools of choice.

We hypothesized characterization of hip cartilage might be one of the deciding factors 

for how apparently normal patellofemoral cartilage would eventually degenerate over time. 

The Intra-limb and Inter-limb unidirectional propagation (from hip to knee cartilages) of 

varied extents of degenerative changes might be possible across a diverse cohort of subjects 

with none to moderate hip OA and with no pre-existing radiographic knee OA. Such early 

effects of associations might possibly be driven by proteoglycan changes and might thus 
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be quantified via T1p relaxation of cartilages. Therefore, the aims of this study were to 

1) investigate the patterns of hip (femoral and acetabular) and knee patellar cartilage T1p 

associations via statistical modeling, and to 2) examine whether such Inter- or Intra-limb hip 

T1p associations might also be observed with the further smaller patellar sub-regions (deep, 

superficial, medial, and lateral).

Materials and Methods

In this ongoing prospective multi-joint study, approved by the local Institutional Review 

Board (IRB), subjects with hip OA and control subjects were recruited for simultaneous 

bilateral acquisitions. Written informed consent was provided by the subjects prior to data 

collection.

Subjects

The subjects were recruited from previously published hip study cohorts20,24 as part of the 

hip clinical examination and care-plan services by the Orthopedic clinic on campus. Study 

inclusion was confirmed by prior bilateral hip anterior–posterior screening radiographs 

according to the standard-in-practice Kellgren–Lawrence (KL) scoring,25 assessed by a 

musculoskeletal radiologist (JL, with 3 years of training). The prior radiographic KL-scoring 

was used to characterize the extent of disease severity as healthy (KL-score of 0), early-

to-moderate hip OA (KL-score of 1 to 3) for both hips, and to identify subjects as the 

healthy controls or having hip OA. Exclusion in this study was defined as either of the hips 

having advanced stages of OA (KL-score = 4). In addition, the following set of inclusion 

criteria was considered: 1) being above 18 years of age, 2) having no previous history 

of surgery on either hip or knee, 3) absence of clinically diagnosed knee OA, 4) absence 

of a recent history of trauma in the past 3 months before recruitment, 5) absence of any 

intraarticular injection in the past 6 months of recruitment, 6) absence of sickle cell disease, 

hemoglobinopathy, inflammatory arthropathy, hematochromatosis, and contraindications to 

MRI. The subjects having fulfilled the required criteria underwent MRI acquisitions during 

the period of December 2021 to March 2023 for inclusion in this multi-joint study.

Age Groups

To avoid using age as a random continuous variable or as crudely grouped literary templates 

(young-adults, middle-ages, elders, etc.), the age value of each subject was categorized into 

six consistent clusters: ages being ≤40 as Group-1, 41–50 as Group-2, 51–60 as Group-3, 

61–70 as Group-4, 71–80 as Group-5, and ≥81 as Group-6, respectively.26

MRI Acquisition

All participants underwent MRI scan acquisitions in a 3.0 T GE Signa Premier scanner (GE 

Healthcare, Waukesha, WI, USA) for simultaneous bilateral hip and simultaneous bilateral 

knee imaging. The subjects were positioned supine, feet-first as demonstrated in Fig. 1. A 

30-channel adaptive-image-receive anterior array coil and a 60-channel spine posterior-array 

coil embedded into the table were combined for bilateral hip acquisitions.27 Shim volumes 

were located on each hip for better uniform B0/B1 fields over the joints. Two 16-channel 
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medium flex receive-only coils (NeoCoil, Pewaukee, WI, USA) were wrapped around each 

knee for bilateral knee acquisitions.

Shims and center frequencies were automatically calculated based on left and right shim 

volumes, for ensuring uniform fat suppression on simultaneous bilateral knee acquisitions. 

Bilateral three-dimensional (3D) proton-density fat-saturated fast-spin-echo (3D PDFS FSE, 

i.e., Cube) and bilateral Magnetization-Prepared Angle-Modulated Partitioned k-Space 

Spoiled Gradient Echo Snapshots (MAPSS) sequences were acquired for both hips 

and knees for morphological and compositional (combined T1p and T2) assessments, 

respectively. The detailed scanning protocol is summarized in Table 1.

Image Processing and Analysis

All analyses were performed using an in-house program developed in MATLAB (version 

R2021a, The MathWorks Inc., Natick, MA, USA) unless otherwise noted. The stepwise 

pipeline for image processing and analysis is demonstrated in Fig. 1. Following the 

methodology explained in the sections below, we evaluated both T1p and T2 relaxation 

values for both hips and knees. However, in this study, we have investigated T1p associations 

alone for multi-joint connectivity.

Image Splitting Into Left and Right Stacks

Bilateral hip and knee, Cube, and MAPSS images were automatically divided into left and 

right image-stacks. From this point onwards, the left and right hip images of each subject 

were treated separately as two individual hips as well as knees.

Bilateral Hip and Knee: T1p Mapping

The algorithms for mapping multi-echo images into T1p relaxation times, for the hip20 

and knee28 were developed independently, but similar in nature. Multi-echo images 

corresponding to multiple spinlock times (TSLs) and echo times (TEs) were rigidly co-

registered to the first echo image shared between TE and TSL (TE = 0 msec, TSL = 0 msec). 

The T1p maps were obtained thereafter by fitting multiple TSLs and TEs corresponding 

to the images by Levenberg–Marquardt mono-exponential equation, on a per-voxel basis,20 

considering STSL ∝ e− TSL
T1p

Bilateral Hip T1p Quantification: Atlas-Based Approach

The fitted hip T1p maps underwent a previously validated atlas-based algorithmic 

approach.23,24 The first-echo MAPSS images were first nonrigidly registered to a previously 

defined single-reference atlas20 space having minimal average deformation. The registration 

transformation field was subsequently applied to the remaining echo-images as well as the 

fitted T1p maps. Manually segmented femoral and acetabular cartilage masks and further 

sub-segmentations24 on the reference atlas were applied on T1p maps of every patient, to 

automatically isolate the subregions on four two-dimensional (2D) slices of the acetabular 

and femoral cartilage on each participant. The eight subregions (as demonstrated in Fig. 1, 

R1–R8) follow a general clock position terminology. These can broadly be classified as R2 as 

posterior, R3 as posterior-superior, R4 as superior, R5 as anterior-superior, R6 as anterior, and 
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R7 as anterior-inferior cartilage regions,29 as marked in Fig. 1. Specifically, R1 and R8 are 

regions with no viable cartilage to assess. The analysis yielded T1p of femoral and acetabular 

subregional (R2–R7) cartilages.23,24

Bilateral Knee Patellofemoral T1p Quantification: Deep Learning-Based Approach

For knees, a deep learning (DL)-based cartilage segmentation approach was employed. 

Two 3D V-Net architectures validated previously30 were applied consecutively on the 

stack of each single-knee Cube images with 512 × 512 reconstruction matrix size. The 

first one, a five-class model30 segmented the Cube knee images into femoral, tibial, 

patellar cartilages, meniscus region, and background, respectively. The second model takes 

the first channel output as its input and further segments the five classes into 1130: 

medial, lateral femoral (MFC, LFC), medial, lateral tibial (MTC, LTC), trochlear (Tro), 

patellar cartilage, four menisci horns, and the background. The first-echo MAPSS images 

and T1p maps were geometrically resampled from their respective digital imaging and 

communications in medicine (Dicom)-based anatomical coordinate spaces to the voxel 

space and co-registered31 with the voxel space constituting the Cube images. Finally, six 

cartilage masks (LFC, MFC, LTC, MTC, Tro, and Patellar) segmented from the Cube 

images were used for analysis. The T1p relaxation values for six sub-regional knee cartilages 

were automatically extracted by averaging the compartmental T1p maps for all slices. In the 

scope of this study, the focused attention was on the PFJ. Therefore, in addition to the whole 

cartilage mean T1p, the patellar cartilages were further automatically subdivided based 

on anatomical positioning (medial/lateral) and cartilage depth (deep/superficial) into four 

subregions: deep-medial (DM), deep-lateral (DL), superficial-medial (SM), and superficial-

lateral (SL).32 Mean T1p values were computed for each of the four subregions of the 

patellar cartilage. An upper clipping threshold (100 msec for hips, 120 msec for knees) was 

applied while averaging the T1p on all the instances, to avoid stray pixels that might have 

been influenced by any nearby fluid presence, minuscule misregistration, or partial volume.

Statistical Analysis

All analyses have been performed using RStudio (version 12.0+353; https://www.r-

project.org/), with the “rcompanion,” “lmtest,” “lme4,” and “flexplot” packages in 

particular.

PREDICTOR VARIABLES.—The age groups, gender, subregional mean T1p of hip 

femoral (R2–R7), and acetabular (R2–R6) cartilages were considered as predictor variables.

OUTCOMES.—Knee patellar T1p values (mean of whole cartilage) were considered as 

primary outcome variables. Mean T1p of knee patellar DM, SM, SL, and DL subregions 

were defined as secondary outcomes.

We studied the effects of predictors on the primary outcome and the secondary outcomes in 

the following two case scenarios.

1. Case 1: Intra-limb analysis: Primary and secondary outcomes are patellar 

cartilage T1p from the ipsilateral knee.
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2. Case 2: Inter-limb analysis: Primary and secondary outcomes are patellar 

cartilage T1p from the contralateral knee.

A common analysis and reporting structure has been implemented in both cases, as 

demonstrated in Fig. S1 in the Supplemental Material, and explained briefly below in three 

major steps. Under all analysis circumstances, P-values were computed from Wald test 

based on asymptotic t-distributed test statistics.

In Step-1, 13 linear models (estimated using Ordinary-least-square regression) were 

individually fitted to predict the primary outcome with each of the 13 predictor variables 

with a relationship:

y = βixi + b,

(1)

where, xi represented the i th predictors, where i = 1 to 13, and y was the primary outcome 

(as per cases 1, 2, 3, or 4). A log-likelihood ratio test was performed to study whether adding 

the specific predictor subsequently reduced the regression error compared with the null 

model with no predictor. The top five individual predictors were identified for a subsequent 

linear mixed-effects model (LME) analysis based on the combination of lowest P-values, 

corrected Akaike-Information-Criterion (AICc), and Bayesian-Information-Criterion (BIC) 

values as shown in Tables S1 and S2 in the Supplemental Material.

In Step-2, for each case, given the top five predictors, the best LME model was identified 

using a forward stepwise method as explained in Appendix-I and illustrated in Fig. S1 

in the Supplemental Material. The final model (Model-6) was an LME model with five 

predictors and γ as a random effect that accounted for the correlation among the samples 

from the same subject, considering bilateral data. The within-subject correlation is assumed 

to have an “exchangeable” structure during the estimation. All the models were estimated 

using maximum-likelihood and nloptwrap optimizer. The statistical significance of the 

six models was compared via one-way analysis of variance (ANOVA). The statistically 

significant model with the best predictive ability was identified based on comparing the 

models’ explanatory power, i.e., goodness of fit statistics (via marginal and conditional R2 

values). Whether adding a predictor as a fixed-effect term to the best model significantly 

affected the primary outcome was assessed via the P-value and Intra-class-coefficient 

(ICC). The assumptions, i.e., normality of residuals, normality of random-effects, and 

posterior predictive checks were assessed for the best-performing model for both cases 

(best-modelcase1 and best-modelcase2).

In Step-3, the best-performing model (best-modelcase1 and best-modelcase2) with one or 

more predictors was then further analyzed for associations with secondary outcomes of 

ipsilateral or contralateral knee as per cases 1 or 2, respectively.

yj = β0j + β1j
⊤xbestj + γj + ε,

(2)
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where y1 = DM, y2 = DL, y3 = SM, and y4 = SL subregional mean cartilage T1p, and xbestj was 

a vector of predictors for the jth outcome in the best-performing model, as chosen from 

Step-2. Goodness-of-fit, P-values, ICC, and model assumptions were assessed as mentioned 

earlier, in Step-2.

For all statistical testing, the significance threshold was set at alpha level P ≤ 0.05

Results

Participant Characteristics

A total of 31 subjects were initially recruited. Twenty-eight subjects with 56 hips and knees 

(15 females and 13 males, age: 55.1 12.8 years, Body-Mass-Index [BMI]: 24.08 3.66 kg/m ) 

fulfilled all criteria and were recruited in this study. Based on radiographic assessment, 

46 hips were categorized as healthy controls, and 10 hips were categorized as having 

mild-to-moderate hip OA. The demographic details along with KL-scores, and mean T1p for 

hip (femoral R2–R7, acetabular R2–R6) and knee patellar cartilage (whole, DM, DL, SM, 

and SL) subregions are summarized in Table 2.

Case 1: Intra-Limb Analysis

Step-1: The top predictor variables observed in the univariate linear regression analysis 

(summarized in Table S1 in the Supplemental Material) were mean T1p for hip femoral R5, 

R6, R7, acetabular R2 subregions, and gender.

Step-2: Performances of the six LME models, fitted by adding these five predictors 

stepwise, are summarized in Table 3. The best predictor model observed was Model-3, 

being statistically significant, with the highest ICC, marginal and conditional R2, implying 

the best fit considering Participant-ID as random-effect. The best predictor model (Model-3) 

for ipsilateral knee patellar T1p (mean of whole cartilage) had fixed effect contributions 

from two predictors: mean T1p of hip femoral R5 cartilage (negative, estimate = −0.56, 

standardized-effect = −0.737, 95% CI = −0.84 to −0.27) and acetabular R2 cartilage 

(positive, estimate = 0.71, standardized-effect = 0.757, 95% CI = 0.36 to 1.06). The model’s 

total explanatory power was substantial (conditional R2 = 0.581), and the part related to 

the fixed-effects alone (marginal R2) was 0.352. The model’s intercept (corresponding to 

fixed-effec ts = 0) was 44.70 (95% CI [30.61 to 58.79]).

Step-3: Performances of the best LME model (Model-3, selected from Step-2), evaluated 

for finding associations with secondary outcomes, ipsilateral limb knee patellar (subregional 

cartilages, DM, SM, SL, and DL) mean T1p, are summarized in Table 4. For all subregions 

(DM, SM, SL, and DL), the model’s explanatory power was moderate to substantial 

(conditional R2 = 0.273, 0.394, 0.191, 0.232, respectively). The mean T1p value of hip 

acetabular R2 cartilage and hip femoral R5 cartilage were found to be significant positive 

and negative predictors respectively associated with all subregions.
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Case 2: Inter-Limb Analysis

Step-1: The top predictor variables observed in the univariate linear regression analysis 

(summarized in Table S2 in the Supplemental Material) were mean T1p of hip femoral 

cartilage R7, age group, gender, mean T1p of femoral cartilage R6, and femoral cartilage R3.

Step-2: Performances of the six LME models, fitted by adding these five predictors 

stepwise, are summarized in Table 5. The best predictor model observed was Model-6, 

statistically significant, with the highest ICC, marginal and conditional R2, implying the 

best fit considering Participant-ID as random-effect. The best predictor model (Model-6) 

for contralateral knee patellar T1p (mean of whole cartilage) had significant fixed effect 

contributions from: mean T1p of hip femoral R3 (positive, estimate = 0.59, standardized-

effect = 0.375, 95% CI = 0.01 to 1.18). The model’s total explanatory power was moderate 

(conditional R2 = 0.26), and the part related to the fixed-effects alone (marginal R2) was 

0.19. The model’s intercept (corresponding to fixed-effects = 0) was 39.53 (95% CI [21.32 

to 57.74]). Table 5 shows that the effects of other four predictors in this model (mean T1p 

of hip femoral R6 cartilage, femoral R7 cartilage, age group, and gender); however additive, 

were statistically non-significant (P = 0.675, 0.074, 0.791, 0.072, respectively).

Step-3: Performance of the best LME model (Model-6, selected from Step-2), as 

evaluated for finding associations with secondary outcomes, contralateral limb knee patellar 

(subregional cartilages, DM, SM, SL, and DL) mean T1p, are summarized in Table 6. 

Mean T1p of hip femoral R3 and R7 cartilages were found to be significant positive and 

negative predictors, respectively, associated with SM subregions. Age group was found to be 

a significant positive predictor associated with DM and SM subregions. No predictors of the 

model were found to be significantly associated with the lateral subregions (DL and SL).

Intra and Inter-limb analysis results are summarized into demonstrative examples (Fig. 2) 

and pictorial representations (Figs. 3 and 4).

Discussion

This study investigated T1p association patterns between hip cartilage subregions with knee 

patellar cartilages, both Intra-limb, and Inter-limb, in a cohort consisting of a mix of normal 

as well as subjects with radiographic hip OA. LME modeling equations were identified 

to characterize Intra-limb and Inter-limb knee patellar cartilage T1p, at the current time 

point, from compositional profiling of hip femoral and acetabular cartilage subregion T1p. 

Posterior-superior (acetabular R2) and posterior (femoral R3) cartilage subregional T1p were 

observed to show significant positive effects, in the predictive mean T1p profiling of the 

ipsilateral and contralateral knee patellar whole cartilage. On the contrary, anterior (femoral 

R5) hip cartilage subregional T1p negatively affected just the ipsilateral knee patellar whole 

cartilage mean T1p. These findings suggest that degeneration of the posterior regions of 

the hip joint is associated with concurrent degeneration of both same-side and opposite-

side patellar cartilages. However, degeneration of the anterior region of the hip joint was 

associated with preservation of the patellar cartilage on the same limb.
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The current study explored distinctions between hip vs. Intra-limb or Inter-limb 

patellofemoral cartilage compositional associations, with bilateral hip and knee 

compositional and morphological data, providing results for examining joint degeneration 

across multiple joints. Additionally, the LME models were designed carefully to avoid 

confounding factors generated by random between-subject effects. The primary hypothesis 

of the study relied on individuals with a varied range of compositional hip cartilages likely 

demonstrating altered gait patterns depending on degenerative severity, thereby affecting 

both the Intra- and Inter-limb PFJs. The multifold associations revealed in this study can 

thus be predictive of the extent to which the changes in specific hip cartilage subregion 

T1p, positively or negatively, affect the patellar cartilage. A stringent inclusion criterion 

of no prior incidence of radiographic knee OA in either of the knees is enforced in this 

mixed-cohort generalized association study. This suggests that the observed hip and knee 

subregional associations can either be mechanistic or systemic, but most definitely not 

influenced by an additional presence of knee OA or already altered patellar subregional T1p.

Degenerative changes caused by long-term load-bearing stress33 in the hip cartilage have 

long been reported to have nonuniform regional variations.29 These regional degenerations 

tend to be spatially localized on the high-load-bearing areas,34,35 such as the posterior-

superior, superior, and anterior-superior regions (R2, R3, R4, R5) of both the femoral and 

acetabular cartilages. Even healthy controls have been reported to demonstrate a certain 

extent of topographic variations in T2,36 caused by load-bearing distributions across these 

cartilage subregions. The femoral R3 subregional T1p has previously been documented 

to be a significant predictor in a larger cohort of hip OA progression study.20 Although 

this current study did not focus on subregional hip cartilage T1p variations, our region-

specific automatized atlas-based approach seems to be beneficial in identifying sensitive 

load-bearing regions with variational T1p, having significant positive or negative effects on 

the Intra-limb or Inter-limb patellar cartilage, while other regions do not.

The theoretical understanding of weight-bearing hip cartilages experiencing T1p variations, 

and thereby propagating those variations to affect the intra and Inter-limb patellar cartilage, 

may justify the compositional associations. A subject experiencing a prolonged T1p in 

the load-bearing femoral R3 or R5 subregions most likely tends to balance the pain and 

discomfort via load-balancing and thereby altering the gait pattern to exert a higher load 

on the weight-bearing contralateral patellar cartilage and providing a compensatory relief 

to the ipsilateral patellar cartilage or vice-versa. This hypothetical mechanism can explain 

the positive (femoral R3 vs contralateral patellar) and negative associations (femoral R5 

vs ipsilateral patellar) observed for Inter-limb and Intra-limb assessments, respectively. 

The ipsilateral hip-knee load-bearing relationship is definitely multi-directional. Another 

possibility of a similar but opposite ongoing gait-altering and load-balancing mechanism 

was observed, which positively connects the prolongation or decrease of acetabular R2 and 

ipsilateral patellar-cartilage T1p. Adding to it, subregions of the hip cartilage significantly 

affecting the Intra-limb knee (positively or negatively; acetabular R2 and femoral R5, 

respectively), weight-bearing or not, are not necessarily the exact same subregions affecting 

the Inter-limb situation (positively; femoral R3). Therefore, the underlying mechanisms 

behind the hip-cartilage subregional T1p vs. the ipsilateral or contralateral patellar cartilage 

T1p associations can be diverse as well.
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Similarly, not all smaller subregions of the patellar cartilage bear positive or negative 

associations with the hip cartilage, with the same effect. Further analysis of the knee domain 

revealed that the significant positive associations of the hip load-bearing T1p predictors 

were all localized only on the medial subregions of the contralateral patellar cartilage (DM 

and SM), with no involvement noted on the lateral sub-regions (DL and SL). However, 

for the ipsilateral knee, all subregions (DM, SM, DL, and SL) of the patellar cartilage 

significantly bored the positive and negative effects of the load-bearing hip T1p predictors. 

Superficial regions have been historically often more sensitive to smaller changes, especially 

damages,37 compared to the deeper layers. Previous work showed38 alignment and geometry 

measures, such as patella alta, patellar tilt, medial translation, or trochlear geometry were 

often associated with cartilage abnormalities as well as higher and altered T1p times in the 

PFJ. Therefore, from a mechanistic point of view, it is not hard to imagine the gait patterns 

or kinematics of an individual would differ sufficiently between medial and lateral cartilage 

regions, thereby associating a positive or negative effect from the hip cartilage in either of 

the medial or lateral while none on the other.

Population-based research on OA has identified higher-age females to be at the most risk 

of high incidence, with a peak of risk around menopause.6 Hip OA, on the contrary, 

is somewhat less common in aging cohorts than other joint OA.39 Our study attempted 

predictive profiling of patellar T1p, in which the age group is observed as a significant 

predictor in Inter-joint analysis of medial subregions, but not of the whole patellar cartilage 

or lateral subregions. In this cohort, subjects in higher age groups experienced increased 

patellar T1p, more so medially. The active biological age-related matrix degradation and 

oxidative stress39 might be prevalent on the medial layers of patellar cartilage as compared 

to lateral. Nevertheless, the possibility of altering gait patterns and alignments due to 

age-related movement discomforts, balancing the majority of the load on the medial side 

of the contralateral patella, cannot be ruled out. Combining mediation analyses with 

kinetic parameters might help explain the sequence of biological and mechanical effects, 

simultaneous or chronological.

In addition to age, mean T1p of femoral R6, R7 cartilage, and gender had additive fixed-

effects on the Inter-limb outcome, albeit, non-significant. These two anterior regions might 

have gender-driven involvement and differences in counterbalancing the load. That will 

affect the kinetic patterns of an individual thereby affecting the contralateral medial patellar 

cartilage heterogeneously. Such specific mechanisms might also be prominent in a gender-

stratified analysis of a larger cohort. The observed data in this study is insufficient to make 

conclusions to that end.

This leads us to speculate all possible root causes of such multi-joint connections as the ones 

observed in this study. The varied connections and associations, although established, might 

not all be caused directly or mediated by altered gait patterns and mechanistic translations 

of asymmetric loading. There could also be a smaller subset of systemic changes and 

associations in the bigger multi-joint connectivity picture between the hip and Intra- or Inter-

limb knee. If the associations are directly caused by altered gait patterns and compensatory 

movement mechanisms, then these would also be apparently mediated by ground reaction 

forces, rate of loading, or knee and hip flexion and extension moments. On the contrary, if 
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the associations are systemically propagated and reflective of the generalized multi-joint OA 

phenotype,8 the mediation effects might not be a prerequisite. The direct flow of causality 

between variations in hip subregional T1p, altered gait, asymmetric loading, and patellar 

subregional T1p variations remains unclear in all of these associations observed in our study. 

Following mediation analysis with mechanistic factors, is, therefore, of utmost importance.

Limitations

A majority of the hips, for both females (~89%) and males (~73%), reportedly were healthy 

(KL-0) or early-onset-OA (KL-1). In this study, the cohort was intended to be a mixed 

population for an initial observation of associations. However, achieving a higher ratio 

balance between age groups, genders, and subjects with early-onset of hip OA (KL-0–1) 

vs. mild-to-moderate (KL-2–3 hips) would be further interesting to identify heterogeneous 

effects or associations via a stratified subgroup analysis. Second, we decided to use T1p 

compositional values alone, and not T2 consciously in spite of having the data available. 

This was largely due to the high correlations between the two biomarkers (T1p and T2), and 

also in order to simplify the analysis with non-duplication of compositional interpretations 

and limiting multiple dependent variables. However, similar analysis implemented on multi-

joint T2 associations might reveal certain observations that are not already noted in the 

current study, which might reflect collagen or hydration associations, rather than primarily 

proteoglycan-driven associations. Third, the slice-thickness of MAPSS sequences, although 

standard in research and clinical utilization, might suffer from partial volume effects thereby 

affecting the T1p subregional values of both hip and knee. Finally, a small number of 

subjects are investigated in the study. Due to a lack of previous studies on the compositional 

association of bilateral multi-joints, a direct sample-size estimation was difficult. In this 

exploratory study, a possibility of over or underfitting the trends of associations exists. 

However, LME modeling does not conventionally accommodate regularization approaches 

applied separately to fixed and random-effects, especially for estimating the nature of the 

relationship between predictors and outcomes. All significant observations and standardized 

effects reported in this study can be utilized as a validation tool for sample size estimation 

and further studies are warranted to overcome these limitations.

Conclusion

In this bilateral hip and knee multi-joint study of subjects with none to moderate 

radiographic hip OA, we observed positive and negative effects of load-bearing hip cartilage 

T1p (posterior-superior acetabular R2 and anterior femoral R5 respectively) on ipsilateral 

knee patellar T1p of whole cartilage as well as all the subregions. On the contrary, posterior 

femoral R3 hip cartilage T1p had positive effects on the contralateral knee patellar T1p of 

whole cartilage and localized only on the deep and superficial medial subregions.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: 
Schema of methodology: Image acquisition, processing, segmentation, analysis, and 

evaluation.
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FIGURE 2: 
Intra-limb: (a1, a2) Demonstrative examples case of a female Hip-OA subject, right femoral 

whole cartilage T1p (KL = 3) vs. ipsilateral patellar T1p (KL = 0). (b1, b2) Demonstrative 

examples case of a female healthy subject, right femoral whole cartilage T1p (KL = 0) vs. 

ipsilateral patellar T1p (KL = 0). Inter-limb: (c1, c2) Demonstrative examples case of a 

female Hip-OA subject, right femoral whole cartilage T1p (KL = 3) vs. contralateral patellar 

T1p (KL = 0). (d1, d2) Demonstrative examples case of a female healthy subject, right 

femoral whole cartilage T1p (KL = 0) vs. contralateral patellar T1p (KL = 0). KL indicates 

Kellgren–Lawrence.
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FIGURE 3: 
Analysis results summarized for Intra-limb: (a) Pictorial representation of the significant 

positive and negative fixed-effects on the primary outcome, ipsilateral knee patellar T1p 

(positive indicated in blue, negative in red). (b) Fixed-effects and their estimates plotted, 

for the best predictor mixed-effects model, Model-3: Primary outcome ~ mean T1p of hip 

femoral R5 cartilage + mean T1p of hip acetabular R2 cartilage) + (1 | Participant-ID). 

Analysis results summarized for Inter-limb: (c) Fixed-effects and their estimates plotted, 

for the best predictor mixed-effects model, Model-6: Primary outcome ~ mean T1p of hip 

femoral R7 cartilage + age-group + gender + mean T1p of hip femoral R6 cartilage + mean 

T1p of hip femoral R3 cartilage) + (1 | Participant-ID). (d) Pictorial representation of the 

significant positive and negative fixed-effects on the primary outcome, contralateral knee 

patellar T1p (positive indicated in blue, negative in red).
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FIGURE 4: 
Intra-limb: (a1) Plotted effect of mean T1p of hip acetabular R2 on mean T1p of patellar-

whole-cartilage, Model-3. (a2) The scatterplot A1 is stratified for the Gender (Female and 

Male) of subjects. (b1) Plotted effect of mean T1p of hip femoral R5 on mean T1p of patellar-

whole-cartilage, Model-3. (b2) The scatterplot B1 is stratified for the Gender (Female and 

Male) of subjects. Inter-limb: (c1) Plotted effect of mean T1p of hip femoral R3 on mean 
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T1p of patellar-whole-cartilage, Model-6. (c2) The scatterplot C1 is stratified for the Gender 

(Female and Male) of subjects.

Bhattacharjee et al. Page 20

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 21

TA
B

L
E

 1
.

A
cq

ui
si

tio
n 

Pa
ra

m
et

er
s 

fo
r 

M
R

I 
Se

qu
en

ce
s 

U
til

iz
ed

 in
 T

hi
s 

St
ud

y

M
or

ph
ol

og
ic

al
 B

ila
te

ra
l M

R
I 

Se
qu

en
ce

s

Se
qu

en
ce

Im
ag

e 
C

on
tr

as
t

T
R

 (
m

se
c)

T
E

 (
m

se
c)

F
O

V
 (

cm
 ×

 
cm

)
R

es
ol

ut
io

n 
(m

m
2 )

A
cq

ui
si

ti
on

 
M

at
ri

x
R

ec
on

st
ru

ct
io

n 
M

at
ri

x

Sl
ic

e 
T

hi
ck

ne
ss

 
(m

m
)/

N
um

be
r 

of
 

Sl
ic

es
 (

A
pp

ro
x.

)
Sc

an
 T

im
e

H
ip

 C
U

B
E

 
C

or
on

al
3D

 P
D

 f
at

 
sa

tu
ra

te
d

12
00

20
.6

2
16

 ×
 3

2 
(S

/I
 ×

 
R

/L
)

0.
8 

×
 0

.8
20

0 
×

 4
00

51
2 

×
 1

02
4

0.
8/

21
0–

23
0

12
 m

in
ut

es
30

 s
ec

on
ds

K
ne

e 
C

U
B

E
 

Sa
gi

tta
l

3D
 P

D
 f

at
 

sa
tu

ra
te

d
12

02
26

.6
2

15
 ×

 1
5

0.
6 

×
 0

.6
25

6 
×

 2
56

51
2 

×
 5

12
0.

6/
54

0–
55

0
12

 m
in

ut
es

C
om

po
si

ti
on

al
 (

C
om

bi
ne

d 
T

1p
 a

nd
 T

2)
 B

ila
te

ra
l M

R
I 

Se
qu

en
ce

s

Se
qu

en
ce

T
SL

 (
m

se
c)

T
E

 (
m

se
c)

Sp
in

 L
oc

k 
F

re
qu

en
cy

F
O

V
 (

cm
 ×

 
cm

)
R

es
ol

ut
io

n 
(m

m
2 )

A
cq

ui
si

ti
on

 
M

at
ri

x
R

ec
on

st
ru

ct
io

n 
M

at
ri

x

Sl
ic

e 
T

hi
ck

ne
ss

 
(m

m
)/

N
um

be
r 

of
 

Sl
ic

es
 (

A
pp

ro
x.

)
Sc

an
 T

im
e

H
ip

 M
A

PS
S 

Sa
gi

tta
l

0,
 1

5,
 3

0,
 4

5
0,

 1
0.

4,
 2

0.
8,

 
41

.6
30

0 
H

z
14

 ×
 1

4
0.

55
 ×

 1
.0

9
25

6 
×

 1
28

25
6 

×
 2

56
4/

70
–8

0
16

 m
in

ut
es

30
 s

ec
on

ds

K
ne

e 
M

A
PS

S 
Sa

gi
tta

l
0,

 1
0,

 4
0,

 8
0

0,
 1

2.
8,

 2
5.

7,
 

51
.4

50
0 

H
z

14
 ×

 1
4

0.
55

 ×
 1

.0
9

25
6 

×
 1

28
25

6 
×

 2
56

4/
80

–9
0

10
 m

in
ut

es
30

 s
ec

on
ds

T
SL

 =
 ti

m
e 

of
 s

pi
n 

lo
ck

; T
E

 =
 e

ch
o 

tim
e;

 T
R

 =
 r

ep
et

iti
on

 ti
m

e;
 F

O
V

 =
 f

ie
ld

 o
f 

vi
ew

; M
A

PS
S 

=
 m

ag
ne

tiz
at

io
n-

pr
ep

ar
ed

 a
ng

le
-m

od
ul

at
ed

 p
ar

tit
io

ne
d 

k-
sp

ac
e 

sp
oi

le
d 

gr
ad

ie
nt

-e
ch

o 
sn

ap
sh

ot
s.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 22

TA
B

L
E

 2
.

D
em

og
ra

ph
ic

, C
lin

ic
al

, F
un

ct
io

na
l, 

an
d 

C
om

po
si

tio
na

l D
es

cr
ip

tio
n 

of
 th

e 
St

ud
y 

C
oh

or
t

D
es

cr
ip

to
r

G
en

de
r 

Id
en

ti
fi

ed
 a

s 
W

om
en

 (
N

 =
 1

5,
 3

0 
H

ip
s,

 a
nd

 3
0 

K
ne

es
)

G
en

de
r 

Id
en

ti
fi

ed
 a

s 
M

en
 (

N
 =

 1
3,

 2
6 

H
ip

s,
 a

nd
 2

6 
K

ne
es

)

A
ge

 (
ye

ar
s)

54
.2

 ±
 1

1.
71

58
.6

 ±
 1

3.
45

B
M

I
22

.9
 ±

 2
.6

3
26

.0
2 

±
 4

.5
5

H
ip

 K
L

 0
a  

(n
o 

O
A

)
10

 (
33

.3
%

)
7 

(2
6.

92
%

)

H
ip

 K
L

 1
a  

(m
in

im
al

/d
ou

bt
fu

l)
17

 (
56

.3
5%

)
12

 (
46

.1
5%

)

H
ip

 K
L

 2
a  

(m
ild

)
2 

(6
.6

6%
)

5 
(1

9.
23

%
)

H
ip

 K
L

 3
a  

(m
od

er
at

e)
1 

(3
.3

3%
)

2 
(7

.6
9%

)

K
ne

e 
K

L
 0

a  
(n

o 
O

A
)

20
 (

66
.6

6%
)

17
 (

50
%

)

K
ne

e 
K

L
 1

a  
(m

in
im

al
/d

ou
bt

fu
l)

10
 (

33
.3

3%
)

9 
(3

6.
67

%
)

K
ne

e 
K

L
 2

a  
(m

ild
)

0 
(0

%
)

0 
(0

%
)

K
ne

e 
K

L
 3

a  
(m

od
er

at
e)

0 
(0

%
)

0 
(0

%
)

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

2 
(m

se
c)

36
.5

7 
±

 5
.9

0
33

.4
6 

±
 6

.3
5

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

3 
(m

se
c)

36
.9

4 
±

 5
.2

7
35

.5
9 

±
 6

.7
2

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

4 
(m

se
c)

33
.0

3 
±

 6
.0

2
31

.3
8 

±
 5

.6
6

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

5 
(m

se
c)

34
.6

2 
±

 5
.8

1
32

.8
9 

±
 8

.3
1

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

6 
(m

se
c)

32
.2

8 
±

 4
.9

2
30

.0
9 

±
 6

.1
7

M
ea

n 
T

1p
 v

al
ue

s:
 F

em
or

al
 R

7 
(m

se
c)

32
.1

6 
±

 5
.2

7
26

.9
8 

±
 5

.2
6

M
ea

n 
T

1p
 v

al
ue

s:
 A

ce
ta

bu
la

r 
R

2 
(m

se
c)

30
.4

2 
±

 5
.3

3
31

.1
1 

±
 7

.2
1

M
ea

n 
T

1p
 v

al
ue

s:
 A

ce
ta

bu
la

r 
R

3 
(m

se
c)

33
.5

3 
±

 5
.4

6
35

.8
9 

±
 5

.2
0

M
ea

n 
T

1p
 v

al
ue

s:
 A

ce
ta

bu
la

r 
R

4 
(m

se
c)

30
.2

8 
±

 3
.5

4
32

.3
1 

±
 6

.6
1

M
ea

n 
T

1p
 v

al
ue

s:
 A

ce
ta

bu
la

r 
R

5 
(m

se
c)

30
.9

5 
±

 4
.7

6
32

.0
0 

±
 7

.4
2

M
ea

n 
T

1p
 v

al
ue

s:
 A

ce
ta

bu
la

r 
R

6 
(m

se
c)

31
.4

2 
±

 7
.0

8
29

.9
5 

±
 8

.8
4

M
ea

n 
T

1p
 v

al
ue

s:
 P

at
el

la
r-

w
ho

le
-c

ar
til

ag
e 

(m
se

c)
45

.2
0 

±
 7

.0
1

49
.1

2 
±

 9
.7

2

M
ea

n 
T

1p
 v

al
ue

s:
 P

at
el

la
r 

D
M

 c
ar

til
ag

e 
(m

se
c)

45
.7

2 
±

 7
.8

7
51

.7
2 

±
 1

4.
09

M
ea

n 
T

1p
 v

al
ue

s:
 P

at
el

la
r 

D
L

 c
ar

til
ag

e 
(m

se
c)

43
.4

6 
±

 7
.9

48
.9

8 
±

 1
3.

52

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 23

D
es

cr
ip

to
r

G
en

de
r 

Id
en

ti
fi

ed
 a

s 
W

om
en

 (
N

 =
 1

5,
 3

0 
H

ip
s,

 a
nd

 3
0 

K
ne

es
)

G
en

de
r 

Id
en

ti
fi

ed
 a

s 
M

en
 (

N
 =

 1
3,

 2
6 

H
ip

s,
 a

nd
 2

6 
K

ne
es

)

M
ea

n 
T

1p
 v

al
ue

s:
 P

at
el

la
r 

SM
 c

ar
til

ag
e 

(m
se

c)
46

.0
5 

±
 8

.7
9

51
.2

1 
±

 1
4.

03

M
ea

n 
T

1p
 v

al
ue

s:
 P

at
el

la
r 

SL
 c

ar
til

ag
e 

(m
se

c)
45

.8
4 

±
 1

0.
58

50
.0

9 
±

 1
2.

34

In
fo

rm
at

io
n 

pr
es

en
te

d 
as

 m
ea

n 
±

 S
D

, u
nl

es
s 

no
te

d 
ot

he
rw

is
e.

 K
L

 =
 K

el
lg

re
n-

L
aw

re
nc

e 
sc

or
e;

 A
O

D
L

 =
 a

ct
iv

iti
es

 o
f 

da
ily

 li
fe

; Q
O

L
 =

 q
ua

lit
y 

of
 li

fe
; D

M
 =

 d
ee

p 
m

ed
ia

l; 
D

L
 =

 d
ee

p 
la

te
ra

l; 
SM

 =
 s

up
er

fi
ci

al
 

m
ed

ia
l; 

SL
 =

 s
up

er
fi

ci
al

 la
te

ra
l.

a D
at

a 
ex

pr
es

se
d 

as
 c

ou
nt

s 
(p

er
ce

nt
ag

e 
of

 th
e 

to
ta

l s
am

pl
e)

.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 24

TA
B

L
E

 3
.

C
as

e 
1,

 I
nt

ra
-L

im
b 

A
na

ly
si

s:
 S

te
pw

is
e 

L
in

ea
r 

M
ix

ed
-E

ff
ec

ts
 M

od
el

in
g 

(L
M

E
) 

B
et

w
ee

n 
H

ip
 C

ar
til

ag
e 

Su
br

eg
io

na
l M

ea
n 

T
1p

 v
s.

 I
ps

ila
te

ra
l L

im
b 

K
ne

e 

Pa
te

lla
r 

(W
ho

le
 C

ar
til

ag
e)

 M
ea

n 
T

1p

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s 

(M
ea

n 
of

 W
ho

le
 C

ar
ti

la
ge

)

L
M

E
 M

od
el

 1
L

M
E

 M
od

el
 2

L
M

E
 M

od
el

 3
L

M
E

 M
od

el
 4

L
M

E
 M

od
el

 5
L

M
E

 M
od

el
 6

P
-v

al
ue

 (
A

N
O

V
A

)
N

A
0.

00
18

36
2*

*
0.

00
01

82
9*

**
0.

94
66

75
6

0.
15

89
06

9
0.

23
12

88
6

P
re

di
ct

or
s

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

C
I

C
I

P
P

P
P

P
P

(I
nt

er
ce

pt
)

47
.6

7
64

.9
0

44
.7

0
44

.5
1

41
.5

8
43

.1
5

44
.9

6–
50

.3
7

54
.0

2–
75

.7
9

30
.6

1–
58

.7
9

29
.5

7–
59

.4
4

26
.2

3–
56

.9
4

27
.7

2–
58

.5
9

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
5 

ca
rt

ila
ge

−
0.

52
−

0.
56

−
0.

57
−

0.
50

−
0.

61

−
0.

84
 to

 −
0.

20
−

 0
.8

4 
to

 −
0.

27
−

 1
.0

9 
to

 −
0.

05
−

 1
.0

1 
to

 0
.0

2 
0.

05
8

−
 1

.1
5 

to
 −

0.
07

0.
00

2*
*

<0
.0

01
**

*
0.

03
2*

*
0.

02
7*

*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 a
ce

ta
bu

la
r 

R
2 

ca
rt

ila
ge

0.
71

0.
71

0.
71

0.
77

0.
36

–1
.0

6
0.

35
–1

.0
6

0.
36

–1
.0

6
0.

41
–1

.1
2

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
6 

ca
rt

ila
ge

0.
03

−
0.

01
0.

30

−
0.

65
 to

 0
.7

0
−

0.
68

 to
 0

.6
5

−
0.

53
 to

 1
.1

4

0.
94

0
0.

96
6

0.
46

8

G
en

de
r 

[1
 =

 M
al

e]
3.

34
2.

72

−
 1

.3
0 

to
 7

.9
7

−
2.

00
 to

 7
.4

4

0.
15

5
0.

25
2

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
7 

ca
rt

ila
ge

−
0.

30

−
0.

80
 to

 0
.2

0

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 25

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s 

(M
ea

n 
of

 W
ho

le
 C

ar
ti

la
ge

)

L
M

E
 M

od
el

 1
L

M
E

 M
od

el
 2

L
M

E
 M

od
el

 3
L

M
E

 M
od

el
 4

L
M

E
 M

od
el

 5
L

M
E

 M
od

el
 6

P
-v

al
ue

 (
A

N
O

V
A

)
N

A
0.

00
18

36
2*

*
0.

00
01

82
9*

**
0.

94
66

75
6

0.
15

89
06

9
0.

23
12

88
6

P
re

di
ct

or
s

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

C
I

C
I

P
P

P
P

P
P

0.
23

4

R
an

do
m

-e
ff

ec
ts

 
σ2

64
.4

3
51

.7
2

35
.4

5
35

.2
0

35
.9

6
34

.5
0

 
τ 0

0
17

.1
2 P

ar
tic

ip
an

t.I
D

17
.0

1 P
ar

tic
ip

an
t.I

D
19

.4
2 P

ar
tic

ip
an

t.I
D

19
.7

9 P
ar

tic
ip

an
t.I

D
16

.0
9 P

ar
tic

ip
an

t.I
D

16
.4

0 P
ar

tic
ip

an
t.I

D

 
IC

C
0.

21
0.

25
0.

35
0.

36
0.

31
0.

32

 
N

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

 
O

bs
er

va
tio

ns
56

56
56

56
56

56

 
M

ar
gi

na
l R

2 /
C

on
di

tio
na

l R
2

0.
00

0/
0.

21
0

0.
17

3/
0.

37
8

0.
35

2/
0.

58
1

0.
35

2/
0.

58
5

0.
38

5/
0.

57
5

0.
40

4/
0.

59
6

Si
gn

if
ic

an
t p

re
di

ct
or

-o
ut

co
m

e 
as

so
ci

at
io

ns
 a

re
 h

ig
hl

ig
ht

ed
 in

 b
ol

d.
 C

I 
=

 c
on

fi
de

nc
e 

in
te

rv
al

; I
C

C
 =

 in
tr

a-
cl

as
s-

co
ef

fi
ci

en
t. 

St
at

is
tic

al
 s

ig
ni

fi
ca

nc
e 

co
de

s 
fo

r 
pr

ed
ic

to
r 

m
od

el
s:

“*
**

” 0.
00

1

“*
*”

0.
01

“*
” 0.

05
.

T
he

 b
es

t-
pe

rf
or

m
in

g 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 p

re
di

ct
or

 (
M

od
el

 3
 in

 th
is

 c
as

e)
 a

ss
oc

ia
te

d 
w

ith
 th

e 
hi

gh
es

t m
ar

gi
na

l R
2 ,

 c
on

di
tio

na
l R

2 ,
 a

nd
 I

C
C

 v
al

ue
s,

 is
 h

ig
hl

ig
ht

ed
. A

ll 
th

e 
m

od
el

s 
w

er
e 

es
tim

at
ed

 u
si

ng
 

m
ax

im
um

-l
ik

el
ih

oo
d 

an
d 

nl
op

tw
ra

p 
op

tim
iz

er
. S

ta
nd

ar
di

ze
d 

pa
ra

m
et

er
s 

w
er

e 
ob

ta
in

ed
 b

y 
fi

tti
ng

 th
e 

m
od

el
 o

n 
a 

st
an

da
rd

iz
ed

 v
er

si
on

 o
f 

th
e 

da
ta

se
t. 

95
%

 C
Is

 a
nd

 P
-v

al
ue

s 
w

er
e 

co
m

pu
te

d 
us

in
g 

a 
W

al
d 

t-
di

st
ri

bu
tio

n 
ap

pr
ox

im
at

io
n.

T
he

 f
ix

ed
-e

ff
ec

ts
 f

or
m

ul
a 

fo
r 

th
e 

be
st

 p
re

di
ct

or
 m

od
el

 (
M

od
el

 3
) 

w
as

: (
K

ne
e 

pa
te

lla
r 

T
1p

 v
al

ue
s 

[m
ea

n 
of

 w
ho

le
 c

ar
til

ag
e]

 ~
 m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

5 
ca

rt
ila

ge
 +

 m
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 

ac
et

ab
ul

ar
 R

2 
ca

rt
ila

ge
),

 in
cl

ud
in

g 
Pa

rt
ic

ip
an

t-
ID

 a
s 

a 
ra

nd
om

-e
ff

ec
t (

fo
rm

ul
a:

 ~
1 

| P
ar

tic
ip

an
t-

ID
).

 T
he

 m
od

el
’s

 to
ta

l e
xp

la
na

to
ry

 p
ow

er
 is

 s
ub

st
an

tia
l (

co
nd

iti
on

al
 R

2  
=

 0
.5

81
),

 a
nd

 th
e 

pa
rt

 r
el

at
ed

 to
 th

e 

fi
xe

d-
ef

fe
ct

s 
al

on
e 

(m
ar

gi
na

l R
2 )

 is
 0

.3
52

. T
he

 m
od

el
’s

 in
te

rc
ep

t, 
(c

or
re

sp
on

di
ng

 to
 f

ix
ed

-e
ff

ec
ts

 =
 0

),
 is

 a
t 4

4.
70

 (
95

%
 C

I 
[3

0.
61

 to
 5

8.
79

],
 t(

49
) 

=
 6

.3
7,

 P
 <

 0
.0

01
).

 W
ith

in
 M

od
el

 3
: t

he
 e

ff
ec

t o
f 

m
ea

n 
T

1p
 

va
lu

es
 o

f 
hi

p 
fe

m
or

al
 R

5 
ca

rt
ila

ge
 is

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 a
nd

 n
eg

at
iv

e,
 a

nd
 th

e 
ef

fe
ct

 o
f 

m
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 a
ce

ta
bu

la
r 

R
2 

ca
rt

ila
ge

 is
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 a

nd
 p

os
iti

ve
.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 26

TA
B

L
E

 4
.

C
as

e 
1,

 I
nt

ra
-L

im
b 

A
na

ly
si

s:
 T

he
 B

es
t P

re
di

ct
or

 L
in

ea
r 

M
ix

ed
-E

ff
ec

ts
 (

L
M

E
) 

M
od

el
 (

M
od

el
 3

) 
Se

le
ct

ed
 F

ro
m

 T
ab

le
 3

, I
s 

E
va

lu
at

ed
 f

or
 F

in
di

ng
 

A
ss

oc
ia

tio
ns

 B
et

w
ee

n 
H

ip
 C

ar
til

ag
e 

Su
br

eg
io

na
l M

ea
n 

T
1p

 v
s.

 S
ec

on
da

ry
 O

ut
co

m
e,

 I
ps

ila
te

ra
l L

im
b 

K
ne

e 
Pa

te
lla

r 
(S

ub
re

gi
on

al
 C

ar
til

ag
es

, D
ee

p-

M
ed

ia
l/D

M
, S

up
er

fi
ci

al
-M

ed
ia

l/S
M

, S
up

er
fi

ci
al

-L
at

er
al

/S
L

, D
ee

p-
L

at
er

al
/D

L
) 

M
ea

n 
T

1p

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s

D
ee

p 
M

ed
ia

l C
ar

ti
la

ge
Su

pe
rf

ic
ia

l M
ed

ia
l C

ar
ti

la
ge

Su
pe

rf
ic

ia
l L

at
er

al
 C

ar
ti

la
ge

D
ee

p 
L

at
er

al
 C

ar
ti

la
ge

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

P
re

di
ct

or
s

P
P

P
P

(I
nt

er
ce

pt
)

43
.8

3
41

.4
2

47
.3

5
50

.4
6

24
.4

9–
63

.1
8

19
.9

7–
62

.8
7

27
.4

0–
67

.3
0

31
.8

4–
69

.0
8

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
5 

ca
rt

ila
ge

−
0.

55
−

0.
59

−
0.

55
−

0.
64

−
0.

94
 to

 −
0.

16
−

1.
02

 to
 −

0.
16

−
0.

95
 to

 −
0.

15
−

1.
01

 to
 −

0.
26

0.
00

6*
*

0.
00

9*
*

0.
00

8*
*

0.
00

1*
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 a
ce

ta
bu

la
r 

R
2 

ca
rt

ila
ge

0.
77

0.
91

0.
63

0.
56

0.
27

–1
.2

7
0.

37
–1

.4
6

0.
11

–1
.1

5
0.

08
–1

.0
4

0.
00

3*
*

0.
00

1*
**

0.
01

8*
0.

02
4*

R
an

do
m

-e
ff

ec
ts

 
σ2

98
.9

5
10

1.
01

11
1.

60
97

.2
1

 
τ 0

0
4.

73
Pa

rt
ic

ip
an

t.I
D

24
.0

5 P
ar

tic
ip

an
t.I

D
0.

00
Pa

rt
ic

ip
an

t.I
D

0.
00

Pa
rt

ic
ip

an
t.I

D

 
IC

C
0.

05
0.

19

 
N

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

O
bs

er
va

tio
ns

56
56

56
56

M
ar

gi
na

l R
2 /

C
on

di
tio

na
l R

2
0.

23
8/

0.
27

3
0.

25
0/

0.
39

4
0.

19
1/

N
A

0.
23

2/
N

A

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 27
C

I 
=

 c
on

fi
de

nc
e 

in
te

rv
al

; I
C

C
 =

 in
tr

a-
cl

as
s-

co
ef

fi
ci

en
t. 

T
he

 I
C

C
 a

nd
 c

on
di

tio
na

l R
2  

ar
e 

te
rm

ed
 N

A
, i

n 
ca

se
, t

he
 v

ar
ia

nc
es

 w
ith

in
 th

e 
ra

nd
om

-e
ff

ec
t (

Pa
rt

ic
ip

an
t-

ID
) 

w
er

e 
fo

un
d 

ig
no

ra
bl

e.
 A

ll 
th

e 
m

od
el

s 
w

er
e 

es
tim

at
ed

 u
si

ng
 m

ax
im

um
-l

ik
el

ih
oo

d 
an

d 
nl

op
tw

ra
p 

op
tim

iz
er

. S
ta

nd
ar

di
ze

d 
pa

ra
m

et
er

s 
w

er
e 

ob
ta

in
ed

 b
y 

fi
tti

ng
 th

e 
m

od
el

 o
n 

a 
st

an
da

rd
iz

ed
 v

er
si

on
 o

f 
th

e 
da

ta
se

t. 
95

%
 C

Is
 a

nd
 P

-v
al

ue
s 

w
er

e 
co

m
pu

te
d 

us
in

g 
a 

W
al

d 
t-

di
st

ri
bu

tio
n 

ap
pr

ox
im

at
io

n.
 S

ta
tis

tic
al

 s
ig

ni
fi

ca
nc

e 
co

de
s 

fo
r 

pr
ed

ic
to

r 
m

od
el

s:

“*
**

” 0.
00

1

“*
*”

0.
01

“*
” 0.

05
.

T
he

 f
ix

ed
-e

ff
ec

ts
 f

or
m

ul
a 

fo
r 

th
e 

m
od

el
 w

as
: (

K
ne

e 
pa

te
lla

r 
T

1p
 v

al
ue

s 
[m

ea
n 

of
 D

M
/S

M
/S

L
/D

L
] 

~ 
m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

5 
ca

rt
ila

ge
 +

 m
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 a
ce

ta
bu

la
r 

R
2 

ca
rt

ila
ge

),
 

in
cl

ud
in

g 
Pa

rt
ic

ip
an

t-
ID

 a
s 

a 
ra

nd
om

-e
ff

ec
t (

fo
rm

ul
a:

 ~
1 

| P
ar

tic
ip

an
t-

ID
).

 T
he

 m
od

el
’s

 to
ta

l e
xp

la
na

to
ry

 p
ow

er
s 

fo
r 

D
M

, S
M

, S
L

, a
nd

 D
L

 a
re

 m
od

er
at

e 
to

 s
ub

st
an

tia
l. 

T
he

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 (
P-

va
lu

e 
≤ 

0.
05

) 
fi

xe
d-

ef
fe

ct
s 

fo
r 

ea
ch

 m
od

el
 (

D
M

/S
M

/S
L

/D
L

) 
ar

e 
hi

gh
lig

ht
ed

 in
 b

ol
d 

(i
f 

pr
es

en
t)

.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 28

TA
B

L
E

 5
.

C
as

e 
2,

 I
nt

er
-L

im
b 

A
na

ly
si

s:
 li

ne
ar

 M
ix

ed
-E

ff
ec

ts
 (

L
M

E
) 

M
od

el
in

g 
B

et
w

ee
n 

H
ip

 C
ar

til
ag

e 
Su

br
eg

io
na

l M
ea

n 
T

1p
 v

s.
 C

on
tr

al
at

er
al

 L
im

b 
K

ne
e 

Pa
te

lla
r 

(W
ho

le
 C

ar
til

ag
e)

 M
ea

n 
T

1p

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s 

(M
ea

n 
of

 W
ho

le
 C

ar
ti

la
ge

)

L
M

E
 M

od
el

 1
L

M
E

 M
od

el
 2

L
M

E
 M

od
el

 3
L

M
E

 M
od

el
 4

L
M

E
 M

od
el

 5
L

M
E

 M
od

el
 6

P
-v

al
ue

 (
A

N
O

V
A

)
N

A
 1

0.
04

11
0*

0.
33

95
4

0.
22

07
6

0.
36

82
1

0.
04

84
6*

*

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

C
I

C
I

P
re

di
ct

or
s

P
P

P
P

P
P

(I
nt

er
ce

pt
)

46
.9

5
59

.2
4

55
.6

3
53

.2
9

49
.9

1
39

.5
3

44
.5

5–
49

.3
4

47
.5

4–
70

.9
3

41
.7

9–
69

.4
7

39
.1

0–
67

.4
7

34
.0

2–
65

.8
0

21
.3

2–
57

.7
4

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

<0
.0

01
**

*
<0

.0
01

**
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
7 

ca
rt

ila
ge

−
0.

41
−

0.
32

−
0.

34
−

0.
52

−
0.

50

−
0.

79
 to

 −
0.

03
−

 0
.7

4 
to

 0
.1

0
−

0.
76

 to
 0

.0
7

−
1.

08
 to

 0
.0

5
−

1.
05

 to
 0

.0
5

0.
03

6*
*

0.
12

8
0.

10
5

0.
07

3
0.

07
4

A
ge

-g
ro

up
2.

32
1.

59
1.

05
0.

67

−
 2

.5
4 

to
 7

.1
9

−
3.

35
 to

 6
.5

4
−

 4
.0

2 
to

 6
.1

3
−

4.
38

 to
 5

.7
2

0.
34

2
0.

52
0

0.
67

8
0.

79
1

G
en

de
r 

[1
 =

 M
al

e]
1.

07
1.

28
1.

67

−
0.

67
 to

 2
.8

1
−

 0
.5

2 
to

 3
.0

8
−

0.
15

 to
 3

.4
9

0.
22

4
0.

15
9

0.
07

2

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
6 

ca
rt

ila
ge

0.
26

−
0.

15

−
0.

31
 to

 0
.8

3
−

0.
85

 to
 0

.5
5

0.
36

4
0.

67
5

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
3 

ca
rt

ila
ge

0.
59

0.
01

–1
.1

8

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 29

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s 

(M
ea

n 
of

 W
ho

le
 C

ar
ti

la
ge

)

L
M

E
 M

od
el

 1
L

M
E

 M
od

el
 2

L
M

E
 M

od
el

 3
L

M
E

 M
od

el
 4

L
M

E
 M

od
el

 5
L

M
E

 M
od

el
 6

P
-v

al
ue

 (
A

N
O

V
A

)
N

A
 1

0.
04

11
0*

0.
33

95
4

0.
22

07
6

0.
36

82
1

0.
04

84
6*

*

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

C
I

C
I

P
re

di
ct

or
s

P
P

P
P

P
P

0.
04

7*
*

R
an

do
m

-e
ff

ec
ts

 
σ2

63
.7

4
65

.0
0

63
.9

1
62

.1
6

60
.5

6
52

.7
3

 
τ 0

0
6.

80
Pa

rt
ic

ip
an

t.I
D

0.
00

Pa
rt

ic
ip

an
t.I

D
0.

00
Pa

rt
ic

ip
an

t.I
D

0.
00

Pa
rt

ic
ip

an
t.I

D
0.

68
Pa

rt
ic

ip
an

t.I
D

4.
41

Pa
rt

ic
ip

an
t.I

D

 
IC

C
0.

10
0.

01
0.

08

 
N

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

O
bs

er
va

tio
ns

56
56

56
56

56
56

M
ar

gi
na

l R
2 /

 C
on

di
tio

na
l R

2
0.

00
0/

0.
09

6
0.

08
0/

N
A

0.
09

6/
N

A
0.

12
1/

N
A

0.
13

4/
0.

14
4

0.
19

5/
0.

25
7

Si
gn

if
ic

an
t p

re
di

ct
or

-o
ut

co
m

e 
as

so
ci

at
io

ns
 a

re
 h

ig
hl

ig
ht

ed
 in

 b
ol

d.
 C

I 
=

 c
on

fi
de

nc
e 

in
te

rv
al

; A
IC

 =
 A

ka
ik

e-
in

fo
rm

at
io

n-
cr

ite
ri

on
; E

st
 =

 e
st

im
at

es
; I

C
C

 =
 in

tr
a-

cl
as

s-
co

ef
fi

ci
en

t. 
St

at
is

tic
al

 s
ig

ni
fi

ca
nc

e 
co

de
s 

fo
r 

pr
ed

ic
to

r 
m

od
el

s:

“*
**

” 0.
00

1

“*
*”

0.
01

“*
” 0.

05
.

T
he

 b
es

t-
pe

rf
or

m
in

g 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 p

re
di

ct
or

 m
od

el
 (

M
od

el
 6

, i
n 

th
is

 c
as

e)
 a

ss
oc

ia
te

d 
w

ith
 th

e 
hi

gh
es

t m
ar

gi
na

l R
2 ,

 c
on

di
tio

na
l R

2 ,
 a

nd
 I

C
C

 v
al

ue
s,

 is
 h

ig
hl

ig
ht

ed
. A

ll 
th

e 
m

od
el

s 
w

er
e 

es
tim

at
ed

 
us

in
g 

m
ax

im
um

-l
ik

el
ih

oo
d 

an
d 

nl
op

tw
ra

p 
op

tim
iz

er
. S

ta
nd

ar
di

ze
d 

pa
ra

m
et

er
s 

w
er

e 
ob

ta
in

ed
 b

y 
fi

tti
ng

 th
e 

m
od

el
 o

n 
a 

st
an

da
rd

iz
ed

 v
er

si
on

 o
f 

th
e 

da
ta

se
t. 

95
%

 C
Is

 a
nd

 P
-v

al
ue

s 
w

er
e 

co
m

pu
te

d 
us

in
g 

a 
W

al
d 

t-
di

st
ri

bu
tio

n 
ap

pr
ox

im
at

io
n.

T
he

 f
ix

ed
-e

ff
ec

ts
 f

or
m

ul
a 

fo
r 

th
e 

be
st

 p
re

di
ct

or
 m

od
el

 (
M

od
el

 5
) 

w
as

: (
K

ne
e 

pa
te

lla
r 

T
1p

 v
al

ue
s 

(m
ea

n 
of

 w
ho

le
 c

ar
til

ag
e)

 ~
 m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

7 
ca

rt
ila

ge
 +

 a
ge

-g
ro

up
 +

 g
en

de
r 

+
 m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

 c
ar

til
ag

e 
+

 m
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
3 

ca
rt

ila
ge

),
 in

cl
ud

in
g 

Pa
rt

ic
ip

an
t-

ID
 a

s 
a 

ra
nd

om
-e

ff
ec

t (
fo

rm
ul

a:
 ~

1 
| P

ar
tic

ip
an

t-
ID

).
 T

he
 m

od
el

’s
 to

ta
l e

xp
la

na
to

ry
 p

ow
er

 is
 

m
od

er
at

e 
(c

on
di

tio
na

l R
2  

=
 0

.2
58

),
 a

nd
 th

e 
pa

rt
 r

el
at

ed
 to

 th
e 

fi
xe

d-
ef

fe
ct

s 
al

on
e 

(m
ar

gi
na

l R
2 )

 is
 0

.1
95

. T
he

 m
od

el
’s

 in
te

rc
ep

t, 
(c

or
re

sp
on

di
ng

 to
 f

ix
ed

-e
ff

ec
ts

 =
 0

),
 is

 a
t 3

9.
53

 (
95

%
 C

I 
[2

1.
32

 to
 5

7.
74

],
 

t(
46

) 
=

 4
.3

7,
 P

 <
 .0

01
).

 W
ith

in
 M

od
el

 6
: t

he
 e

ff
ec

t o
f 

m
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
3 

ca
rt

ila
ge

, i
s 

st
at

is
tic

al
ly

 s
ig

ni
fi

ca
nt

 a
nd

 p
os

iti
ve

. T
he

 e
ff

ec
ts

 o
f 

ot
he

r 
va

ri
ab

le
s 

in
 th

is
 m

od
el

, h
ow

ev
er

 a
dd

iti
ve

, a
re

 

st
at

is
tic

al
ly

 n
on

-s
ig

ni
fi

ca
nt

.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 30

TA
B

L
E

 6
.

C
as

e 
2,

 I
nt

er
-L

im
b 

A
na

ly
si

s:
 T

he
 B

es
t P

re
di

ct
or

 M
ul

tiv
ar

ia
te

 M
ix

ed
-E

ff
ec

ts
 M

od
el

 (
M

od
el

 5
) 

Se
le

ct
ed

 F
ro

m
 T

ab
le

 4
, I

s 
E

va
lu

at
ed

 f
or

 F
in

di
ng

 

A
ss

oc
ia

tio
ns

 B
et

w
ee

n 
H

ip
-C

ar
til

ag
e 

Su
br

eg
io

na
l M

ea
n 

T
1p

 v
s.

 S
ec

on
da

ry
 O

ut
co

m
e,

 C
on

tr
al

at
er

al
 L

im
b 

K
ne

e 
Pa

te
lla

r 
(S

ub
re

gi
on

al
 C

ar
til

ag
es

, D
M

, S
M

, 

SL
, D

L
) 

M
ea

n 
T

1p

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s

D
ee

p 
M

ed
ia

l C
ar

ti
la

ge
Su

pe
rf

ic
ia

l M
ed

ia
l C

ar
ti

la
ge

Su
pe

rf
ic

ia
l L

at
er

al
 C

ar
ti

la
ge

D
ee

p 
L

at
er

al
 C

ar
ti

la
ge

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

P
re

di
ct

or
s

P
P

P
P

(I
nt

er
ce

pt
)

35
.7

2
40

.3
8

41
.3

1
35

.7
0

11
.4

0–
60

.0
5

16
.7

4–
64

.0
2

16
.0

3–
66

.5
9

11
.1

9–
60

.2
1

0.
00

5*
*

0.
00

1*
**

0.
00

2*
*

0.
00

5*
*

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
7 

ca
rt

ila
ge

−
0.

42
−

0.
74

−
0.

51
−

0.
13

−
1.

16
 to

 0
.3

2
−

1.
46

 to
 −

0.
02

−
1.

28
 to

 0
.2

6
−

0.
88

 to
 0

.6
2

0.
25

7
0.

04
4*

*
0.

18
9

0.
72

7

A
ge

-g
ro

up
2.

47
2.

65
1.

56
1.

35

0.
07

 to
 4

.8
7

0.
30

 to
 5

.0
0

−
0.

94
 to

 4
.0

5
−

1.
07

 to
 3

.7
8

0.
04

4*
*

0.
02

8*
*

0.
21

6
0.

26
6

G
en

de
r 

[1
 =

 M
al

e]
2.

66
−

0.
04

0.
93

4.
02

−
4.

01
 to

 9
.3

2
−

6.
55

 to
 6

.4
7

−
6.

00
 to

 7
.8

6
−

2.
70

 to
 1

0.
73

0.
42

7
0.

99
0

0.
78

8
0.

23
5

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
6 

ca
rt

ila
ge

−
0.

17
−

0.
47

−
0.

25
−

0.
24

−
1.

11
 to

 0
.7

7
−

1.
39

 to
 0

.4
4

−
1.

23
 to

 0
.7

3
−

1.
19

 to
 0

.7
1

0.
71

9
0.

30
2

0.
60

9
0.

61
2

M
ea

n 
T

1p
 v

al
ue

s 
of

 h
ip

 f
em

or
al

 R
3 

ca
rt

ila
ge

0.
60

1.
01

0.
67

0.
43

−
0.

19
 to

 1
.4

0
0.

25
 to

 1
.7

8
−

0.
16

 to
 1

.5
0

−
0.

37
 to

 1
.2

4

0.
13

3
0.

01
1*

*
0.

10
9

0.
28

1

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bhattacharjee et al. Page 31

K
ne

e 
P

at
el

la
r 

T
1p

 V
al

ue
s

D
ee

p 
M

ed
ia

l C
ar

ti
la

ge
Su

pe
rf

ic
ia

l M
ed

ia
l C

ar
ti

la
ge

Su
pe

rf
ic

ia
l L

at
er

al
 C

ar
ti

la
ge

D
ee

p 
L

at
er

al
 C

ar
ti

la
ge

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

C
I

C
I

C
I

C
I

P
re

di
ct

or
s

P
P

P
P

R
an

do
m

-e
ff

ec
ts

 
σ2

10
5.

58
95

.2
2

11
4.

07
10

7.
20

 
τ 0

0
0.

00
Pa

rt
ic

ip
an

t.I
D

3.
02

Pa
rt

ic
ip

an
t.I

D
0.

00
Pa

rt
ic

ip
an

t.I
D

0.
00

Pa
rt

ic
ip

an
t.I

D

 
IC

C
0.

03

 
N

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

28
Pa

rt
ic

ip
an

t.I
D

O
bs

er
va

tio
ns

56
56

56
56

M
ar

gi
na

l R
2 /

C
on

di
tio

na
l R

2
0.

17
0/

N
A

0.
25

9/
0.

28
2

0.
12

2/
N

A
0.

10
0/

N
A

C
I 

=
 c

on
fi

de
nc

e 
in

te
rv

al
; I

C
C

 =
 in

tr
a-

cl
as

s-
co

ef
fi

ci
en

t. 
T

he
 I

C
C

 a
nd

 c
on

di
tio

na
l R

2  
ar

e 
te

rm
ed

 N
A

, i
n 

ca
se

, t
he

 v
ar

ia
nc

es
 w

ith
in

 th
e 

ra
nd

om
-e

ff
ec

t (
Pa

rt
ic

ip
an

t-
ID

) 
w

er
e 

fo
un

d 
ig

no
ra

bl
e.

 A
ll 

th
e 

m
od

el
s 

w
er

e 
es

tim
at

ed
 u

si
ng

 m
ax

im
um

-l
ik

el
ih

oo
d 

an
d 

nl
op

tw
ra

p 
op

tim
iz

er
. S

ta
nd

ar
di

ze
d 

pa
ra

m
et

er
s 

w
er

e 
ob

ta
in

ed
 b

y 
fi

tti
ng

 th
e 

m
od

el
 o

n 
a 

st
an

da
rd

iz
ed

 v
er

si
on

 o
f 

th
e 

da
ta

se
t. 

95
%

 C
Is

 a
nd

 P
-v

al
ue

s 
w

er
e 

co
m

pu
te

d 
us

in
g 

a 
W

al
d 

t-
di

st
ri

bu
tio

n 
ap

pr
ox

im
at

io
n.

 S
ta

tis
tic

al
 s

ig
ni

fi
ca

nc
e 

co
de

s 
fo

r 
pr

ed
ic

to
r 

m
od

el
s:

“*
**

” 0.
00

1

“*
*”

0.
01

“*
” 0.

05
.

T
he

 f
ix

ed
-e

ff
ec

ts
 f

or
m

ul
a 

fo
r 

th
e 

m
od

el
 w

as
: (

K
ne

e 
pa

te
lla

r 
T

1p
 v

al
ue

s 
(m

ea
n 

of
 D

M
/S

M
/S

L
/D

L
) 

~ 
m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

7 
ca

rt
ila

ge
 +

 a
ge

-g
ro

up
 +

 g
en

de
r 

+
 m

ea
n 

T
ip

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 

R
6 

ca
rt

ila
ge

 +
 m

ea
n 

T
1p

 v
al

ue
s 

of
 h

ip
 f

em
or

al
 R

3 
ca

rt
ila

ge
),

 in
cl

ud
in

g 
Pa

rt
ic

ip
an

t-
ID

 a
s 

a 
ra

nd
om

-e
ff

ec
t (

fo
rm

ul
a:

 ~
1 

| P
ar

tic
ip

an
t-

ID
).

 T
he

 m
od

el
’s

 to
ta

l e
xp

la
na

to
ry

 p
ow

er
s 

fo
r 

D
M

, S
M

, S
L

, a
nd

 D
L

 a
re

 

m
od

er
at

e.
 T

he
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 (

P-
va

lu
e 

≤ 
0.

05
) 

fi
xe

d-
ef

fe
ct

s 
fo

r 
ea

ch
 m

od
el

 (
D

M
/S

M
/S

L
/D

L
) 

ar
e 

hi
gh

lig
ht

ed
 in

 b
ol

d 
(i

f 
pr

es
en

t)
.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 July 28.


	Abstract
	Materials and Methods
	Subjects
	Age Groups
	MRI Acquisition
	Image Processing and Analysis
	Image Splitting Into Left and Right Stacks
	Bilateral Hip and Knee: T1p Mapping
	Bilateral Hip T1p Quantification: Atlas-Based Approach
	Bilateral Knee Patellofemoral T1p Quantification: Deep Learning-Based Approach
	Statistical Analysis
	PREDICTOR VARIABLES.
	OUTCOMES.


	Results
	Participant Characteristics
	Case 1: Intra-Limb Analysis
	Case 2: Inter-Limb Analysis

	Discussion
	Limitations

	Conclusion
	References
	FIGURE 1:
	FIGURE 2:
	FIGURE 3:
	FIGURE 4:
	TABLE 1.
	TABLE 2.
	TABLE 3.
	TABLE 4.
	TABLE 5.
	TABLE 6.



