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Pedoia, PhD1,3
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Abstract

Background: Although T1ρ and T2 have emerged as early indicators for hip osteoarthritis (OA), 

there is little information regarding longitudinal changes across the cartilage in the early stages of 

this disease.

Purpose: To characterize the variability in two-year hip cartilage T1ρ and T2 changes and 

investigate associations between these patterns of change and common indicators of hip OA.

Study Type: Prospective

Population: 25 women (age: 51.9±16.3 yo; BMI: 22.6±2.0 kg/m2) and 17 men (age: 55.8±14.9 

yo; BMI: 24.4±3.8 kg/m2) that were healthy or with early-to-moderate hip OA.

Field Strength/Sequence: 3T MRI (GE), 3D combined T1ρ/T2 Magnetization-Prepared 

Angle-Modulated Partitioned k-Space Spoiled Gradient Echo Snapshots.

Assessment: principal component (PC) analysis of Z-score difference maps of two-year 

changes in hip cartilage T1ρ and T2 relaxation times, participant Hip disability and Osteoarthritis 

Outcome Scores (HOOS) and functional tests at two-year follow-up.

Statistical Tests: Shapiro Wilkes tests, unpaired t-tests, Kruskal Wallis tests, Pearson or 

Spearman (ρ) correlations. Significance was set at p<0.05.

Results: Women (−6.40±14.48) had significantly lower T1ρ PC1 scores than men (10.05±26.15). 

T1ρ PC4 was significantly correlated with HOOSsport, HOOSsymptoms, HOOSpain, HOOSadl, and 

HOOSqol at two-year follow-up (ρ: [0.36, 0.50]). T1ρ PC2 and PC4 were significantly correlated 

with 30s chair test (ρ =−0.39 and ρ =0.24, respectively) and side plank (ρ =−0.32 and ρ =0.21). 

T1ρ and T2 PC2 were significantly correlated with 40m walk test (ρ =0.34 and ρ =0.31) and 30s 

chair rise test (ρ =−0.39 and ρ =−0.32).
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Data Conclusion: Men exhibited accelerated T1ρ increases across the femoral cartilage 

compared to women, suggesting sex should be considered when evaluating early hip OA. 

Participants with poorer HOOS and function exhibited greater T1ρ and T2 increases in superior 

and anterior femoral cartilage and greater T1ρ increases in the anterior femoral cartilage. These 

patterns of short-term relaxometry increases could indicate hip OA progression.

Keywords

hip osteoarthritis; voxel based T1ρ/T2 quantification; principal component analysis

INTRODUCTION

Osteoarthritis (OA) the most common cause of disability in the US, affects an estimated 

52.5 million adults and costs upwards of $80 billion in estimated aggregate expenditures 

each year (1,2). At the hip alone, the prevalence of OA has been reported up to 27% for 

individuals over 45 years old (3). While radiographic findings are considered the reference 

standard for diagnosis, these semi-quantitative scores are not adequately sensitive to reliably 

assess early-stage OA, due to their inability to reflect critical soft tissue changes, reader 

reliability, and acquisition techniques (4). In addition to radiographic assessments, rates of 

hip OA progression have been evaluated according to patient-reported outcome measures, 

functional tests, and magnetic resonance (MR) morphological evaluations, as well as how 

these metrics were predictive of, or associated with, hip OA progression (5–13). However, 

these studies provide limited information regarding how cartilage structure or health vary 

and change over time, which is essential to understanding the pathomechanics of early hip 

OA.

In addition to morphological imaging, MR T1ρ and T2 relaxation times can provide 

quantitative measures of cartilage health and have been linked to early signs of cartilage 

degeneration (14). In cartilage, higher T1ρ relaxation times are indirect measures of 

decreased proteoglycan content, while higher T2 relaxation times are indicative of increased 

water content and disorganization of the collagen (15–18). Previous work found participants 

with hip OA or hip cartilage defects exhibited significantly higher hip cartilage T1ρ and 

T2 relaxation times in select sub-regions (19). However, T1ρ and T2 relaxation times 

were averaged across these sub-regions, which may have masked patterns unique to hip 

OA. Techniques that leverage voxel-wise comparisons of T1ρ and T2 relaxation times can 

prevent potential washout of significant areas due to the effects of averaging within cartilage 

sub-regions. In fact, a cross-sectional voxel-wise comparison of hip cartilage identified 

significant localized differences in T1ρ and T2 relaxation times between asymptomatic 

controls and those with OA, which were not detectable via a sub-regional analysis (20). 

Additional work employed principal component analysis (PCA) on cross-sectional T1ρ and 

T2 relaxometry maps to investigate global changes across the cartilage, and found OA 

participants had higher T1ρ and T2 values in isolated areas of the posterior femoral and 

acetabular cartilage and higher T1ρ values in the deep layers of the superior femoral and 

acetabular cartilage (21). Adaptation of these voxel-wise analysis techniques to longitudinal 

data can provide the sensitivity necessary to characterize the subtle nuances present in 

early progression of this disease. The aims of this study were to 1) characterize participant 
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variability in longitudinal T1ρ and T2 changes across healthy and early-to-moderate hip OA 

participants; and 2) investigate associations between these patterns of change and common 

indicators of hip OA.

MATERIALS AND METHODS

Participants

This study was approved by the local Institutional Review Board (IRB). All participants 

signed written informed consent prior to data collection. Participants were recruited 

from the Orthopaedic clinic on campus and from the surrounding community through 

local advertisements. Prior to study inclusion, bilateral hip anterior-posterior screening 

radiographs were acquired of each participant and graded by a fellowship-trained 

musculoskeletal radiologist (TML) with 35 years of experience, according to Kellgren 

Lawrence (KL) scoring (22). This radiographic assessment was performed to characterize 

our participants, ensure recruitment of healthy and early-to-moderate hip OA, and exclude 

any participants with advanced stages of the disease. Inclusion in this study was contingent 

upon bilateral hip KL scores being <4. Participants were excluded from this study if under 

18 years of age, previous history of hip surgery, presence of clinical knee OA and affirmative 

responses to all National Health and Nutrition Examination Survey questions, hip trauma 

in the past three months, an intra-articular injection in the past six months, inflammatory 

arthropathy, hematochromatosis, sickle cell disease, hemoglobinopathy, or contraindications 

to MRI.

Patient-reported Outcomes Measures and Physical Functional Assessment

Each participant was assessed for physical function and completed a self-administered Hip 

disability and Osteoarthritis Outcome Score (HOOS) questionnaire at baseline and two-year 

follow-up (23,24). Functional testing included: the 30 second Chair Rise Test: number 

of sit-to-stand repetitions in 30 seconds; the 40 meter Walk Test: time to walk 40 m; 

the Stair Climb Test: time to climb one standard flight of stairs; and a timed side plank 

on each side (right and left) (24–28). Answers to the HOOS questionnaire were used to 

calculate normalized scores (on a scale of 0-100, with 0 representing severe symptoms and 

100 indicating no symptoms) for pain (HOOSpain), symptoms (HOOSsymptoms), activities 

of daily living (HOOSadl), function in sports and recreation (HOOSsport), and hip-related 

quality of life (HOOSqol).

MR Image Acquisition

Bilateral hip images were acquired serially for each side at baseline and two-year follow 

up on a 3T MR scanner (Discovery MR750, GE Healthcare, Waukesha, WI) using a 32-

channel coil (Invivo Corp., Amsterdam, Netherlands). An anatomical neutral was created 

by securing the toes of each participant in place during the scan. A sagittally combined 

T1ρ/T2 Magnetization-Prepared Angle-Modulated Partitioned k-Space Spoiled Gradient 

Echo Snapshots (MAPSS) sequence (TSL = 0/15/30/45 ms; TE = 0, 10.4, 20.8, 41.6 ms; 

receiver bandwidth = 62.50 kHz; NEX = 1; FOV = 14 cm; views per segment = 64; TR = 

1.2s; spin lock frequency = 300 Hz; matrix size = 256 x 128; slice thickness = 4.0mm) was 

acquired of each hip (29).

Roach et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Image Processing

All analyses were performed in MatLab (MathWorks, Natick, MA) unless otherwise noted. 

The acetabular and femoral cartilage volumes were automatically segmented from the 

combined T1ρ/T2 MAPSS sequence using a previously validated in-house MatLab program, 

that leveraged a single atlas-based approach (20). Briefly, the participant images that 

minimized the average deformation of the overall dataset was chosen as the reference atlas 

(20). For each participant, the first spin lock time (TSL) = 0 ms T1ρ-weighted image was 

non-rigidly registered to the reference atlas, to quantify the registration transformation field. 

This transformation field was applied to the remaining TSLs to align the T1ρ-weighted 

images of each participant with the reference atlas (20). Each voxel of these registered 

images, acquired with different TSLs or echo times (TEs), was mono-exponentially fit with 

a Levenberg-Marquardt optimization algorithm to create T1ρ and T2 maps (29). As part of 

a previous study, acetabular and femoral cartilage masks were manually segmented on the 

reference atlas by a technician and reviewed by a musculoskeletal radiologist (TML). These 

cartilage masks were applied to the registered T1ρ and T2 maps to automatically isolate the 

four main 2D slices of the acetabular and femoral cartilage on each participant (20). Briefly, 

the four main slices were determined by using Hugh transform to detect the femoral head 

as a circle. The slice with the largest detected circle was used to identify the center of the 

femoral head. Along with this center slice, the slices with the next three largest circles were 

chosen as the four main slices of the hip cartilage (20). The automatic non-rigid registration 

to the reference atlas and cartilage segmentation were qualitatively evaluated (KER) by 

visualizing the reference cartilage masks on the transformed images of each hip, to ensure 

proper image registration and cartilage inclusion within the segmented volumes. A threshold 

of 100 ms for T1ρ and 80 ms for T2 was applied to the relaxometry maps to remove any 

values that may have been influenced by fluid (19).

A voxel-wise difference map was calculated for each participant by subtracting the baseline 

T1ρ and T2 maps from their respective two-year T1ρ and T2 maps. A subset of asymptomatic 

control participants, identified to represent typical short-term cartilage changes, were 

defined as those who exhibited no signs of radiographic hip OA (KL < 2) at baseline and 

no detectable progression in HOOS scores, defined as a score decrease over two years that 

exceeded the respective minimal detectable change (30). The mean and standard deviation 

of the asymptomatic controls that met these criteria were used to calculate Z-scores from 

the T1ρ and T2 difference maps of each participant, where T(x,y,z)i represents the T1ρ or T2 

relaxometry value for participant i at point (x,y,z) and μasymptomatic(x, y, z) and σasymptomatic(x, y, z)
represent the mean and standard deviation, respectively, of the asymptomatic controls at 

point (x,y,z):

Z(x, y, z)i = T(x, y, z)i − σasymptomatic(x, y, z)
σasymptomatic(x, y, z)

Z-scores were saturated by setting all Z-scores > 4 or < −4 to 4 or −4, respectively.

Mean T1ρ and T2 difference maps were calculated for the asymptomatic controls and 

visualized as heat maps and binary maps of positive and negative mean T1ρ and T2 values. 
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The percentage of voxels with positive, negative, and no value T1ρ and T2 changes over 

two years were calculated, along with the percentages of voxels with positive T1ρ and T2 

Z-scores. Values were reported as mean ± standard deviation.

Principal component (PC) analysis was performed on the T1ρ and T2 Z-score difference 

maps from all participant hips (n = 84). Each PC mode of variation was descriptively 

characterized by comparing visualizations of the mean T1ρ or T2 Z-score difference maps 

to the mean Z-score difference maps ± 3 standard deviations of the variation for that mode 

and observing changes in the relaxometry patterns. To keep a balance between the statistical 

power of the dataset and interpretability of the PC modes, the first five PC modes were 

characterized and used for subsequent analyses.

Statistical Analysis

A Shapiro Wilkes test was used to evaluate normality of age, BMI, PC scores, and two-year 

HOOS and functional test outcomes. Correlations were evaluated between T1ρ and T2 

PC scores to assess whether these measures were directly related. To assess correlations 

between T1ρ and T2 PC scores, Pearson and Spearman (ρ) correlation coefficients were used 

to evaluate normally and non-normally distributed PC scores, respectively, in R using the 

corrplot package (R Core Team, 2020, version 4.0.3).

To investigate the effects of sex on patterns of longitudinal changes, T1ρ and T2 PC modes 

were compared between men and women. For normally distributed data, sex comparisons 

were made with Student t tests, while Kruskal-Wallis tests were performed on data with 

non-normal distributions. If significant differences were found between groups, an ad hoc 

analysis of covariance (ANCOVA) was used to determine if the group difference was 

affected by the independent or combined addition of age or BMI. Mean Z-score difference 

maps and those of representative participants were visualized to aid interpretation of any PC 

modes that were significantly different between women and men.

To determine if patterns in T1ρ or T2 Z-score difference maps were associated with clinical 

indicators of hip OA, correlations were determined between PC scores and two-year HOOS 

and physical function metrics. Spearman correlation coefficients were used to evaluate 

non-normally distributed data (R Core Team, 2020, version 4.0.3). Significance was set at p 

< 0.05.

RESULTS

Participant Characteristics

Forty-two subjects (25 women, 17 men; age: 53.7 ± 14.6 years; BMI: 23.3 ± 3.0 kg/m2) 

were recruited for this study (Table 1). Eight participants (6 women, 2 men; age: 40 ± 9 yo, 

BMI: 24 ± 2 kg/m2, 4 KL0 and 4 KL1) met the criteria for asymptomatic controls and their 

data were used to calculate Z-scores for all participants.
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Description of Two-year T1ρ and T2 Difference Maps and Interpretation of Z-score 
Difference Maps

On average, most (56.33 ± 6.34%) cartilage voxels of the asymptomatic controls had 

increased T1ρ relaxation times over two years (Figure 1A/1B, left). For two-year T1ρ 
difference maps of the controls, 56.33 ± 6.34% of pixels were stable (i.e., no change 

over two years) or positive (i.e., increased over two years), 42.42 ± 6.62% were negative, 

and 1.24 ± 1.57% had no value. Across all participants, the mean absolute T1ρ two-year 

difference was 8.49 ± 12.02 ms. Across all participants, 48.91 ± 9.13% of cartilage voxels 

had T1ρ Z-scores greater than or equal to zero (Figure 1C, left), where positive Z-scores 

indicated greater increases in T1ρ values compared to controls.

On average, most (70.20 ± 6.78%) cartilage voxels of the controls had increased T2 

relaxation times over two years (Figure 1A/1B, right). For the mean T2 two-year difference 

map of the controls, 70.20 ± 6.78% of pixels were stable or positive, 28.26 ± 8.02% of pixels 

were negative, and 1.54 ± 1.88% had no value. Across all participants, the mean absolute 

T2 two-year difference was 8.40 ± 10.76 ms. Across all participants, 43.81 ± 10.41% of 

cartilage voxels had T2 Z-scores greater than or equal to zero, (Figure 1C, right), where 

positive Z-scores indicated greater increases in T2 values compared to controls.

Principal Component Modes of Variation

For the T1ρ Z-score difference maps, the first five PC modes of variation accounted for 

30.0% of the overall variation. PC1 accounted for 8.0% of variation and was primarily 

characterized by changes in the femoral cartilage, mainly the anterior and posterior regions 

(Figure 2). T1ρ PC2 accounted for 7.7% of variation and was primarily characterized by 

changes in the acetabular cartilage, mainly the superior-posterior regions, with smaller 

opposing changes in the superior femoral cartilage (Figure 2). T1ρ PC3 accounted for 6.5% 

of variation and was primarily characterized by changes in the anterior and the superficial 

layers of the anterior-superior acetabular cartilage regions, with opposing changes in 

the posterior acetabular cartilage and anterior-superior femoral cartilage (Figure 2). T1ρ 
PC4 accounted for 4.5% of variation and was primarily characterized by changes in the 

superficial cartilage layers (Figure 2). T1ρ PC5 accounted for 3.3% of variation and was 

primarily characterized by changes in the superficial layers of the posterior acetabular 

cartilage, with opposing changes in the deeper layers of acetabular cartilage.

The first five PC modes of the T2 Z-score difference maps accounted for 32.2% of the 

overall variation. T2 PC1 accounted for 12.1% of variation and was primarily characterized 

by widespread changes throughout the femoral cartilage (Figure 3). T2 PC2 accounted for 

7.6% of variation and was primarily characterized by changes in the superior acetabular 

cartilage, with opposing changes in the superior femoral cartilage (Figure 3). T2 PC3 

accounted for 4.6% of variation and was primarily characterized by changes in the anterior 

acetabular cartilage, with opposing changes in the corresponding femoral cartilage and 

posterior acetabular cartilage (Figure 3). T2 PC4 accounted for 4.3% of variation and was 

primarily characterized by changes in the superior-posterior superficial cartilage layers, with 

opposing changes in the anterior femoral cartilage. Participants with higher T2 PC4 scores 

exhibited greater T2 increases in superficial superior-posterior and smaller T2 increases in 
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the anterior femoral cartilage. T2 PC5 accounted for 3.6% of variation and was primarily 

characterized by changes in the deep layers of the superior-anterior femoral and acetabular 

cartilage, with opposing changes in the superficial layers of the superior-posterior acetabular 

cartilage.

T1ρ PC scores were not directly correlated with T2 PC scores (Figure 4). T1ρ PC2 was 

significantly correlated with T2 PC1 (ρ = 0.67) and PC4 (ρ = −0.30). T1ρ PC3 was 

significantly correlated with T2 PC1 (ρ = 0.22), PC2 (ρ = −0.30), and PC3 (ρ = 0.23). 

T1ρ PC5 was significantly correlated with T2 PC3 (ρ = 0.30).

Sex Group Comparison

The T1ρ PC1 (p > 0.073), PC2 (p > 0.507), and PC3 (p > 0.478) and T2 PC2 (p > 0.257) 

scores of women and men were normally distributed. The T1ρ PC4 and PC5 scores, the T2 

PC1, PC3, PC4, and PC5 scores, age, and BMI of at least one group were not normally 

distributed. Women (−6.40 ± 14.48) had significantly lower T1ρ PC1 scores than men 

(10.05 ± 26.15). An ad hoc ANCOVA found this group difference was not affected by the 

independent or combined addition of age or BMI, which were non-significant co-variates (p 

= 0.372 and p = 0.528, respectively). Qualitative comparisons of mean and representative 

T1ρ Z-score difference maps from men and women illustrate areas of the femoral cartilage 

with subtle variations in Z-scores (Figure 5).

Women (−4.303 ± 17.212) had lower T2 PC1 scores than men (7.334 ± 31.818); however, 

this did not reach significance (p = 0.056, power = 0.53). There were no other significantly 

different PC scores between women and men (p > 0.059, power: [0.05, 0.47]).

Associations between PC Modes and Indicators of Hip OA

All HOOS and functional test metrics, except 30s Chair Rise test (p = 0.167), had non-

normal distributions. T1ρ PC4 was significantly correlated with HOOSpain (ρ = 0.50), 

HOOSsymptoms (ρ = 0.37), HOOSadl (ρ = 0.40), HOOSsport (ρ = 0.36), and HOOSqol (ρ = 

0.37) at two- year follow up (Figure 6). T1ρ PC3 was significantly correlated with HOOSpain 

(ρ = 0.18) and HOOSsymptoms (ρ = 0.32) at two-year follow-up. T2 PC3 was significantly 

correlated with HOOSsymptoms (ρ = −0.30) and HOOSqol (ρ = −0.25) at two-year follow-up.

T1ρ (ρ = −0.39) and T2 (ρ = −0.32) PC2 and T1ρ PC4 (ρ = 0.24) were significantly 

associated with performance on the 30s Chair Rise test at two-year follow-up. T1ρ (ρ = 0.34) 

and T2 (ρ = 0.31) PC2 were significantly associated with performance on the 40m Walk test 

at two-year follow-up. T1ρ PC2 (ρ = −0.32) and PC4 (ρ = 0.21) were significantly associated 

with performance on the side plank test at two-year follow-up.

DISCUSSION

This study developed a process to characterize patterns in longitudinal relaxometry changes 

relative to a subset of asymptomatic controls. Certain patterns identified by PCA were 

significantly associated with HOOS metrics and measures of physical function, which have 

often been used to evaluate hip OA progression (5,7–13). Additionally, group differences 

between men and women provide insight regarding the effect of sex on longitudinal cartilage 
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changes. This investigation of two-year relaxometry changes provides evidence that distinct 

patterns exist across the cartilage, which may be washed out by averaging T1ρ and T2 across 

numerous voxels.

Women and men exhibited significantly different voxel-based patterns of T1ρ changes over 

two years, which may provide insight regarding sex-specific cartilage changes across early 

stages of hip OA. Men may be more likely to exhibit two-year patterns of change that reflect 

greater, wide-spread T1ρ increases across the femoral cartilage and anterior regions of the 

acetabular cartilage. Although men also had higher T2 PC1 scores compared to women, 

this difference was shy of statistically significant. However, this analysis was under-powered 

and additional data may indicate that, like T1ρ PC1, men may be more prone to accelerated 

two-year T2 increases in the femoral cartilage. Previous work reported knee cartilage T1ρ 
increases with age, so over two years, T1ρ might be expected to increase, and when paired 

with results of the current study, may indicate that this trend is more pronounced in men. 

However, these prior studies averaged T1ρ across cartilage regions, so it is unclear whether 

there was a general increase in T1ρ or whether T1ρ increased in isolated pockets of the 

cartilage (31,32). In the current study, the addition of age and BMI covariates did not affect 

the relationship with T1ρ PC1, which suggests that short term T1ρ cartilage changes may be 

more dependent on sex than age and BMI. Numerous studies have reported mixed results 

regarding the effects of sex on hip OA risk or incidence, with fewer studies reporting on the 

link with hip OA progression (6,33,34). Of the latter, studies found that female sex was a 

predictive variable for hip OA progression and that structural hip OA progression was seen 

in a larger proportion of women than men (8,9). In contrast, when considering study quality 

and strength of results, a review article found inconclusive evidence that 1) female sex was 

related to hip OA progression, and 2) male sex was not associated with hip OA progression 

(35). However, previous work has focused on hip OA progression defined via joint space 

narrowing, radiographic assessment, and patient-reported outcomes of pain, function, or 

disability, which may not be directly comparable to longitudinal voxel-wise relaxometry 

differences between women and men.

Several patterns of T1ρ and T2 short-term longitudinal changes (i.e., PC modes) were 

significant predictors of HOOS at two-year follow-up. Generally, participants with greater 

T1ρ increases in the anterior acetabular and femoral cartilage, greater T2 increases in 

the anterior acetabular cartilage, smaller T1ρ and T2 increases in the posterior acetabular 

cartilage, and smaller T1ρ increases in the superficial cartilage layers had worse HOOS at 

two-year follow up. These results suggest that individuals with worse HOOS exhibited areas 

of smaller T1ρ or T2 increases over two years, which is counter intuitive. However, these 

results may instead indicate those cartilage areas that may be less important when detecting 

early signs of hip OA. Specifically, changes in T1ρ of the superficial cartilage layers or in 

T1ρ and T2 of the posterior acetabular cartilage should not be points of focus when detecting 

short term compositional changes in early-to-moderate hip OA. Alternatively, early hip 

OA may first be detected in the anterior femoral and acetabular cartilage, which exhibited 

greater T1ρ and T2 increases in participants that reported lower HOOS after two years. The 

unique analysis of the current study prevents direct comparisons with previous research; 

however, the current results support prior work which reported higher T1ρ and T2 values 
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in the antersuperior acetabular cartilage associated with greater pain and worse symptoms, 

quality of life, and function during sports and activities of daily living (20).

Patterns of T1ρ and T2 longitudinal changes were also significant predictors of participant 

functional health at two-year follow-up. Generally, participants with greater T1ρ and T2 

increases in superior femoral cartilage and smaller T1ρ and T2 increases in superior 

acetabular cartilage, completed fewer sit-to-stand repetitions in 30s and took longer to walk 

40m at two-year follow up. Poorer performance on these tests could be indicators of hip 

OA progression, as previous studies reported end-stage hip OA patients had significantly 

poorer performance on sit-to-stand and walking tests compared to healthy controls (36). 

Participants that exhibited greater T1ρ increases in the anterior and superior femoral cartilage 

and smaller T1ρ increases in superficial cartilage layers and superior-posterior acetabular 

cartilage held a side plank for a shorter amount of time at two-year follow up. Previous 

work reported side plank activities associated with gluteus maximus and medius muscle 

activation and both muscles, along with the gluteus minimus, exhibited significant atrophy 

and decreased muscle volume when affected by OA (26,37). Furthermore, the gluteus 

medius and minimus muscles exhibited significant associations with T1ρ and T2 relaxation 

times in the hip cartilage and significantly higher levels of fatty infiltration in OA-affected 

limbs compared to controls (37,38). Taken together, poorer side plank performance could 

be indicative of weakening hip and core stabilizer muscles in conjunction with hip OA 

progression. The associations between PC modes and functional tests suggest that greater 

increases in T1ρ and T2 values in the superior femoral cartilage may be predictors of 

functional decline. Alternatively, a combination of regional changes, such as a ratio of 

increased superior femoral cartilage relaxation times to smaller increases in superior 

acetabular cartilage relaxation times could be indicators of hip OA progression and an area 

of focus in future studies.

Some T1ρ PC scores were significantly correlated with one or more of the T2 PC scores. 

However, these were not direct correlations (e.g., T1ρ PC1 correlated with T2 PC1), as 

demonstrated in cross-sectional PCA of knee T1ρ and T2 relaxometry maps (39). This may 

indicate that T1ρ and T2 relaxation times over two years progress at different paces or in 

different patterns within hip cartilage.

Limitations

Images were acquired on a single scanner, at a single center, on a relatively small 

cohort, over a two-year period, which should be taken into consideration when interpreting 

the results of the present study. However, these results demonstrate the feasibility and 

usefulness of voxel-based relaxation time mapping and PCA, as this analysis technique 

prevented important differences in healthy and early-to-moderate hip OA participants from 

being overlooked. Additionally, this voxel-wise analysis technique promotes examination 

of anatomical heterogeneity and patterns that would normally be washed out if only 

calculating mean T1ρ and T2 across the cartilage volume. This study featured a two-year 

follow-up, which, with traditional whole-cartilage or sub-regional analyses, may be too short 

to detect T1ρ and T2 changes in early-to-moderate hip OA participants. The significant 

associations between these patterns of cartilage change and HOOS and functional tests 
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provide evidence that short- and longer-term cartilage changes could be effectively evaluated 

with the proposed technique. Changes in participant T1ρ and T2 values over two years can 

reflect factors other than hip cartilage degradation, such as physical activity and loading 

directly prior to MR acquisition. To minimize the effects of exercise and joint loads on the 

participant difference maps, participants were asked to refrain from exercise before, and 

were instructed to sit directly prior to, their MR scan. Furthermore, previous work found 

T1ρ and T2 measurements highly reproducible between scans (40). Although validated, 

the atlas-based registration only segmented four slices of the acetabular and femoral 

cartilage, which may limit in-plane resolution for thin cartilage of the hip. Additionally, 

these analyses may be subject to partial volume effects due to the 4 mm slice thickness. 

However, these segmentations encompass the four middle sagittal slices of the hip joint 

and account for most of the quantifiable cartilage volume. Finally, the first five PC modes 

only described 30% of variation across participants. Although additional PC modes could 

have been included in this analysis to increase this variation, higher PC modes become 

harder to interpret, resulting in a compromise between the number of PC modes, number of 

comparisons, and interpretability.

Conclusion

Short-term longitudinal cartilage changes were tied to sex, HOOS, and physical function 

in healthy participants and those with early-to-moderate hip OA. Over two-years, men 

exhibited accelerated T1ρ increases in the femoral cartilage compared to women, which 

suggests sex should be considered when evaluating early stages of this disease. Potential 

indicators of hip OA progression were identified as patterns demonstrating increased T1ρ 
and T2 relaxation times in the superior femoral and anterior acetabular cartilage, as well as 

increased T1ρ in the anterior femoral cartilage. These findings provide target areas for early 

diagnosis and future development of hip OA imaging biomarkers.
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Figure 1: 
Generally, asymptomatic controls (n = 8) exhibited increases in relaxation times (A), with 

most voxels (62.11% and 89.71% for T1ρ and T2, respectively) showing positive differences 

(B), over 2 years. On average, all participant hips (n = 84) exhibited similar general 

increases (areas of green) or greater increases in relaxation times (denoted by positive 

Z-scores), compared to healthy controls (C). On the mean Z-score difference maps of all 

participants (C), positive and negative Z-scores fall into four categories:
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1. Areas of the mean Z-score difference maps with positive Z-scores (C), where 

asymptomatic controls showed mean two-year increases (A and B), indicating 

that on average, participants had greater two-year T1ρ or T2 increases compared 

to controls.

2. Areas of the mean Z-score difference maps with positive Z-scores (C), where 

asymptomatic controls showed mean two-year decreases (A and B), indicating 

that on average, participants had smaller two-year T1ρ or T2 decreases compared 

to controls and potentially saw T1ρ or T2 increases in these regions.

3. Areas of the mean Z-score difference maps with negative Z-scores (C) where 

asymptomatic controls showed mean two-year increases (A and B), indicating 

that on average, participants had smaller T1ρ or T2 increases compared to 

controls and potentially saw T1ρ or T2 decreases in these regions.

4. Areas of the mean Z score difference maps with negative Z-scores (C), where 

asymptomatic controls also showed two-year decreases (A and B), indicating that 

on average, participants had greater T1ρ or T2 decreases compared to controls.

ms = milliseconds, σ = standard deviation(s).
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Figure 2: 
The T1ρ principal component (PC) modes of variation that were significantly associated with 

Hip disability and Osteoarthritis Outcome Scores or physical function metrics, visualized as 

the mean Z-score difference map across all participants (center) ±3 standard deviations 

(σ) of the PC mode. Red boxes denote higher or lower PC scores associated with 

poorer HOOS, while purple boxes denote higher or lower PC scores associated with 

poorer performance on functional tests. White arrows denote areas of notable two-year 

change that characterize the PC mode. PC1 was characterized by changes in the femoral 
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cartilage, mainly the anterior and posterior regions. Participants with higher T1ρ PC1 scores 

exhibited greater T1ρ increases in the femoral cartilage. T1ρ PC2 was characterized by 

changes in the acetabular cartilage, mainly the superior-posterior regions, with smaller 

opposing changes in the superior femoral cartilage. Participants with higher T1ρ PC2 scores 

exhibited greater T1ρ increases in the superior femoral cartilage and smaller T1ρ increases 

in the superior-posterior acetabular cartilage. T1ρ PC3 was characterized by changes in 

the anterior and the superficial layers of the anterior-superior acetabular cartilage regions, 

with opposing changes in the posterior acetabular cartilage and anterior-superior femoral 

cartilage. Participants with higher T1ρ PC3 scores exhibited greater T1ρ increases in the 

posterior acetabular and anterior-superior femoral cartilage, with smaller T1ρ increases in 

the anterior and superficial layers of the anterior-superior acetabular cartilage. T1ρ PC4 was 

characterized by changes in the superficial cartilage layers. Participants with higher T1ρ 
PC4 scores exhibited greater T1ρ increases in the superficial cartilage layers. T1ρ PC5 was 

characterized by changes in the superficial layers of the posterior acetabular cartilage, with 

opposing changes in the deeper layers of acetabular cartilage. Participants with higher T1ρ 
PC5 scores exhibited greater T1ρ increases in superficial anterior and posterior acetabular 

cartilage with smaller T1ρ increases in deep superior acetabular cartilage.
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Figure 3: 
The T2 principal component (PC) modes of variation that were significantly associated with 

Hip disability and Osteoarthritis Outcome Scores or physical function metrics, visualized 

as the mean Z-score difference map across all participants (center) ±3 standard deviations 

(σ) of the PC mode. Red boxes denote higher or lower PC scores associated with poorer 

HOOS, while purple boxes denote higher or lower PC scores associated with poorer 

performance on functional tests. White arrows denote areas of notable two-year change 

that characterize the PC mode. T2 PC1 was characterized by widespread changes throughout 
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the femoral cartilage. Participants with higher T2 PC1 scores exhibited greater T2 increases 

in the femoral cartilage. T2 PC2 was characterized by changes in the superior acetabular 

cartilage, with opposing changes in the superior femoral cartilage. Participants with higher 

T2 PC2 scores exhibited greater T2 increases in the superior and primarily deep layers of 

femoral cartilage, with smaller T2 increases in the superior acetabular cartilage. T2 PC3 was 

characterized by changes in the anterior acetabular cartilage, with opposing changes in the 

corresponding femoral cartilage and posterior acetabular cartilage. Participants with higher 

T2 PC3 scores exhibited greater T2 increases in the anterior acetabular cartilage and smaller 

T2 increases in the adjacent femoral cartilage and posterior acetabular cartilage. T2 PC4 was 

primarily characterized by changes in the superior-posterior superficial cartilage layers, with 

opposing changes in the anterior femoral cartilage.
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Figure 4: 
Visualization of Spearman correlation (ρ) matrix for T1ρ and T2 PC scores. Correlation 

coefficients are denoted for each combination of PC scores. Significant correlations (p < 

0.05) are designated by circles within the cells, with the size of the circle proportional to the 

strength of statistical significance (i.e., larger circles indicate smaller p values) and the color 

of the circle indicating the strength of the correlation corresponding to the color bar on the 

right.
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Figure 5: 
Top: Mean T1ρ Z-score difference maps for women and men that visualize areas of 

different Z-scores between the sexes (white arrows). Bottom: T1ρ Z-score difference maps 

of representative participants that exemplify how patterns in two-year changes, specifically 

those attributed to T1ρ PC1, differ between women and men. Female participant P068 had a 

T1ρ PC1 score of −27.49 while male participant P014 had a T1ρ PC1 score of 62.03.
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Figure 6: 
Spearman correlations (ρ) between principal component (PC) modes (rows) and Hip 

disability and Osteoarthritis Outcome Scores (HOOS) and functional indicators of hip OA 

(columns). PC modes include an arrow indicating whether higher (up arrow) or lower (down 

arrow) PC scores were related to poorer HOOS and/or functional tests and a visualization 

of the corresponding high or low PC score. The cells of the HOOS and functional metrics 

that were significantly associated with PC scores are bold, colored to indicate the strength 

of the correlation, and include an arrow indicating whether higher or lower HOOS or 

functional metrics represented poorer hip health. s = seconds, reps = repetitions, σ = 

standard deviation(s).
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Table 1:

Participant demographic, clinical, and functional information presented as mean ± standard deviation unless 

otherwise noted.

Women (n = 50 hips) Men (n = 34 hips)

Age (years) 51.9 ± 16.3 55.8 ± 14.9

BMI (kg/m2) 22.6 ± 2.0 24.4 ± 3.8

KL 0* 16 (19.1) 5 (6.0)

KL 1* 25 (29.8) 12 (14.3)

KL 2* 6 (7.1) 10 (11.9)

KL 3* 3 (3.6) 7 (8.3)

HOOSpain 94.8 ± 7.3 95.8 ± 11.7

HOOSsymptoms 91.8 ± 10.3 92.2 ± 12.7

HOOSadl 94.8 ± 7.3 95.8 ± 11.7

HOOSsport 90.8 ± 11.8 94.1 ± 13.0

HOOSqol 87.6 ± 18.8 89.5 ± 15.4

30s Chair Rise Test (repetitions) 20.7 ± 7.1 22.1 ± 6.3

40m Walk Test (s) 19.8 ± 2.9 18.9 ± 3.5

Stair Climb Test (s) 10.1 ± 2.7 10.1 ± 2.8

Side Plank Test (s) 73.4 ± 46.3 82.9 ± 49

*
Data expressed as hip count (percentage of total sample, %)
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