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Principal Component Analysis of Simultaneous PET-MRI Reveals 
Patterns of Bone–Cartilage Interactions in Osteoarthritis

Radhika Tibrewala, MS*, Valentina Pedoia, PhD,
Matthew Bucknor, MD,

Sharmila Majumdar, PhD

Department of Radiology and Biomedical Imaging, University of California, San Francisco, 
California, USA

Abstract

Background: Bone–cartilage interactions have been implicated in causing osteoarthritis (OA).

Purpose: To use [18F]-NaF PET-MRI to 1) develop automatic image processing code in MatLab 

to create a model of bone–cartilage interactions and 2) find associations of bone–cartilage 

interactions with known manifestations of OA.

Study Type: Prospective study aimed to evaluate a data analysis method.

Population: Twenty-nine patients with knee pain or joint stiffness.

Field Strength/Sequence: 3T MRI (GE), 3D CUBE FSE, 3D combined T1ρ/T2 MAPSS, 

[18F]-sodium fluoride, SIGNA TOF (OSEM).

Assessment: Correlation between MRI (cartilage) and PET (bone) quantitative parameters, 

bone–cartilage interactions model described by modes of variation as derived by principal 

component analysis (PCA), WORMS scoring on cartilage lesions, bone marrow abnormalities, 

subchondral cysts.

Statistical Tests: Linear regression, Pearson correlation.

Results: Mode 1 was a positive predictor of the bone abnormality score (P = 0.0003, P = 0.001, 

P = 0.0007) and the cartilage lesion score (P = 0.03, P = 0.01, P = 0.02) in the femur, tibia, 

and patella, respectively. For the cartilage lesion scores, mode 5 was the most important positive 

predictor in the femur (P = 3.9E-06), and mode 2 were predictors, significant negative predictor 

in the tibia (P = 0.007). In the patella, mode 1 was a significant positive predictor of the bone 

abnormality score (P = 0.0007).

Data Conclusion: By successfully building an automatic code to create a bone–cartilage 

interface, we were able to observe dynamic relationships between biochemical changes in the 

cartilage accompanied with bone remodeling, extended to the whole knee joint instead of simple 

colocalized observations, shedding light on the interactions that occur between bone and cartilage 

in OA.

*Address reprint correspondence to: R.T., 1700 4th St, Suite 203, San Francisco, 94158, CA, USA. radhika.tibrewala@ucsf.edu. 
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Evidence Level: 3

Technical Efficacy: Stage 3

Osteoarthritis (OA) is a chronic, debilitating joint disorder that is expected to affect more 

people due to the aging of the population and the obesity epidemic. OA causes joint 

stiffness, pain and loss of mobility, and is characterized by cartilage destruction, subchondral 

bone changes, osteophyte formation, and other complex pathological changes that are not 

clearly understood despite its widespread prevalence and high costs to the economy.2,3 

Although cartilage destruction is a characteristic feature of OA, it has been recognized that 

OA is a whole-joint disease. The interactions between cartilage and subchondral bone have 

been thought to be important in causing OA.5 The interface between cartilage and bone is a 

unique loading zone, and well-defined progressive destructive changes in the cartilage have 

been found to parallel changes in the underlying bone.5 It has been suggested that increased 

vascularization in joints during OA facilitate movements of molecules from bone to cartilage 

and vice versa.6

Imaging plays an important role in diagnosing OA. Currently, OA diagnosis is defined 

by joint space narrowing (JSN) and osteophytes that are visible on radiographs, graded 

according to Kellgren–Lawrence scores.7 However, early changes in cartilage and bone 

like collagen network disruption due to proteoglycan depletion, bone remodeling in the 

subchondral and trabecular bone, which are implicated in the bone–cartilage crosstalk, 

are not seen on radiographs.8 Thus, magnetic resonance imaging (MRI) has been used 

to investigate cartilage degeneration biomarkers using MRI-based T1ρ and T2 relaxation 

times, which assess proteoglycan and collagen content in cartilage, respectively, and these 

have been found to have differences between normal and OA patients.9–11 Additionally, 

[18F]-NaF (sodium fluoride) positron emission tomography (PET)-MRI has previously been 

used in investigating bone–cartilage relationships, owing to its simultaneous functional 

and structural imaging capabilities, proving itself a feasible method to study early OA.12–

15 18-Fluoride (18-F) is a highly sensitive bone imaging agent that is extracted by the 

blood system in the body in proportion to the osteoblastic activity (reflecting blood flow 

and bone remodeling), and has been used as a PET tracer for multiple musculoskeletal 

diseases, including OA.16–18 Savic et al found that increases in cartilage T1ρ relaxation 

times (indicating degenerative changes) were associated with increased turnover in the 

adjoining bone as imaged by [18F]-NaF.14 Kogan et al found higher standardized uptake 

values (SUVs) in bone where there were bone marrow edemas, osteophytes, and sclerosis 

compared to normal-appearing bone.12 Kobayashi et al and Draper et al found that not 

all increased uptakes corresponded to structural abnormalities on MRI, suggesting that 

NaF-PET can detect bone abnormalities even before MRI.15,19 Tibrewala et al found direct 

associations between quantitative MRI and PET evidence of bone remodeling in hip OA.13 

In a study of anterior cruciate ligament (ACL)-injured patients using PETMRI, Kogan et 

al found increased tracer uptake and cartilage T2 relaxation in ACL-reconstructed knees, as 

compared to the contralateral knees. Moreover, they observed a spatial relationship between 

cartilage T2 and SUV, where increased tracer uptake in the subchondral bone adjacent to an 

area of increased cartilage relaxation time was observed.20
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While all these studies have found important and direct evidence of associations between 

cartilage degeneration and neighboring bone changes, these have mostly been performed 

by calculating mean, maximum values of SUV in regions of bone abnormalities and 

those surrounding cartilage lesions. Evidence of colocalized relationships between bone 

remodeling and cartilage degeneration has been offered. Since the knee is a complex joint, 

only studying associations between bone changes and surrounding cartilage degeneration 

biomarkers would miss potential, multifaceted mechanisms that are not spatially correlated 

in the joint, but are part of the more complex bone–cartilage interaction that has been 

suggested as a mechanism in OA.5

In order to use [18F]-NaF PET-MRI to investigate the bone–cartilage crosstalk that is 

implicated in causing OA, the goals of this study were: 1) develop automatic image 

processing code that helps to create a model of bone–cartilage interactions using 

simultaneously acquired [18F]-NaF PET-MRI data, and 2) find associations of bone–

cartilage interactions with known manifestations of OA.

Materials and Methods

The study was approved by the local Institutional Review Board (IRB) and written informed 

consent was obtained from all subjects before the study.

Patient Population

All the personnel involved with recruitment, scanning, and analysis of this study were 

HIPAA (Health Insurance Portability and Accountability Act)-compliant. Radiographs were 

obtained prior to the study and Kellgren–Lawrence (KL)7 grading of the radiographs was 

performed by a board-certified musculoskeletal radiologist (M.B.) with more than 10 years 

of experience to stage the extent of knee OA. The inclusion criteria were age >35 years, 

knee pain or ache, or stiffness in the joint most days of the month. The exclusion criteria 

were any concurrent use of an investigational drug, history of fracture in the knee, history of 

surgery in the knee, or contraindications to MRI.

PET-MR Image Acquisition

Image acquisition was performed with a SIGNA 3T time of flight (TOF) PET-MRI (GE 

Healthcare, Milwaukee, WI). The timing resolution of this scanner as per the manufacturer 

was less than 400 ps. PET images were reconstructed by a TOF OSEM algorithm (four 

iterations; 28 subsets; axial field of view [FOV] 500 mm; matrix size 256 × 256 × 89; voxel 

size 1.95 × 1.95 × 2.78 mm3).

Subjects were positioned supine feet-first, with a medium-size receiver flex coil wrapped 

around the knee of interest in the PET-MRI scanner. [18F]-NaF was used as a tracer, 

sourced from our institutional cyclotron facility, produced using current good manufacturing 

practices (cGMP) guidelines. An average dose of 294.87 α 59.78 (range 191.20–370) MBq 

of [18F]-NaF was imparted to each patient for a dynamic PET scan of 60 minutes, with MRI 

sequences running concurrently. An effective dose of 0.024 mSv/MBq was used to calculate 

the radiation exposure to each subject due to the injected [18F]-NaF.18 A Dixon fat–water 

sequence was acquired for MR-based attenuation correction (MRAC) of PET photons.21 The 
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MR images acquired simultaneously with PET included: 1) 3D isotropic CUBE FSE, and 2) 

3D sagittal combined T1ρ/T2. MRI acquisition parameters are shown in Table 1.

MRI Morphologic Grading

Semiquantitative WORMS22 grading was used by a board-certified radiologist (M.B.) 

with 10+ years of experience for assessing morphological abnormalities in the recruited 

patients on the 3D isotropic CUBE images (Table 1), acquired in the sagittal plane. Briefly 

described, cartilage lesions were graded on an 8-point scale that incorporates the cartilage 

thickness loss, focal defect, and signal abnormality on different levels. Bone marrow 

abnormalities were graded on a 4-point scale based on the amount of areas of increased 

signal and subarticular cysts were graded on a 4-point scale based on the extent of regional 

involvement.

Image Processing and Building the Bone–Cartilage Interactions Model

Image analysis (Fig. 1) was performed automatically using an inhouse program developed 

in MatLab (MathWorks, Natick, MA). For the combined T1ρ/T2sequences, a previously 

validated23 nonrigid registration of all images was performed on a reference space that was 

selected as a patient with average body mass index (BMI) and age. T1ρand T2maps were 

obtained by fitting the images obtained with different time of spin lock (TSL) and echo 

time (TE) using a Levenberg–Marquardt monoexponential S(TSL) ∝ e−TSL/T1ρ , applied 

to each voxel. The cartilage segmentation, which was performed manually on the reference 

space, was then applied to the T1ρ and T2 maps to obtain T1ρ and T2 values in the six cartilage 

compartments (medial femoral condyle [MFC], medial tibia [MT], lateral femoral condyle 

[LFC], lateral tibia [LT], femoral trochlea [TRO], and patella [PAT]) for each patient.23

For the PET-MR images, MR images were acquired in the sagittal plane, while PET 

images were acquired in the axial plane for greater coverage. The axial PET data were 

first resampled into the T1ρ (sagittal) coordinates to transform all the PET images into the 

same orientation and coverage as the MR images. PET data were converted into SUV maps 

by using the patients’ weight and injected tracer activity.24

Point-by-Point Pearson Correlations

MRI metrics (T1ρ,T2) were measured on the cartilage, while PET metrics (SUV) were 

measured on the bone. Thus, T1ρ, T2, and SUV were projected onto a common interface at 

the bone–cartilage surface intersection using the following method: for each point along the 

interface, a trajectory perpendicular to it was first determined, and the value of the respective 

parameter (T1ρ, T2, and SUV) along this trajectory across the adjacent cartilage was then 

averaged and assigned to the corresponding point on the interface. For the SUV within the 

bone, regions of interest (ROIs) encompassing the subchondral bone (9-mm-thick, starting 

from the cartilage) were manually defined on the reference for each knee compartment.25 

The SUVs along the trajectory inside the bone and limited to this region were averaged and 

assigned to the corresponding point on the interface, resulting in a bone–cartilage interface 

containing values of T1ρ, T2, and SUV. Additionally, T1ρ, T2 values for each patient were 

averaged in each cartilage compartment, and SUVs within each bone (femur, tibia, patella) 
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in an ROI in the bone near the respective cartilage (defined on the reference space) were 

averaged for each patient, to find the mean and standard deviation of T1ρ, T2, and SUV values 

in each patients’ knee compartments.

After building the interface, with all the SUV, T1ρ, T2 values projected on the same space, a 

point-by-point Pearson correlation map (between T1ρ, T2, and SUV, T1ρ, and SUV,T2) was built 

for the femur, tibia, and patella bones. The percentage of voxels with significant positive and 

negative correlations (P < 0.05) (between T1ρ, T2, and SUV, T1ρ, and SUV,T2), within each 

cartilage compartment were calculated and reported.

Modeling Simultaneous Bone–Cartilage Interactions

For each patient, the T1ρ and SUVs from the interface were flattened to a 2D vector and then 

combined (Eqs. 1–3), where each value of T1ρ and SUV corresponded to a specific voxel as 

defined on the reference space:

Boneinterface =

x1 y1 z1 SUV 1

x2 y2 z2 SUV 2

.. .. .. ..
xn yn zn SUV n

(1)

Cartilageinterface =

x1 y1 z1 T1ρ1

x2 y2 z2 T1ρ2

.. .. .. ..
xn yn zn T1ρn

(2)

BoneCartilageinterface =

x1 y1 z1 SUV 1 T1ρ1

x2 y2 z2 SUV 2 T1ρ2
.. .. .. .. ..
xn yn zn SUV n T1ρn

(3)

where nis the number of points in the bone–cartilage interface (which is the same for each 

patient due to the common reference registration applied on all patients). These input feature 

vectors (Eq. 3) of all the patients were concatenated to create a matrix (Eq. 4) that consisted 

of the location of each voxel followed by its T1ρ and SUV for all the patients:

BoneCartilageinterface
all =

x1 y1 z1 SUV 1
1 T1ρ1

1 SUV 1
2 T1ρ1

2 .. SUV 1
k T1ρ1

k

x2 y2 z2 SUV 2
1 T1ρ2

1 SUV 2
2 T1ρ2

2 .. SUV 2
k T1ρ2

k

.. .. .. .. .. .. .. .. .. ..
xn yn zn SUV n

1 T1ρn
1 SUV n

2 T1ρn
2 .. SUV n

k T1ρn
k

(4)

Tibrewala et al. Page 5

J Magn Reson Imaging. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



where nis the number of points in the bone–cartilage interface and k is the number of 

patients. The voxel locations were removed since they were the same for all patients (the 

patients were all registered on the reference space). This process was performed for all the 

cartilage compartments, and the matrices of the cartilage compartments belonging to one 

bone were combined (eg, MFC, LFC, and TRO). Therefore, a total of three matrices were 

constructed, one for each bone. The T1ρ and SUV data were normalized (in a 0–1 range) by 

the sum of its mean and three times the standard deviation, computed across all the patients, 

after removing any zeros that were present in the data.

Principal component analysis (PCA) was used to find patterns of interactions between T1ρ

and SUV,26 using these matrices as inputs. PCA is a technique that is used to reduce 

the dimensionality of datasets and extract relevant patterns in the data while retaining 

interpretability and minimizing information loss. Unsupervised dimensionality reduction 

techniques such as PCA and ICA have been used in applications of diagnostic PET patterns 

in Parkinson’s and normal aging27,28 and have been widely used to study brain network 

connections,29 but the applications on multimodal musculoskeletal imaging are still very 

limited. Habeck et al, when using PCA to study PET data for Alzheimer’s disease, state that 

PCA is able to identify covariance patterns that signal the disease onset even when there 

is no spatial correlation between distant regions.30 PCA is thus able to identify unexpected 

patterns that lie in the data, which are not seen with traditional PET data analysis methods.

Thus, to perform PCA, eigenvalue and eigenvector decomposition of the correlation matrices 

of the inputs (Eq. 4 with normalization and voxel location removal) were used to extract 

principal components (PCs) to calculate the most important modes of variations of the 

T1ρ and SUVs. Each PC described a different pattern of change in both T1ρ and SUV, and 

therefore the T1ρ and SUVs of each patient were described by a linear combination of these 

patterns. For each patient the coefficients of the linear combination of the first five PCs were 

considered in the analysis. For each patient those PC scores represent the similarity between 

the T1ρ and SUV PC pattern and the specific patient T1ρ and SUV pattern. The interpretation 

of each PC was investigated by changing its value of the PC scores from mean to mean 5 α 
SDs and observing the changes in pattern of T1ρ and SUV mapped on the reference space for 

each bone.

Statistical Analysis

To check if the patterns of interaction in the bone–cartilage interface derived using PCA 

could predict known manifestations of OA, a stepwise linear regression model was built 

to predict the cartilage lesion score and bone (sum of bone marrow abnormalities and cyst 

scores) scores from the scores of the first five modes of variation of each patient. For 

comparison with standard analysis and to understand the value of the proposed method, 

the same linear model was built using average T1ρ and average SUV values of all the 

compartments in the knee as possible predictors. In all regression models, age, gender, and 

BMI of the patients were adjusted (P < 0.05). All statistical analysis was carried out in 

MatLab (MathWorks).
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Results

Patient Population and MRI Morphological Characteristics

Twenty-nine patients were recruited for this study with age 55.90 ± 8.60 years, BMI 25.14 

± 3.45 Kg/m3, 33.33% females, 64% KL 0–1, 14% KL = 2, and 22% KL = 3.7 As seen 

in Fig. 2, the WORMS scores showed that most patients had cartilage lesions in the patella 

(57% of patients) and trochlea (43% of patients), with correspondingly high mean T1ρ values 

(45.28 ± 8.64 msec in patella and 43.32 ± 6.44 msec in trochlea) and mean T2 values (32.76 

± 8.33 msec in patella and 32.49 ± 4.68 msec in trochlea). Similarly, most patients had cysts 

in the patella (21% of patients) and trochlea (21% of patients), and edematous bone marrow 

lesions in the patella (21% of patients) and trochlea (10% of patients), with correspondingly 

high mean SUVs (0.76 ± 0.80 in patella and 0.62 ± 0.78 in trochlea). As seen, the mean 

SUVs in all the compartments have high SDs, showing a large spread of tracer uptake in 

each compartment throughout the dataset.

Point-by-Point Pearson Correlations

Figure 3 shows maps of point-by-point correlations between T1ρ and T2, T1ρ, and SUV and 

T2 and SUV. The values are all derived after projecting the T1ρ, T2, and SUVs onto the 

bone–cartilage interface as described in Materials and Methods. Strong positive correlations 

are seen between T1ρ and T2 values in all three bones, femur, tibia, and patella spread in all 

the cartilage compartments. Table 2 shows the percentage of voxels within each cartilage 

compartment that had significant (P < 0.05) positive or negative correlations between T1ρ and 

T2, T1ρ, and SUV and T2 and SUV. As seen in Table 2 and Fig. 3, over 95% of voxels in 

all cartilage compartments displayed significant positive correlations between T1ρ and T2. In 

the femur, the lateral cartilage compartment contained 13% of voxels that had significant 

positive associations between T1ρ and SUV as compared to the medial cartilage compartment 

that had 4% of voxels that had significant positive associations between T1ρ and SUV. 

Similarly, in the tibia, the lateral cartilage compartment contained 45% of voxels that had 

significant positive associations between T1ρ and SUV as compared to the medial cartilage 

compartment that had 5% of voxels that had significant positive associations between T1ρ

and SUV. In the femur, the lateral cartilage compartment contained 16% of voxels that had 

significant positive associations between T2 and SUV as compared to the medial cartilage 

compartment that had 8% of voxels that had significant positive associations between T2

and SUV. Similarly, in the tibia, the lateral cartilage compartment contained 53% of voxels 

that had significant positive associations between T2 and SUV as compared to the medial 

cartilage compartment that had 6% of voxels that had significant positive associations 

between T2 and SUV. Very few voxels with negative correlations were seen between any 

given pair of values.

Modes of Variation Derived Using PCA

Since the T1ρ and T2 maps were found to be highly correlated, T2values were not included 

in the PCA when extracting the modes of variation. Between T1ρ and T2, T1ρwas chosen 

to be retained in the PCA because it has been proposed as a more specific indicator of 
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proteoglycan content in cartilage as compared to T2, and therefore was more sensitive to 

changes in proteoglycan in the cartilage matrix during early OA development. Furthermore, 

there is a larger range of T1ρ values, making it more sensitive to cartilage degeneration.10

The first five modes derived using PCA described 84%, 86%, and 91% of the overall 

variation in femur, tibia, and patella, respectively. These modes that depict the different 

bone–cartilage interactions by using the T1ρ and SUVs projected onto the same space were 

extracted using PCA and explored for each bone separately (femur, tibia, patella).

Associations of Patterns of Interactions Between T1ρ and SUVs Derived by PCA With 
Cartilage and Bone Abnormality Scores

As seen in Table 3, all of the models were significant (P < 0.001) in using the modes 

of interaction between T1ρ and SUVs derived by PCA to predict cartilage and bone 

abnormalities. Table 3 shows that mode 1 was a positive predictor of the bone abnormality 

score (P = 0.0003, P = 0.001, P = 0.0007) and the cartilage lesion score (P = 0.03, P = 0.01, 

P = 0.02) in the femur, tibia, and patella, respectively. For the cartilage lesion scores, mode 

5 was the most important positive predictor in the femur (P = 3.9E-06), and mode 2 were 

predictors, significant negative predictor in the tibia (P = 0.0007). In the patella, only mode 

1 was retained in the regression model, and was a significant positive predictor of the bone 

abnormality score (P = 0.0007).

These modes that showed associations with total cartilage lesion and bone abnormality 

scores are visualized in Fig. 4. In the femur, mode 1 showed increased SUV in the trochlea 

with a small change in T1ρ in the same region. Additionally, mode 1 showed a higher SUV 

uptake in the outer (more lateral) side of each cartilage compartment as compared to the 

inner (more medial) side. This mode showed a positive association with the cartilage lesion 

score (P = 0.03) and the bone abnormality score (P = 0.0003). Mode 4 depicted an elevation 

of SUV in a different region of trochlea (compared to mode 1), with a corresponding 

reduction in the medial femoral cartilage T1ρ values. When interacting with mode 1, this 

mode was a positive significant (P = 0.03) predictor of bone abnormality scores. In mode 

5, an increase in lateral femoral cartilage T1ρ and an SUV increase right adjacent to it was 

observed. This mode was the most significant positive predictor of the cartilage lesion score 

(P = 3.9E-06) and the bone abnormality score (P = 0.0002). In the tibia, mode 1 showed an 

increase of T1ρ in the lateral tibial cartilage, and a simultaneous increase in SUV distributed 

through the lateral cartilage. Similar to the first mode of the femur, mode 1 of the tibia also 

showed a higher SUV uptake in the outer (more lateral) side of each cartilage compartment 

as compared to the inner (more medial) side. This mode was a positive significant predictor 

of cartilage lesion scores (P = 0.01) and bone abnormality score (P = 0.001). Mode 2 showed 

a reduction in SUV in the medial tibial cartilage and an increase of SUV in the lateral 

tibia cartilage accompanied by an increase of T1ρ in the lateral cartilage. This mode was a 

significant negative predictor of cartilage lesion scores (P = 0.007) and bone abnormality 

score (P = 0.001). In the patella, only T1ρ/T2 MAPSS sequence for patients that had minimum 

and maximum values of the modes derived by the PCA that were found to be predictors 

of manifestations of OA. In the femur, the patient with the smallest value of mode 1 had a 

normal range of T1ρ values in the trochlea as compared to the patient with the biggest value 
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of mode 1. The patient with the largest value of mode 1 also depicted a lot of tracer uptake 

in the femur as compared to the other patient, and this uptake was found to be adjacent to 

the cartilage with the elevated T1ρ values. In mode 4 of the femur, between the minimum 

and maximum value patient, there is a small reduction in T1ρ in the medial femoral cartilage, 

but it is spatially distributed, along with a small increase in SUV in the femur near the 

weight-bearing region. In mode 5, there is a visible increase in T1ρ in the lateral femoral 

cartilage. In the tibia, between the minimum value and maximum value patient of mode 1, 

there is an elevation in the lateral tibia cartilage T1ρ accompanied with an increase in SUV 

in the same region of the tibia. In mode 2, there is a reduction of SUV in the medial tibia, 

and not much change in the medial tibia cartilage. Finally, in mode 1 of the patella, the 

maximum value patient shows a very sharp increase of both T1ρ and SUV in the patella 

cartilage and bone, respectively, as compared to the minimum value patient.

Discussion

This study demonstrated the ability of [18F]-NaF PET-MRI and principal component 

analysis to image bone–cartilage PAT = patella. interactions in the knee for OA. Using 

PCA, direct associations between quantitative PET-MRI parameters and WORMS scoring 

were found in the femur, tibia, and patella.

Our study showed that using the mean values of the T1ρ and SUV of all the patients in ROIs 

in a regression model were able to predict the bone and cartilage lesion scores. However, 

using the PCA went one step further in actually combining the T1ρ and SUV concurrently in 

the same region and also across the joint, therefore interpreting a more comprehensive bone–

cartilage interaction, and not isolating PET or MRI quantitative parameters to colocalized 

correlations. Thus, PCA was able to identify patterns in the data that were not seen with 

the averaging methods. Furthermore, the results showed that the regression models were 

stronger in the PCA as compared to the mean values based on their R-square values, which 

showed that a combination of the T1ρ and SUV (the modes of variation) were able to account 

for more of the variance in the data as compared to each individually.

In this study, mode 1 was found to be akin to the results of the point-by-point correlations, 

which was expected, since this is the largest variation in the data in all three bones. 

Interestingly, in the femur and tibia, mode 1 depicted a pattern that showed that SUV was 

higher in the outer regions (more lateral) of the cartilage as compared to the inner regions 

(more medial) of the cartilage. Since this pattern was observed in the first mode of both the 

bones, it was present in a higher proportion of the dataset. Additionally, since it was also 

positively predictive of the cartilage and bone abnormalities, it could show that a difference 

in loading of the outer vs. inner portions of the cartilage have an effect on the morphological 

changes observed in the patients. Since these are early OA patients, it could also show that 

bone remodeling near the outer cartilage regions precedes that in the inner cartilage regions. 

Previous studies have explored the differences between the superficial and deep layers of 

the cartilage, modeling how the cartilage biochemical composition changes as it moves 

away from the surface of the bone (top to bottom within the cartilage).20,31,32 However, the 

change in cartilage composition from a medial to lateral direction within one cartilage, (left 
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to right within cartilage) has not been explored as well. The results of mode 1 show that 

this method is feasible in exploring these differences. Mode 5 of the femur was found to be 

the most important predictor of the cartilage and bone abnormalities. This mode depicted a 

sharp increase in T1ρ and SUV in the lateral cartilage of the femur. This result provides new 

insights into the pathophysiology of OA, since OA is known to most commonly affect the 

medial compartment of the knee.33 One reason for this could be that this study’s dataset was 

biased, since there were more lesions on the lateral side. Another possible explanation for 

this could be that the mechanisms of medial and lateral compartment loading in OA differ 

in a way that involves less interaction between the bone and cartilage (less in the medial 

side), and was therefore not observed in this study. The conformity of the tibiofemoral joint 

surface has been shown previously to differ with sex,34 and furthermore, impact the wear 

performance after total knee replacement.35 This conformity could also impact the shear 

loading at the medial knee compartment, and have an effect on the mechanism of OA. Mode 

2 of the tibia showed that an SUV increase in the lateral region was concurrent with an 

SUV reduction in the medial region. This mode showed the behavior of bone remodeling 

in different regions of the knee. OA is hypothesized to be initiated by alterations in normal 

knee kinematics that shift loading from regions of cartilage that are more suited for loading 

rather than those that are not.33 A previous study has also found varying uptake of [18F]-NaF 

in response to bone loading,36 but these were observed as effects of immediate loading and 

not a gradual change a bone due to abnormal joint loading. Specifically, the result of mode 

2 in tibia shows the feasibility of this [18F]-NaF PET-MRI method using PCA to model and 

image bone–cartilage interactions that could be caused as a result of altered loading.

Limitations

First, these observations were made in a cohort of 29 patients, and a larger patient population 

would be needed to make more generalizable observations. Second, while PCA was useful 

in finding these new patterns of interaction between bone and cartilage, the interpretation 

of the modes is completely visual, and certain interactions may have been missed. PCA 

is also sensitive to outliers, and thus will perform better on a larger, well-distributed 

heterogeneous dataset. In a study of ACL injured knees, Kogan et al observed differences 

in subchondral bone SUV in deep and superficial layers of the cartilage.20 In this initial 

method study, we projected T1ρ relaxation times along the entire thickness of the cartilage 

on the bone–cartilage interface. For future directions, a split of the cartilage into deep 

and superficial layers would be useful in determining differences of SUV corresponding 

to MRI-based relaxation times in different layers of the cartilage. While in this study we 

chose a thickness of 9 mm on the template patients’ bone ROI, in future studies we would 

also perform more studies to find the difference when projecting the tracer uptake from 

ROIs of different thickness in the bone, to see if that changes the patterns of interactions 

observed between bone and cartilage. Plus, for future studies, we will incorporate the 

dynamic PET data to establish differences in blood flow to the bone during these observed 

bone remodeling changes. A longitudinal study would help in determining the evolution 

of these observed bone–cartilage interactions, and furthermore determine the origination of 

pain that is manifested in OA.
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Conclusion

Nevertheless, in this study we built a bone–cartilage interface and observed concurrent 

interactions between the two in the knee joint of patients with OA using PCA. By 

building a bone–cartilage interface, we were able to observe dynamic relationships between 

biochemical changes in the cartilage accompanied with bone remodeling, extended to 

the whole knee joint instead of simple colocalized observations. We were able to probe 

pathological changes with PET imaging, and observe structural changes using MRI, 

unleashing the potential for targeted treatment and early diagnosis using areas of bone 

remodeling and cartilage degeneration.37
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FIGURE 1: 
Method pipeline. Image acquisition consisted of the 3D CUBE for morphological grading, 

3D MAPPS sequence for cartilage segmentation, and T1ρ/T2 values. Along with the MRI, 

an [18F]-NaF PET sequence was acquired to construct SUV maps in the same space as the 

T1ρ/T2 sequence. The T1ρ values and SUVs, recorded at cartilage and bone, respectively, were 

projected onto the bone–cartilage interface. These values were used to find point-by-point 

correlations, and more complex patterns of interactions between bone and cartilage were 

derived using PCA. A stepwise linear regression model was built to determine if these 

patterns can predict known manifestations of OA.
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FIGURE 2: 
(Top row) Distribution of the cartilage lesion scores, cyst scores, and bone marrow edema 

scores divided into three classes for cartilage and cyst and two classes for edema. (Bottom 

row) Mean T1ρ values (msec), mean T2 values (msec), and mean SUVs in each knee 

compartment; medial femoral condyle (MFC), lateral femoral condyle (MFC), trochlea 

(TRO), medial tibial condyle (MT), lateral tibial condyle (LT), patella (PAT).
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FIGURE 3: 
Pearson correlation maP showing point-by-point correlation between the (top row) T1ρ and 

T2 relaxation times, (middle row) T1ρ relaxation times and SUV, (bottom row) T2 relaxation 

times and SUV, projected onto the same interface along the bone–cartilage surface in the 

(left–right) femur, tibia and patella. In all three bones, there is a strong positive correlation 

between T1ρ and T2. There is weak-moderate positive correlation between T1ρ and SUV in 

the trochlea cartilage, the lateral tibia cartilage, and overall in the patella. There are small 

areas of weak-moderate negative correlations between T1ρ and SUV in part of the trochlea 
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cartilage and the outer edge of the lateral femoral cartilage. There is moderate-strong 

positive correlation between T2 and SUV in the trochlea cartilage, the lateral tibia cartilage, 

and overall in the patella. There are small areas of weak-moderate negative correlations 

between T2 and SUV in part of the trochlea cartilage.
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FIGURE 4: 
Modes of variation in the femur, tibia and patella bones (modeled separately). ToP to bottom 

(modes) with percentage of variation of that mode listed under its label. Left and right 

columns: mode of variation (T1ρ-SUV) visualized at −5 and +5 standard deviations.
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FIGURE 5: 
T1ρ relaxation times and SUV maps overlaid on the first echo of the 3D T1ρ/T2 MAPSS 

sequence of patients with the minimum (left) and maximum (right) values of the modes 

that have associations with manifestations of OA in the femur, tibia, and patella. The blue 

arrow points to areas of the cartilage where the T1ρ and/or SUVs are different between the 

minimum and maximum value patient.
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