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Background: Knee osteoarthritis (KOA) is a degenerative joint disease leading to disability in the elderly. 
Fibrosis of the infrapatellar fat pad (IPFP) impacts knee joint function and disease progression. Accurate 
assessment of IPFP fibrosis aids early intervention and treatment. The aim of this study was to evaluate 
the diagnostic efficacy of proton density fat fraction (PDFF) and T2* measurements using mDixon-Quant 
technology in assessing IPFP fibrosis in KOA.
Methods: A total of 47 patients were included in this study (23 patients without fibrosis, 17 with mild 
fibrosis, and 7 with severe fibrosis). Knee magnetic resonance (MR) scans were performed on a 3.0 T MR 
system. MR sequences included 3.0 T, sagittal T2-weighted images, proton density-weighted spectral 
adiabatic inversion recovery (PDW-SPAIR), and three-dimensional (3D) six-echo gradient recalled echo 
sequence (mDixon-Quant). Two radiologists performed PDFF, T2* measurements, and the hypointense 
signal grade of the IPFP. Measurements were compared among the three subgroups, and correlations of 
the three parameters with pathology-derived IPFP fibrosis degree and diagnostic efficacy were evaluated. 
Intraclass correlation coefficient (ICC), one-way analysis of variance (ANOVA), and Spearman correlation 
analysis were used. The diagnostic performance was assessed using the area under the receiver operating 
characteristic (ROC) curve (AUC) and linear regression with leave-one-out cross validation. Statistical 
significance was set at P<0.05.
Results: MR measurements demonstrated good inter-observer reproducibility (ICC for PDFF =0.901, 
ICC for T2* =0.902). The PDFF and T2* values in the normal and mild fibrosis groups were higher than 
those in the severe fibrosis group. PDFF and T2* measurements were strongly correlated with IPFP fibrosis 
(ρ=−0.7083, −0.6028, respectively). PDFF and T2* showed good diagnostic performance for IPFP fibrosis 
(AUC =0.9529, 0.8098, respectively). Adjusted R2 indicated similar results (PDFF 0.6682, T2* 0.538, 
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Introduction

Knee osteoarthritis (KOA) is a common degenerative joint 
disease that involves pathological changes throughout 
the joint, including the cartilage, synovium, meniscus, 
infrapatellar fat pad (IPFP), subchondral bone, and other 
structures (1). KOA mainly affects the elderly population 
and is a major cause of disability in severe cases (2).

The IPFP, located beneath the patella, has recently 
garnered attention as a critical factor in KOA pathology (3). 
The IPFP is intracapsular yet extrasynovial; it has direct and 
constant contact with synovium, which produces synovial 
fluid for smooth joint movement. Increasingly, the IPFP 
and synovium are viewed as a single anatomo-functional 
unit rather than separate structures, acknowledging their 
interdependent roles in joint homeostasis and disease 
progression (4). 

Age-related changes are known to significantly affect 
IPFP structure and function. Studies have reported a decline 
in collagen III and elastic fibers with age, whereas adipocyte 
area increases, suggesting age-related IPFP remodeling (5). 
Among the various pathological changes, IPFP fibrosis plays 
a key role in KOA progression. For fibrosis, inflammatory 
changes within the IPFP are often considered an initial 
pathological step, with cytokine release and immune cell 
infiltration contributing to tissue remodeling. However, a 
study showed that pro-fibrotic IPFP remodeling without 
M1-macrophage polarization preceded KOA in diet-
induced obese mice (6). Chronic inflammation may drive 
fibrotic changes, characterized by excessive extracellular 
matrix deposition and altered tissue architecture (7). 

Functionally, IPFP fibrosis not only reduces elasticity, 
which affects the biomechanical function of the knee  
joint (8), but also increases the pressure on the joint 
cartilage, accelerating the progression of KOA (9). Research 
has demonstrated that IPFP fibrosis plays a key role in knee 

pain and cartilage degeneration, and is important in the 
onset and progression of KOA (10-12). Therefore, early 
assessment of IPFP fibrosis can help to identify high-risk 
individuals, allowing for early intervention and potentially 
slowing disease progression. 

Current techniques for assessing IPFP fibrosis are 
limited. Direct histological evaluation requires arthroscopic 
biopsy, which, although effective for assessing fibrosis 
severity, is invasive and impractical for routine clinical use. 
Alternatively, biomarkers related to IPFP fibrosis, such as 
cartilage oligomeric matrix protein, have been explored (13), 
but these methods have limitations in terms of sensitivity 
and specificity.

Magnetic resonance imaging (MRI) is a non-invasive, 
high-resolution imaging technique that has been widely 
used in the diagnosis and study of KOA (14-17). MRI can 
clearly show the morphological and signal characteristics of 
the IPFP. MRI can also quantify IPFP dimensions, showing 
a decrease in IPFP volume and an increase in hypointense 
signals in end-stage osteoarthritis (OA) patients (18).  
Increased T2-weighted or proton density-weighted signals 
often reflect inflammation or edema (19). Studies have 
found that hypointense signals in IPFP may indicate 
fibrosis and other knee symptoms (10). However, despite 
their usefulness, these methods fail to provide quantitative 
assessment and can be affected by readers’ judgment and 
experience. 

Chemical shift-based water-fat separation MRI offers a 
significant advancement by allowing quantitative assessment 
of proton density fat fraction (PDFF) in different  
tissues (20). Studies have found that IPFP fibrosis can lead 
to reduced fat content and decreased PDFF in adipose 
tissue. In addition, fibrosis and angiogenesis processes 
can result in reduced T2* relaxation time (21). These 
findings suggest the potential to use these parameters for 

hypointense 0.1437). Using PDFF and T2* together showed good diagnostic performance for IPFP fibrosis 
(AUC =0.9601) and had the best R2 of 0.6995.
Conclusions: PDFF and T2* measurements based on mDixon technology provide a non-invasive and 
quantitative assessment of IPFP fibrosis, especially PDFF.
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quantitative assessment of IPFP fibrosis. Beyond the benefit 
of non-invasive assessment, this imaging technique is also 
simple, fast, and widely available in clinical MR scanners.

The purpose of this study was to investigate the 
correlation between PDFF and T2* with the degree 
of KOA IPFP fibrosis using histology as the reference 
standard. Additionally, this pathology-controlled study, the 
first of its kind, aimed to evaluate the diagnostic efficacy 
of these parameters in KOA IPFP fibrosis. By leveraging 
histological analysis as a benchmark, this study provides 
robust validation of PDFF and T2* measurements. The 
quantitative data derived from these parameters could 
significantly enhance the accuracy of KOA diagnosis and 
the effectiveness of subsequent treatments. We present 
this article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-2021/rc).

Methods

Patients and tissue collection

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
protocol was approved by the Ethics Committee of The 
Third Affiliated Hospital, Southern Medical University (No. 
2024-lunshen-008) and informed consent was provided by 
all individual participants. In this study, the patients were 
recruited from the Department of Joint Surgery, Center 
for Orthopedic Surgery, The Third Affiliated Hospital, 
Southern Medical University. From October 2023 to April 
2024, 47 participants (aged 50–83 years, average 67.1 years, 
9 males and 38 females) undergoing total knee replacement 
(TKR) treatment took part in this study. OA was diagnosed 
based on clinical symptoms and radiographic findings. We 
used the 1986 American College of Rheumatology (ACR) 
criteria and/or the Kellgren-Lawrence grading (KLG) 
system to diagnose OA: no OA (KLG 0–1), mild OA  
(KLG 2), advanced OA (KLG 3–4) (22,23). Additional 
inclusion/exclusion criteria were as follows: (I) no known 
prior joint diseases (e.g., autoimmune rheumatic diseases, 
tumors, metastasis, or metabolic disorders); (II) no 
documented knee abnormalities or surgically treated knee 
diseases; and (III) no contraindications for MRI, such as 
pacemakers or cochlear implants. All patients underwent 
knee MR examinations the day before surgery.

All patients received TKR treatment in the orthopedics 
department, during which IPFP was collected, fixed in 

4% paraformaldehyde, and then embedded in paraffin for 
histochemical studies.

Histological analysis

The IPFP was stained with Sirius Red (Phygene, Fuzhou, 
China, cat# PH1099) to visualize the fibrosis (24). The 
details about the tissue processing for histological analysis 
are included in Appendix 1. ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) was used to 
quantify the degree of fibrosis, reported as the fraction 
of fibrotic area over the total cross-sectional area of the  
tissue (25). For quantification of fibrosis, images of Sirius 
Red stained sections were converted into an 8-bit image with 
the exclusion of the background, and the percentage area 
of fibrosis was calculated. Each quantification subtracted 
the vasculature area that was manually quantified by ImageJ 
software. IPFP fibrosis was also semi-quantitatively assessed 
using a modified IPFP score (0–≤20% normal, >20%–≤40% 
mild, >40%–≤60% severe, and >60% very severe) (26), with 
severe and very severe grouped together.

MRI 

Knee MR scans were performed on a 3.0 T MR system 
(Ingenia; Philips Healthcare, Amsterdam, the Netherlands) 
using an 8-channel knee coil. All participants were examined 
in the head-first supine position. MR sequences included 
sagittal T2-weighted images, proton density-weighted 
spectral adiabatic inversion recovery (PDW-SPAIR), and 
three-dimensional (3D) six-echo gradient recalled echo 
(GRE) sequences (mDixon-Quant) (21,27), with a total 
time of approximately 4 minutes. Table 1 shows the scanning 
parameters for the sequences.

MRI analysis

All MRI images were transferred to a dedicated post-
processing workstation (InterlliSpace Portal; Philips) for 
analysis. The MRI images were independently analyzed by 
two radiologists (with 3 years of experience) blinded to the 
patient’s clinical information. PDFF and T2* maps were 
extracted from the DIXON sequence (21). Water (W) and 
fat (F) images were used to calculate the PDFF using the 
formula (28): PDFF = F/(W + F) × 100%. T2* maps were 
derived from a single exponential decay model using the six-
echo GRE images. 

https://qims.amegroups.com/article/view/10.21037/qims-24-2021/rc
https://qims.amegroups.com/article/view/10.21037/qims-24-2021/rc
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Regions of interest (ROIs) were manually drawn by the 
same radiologists in the IPFP area of the middle three slices 
of the PDFF images, avoiding the surrounding tissues and 
joint fluid. These ROIs were then copied onto T2* images 
for the analysis of the corresponding parameters. The 
quantitative results for each case were derived by averaging 
across the three slices.

The hypointense signal of the IPFP was evaluated 
using the following grade: 0= none; 1= focal fibrosis; 2= 
incomplete band-like fibrosis (no connection between the 
inferior pole of the patella and tibial plateau); 3= complete 
band-like fibrosis (connection between the inferior pole 
of the patella and tibial plateau); 4= infiltrative fibrosis; 5= 
diffuse and infiltrative fibrosis (occupying >75% area). The 
analysis was performed using T2-weighted MR images (29) 
by the same two radiologists.

Statistical analysis

Numerical data were reported as mean ± standard deviation 
(SD) for all measurements. Intraclass correlation coefficients 
(ICCs) with two-way random and absolute consistency 
were used to assess interobserver reproducibility. One-way 
analysis of variance (ANOVA) or Kruskal-Wallis H test  
was used to compare differences among the overall groups 
(normal, mild fibrosis, and severe fibrosis), followed by 
Tukey’s or Dunn’s test post hoc multiple comparisons. 
Spearman (ρ) was used to evaluate the correlation between 
MRI parameters and IPFP fibrosis. 

Univariate and multivariate analyses were performed 
using binary logistic regression to differentiate patients 
into two groups: those with normal fibrosis score and 
those with mild or severe fibrosis score. The area under 
the receiver operating characteristic (ROC) curve (AUC) 
was calculated and ROC was compared using the DeLong 
test. We also conducted leave-one-out cross validation of 
the linear regression model, which used fibrosis percentage 
as the target and age, sex, and the parameters as input. 
Adjusted R2 was calculated to evaluate the linear regression 
performance.

Statistical significance was set at P<0.05. All analyses 
were performed using MATLAB R2023a (MathWorks, 
Natick, MA, USA), SPSS 26.0 (IBM Corp., Armonk, NY, 
USA), Python (version 3.7.12; https://www.python.org/
downloads/release/python-3712/) and the GraphPad Prism 
9.5.0 (GraphPad Software, San Diego, CA, USA).

Results

Patient demographics and clinical characteristics

In total, 47 patients were included in this study. Table 2 
summarizes the basic clinical characteristics of all the 
participants. There were no significant differences in age, 
sex, or body mass index among the patients with different 
degrees of fibrosis.

Figure 1 shows the PDFF and T2* measurements and 
the hypointense signal grade of IPFP images corresponding 

Table 1 Acquisition parameters of the sequences

Parameters T2WI PDW mDixon-Quant

Acquisition plane Sagittal Sagittal Sagittal

TR (ms) 1,900 2,844 8.8

TE (ms) 100 30 1.44, 2.64, 3.84, 5.04, 6.24, 7.44

FA (°) 90 90 30

Slice thickness (mm) 3.5 3.5 1.2 

Matrix size (voxel) 328×174 360×360 150×150

Voxel size (mm2) 0.55×0.88 0.5×0.5 1.2×1.2 

FOV (mm3) 180×160×92 180×180×92 180×180×96 

NSA 1.3 1 1

Scan time (s) 34 120 27 

T2WI, T2-weighted imaging; PDW, proton density-weighted; TR, repetition time; TE, echo time; FA, flip angle; FOV, field of view; NSA, 
number of signal averaging.

https://www.python.org/downloads/release/python-3712/
https://www.python.org/downloads/release/python-3712/
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to patients with different degrees of IPFP fibrosis and the 
corresponding fibrosis Sirius Red staining.

Inter-observer reproducibility of MR measurements

Figure 2 shows the Bland-Altman analysis of all imaging 
biomarkers obtained from two radiologists’ analyses of 
the participants. MR quantitative measurements showed 
excellent interobserver reproducibility. The ICC value for 
PDFF was 0.901 [95% confidence interval (CI): 0.827–
0.944], and the ICC value for T2* was 0.902 (95% CI: 

0.830–0.944), whereas the ICC value for the hypointense 
signal grade of the IPFP was 0.681 (95% CI: 0.483–0.811).

Differences in PDFF, T2*, and hypointense signals grade 
of IPFP among normal, mild, and severe IPFP fibrosis 
groups

The ANOVA or Kruskal-Wallis H test and post hoc analysis 
results are presented in Figure 3 and Table 3. The group 
with normal IPFP fibrosis score had the highest PDFF, 
followed by the mild group and the severe group had the 

Table 2 Patient characteristics

Characteristic Normal (n=23) Mild fibrosis (n=17) Severe fibrosis (n=7) P value

Age (years) 68.3±6.7 66.5±8.9 64.6±7.4 0.4988

Sex (male/female) 5/18 3/14 1/6 0.8908

BMI (kg/m2) 26.1±3.8 26.9±3.5 28.1±7.0 0.5885

Data are presented as number, or mean ± standard deviation (calculated using one-way ANOVA). BMI, body mass index; ANOVA, analysis 
of variance. 

Figure 1 Images of PDFF, T2*, hypointense signal grade of IPFP, and Sirius Red staining in representative cases. (A-D) Images of PDFF, 
T2*, hypointense signal grade of IPFP, and Sirius Red staining in representative subjects with normal IPFP fibrosis. (E-H) Images of PDFF, 
T2*, hypointense signal grade of IPFP, and Sirius Red staining in representative subjects with mild IPFP fibrosis. (I-L) Images of PDFF, 
T2*, hypointense signal grade of IPFP, and Sirius Red staining in representative subjects with severe IPFP fibrosis. The scale bar for Sirius 
Red staining is 300 µm. PDFF, proton density fat fraction; IPFP, infrapatellar fat pad.
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Table 3 Differences in PDFF, T2*, and hypointense signal grades of IPFP among the normal, mild, and severe IPFP fibrosis groups

Characteristic Normal (n=23) Mild fibrosis (n=17) Severe fibrosis (n=7) P1 P2 P3

PDFF (%) 77.04±4.05 67.90±4.64 51.08±4.32 <0.0001 <0.0001 <0.0001

T2* (ms) 45.73±9.00 40.49±7.54 23.94±4.22 0.1118 <0.0001 <0.0001

Hypointense signals 
grade of IPFP

2.22±0.90 2.71±0.92 3.71±0.95 0.3929 0.0037 0.1277

Data are presented as mean ± standard deviation, calculated using one-way ANOVA or Kruskal-Wallis H test. P1 = normal vs. mild fibrosis 
patients; P2 = normal vs. severe fibrosis patients; P3 = mild fibrosis vs. severe fibrosis patients. PDFF, proton density fat fraction; IPFP, 
infrapatellar fat pad; ANOVA, analysis of variance.

Figure 2 Bland-Altman plots for MR values. (A) Bland-Altman plot for PDFF. (B) Bland-Altman plot for T2*. (C) Bland-Altman plot for 
hypointense signal grade of IPFP. PDFF, proton density fat fraction; IPFP, infrapatellar fat pad; MR, magnetic resonance.

Figure 3 Bar plots and scatter plot show the differences in PDFF, T2*, and hypointense signal grade of IPFP across different groups.  
(A) Differences in PDFF among the normal, mild, and severe IPFP fibrosis groups. (B) Differences in T2* among the normal, mild, and 
severe IPFP fibrosis groups. (C) Differences in the hypointense signal grade of IPFP among the normal, mild, and severe IPFP fibrosis 
groups. (**, P<0.01; ****, P<0.0001; ns, no statistical significance). PDFF, proton density fat fraction; IPFP, infrapatellar fat pad.
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lowest PDFF value. The ANOVA or Kruskal-Wallis H test  
and post hoc analysis also confirmed that there were 
statistically significant differences between each pair of the 
groups in terms of PDFF values. The T2* values of IPFP 
in the normal and mild fibrosis groups were higher than 
those in the severe fibrosis group, whereas the hypointense 
signal grade of IPFP was lower in the normal and mild 
fibrosis groups than in the severe fibrosis group. Both T2* 
and hypointense signal grades had statistically significant 
differences between the normal and severe groups and T2* 
had statistically significant differences between mild and 
severe groups. 

Correlation between PDFF, T2*, and hypointense signal 
grade of IPFP with IPFP fibrosis

The Spearman correlation results are presented in Table 4  
and Figure 4. The PDFF and T2* measurements were 
significantly and negatively correlated with fibrosis 

percentage, respectively (ρ=−0.7083 for PDFF, ρ=−0.6028 
for T2*, P<0.0001). The hypointense signal grade of the 
IPFP was positively correlated with fibrosis percentage 
(ρ=0.4689, P<0.001).

Performance of PDFF, T2*, hypointense signal grade 
of IPFP and the combination of PDFF and T2* 
measurements in diagnosing IPFP fibrosis

ROC curves were used to evaluate the diagnostic 
performance of PDFF, T2*, the combination of PDFF 
and T2*, and the hypointense signal grade of IPFP for 
diagnosing IPFP fibrosis, distinguishing between non-
fibrosis (normal IPFP fibrosis score) and fibrosis (mild, 
severe, or very severe IPFP fibrosis score) patients (Figure 5).  
Using T2* alone showed an AUC of 0.8098 (95% CI: 
0.6878–0.9317), whereas using the hypointense signal 
grade of IPFP alone had an AUC of 0.7092 (95% CI: 
0.5619–0.8566). Using the combination of PDFF and T2* 
yielded an AUC of 0.9601 (95% CI: 0.9111–1.000), similar 
to the result of PDFF alone. Using PDFF alone showed 
an AUC of 0.9529 (95% CI: 0.8937–1.000), its ROC was 
significantly different from that of T2* (P=0.02266) and 
hypointense signal grade of IPFP (P=0.00049). However, 
there were no significant differences in the ROC between 
using PDFF and T2* and using PDFF alone (P=0.56644) 
(Table S1).

The optimal cutoff value of PDFF, defined as the point 
closest to the point (0, 1) on the ROC curve, was 72.15%. 
With this cut-off, the sensitivity was 87.50% (95% CI: 
69.00–95.66%), and the specificity was 91.30% (95% CI: 
73.20–98.45%).

Table 4 The correlation between PDFF and T2*, hypointense 
signals grade of IPFP and the fibrosis of IPFP

Characteristic Spearman’s Rho (95% CI) P values

PDFF (%) −0.7083 (−0.8300 to −0.5224) <0.0001

T2* (ms) −0.6028 (−0.7623 to −0.3742) <0.0001

Hypointense signals 
grade of IPFP

0.4689 (0.2016 to 0.6712) 0.0009

PDFF, proton density fat fraction; IPFP, infrapatellar fat pad; CI, 
confidence interval.

Figure 4 Correlation between different MR values of the IPFP and IPFP fibrosis. (A) Correlation between PDFF of the IPFP and IPFP 
fibrosis. (B) Correlation between T2* of the IPFP and IPFP fibrosis. (C) Correlation between the hypointense signal grade of the IPFP and 
IPFP fibrosis. PDFF, proton density fat fraction; IPFP, infrapatellar fat pad; MR, magnetic resonance.
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Linear regression with leave-one-out cross validation 
showed that with age and sex information, the combination 
of PDFF and T2* had the best adjusted R2 of 0.6995. PDFF 
and T2* models had slightly lower adjusted R2 of 0.6682 
and 0.538 respectively. Linear regression with hypointense 
signal grade only had an R2 of 0.1437. 

Discussion

This study explored the correlation between PDFF and 
T2* obtained from MRI and histological IPFP fibrosis 
measurements. In addition, we examined the potential 
of using PDFF and T2* as non-invasive measurements 
to diagnose IPFP fibrosis. As a comparison, we also 
assessed the hypointense signal grade which is a semi-
quantitative measurement associated with fibrosis and 
other knee symptoms, ensuring consistency with existing 
methodologies, providing clinically relevant fibrosis 
indicators, and reducing bias through visual patterns 
and relative comparisons. This study showed significant 
differences between each group of different fibrosis scores. 
T2* in IPFP with severe fibrosis was significantly reduced 
compared with normal IPFP and mild fibrosis IPFP. PDFF 
and T2* were significantly negatively correlated with the 
degree of IPFP fibrosis. PDFF and T2* calculated based 
on mDixon showed good performance in diagnosing IPFP 
fibrosis and outperformed the semi-quantitative hypointense 

signal grade of IPFP, especially PDFF. These results suggest 
that MRI-derived PDFF is a promising functional imaging 
tool for monitoring changes in IPFP fibrosis and reflecting 
the progression of KOA.

mDixon is a water-fat separation sequence based on a 
chemical shift with six echoes. This sequence has a fast-
imaging speed, good spatial coverage, and provides reliable 
quantitative results due to its precise fat peak modeling and 
built-in T2* correlation, allowing multiple measurements, 
such as PDFF and T2*, to be calculated using a single 
scan. This technique is widely used to predict vertebral 
osteoporosis (30,31), evaluate benign and malignant bone 
diseases of the vertebrae (32), detect changes in renal fat and 
oxygen content in diabetic nephropathy, assess the extent of 
renal injury in chronic kidney disease (33,34), and evaluate 
breast density (35,36).

Previous research (21) showed that changes in PDFF and 
T2* calculated using mDixon technology in the IPFP are 
associated with knee structural abnormalities and clinical 
symptoms in the elderly, suggesting that these imaging 
biomarkers may be reliable tools for assessing KOA 
progression, with PDFF being particularly noteworthy. In 
the results of our current pathology-controlled study, PDFF 
(51.08%±4.32%) and T2* (23.94±4.22 ms) in fibrotic IPFP 
were significantly reduced compared to mild and normal 
fibrosis. Our result histologically confirms the ability 
of PDFF and T2* to assess KOA-related changes. The 
PDFF and T2* values in this study were lower than those 
in previous studies, possibly because previous studies were 
evaluated based on the KOA grouping instead of directly 
measuring the IPFP fibrosis condition.

PDFF and T2* can distinguish normal, mild, and 
severe IPFP fibrosis and are significantly negatively 
correlated with IPFP fibrosis (PDFF: ρ=−0.7083, T2*: 
ρ=−0.6028). Histologically, increased IPFP fibrosis is 
usually accompanied by increased vascularization, increased 
lymphocyte infiltration in the lobular septa, and smaller 
fat lobules (36), resulting in decreased fat fraction in the 
adipose tissue (37), and reduced PDFF. A study by Maus 
et al. (38) showed that the R2* signal in the renal cortex of 
mice was negatively correlated with Masson staining (which 
assesses fibrosis), consistent with our findings. Fibrous 
macromolecular tissue reduces T2*, and iron deposition in 
fibrotic tissue also reduces T2* (39-42). Both revealed the 
ability of PDFF and T2* to assess tissue fibrosis from the 
perspectives of tissue structure and molecular changes.

Earlier experimental work in rat KOA models provides 
crucial translational insight into the MRI changes 

Figure 5 ROC curves for PDFF, T2*, hypointense signal grade 
of IPFP, and the combination of PDFF and T2* in evaluating the 
performance of diagnosing IPFP fibrosis. AUC, area under the 
curve; PDFF, proton density fat fraction; ROC, receiver operating 
characteristic; IPFP, infrapatellar fat pad.
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observed in clinical situations. Accart et al. demonstrated 
that repeated injections of monosodium urate crystals 
and lipopolysaccharides into the rat knee joint led to 
increased synovial fluid volume and IPFP fibrosis, with 
reduced T2 values correlating histologically with fat loss 
and extracellular matrix remodeling (43). Similarly, Wang 
et al. revealed that in a rat model of anterior cruciate 
ligament transection, the T2* relaxation time of the IPFP 
increased alongside adipocyte degeneration and fibrosis 
progression, with these changes attributed to edema during  
inflammation (44). These findings demonstrate MRI 
changes associated with pathological changes such as 
fibrosis and fat degeneration in the IPFP, further supporting 
the clinical relevance of the changes described in our study.

When using the optimal cutoff value of PDFF, the 
sensitivity was outstanding at 87.50%, with a specificity of 
91.30%. This high sensitivity indicates that the technique 
is highly effective at correctly identifying true positive cases 
of IPFP fibrosis, making it reliable for early detection. The 
decent specificity further supports its capability in correctly 
identifying true negative cases, though there is room 
for improvement. The balance between sensitivity and 
specificity suggests that the proposed technique is a robust 
screening tool, offering a non-invasive, quantitative method 
for assessing IPFP fibrosis. This makes it particularly 
valuable in clinical settings where early and accurate 
diagnosis is crucial for effective patient management and 
intervention. Moreover, the ability to use PDFF as a reliable 
biomarker could enhance the overall diagnostic workflow, 
potentially reducing the need for more invasive procedures 
such as biopsies and improving patient outcomes through 
earlier and more precise treatment planning.

In the study by Torriani et al., shortened T2 relaxation 
values of the IPFP were observed post-arthroscopic knee 
surgery, suggesting fat tissue fibrosis (45). Similarly, 
multi-acquisition variable-resonance image combination 
(MAVRIC)-based T2 mapping revealed IPFP scar 
formation after total knee arthroplasty, with T2 value 
reduction correlating with scar severity (46). Traditional 
imaging methods for assessing fibrosis, such as T2-
weighted imaging signal scoring, provide stable image 
quality and effectively distinguish differences in tissue 
water content. However, these methods rely on subjective 
observer judgment, are prone to inter-observer variability, 
and are insensitive to subtle magnetic field changes, which 
limit their applicability. In contrast, T2* is highly sensitive 
to magnetic susceptibility changes, enabling assessment 
of fibrosis-related tissue composition alterations related 

to iron deposition or abnormal blood distribution during 
fibrosis. T2* allows quantitative post-processing, reflects 
microenvironmental susceptibility, and offers faster 
imaging. As demonstrated in this study, the inter-observer 
reproducibility and correlation of the hypointense signal 
grade of IPFP with IPFP fibrosis were lower than those of 
PDFF and T2*, and PDFF and T2* also outperformed the 
hypointense signal grade of IPFP in distinguishing normal 
and fibrotic conditions. 

Limitations

First, the sample size of the study was relatively small, 
and the number of patients in the severe fibrosis group 
was limited, necessitating larger and more comprehensive 
patient samples, as well as multicenter and longitudinal 
studies. Second, pathological changes in fibrotic IPFP may 
include inflammation, edema, and iron deposition. The 
current staining is primarily focused on assessing fibrosis 
and it cannot visualize edema and inflammation effectively. 
Future studies should explore the relationship between 
MR measurement parameters and specific pathological 
changes in detail to comprehensively evaluate their clinical 
significance. Third, there is a certain discrepancy between 
the morphological features and spatial correspondence of 
preoperative MR imaging and postoperative tissue sections. 
Lastly, IPFP segmentation was performed manually in 
this study. Automated or semi-automated segmentation 
can be more efficient and further improve the accuracy of 
the quantitative measurements. In future studies, we will 
compare manual segmentation with automated or semi-
automated segmentation to quantify IPFP MRI parameters 
and determine the optimal method. 

Conclusions

This prospective pathology-controlled study demonstrated 
the feasibility of using PDFF and T2* based on mDixon 
calculations as non-invasive imaging biomarkers for the 
quantitative diagnosis and assessment of IPFP fibrosis. 
PDFF and T2* were significantly correlated with the 
degree of IPFP fibrosis. This may help clinicians to 
objectively diagnose and assess IPFP fibrosis and promote 
the development of individualized treatments for KOA. 
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