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Abstract 

Background No established markers can effectively phenotype knee osteoarthritis (OA) patients into subgroups. 
Infrapatellar fat pad (IPFP) morphology data that can forecast disease symptoms, structural changes, and knee 
replacement (KR) are sparse and conflicting. This 96-month longitudinal exploratory study aimed to identify which 
IPFP morphological features were the most effective independent prognostic markers against these outcomes.

Methods This longitudinal study analyzed 1075 target knees (one knee per participant) from the Osteoarthritis Initia-
tive (OAI) progression cohort. Structural changes include cartilage, bone marrow lesions (BMLs), and joint effusion 
volumes assessed using automated and quantitative magnetic resonance imaging systems (MRI). The IPFP global 
and signal (hyper- and hypo-) intensity volumes and areas were assessed using MRI combined with a newly devel-
oped, fully automated neuron-driven technology.

Symptoms were evaluated using WOMAC scores. Data on KR was obtained from the OAI database. Data were col-
lected at baseline and 12, 24, 48 and 96 months and analyzed using a mixed model for repeated measures (MMRM) 
or ANCOVA.

Results The baseline characteristics were mild to moderate knee OA. Over time, disease symptoms (WOMAC), carti-
lage volume, IPFP global and hypointense signal volumes, and maximal and hypointense signal areas decreased (all 
p≤0.001). Joint effusion and hyperintense signal volume and area increased (both p≤0.001).

Associations were found between IPFP morphologies at inclusion and changes in cartilage volume (hypointense 
and hyperintense volumes, 48, 96 months, p≤0.04), BML volume (global volume 48 months, p=0.05; hyperintense 
area, 12 months, p≤0.04), and effusion volume (hypointense volume 48 months and hyperintense volume 96 months, 
p≤0.05).

At inclusion, smaller IPFP sizes (below median) were associated with cumulative KR at 96 months (global and hypoin-
tense volumes, p≤0.04 and maximum area, p=0.05).
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Conclusion This longitudinal exploratory study, leveraging a fully automated technology, highlights that i) IPFP 
volume (global and both signals) is superior to area metrics in predicting long-term structural changes in OA, and ii) 
smaller IPFP volume and area are linked with reduced need for KR. These findings provide new insights into the use-
fulness of IPFP morphology as a predictive biomarker of knee OA outcomes, offering a new approach to stratifying 
knee OA patients.

Keywords Longitudinal study, Infrapatellar fat pad, Knee osteoarthritis, Magnetic resonance imaging, Infrapatellar fat 
pad, Outcome, Knee replacement

Introduction
Knee osteoarthritis (OA) is a complex chronic articular 
disease that affects all joint tissues, leading to impaired 
mobility and diminished quality of life. Given the mul-
tifactorial nature of OA, early diagnosis and an effective 
prognostication remain challenging yet important for 
disease management and improving patient outcomes.

In recent years, of the work done on studying OA 
markers [1], there has been a growing interest in the 
infrapatellar fat pad (IPFP) as a potential biomarker 
and prognostic marker for knee OA [2, 3]. IPFP, located 
within the anterior knee compartment, is a large, intraca-
psular, and extra synovial structure rich in blood vessels, 
nerves, and inflammatory cells. It plays a complex role in 
knee joint physiology/pathophysiology, contributing to 
this tissue’s biomechanics by providing cushioning, act-
ing as a source of factors that may influence joint health, 
and involving the OA inflammatory processes central to 
this disease pathogenesis. Hence, it contributes to local 
inflammation within the knee joint by secreting pro-
inflammatory cytokines, adipokines, chemokines, and 
inflammatory lipid mediators, which may exacerbate OA 
joint tissue degradation and contribute to pain and func-
tional impairment [4–7].

Magnetic resonance imaging (MRI) is acknowledged 
as the state-of-the-art modality for evaluating IPFP 
morphology [3, 8]. However, in knee OA, various MRI 
techniques have been employed to assess IPFP altera-
tions over time, leading to conflicting results, which 
could result from the lack of homogenization between 
studies, including the use of different knee OA popu-
lations, differing imaging acquisition protocol between 
studies, the use of different software and methods to 
assess and quantify IPFP volume, area and intensity sig-
nals [2, 3, 9–25]. Moreover, signal (hyper- and hypo-) 
intensity changes have been associated with the onset 
and progression of OA and linked with different stages 
and features of disease progression [13, 19, 24]. Some 
studies indicate that the enlargement of IPFP contrib-
utes to joint structure damage, increased knee pain and 
disability [2, 10, 18, 25]. Conversely, others report that a 

larger IPFP protects against knee pain and cartilage loss 
[2, 26]. Moreover, hyperintense signal changes have 
been proposed as a surrogate for synovitis [27, 28], 
whereas hypointense signals with fibrosis [29]. There is 
still uncertainty regarding which IPFP morphology is 
the best independent prognostic biomarker for OA.

While some studies reported a positive correlation 
between IPFP abnormalities and OA severity, others 
found no significant associations or suggested that the 
relationship was confounded by factors such as body 
mass index (BMI), age, and comorbidities [15, 30]. 
Regardless of the alterations, the relationship between 
IPFP morphological findings and OA symptoms, joint 
structural alterations and long-term outcomes remain 
unclear and poorly understood. This highlights the 
need for longitudinal studies that directly compare var-
ious IPFP morphologies to better elucidate their pre-
dictive value in OA progression and determine whether 
and which of its morphological characteristics can reli-
ably predict clinical outcomes.

The objective of this exploratory study is to evaluate 
the predictive value of different IPFP morphologies on 
the long-term progression of OA. Specifically, we con-
ducted a 96-month longitudinal assessment of IPFP 
features in a cohort of patients with knee OA to identify 
the most promising prognostic markers. Detailed mor-
phological analysis of the IPFP was performed using 
MRI combined with a convolutional neural network-
based segmentation [20], enabling the evaluation of 
various IPFP features, including volume, area, and sig-
nal intensity. The latter was assessed using a newly, fully 
automated software. These assessments were integrated 
with comprehensive evaluations of clinical symptoms, 
different joint tissue changes, and the knee replace-
ment (KR) outcome. By directly comparing these IPFP 
features, this study aims to identify robust prognostic 
markers for knee OA.

The findings of this research aim to improve the 
understanding of how IPFP morphology influences the 
long-term development and progression of knee OA, 
which could eventually help guide the development of 
new targeted interventions.
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Methods
This study conforms to the Strengthening the Report-
ing of Observation Studies in Epidemiology (STROBE) 
guidelines for observational studies [31].

Study design
A cohort study design was conducted to determine the 
most promising MRI IPFP morphology to predict the 
long-term progression and outcomes of knee OA.

Participants
Participants were from the Osteoarthritis Initiative 
(OAI) cohort (https:// nda. nih. gov/ oai/), a longitudinal 
study providing extensive clinical, radiological and MRI 
data on knee OA. This cohort comprises 4,796 partici-
pants, aged 45-79 years of both sexes, enrolled between 
February 2004 and May 2006 and followed for up to 
108 months. The OAI cohort is divided into three sub-
cohorts: Progression (n=1,389), Incidence (n=3,285) 
and Control (n=122). All participants provided written 
informed consent. The OAI study was conducted across 
four clinical sites and was approved by the Institutional 
Review Boards at the University of California, San 
Francisco (OAI Coordinating Center; Approval Num-
ber 10-00532).

Target knee
Participants in this study were selected from the OAI 
Progression subcohort, characterized by symptomatic 
radiographic knee OA (frequent knee symptoms and 
tibiofemoral knee osteoarthritis – Kellgren-Lawrence 
grades ≥2) at study inclusion [32]. Each participant had 
one designated “target knee”, which was determined 
based on the following criteria: i) if there was radio-
graphic evidence of OA in only one knee, that knee was 
selected as the target; ii) if both knees showed signs 
of OA, the knee with the highest score on the West-
ern Ontario and McMaster Universities Osteoarthri-
tis Index (WOMAC) for pain at baseline was chosen 
as the target knee. MRI was performed at inclusion on 
the target knee for all participants. As shown in Fig-
ure 1, of the 1,389 participants (2,772 knees), 622 knees 
were excluded due to previous knee surgery and 1,075 
knees because they were non-target knees. Thus, the 
final analysis included 1,075 target knees (1,075 par-
ticipants), the data of which were available from study 
inclusion to follow-up visits up to 96 months (12, 24, 
48, 96) post-inclusion.

Variables
All sociodemographic and clinical data were obtained 
from the OAI database (AllClinicalxx datasets), 

including knee side, age, gender, Western Ontario 
and McMaster Universities Osteoarthritis Index 
(WOMAC) scores (total and pain) [33], body mass 
index (BMI), and knee arthroplasty (any partial or total 
KR) (V99E(R/L)KTLPR).

Changes in WOMAC scores over time were calculated 
as the difference between follow-up and inclusion values.

Imaging
Joint space width (JSW) at inclusion done using X-ray 
was obtained from the OAI database (https:// nda. nih. 
gov/ oai/; files: kxr_qjsw_duryeaxx).

Data for all the other tissues were analyzed using MR 
imaging. Scans from the OAI were performed annually 
for up to 48 months and biannually thereafter. MR images 

Fig 1 Flow chart of the study

https://nda.nih.gov/oai/
https://nda.nih.gov/oai/
https://nda.nih.gov/oai/
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were acquired from the 3.0 T apparatus (Magnetom Trio, 
Siemens) at the four OAI clinical centres [32].

Fully automated quantitative MRI technologies were 
used to assess global knee and medial compartment of 
cartilage and bone marrow lesions (BMLs), as well as joint 
effusion, utilizing a number of MRI sequences, as previ-
ously described [20, 34–36]. In brief, the sequence used 
for cartilage was a double echo steady state (DESS). Two 
sequences were used for BML: T1/T2-weighted gradi-
ent echo (DESS) and a water-sensitive intermediate-
weighted turbo spin echo (IW-TSE). For joint effusion, 
two sequences were also used: T2-weighted gradient-echo 
true-fast-imaging-with-steady-state-precession sequence 
(T2-trueFISP) and T1-weighted inphase-outphase gradi-
ent-echo (GRE) sequences. The IPFP volume was acquired 
using the T2 sagittal intermediate weighted (SAG IW) 2D 
TSE FS sequence, as defined in the OAI protocol [32], 
segmented with a fully validated convolutional neural net-
work (CNN) [20]. The IPFP hypo- and hyperintense sig-
nals used the same MRI acquisition sequence as for the 
volume. They were assessed using the intensities of the 
IPFP image in conjunction with the IPFP mask, with a 
signal separation method as described in Additional file 1 
and Additional files 2-4, Figures S1-S3. The surface area of 
the 2D IPFP and the hyperintensity decomposition were 
calculated on the slice with the most voxels and computed 
by multiplying the number of voxels by the spatial resolu-
tion of the image. Cartilage was expressed as  mm3, BML 
as a percentage of the lesion in the bone volume, effusion 
as mL, IPFP volume as  cm3, and IPFP area as  cm2.

Relative changes in joint tissue structures were cal-
culated as the difference between follow-up and study 
inclusion values divided by the study inclusion value.

Statistical analysis
Descriptive statistics were calculated as frequencies and 
percentages for categorical variables and as central ten-
dency (means) and dispersion (standard deviations) for 
continuous variables.

To assess the statistical significance of the categorical 
KR occurrences over time from study inclusion, a gener-
alized estimating equation (GEE) method was used with 
KR as the response variable, follow-up time points, age, 
gender, and BMI as fixed factors, subject and error terms 
as random factors. To test the variation through time of 
the other continuous variables, an MMRM was used with 
the selected variable as response variable, follow-up time 
points, age, gender and BMI as fixed factors, and subject 
and error terms as random factors. The selected con-
tinuous variable value at study inclusion was also used 
as covariate. The within-patient covariance matrix was 
assumed to be unstructured.

Associations between IPFP characteristics at inclusion 
and the clinical and structural outcomes were evaluated 
using a multivariable analysis of covariance (ANCOVA). 
Selected continuous variables served as the response, 
IPFP characteristics at study inclusion as well as age, 
gender, and BMI at inclusion were used as covariates. 
For WOMAC scores, the intake of analgesic medica-
tions at the time of measure (follow-up) was also used as 
a covariate.

The association between the occurrence of a KR over 
time and IPFP signal intensities at inclusion was calcu-
lated for statistical relevance using an adjusted logistic 
regression. The occurrence of KR at selected follow-up 
times was the response variable, with IPFP character-
istics at study inclusion, as well as age, gender at study 
inclusion, and BMI, WOMAC pain score, medial BML, 
and intake of analgesic medications at the study visit fol-
low-up time as covariates.

All statistical analyses were performed using SPSS 
(IBM SPSS Statistics 26.0, IL, USA). Statistical tests were 
two-sided, with a p-value ≤0.05 considered statistically 
significant. As this was an exploratory study design, the 
statistical level of significance was not corrected for mul-
tiple comparisons.

Results
Demographic, clinical, and knee structure characteristics 
at study inclusion (Table 1)
Most knees were from female participants, and most 
were slightly overweight (>27 kg/m2). WOMAC pain and 
radiological scores indicated moderate levels of knee OA. 
For the IPFP volume/area, the hypointense signal com-
prises the largest portion vis à vis the hyperintense signal.

Changes in clinical and knee structure characteristics 
over time (12‑96 months)
As shown in Table 2, the incidence of KR increased pro-
gressively over time, with 17.83% of knees requiring 
arthroplasty by 96-month follow-up. WOMAC scores 
showed a slight but consistent reduction in symptoms 
over time. Knee structure data revealed a progressive loss 
in cartilage volume and increased effusion volume, while 
BML volume exhibited only minimal changes. Regard-
ing the IPFP, both global and hypointense signal volumes 
slightly decreased over time, whereas hyperintense sig-
nal volumes steadily increased, reaching 46.92% at 96 
months. Similar trends were observed for the areas (max-
imal and hypo- and hyperintensity signals).

Association between clinical, knee structure, and IPFP 
characteristics at study inclusion
Cross-sectional data (Table  3) revealed significant posi-
tive associations between all IPFP morphology measures 
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and cartilage volume (both global knee and medial com-
partment; p≤0.001). Associations were also observed 
between the effusion volume with IPFP global volume, 
hyperintense volume, and hyperintense area (p≤0.01).

For BMLs (global knee and medial compartment), 
significant negative associations were found with IPFP 
global volume (p≤0.004), hypointense volume (p≤0.002) 
and area (p≤0.001), while a positive association was iden-
tified with the hyperintense area (p≤0.03).

No significant associations were found between clini-
cal symptoms (WOMAC total and pain scores) and 
IPFP morphologies.

From a cross-sectional point of view, these data 
suggest that while IPFP morphology at inclusion is 

predictive of knee structural changes, it does not 
appear to correlate with disease symptoms.

Association between longitudinal changes in clinical 
and knee structural characteristics and IPFP morphologies
The longitudinal data (Table 4) again showed no signifi-
cant association between changes in disease symptoms 
over time and IPFP morphologies at study inclusion. 
However, significant associations were identified 
between longitudinal changes in structural characteris-
tics and the IPFP morphologies at study inclusion. Key 
findings include the following. i) Cartilage volume. A 
negative association was observed between changes in 

Table 1 Demographic, clinical and knee structure characteristics of knees at study inclusion.
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the medial compartment and hypointense volume at 48 
and 96 months (p≤0.04) and between changes in both 
global knee and medial compartment cartilage vol-
ume with hyperintense volume at 48 months (p≤0.03). 
ii) BML volume. A positive association was identi-
fied between changes in BML volume in the medial 
compartment and IPFP global volume at 48 months 
(p=0.05) and between changes in both the global knee 
and medial compartment BML volume with the hyper-
intense area at 12 months (p≤0.04). iii) Synovial effu-
sion volume. A positive association was observed 
between synovial effusion volume and hypointense vol-
ume at 48 months (p=0.05), while a negative associa-
tion was found with hyperintense volume at 96 months 
(p=0.04).

Further analysis of joint structural changes and IPFP 
morphology changes over time revealed a strong associa-
tion between the effusion volume and the hyperintense 

volume at all times (p≤0.02) and between the effusion 
volume and hypointense area at 12, 48, and 96 months 
(p≤0.02) (data not shown).

Association between cumulative KR over time and IPFP 
morphologies
Data in Table  5 show a statistically significant negative 
association between cumulative KR over time and IPFP 
size (below the median) and global and hypointense vol-
ume, and maximal area at 96 months (p=0.05), with a 
positive association for the hyperintense global volume at 
24 months (p=0.02).

These results suggest a consistent reduction in the 
cumulative incidence of KR at 96 months for participants 
with smaller IPFP (volume/area) at inclusion.

Table 2 Changes up to 96 months in clinical and knee structure characteristics
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Discussion
This exploratory work used the longest knee OA obser-
vational study currently available to evaluate the role of 
IPFP morphologies in predicting OA symptoms, knee 
structural changes, and outcomes. Assessments of IPFP 
were performed using MRI, enhanced by an improved 
software derived from our previously described fully 
automated neuron-driven technology [20]. The objective 
was to facilitate comparisons of IPFP volumes, areas, and 
signal intensities, all obtained from the same MRI acqui-
sition, allowing for a simultaneous evaluation of various 
IPFP morphologies. This approach enabled a direct com-
parison of their predictive value for knee OA.

Our longitudinal findings indicate that global IPFP and 
signal volume, rather than area, may have better predicta-
bility values regarding disease progression for OA-related 
knee structural changes and the outcome, KR. In cross-
sectional analyses, we observed associations between 
IPFP volume and area morphologies. Additionally, a 
comparison of signal morphologies revealed that both 

hypointense and hyperintense signal intensities - volumes 
and areas in cross-sectional analysis and primarily volume 
in the longitudinal one - were highly valuable predictive 
factors. Hence, both signal intensities correlated with car-
tilage volume loss, increased BML, and higher effusion 
volume, all indicators of OA knee structural changes.

Among the IPFP morphologies, the hypointense com-
ponent comprises the largest portion of the IPFP volume 
and area compared to the hyperintense signal (Table  1). 
Over time, global and hypointense signal volumes and 
areas decreased slightly, while hyperintense components 
showed a pronounced and consistent increase, suggest-
ing an increase in inflammation/synovitis alongside OA 
severity progression [23, 37–39]. Further supporting the 
interaction between IPFP and synovium is the positive 
association between the effusion volume and hyperin-
tense signal volume and area in cross-sectional analyses. 
This suggests that both tissues may act together to sustain 
joint inflammation [40, 41]. However, the longitudinal 
analyses showing a positive association of the hypointense 

Table 3 Association between clinical, knee structure and infrapatellar fat pad characteristics at study inclusion
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Table 4 Association between over-time  changesa in clinical and knee structure characteristics and infrapatellar fat pad morphologies 
at study  inclusiona
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IPFP volume with the effusion volume at 48 months and 
the negative association with hyperintense volume at 96 
months are intriguing, and no definitive conclusions could 
be drawn. Yet, the strong positive correlation between 
changes in hyperintense volume and effusion volume over 
the entire follow-up period underscores the role of these 
alterations and joint inflammation. These findings build 
upon prior research [23] and reinforce the association of 
effusion synovitis and IPFP signal intensity with an ele-
vated risk of accelerated knee OA [42].

The cross-sectional data revealing a significant posi-
tive association between all IPFP morphologies (volumes 
and areas) and cartilage volume likely reflects increased 
cartilage volume in knees with larger IPFP and, therefore, 
greater hyperintense signal volume, probably related to 
cartilage edema, which MRI commonly detects in early 
OA stages [43, 44]. Similar associations were reported in 
a community-based elderly cohort [11, 12, 45].

In the longitudinal analysis, both hypointense and 
hyperintense IPFP volumes, but not areas, were associ-
ated with greater long-term cartilage volume loss, with 
significant associations observed at 48 and/or 96 months, 
an expected outcome in knees with mild OA. Notably, 
a trend was seen for an association with cartilage vol-
ume in the medial compartment at 12 and 24 months 
for hyperintense volume, suggesting an early cartilage 
volume loss, reinforcing the link between joint inflam-
mation and cartilage degradation [8, 27, 38, 42]. Other 
shorter longitudinal (48 months or less) works that 
quantified IPFP volume signal intensity in knee OA have 
similarly reported associations with cartilage volume loss 
over time [17, 22, 23]. In contrast, our data regarding 
IPFP surface and signal areas indicating no association 
with long-term cartilage loss diverge from other studies 
[10–12, 17], as well as with the suggestion of a protective 
effect of larger IPFP on knee cartilage [26]. These differ-
ences may result from methodological differences, such 
as the differences between the studies cohorts and dura-
tion, the methods used for the assessment of structural 
changes, including IPFP morphologies, and the use of 
ordinal and not continuous scoring methods with any 
real cut-off to differentiate the hyperintense and hypoin-
tense signal.

On cross-sectional analyses, our study shows a negative 
association between BML volume and IPFP global vol-
ume and hypointense volume and area, but a positive one 
with the hyperintense area reinforces the role of inflam-
mation in promoting subchondral bone changes.[41, 46] 
This concurs with data from other cross-sectional works 
[2, 11, 17] using similar symptomatic knee OA patients 
cohorts, which reported that IPFP hyperintensity signal 
volume was positively associated with increased BML. 
However, it contrasts with a previous report [11], where 

a positive relationship was observed between the hypoin-
tense signal area and BML. There could be several possi-
ble explanations for the latter finding. First, as mentioned 
above, the two studies had different study designs and 
selected variables. Second, the use of a semi-quantitative 
method rather than a fully automated algorithm to assess 
IPFP morphologies, as in the present study, may have 
also contributed to differences in findings.

The longitudinal findings on BML demonstrated that 
IPFP volume morphologies were superior predictors of 
disease progression in contrast to the area, except for a 
negative association between hyperintense area and BML 
found only at 12 months. Hence, IPFP global volume at 
inclusion predicted the increase in BML size over time, 
with a significant positive association at 48 months and 
a trend at 24 months. Given this structure’s relatively 
small size at inclusion, a finding somewhat expected in 
early OA, the significant association at 48 months may 
reflect the slow BML progression in our study population 
with mid-moderate OA [47]. The reduction in BML size 
found at 96 months could possibly be explained by the 
fact that, over time, BMLs may undergo some reduction 
in size with the occurrence of chronic sclerosis (scar tis-
sue), which is expected in chronic bone lesions [47]. The 
findings are new and interesting, as very few studies have 
followed the evolution of BMLs in knee OA over such an 
extended period (96 months). Again, the IPFP area data 
differ from other studies reporting a positive association 
between BML and IPFP hypointense or hyperintense sig-
nal area [11, 12, 17] for reasons already discussed.

Symptom assessment using a standardized continuous 
scale (WOMAC scale) revealed a small but gradual decrease 
in symptom severity over time while structural changes 
increased, consistent with previous reports [48–51]. Cross-
sectional analysis showed no association between IPFP 
morphologies and symptom severity at inclusion, align-
ing with findings from a comprehensive case-control study 
conducted on the OAI progression cohort [15] where IPFP 
morphologies were manually assessed, and with another 
study [21] that used semi-automatic contouring to meas-
ure IPFP maximal area and signal intensity in patients 
with symptomatic knee OA. However, other studies have 
reported significant positive associations between the IPFP 
area and symptom severity [12, 17]. The discrepancies in 
findings between those and our study could stem from 
several factors: some of these studies included participants 
from an elderly population rather than individuals with 
symptomatic knee OA as in our study, symptom definitions 
were not clinically relevant according to the investigators, 
and the analyses relied on using non-continuous variables. 
Furthermore, only manually assessed IPFP area was consid-
ered, limiting direct comparisons with other IPFP morphol-
ogies. Lastly, data analyses in these studies did not adjust 
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for key confounding factors, such as analgesic use and BML 
size, to name a few, which could impact symptom levels.

Longitudinally, even when stratifying data (WOMAC 
pain < 7 ≥; data not shown), no associations between 
IPFP morphologies and OA symptoms were observed. 
This finding aligns with two shorter-term (≤53 months) 
longitudinal studies on knee OA patients [14, 18] but dif-
fers from other studies [10, 26]. However, in the latter, 
only participants with heightened symptoms were exclu-
sively selected, potentially skewing results. Moreover, the 
use of a low threshold (WOMAC pain score ≥1) to define 
symptomatic patients [10] raises further questions from a 
clinical perspective.

Finally, an important finding was the negative associa-
tion of smaller IPFP (global and hypointense volumes and 
maximal area) at study inclusion with KR at 96 months, 
suggesting a potential protective effect against KR. Con-
versely, a greater hyperintense volume was associated 
with increased KR risk, albeit only at 24 months, confirm-
ing and expanding on findings from a nested case-con-
trol study (over 60 months) using OAI participants with 
severe knee OA [16]. The finding of reduced KR incidence 
in joints with smaller IPFP is interesting, considering the 
negative association of hypointense volume with cartilage 

change (smaller IPFP means smaller cartilage loss), which 
should have lowered the risk for KR [50, 51].

While our findings provide valuable insights into IPFP 
morphologies as potential independent predictors for 
OA progression and KR, some limitations should be con-
sidered. Our exploratory study focused on the role of 
IPFP morphology as an independent risk factor for the 
progression and outcome of OA. In the future, it would 
be worthwhile to investigate other interesting markers 
using different study designs, such as machine learning. 
Our sample primarily consisted of individuals with mild 
to moderate knee OA, which might have impacted the 
timing of associations observed and could explain why 
significant associations were found in the latter follow-
up period. Additionally, this study lacked data on other 
parameters, including cartilage defects and JSW in the 
association’s analyses. However, for the JSW, this was 
because we used the OAI central reading data, which 
was available only until 48 months. When consider-
ing the potential relationship between joint effusion and 
synovitis, it is important to exercise caution, as this study 
did not conduct any contrast-enhanced assessments 
of the synovial membrane. A higher incidence of KR 
would have enhanced the statistical power, though OAI 
remains the largest cohort with such a long follow-up 

Table 5 Association between overtime cumulative knee replacements and infrapatellar fat pad morphologies at study  inclusiona
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period. Moreover, while our findings offer new insights 
into how IPFP morphologies may relate to disease out-
comes, this study did not identify the most relevant IPFP 
morphological factors directly linking them to KR; fur-
ther in-depth exploration is required. Since the overall 
intent of our work was to perform an exploratory study 
to probe potential relations between IPFP morphologies 
and symptomatic and structural knee OA changes over 
time, we did not adjust our p-values for multiple com-
parisons (multiplicity) as one should, for instance, for a 
clinical trial. Finally, while this technology is reproduc-
ible – being entirely computer-calculated and consist-
ently yielding identical results for the same distribution 
– it is not possible to manually validate the signal intensi-
ties. The limitation arises because no visual approach can 
effectively separate voxels into two distinct classes based 
solely on their intensity.

Conclusions
This is the longest study to date and the first to directly 
compare the predictive value of different IPFP morpholo-
gies. It revealed that i) IPFP volume, including global 
and both hypointense and hyperintense signals, has bet-
ter predictive value than area-based morphologies, and 
ii) smaller IPFP volume and area are associated with a 
reduced need for KR. These findings provide valuable 
insights into the comparative value of IPFP morphologies 
(volume and area) as predictive biomarkers for knee OA 
outcomes, which could help stratify knee OA patients.
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