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Evaluation of infrapatellar fat pad elasticity
in knee osteoarthritis using I[VIM-DWI-
based virtual MR elastography: repeatability
and reproducibility analysis

HuiTan', Qiuju Fan®, Yong Yu?, Nan Yu?, Shaoyu Wang* and Shunlin Guo'*

Abstract

Background Fibrosis of the infrapatellar fat pad (IPFP) leads to changes in its stiffness, which may impact knee
osteoarthritis. However, few studies have utilized virtual MR elastography to assess the variations of the IPFP. This
study aimed to evaluate the value of intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI)-based
virtual MR elastography (vWMRE) in the IPFP by assessing the test-retest repeatability, as well as intra- and inter-observer
reproducibility.

Methods A total of 71 subjects underwent IVIM-DWI examinations, which were conducted twice with an interval of
30-60 min using an 18-channel knee coil at 3T. Shifted apparent diffusion coefficient (SADC) was calculated from two
different sets of b-values (b =200/800 sec/mm? and 200/1500 sec/mm?) and then converted to IVIM-DWI MRI-based
virtual shear modulus (g 500 @3N Myt 1500)- TWO readers independently delineated regions of interest (ROI) within the
IPFP on the vMRE stiffness Fnap to obtain the mean and standard deviation (SD) values of Hgifr- Short-term test-retest
repeatability, as well as intra- and inter-observer agreement were assessed using the intra-class correlation coefficient
(ICQ), the coefficient of variation (CoV), and Bland-Altman limits of agreement (LoA).

Results The mean and SD values of [y 1500, aloNg with the mean value of g g0 €Xhibited excellent intra- and
inter-observer reproducibility agreement_(lCC >0.90 and CoV < 10%, P< 0.001). The intra- and inter-observer ICCs

for the mean values of Py o0 Were 0.917 and 0.901, respectively, while the ICCs for the SD values of Py goo Were
0.870 and 0.863, with CoV exceeding 10% (P<0.001). The test-retest repeatability of the average value of iy ;590 Was
excellent (ICC=0.902; CoV=6.8%) compared 10 g g0o (CC=0.877; CoV=15.3%). Test-retest repeatability of SD for
Haifr 1500 Was good (ICC=0.803; CoV=11.5%) in comparison to SD for Haifr_goo ICC=0.796; CoV=13.5%).

Conclusions VIM-DWI-based vMRE demonstrated significant potential as a reliable tool for measuring tissue
elasticity in the IPFP, exhibiting higher repeatability for Wy 1500 than for b goo-
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Background

Knee osteoarthritis (KOA) is a prevalent chronic degen-
erative joint disease that impacts the entire joint tis-
sues, including cartilage, synovium, subchondral bone,
ligaments, and the infrapatellar fat pad (IPFP), affecting
millions worldwide [1-3]. Risk factors for KOA include
advanced age, obesity, prior joint injury, genetic predis-
position, and excessive mechanical stress on the joint.
Knee pain is the most common symptom of KOA, affect-
ing 36.8—-60.7% of individuals, which causes limited phys-
ical function and reduces the patients’ quality of life [1,
4]. Due to the inability to halt the progression of KOA,
current treatments focus on relieving pain and maintain-
ing joint function.

MRI has become increasingly used to evaluate the
knee joint in recent years. To date, previous studies have
primarily focused on the morphological description or
semi-quantitative assessment of the IPFP, including its
volume, area, and hyperintense signal intensity [4, 5]. The
study by Zhong et al. found that alteration in fat fraction
within the IPFP are associated with the severity of OA,
Hoffa synovitis, and knee pain [6]. While these studies
have provided valuable insights into the morphological
changes of the IPFP, there has been limited research on
the alterations in IPFP elasticity in KOA. Magnetic reso-
nance elastography (MRE) is an innovative non-invasive
technique that enables the evaluation of tissue mechani-
cal properties by measuring tissue elasticity [7, 8]. MRE
has been used to identify changes in mechanical prop-
erties associated with fibrosis [9]. Despite its potential,
MRE necessitates unique equipment, settings, and spe-
cialized software for post-processing to produce tissue
stiffness maps, which have not yet been integrated into a
clinical product and are limiting the widespread adoption
of MRE in clinical settings [8, 10].

Intravoxel incoherent motion (IVIM) is a promising
approach for quantifying biomechanical and hemody-
namic information in tissue [11, 12]. Recently, it has
been suggested that tissue shear stiffness can be directly
measured using diffusion MRI, a method known as vir-
tual magnetic resonance elastography (vVMRE) [13],
which could be beneficial for evaluating the IPFP in KOA
research. The IPFP, also known as Hoffa’s fat pad, is an
intraarticular and extra-synovial adipose structure of
richly innervated tissue within the knee joint, which con-
siders as part of anatomo-functional unit with synovial
membrane [14—16]. The IPFP acts as a cushion between
the patellar tendon and anterior tibial plateau, provid-
ing stability to the patella during physical activity and
safeguarding the knee joint from mechanical harm [3,
5, 17]. Previous research has indicated that the IPFP is
susceptible to infiltration by immune cells, which sub-
sequently secrete inflammatory mediators and trigger
fibrosis, which could lead to alterations in the mechanical

Page 2 of 12

stress within the tissue [18]. IPFP fibrosis is considered
an important source of chronic pain in KOA, and path-
ological manifestations associated with IPFP may lead
to changes in elasticity [19]. IVIM-DWI-based vMRE
has shown promise in identifying abnormal signals in
the IPFP, with the attenuation of these IVIM images
influenced by tissue elasticity and the choice of acquisi-
tion parameters, particularly the IVIM b value. Previous
research has optimized sensitivity to Gaussian and non-
Gaussian diffusion in DWI vMRE using b values of 200
and 1500 s/mm? [20, 21]. Despite this, the reproducibility
and stability of this emerging imaging technique in clini-
cal applications have not yet been fully validated.
Therefore, the purpose of this study was to evaluate the
robustness of elasticity values of IVIM DWI-based vMRE
in IPFP through assessing short-term test-retest repeat-
ability and intra- and inter-observer reproducibility.

Methods

Data sets

This prospective study was approved by the local Insti-
tutional Review Board of the authors’ institution
(SZFYIEC-YJ-2024-47). All participants provided written
informed consent to the protocol before the commence-
ment of the study. A total of 71 patients (40 males, age
range: 45 to 72 years, mean age, 58.1+ 8.9 years) enrolled
between November 2023 and March 2024 were analyzed.
The inclusion criteria were: (1) clinical diagnosis per-
formed following the standard for KOA by the European
League Against Rheumatism [22]; (2) participants>40
years old. The exclusion criteria included: (1) a history
of knee trauma within the last three months, malignant
tumor, and treatment with drugs or intra-articular injec-
tions within the last six months; (2) a history of knee sur-
gery; (3) continuous intake of medications that may cause
arthritis; (4) presence of metal implants or cardiac pace-
maker, patient suffering claustrophobia; (5) poor image
quality.

MRI protocol

All MRI examinations were conducted using a 3T MR
scanner (MAGNETOM Vida, Siemens Healthineers,
Erlangen, Germany) equipped with 18-channel knee
coils, and the patients were in the feet-first supine
position. The MRI protocols included the following
sequences: T1-weighted spin-echo sequence: repetition
time (TR)/echo time (TE)=450ms /11ms, slice thick-
ness =4.0 mm, a field of view (FOV) =160 mm x 160 mm,
refocus flip angle=120°, and voxel size=0.5x0.5x4.0
mm?® T2-weighted fat-suppressed sequence with
TR/TE=2650ms/41ms, slice thickness=4.0 mm,
FOV=160 mm x 160 mm, refocus flip angle=150°,
and voxel size=0.5x0.5x4.0 mm> and the IVIM-
DWTI sequence was acquired using spectral attenuated
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inversion recovery (SPAIR) fat-suppression single-shot
echo-planar imaging (ss-EPI) with the following param-
eters: TR/TE=3000ms/96ms, slice thickness=4.0 mm,
FOV =160 mm x 160 mm, and voxel size=0.8 x 0.8 x4.0
mm?, simultaneous multi-slice (SMS)=2, incorporating
10 b-values of 0, 20, 50, 100, 150, 200, 400, 800,1200, and
1500 s/mm?. The total scan duration was <9 min. After
the initial first scan, participants were instructed to rest
outside the scanning room for approximately 30—60 min
before undergoing a second scan utilizing the same
IVIM-DWI parameters for test-retest reliability.

MRI data post-processing

The stiffness value of IVIM DWI-based vMRE was
determined using custom written software in MATLAB
(MATLAB R2016a, MathWorks, MA, USA). Two sets
of b values of 200-800 s/mm? and 200-1500 s/mm? was
used to estimate the virtual shear stiffness maps (vMRE
maps) and sADC as in previous as follows [13]:

o, () - &)

sec ~ 800 — 200

S200
mm? In ( S1500 )
AD =
sADC; < sec ) 1500 — 200
where sADC is shifted ADC; S200, S800, and S1500 are
the image signals with a b value of 200, 800, and 1500 s/
mm?2, respectively. Two sets of IVIM-DWI-based shear

modulus (up;s) images of the IPFP were generated using
the following equation, derived by Le Bihan et al. [13, 23].

mm?

where a and P are the calibration coefficients derived
by the previous studies with values of -9.8 and 14.0,
respectively.

Image analysis
The IVIM-DWI-based vMRE maps were generated on
a voxel-by-voxel basis after the removal of the back-
ground signal. All the images were imported into a free,
open-source software package (ITK-SNAP; version 3.8.0,
http://www.itksnap.org/) for segmenting and labeling.
The observers used T2-weighted fat-suppressed (T2ES)
images as a reference, and the regions of interest (ROIs)
were manually delineated layer by layer along the IPFP
boundary on the vMRE maps until the entire IPFP region
was encompassed, ensuring that any regions correspond-
ing to cystic degenerations or fluid were excluded, as well
as loose bodies. From the segmented IPFP regions, the
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mean VMRE stiffness (pgq) and the standard deviation
(SD) of the mean were automatically extracted. Addi-
tionally, the distribution of vMRE stiffness values within
the visualized IPFP region was automatically computed
(Fig. 1). All images were independently assessed by two
trained radiologists (N.Y. and Q.F. with 11 and 8 years of
experience in musculoskeletal imaging, respectively). The
radiologists were blinded to the patients’ clinical data and
spent approximately 5 min per individual assessment.
Each subject was measured three times, and the aver-
age value was recorded. Both observers conducted the
segmentation twice, with a 3-week interval to mitigate
recall bias. The results from both observers were utilized
to evaluate test-retest repeatability, as well as intra- and
inter-observer agreement. Additionally, the knee K-L
grade was determined by consensus of the two radiolo-
gists (Y.Y. and H.T. with 15 and 9 years of experience in
musculoskeletal imaging, respectively) with reference to
the atlas based on the Kellgren-Lawrence grading system.

Statistical analysis

SPSS 26.0 (IBM Corp., Armonk, NY, USA) and Graph-
Pad Prism version 8.0 for Windows (GraphPad Software
Inc., San Diego, CA, USA) were used for statistical analy-
sis. The normality of continuous variables was evalu-
ated using the Kolmogorov-Smirnov test. Data are
presented as mean and standard deviations. The t-test
was employed to determine whether stiffness values
measured by pgig 1500 differed from those measured by
Haiet oo Inter- and intra-observer agreement was assessed
by calculating the intraclass correlation coefficient (ICC)
using two-way random model effects, with absolute
agreement and average measurement, accompanied by a
95% confidence interval (CI). The following criteria were
applied for analyzing the ICC: excellent (ICC=0.90),
good (0.75<ICC<0.90), moderate (0.50<ICC<0.75),
and poor (ICC<0.50). Test-retest repeatability was
evaluated by calculating the coefficient of variation
(CoV%), which was computed as the percentage of the
standard deviation (SD) of the mean (SD*100%/mean)
derived from data obtained by observer 1 and observer
2 for each participant individually. The interpretation of
CoV was performed as follows: excellent (CoV <10%),
good (10%° CoV <20%), acceptable (20% * CoV <30%),
and poor (CoV >30%). Furthermore, the Bland—Altman
analysis was performed, which included scatterplots
and Bland-Altman plots with 95% limits of agreement
(LoA) and corresponding confidence intervals. The asso-
ciations between VMRE measurements and K-L grade
were assessed using Spearman’s correlation coefficients.
P<0.05 was considered statistically significant.
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Fig. 1 A 52-year-old female with right knee joint, K-L grade 2. (a) represents the T2-weighted fat-suppressed image; (b), (c), and (d) illustrate the origi-
nal images with b-values of 200, 800, and 1500 s/mm?, respectively. (e) shows the virtual stiffness map of Hairr_soor and (f) presents the corresponding
pseudo-color map. (g) represents the virtual stiffness map of U 1500, and (h) provides the corresponding pseudo-color map. The region of interest (ROI)
encompasses the area of the IPFP. The virtual stiffness values for L_Jd‘ffigoo and Ui 1500 are 11.72 kPa and 10.85 kPa, respectively

Table 1 Demographic characteristics of the subjects

Variable Value (n=71)
Age (years), median (IQR) 56 (47.5,68.6)
Males (%) 37 (52.1%)
Height (cm) 167.5+89
Weight (kg) 69.6+10.7
BMI (kg/m?) 248+35

Lateral (R/L, %)

Kellgren and Lawrence Grade
Grade 0/1 (%)
Grade 2 (%)
Grade 3 (%)

39 (54.93%)/32 (45.07%)

23 (32.4%)
27 (38.0%)
21 (29.6%)

BMI body mass index, IQR interquartile range

Results

Patient characteristics

A total of 71 consecutive patients were included in the
study (38 males and 33 females, median age 56 years,
range 41— 72) with an average body mass index (BMI)

of 24.8+3.5 kg/m? The distribution of subjects by K/L
grade was as follows: 23 in grade 0/1, 27 in grade 2, and
21 in grade 3. The characteristics of all participants are
detailed in Table 1. The mean stiffness value measured on
the vMRE maps was significantly higher for the g g0
than the pgg 1509 (P<0.05). Additionally, as the K/L grade
increased, the stiffness values of the IPFP decreased for
both pyig g0o and pyig 1500 (P <0.05). The stiffness values of
the IPFP measured by two observers across two measure-
ments (M_1 and M_2) are presented in Table 2.

Intra-observer reproducibility

The mean and SD values of pgg 150 demonstrated excel-
lent intra-observer reproducibility with an ICC>0.90
and CoV<10% (P 0.001). The ICCs for the mean and
SD values of pgg go9 Were 0.901 and 0.870, respectively,
although the CoV exceeded 10% (P° 0.001). For the
mean values of pgg 1500 and Hyg goor the mean bias (SD)
between measurements conducted by the same observer
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Table 2 Quantitative analysis of the stiffness values of IPFP between observer 1 and observer 2 in two measurements (M_1 and M_2)
Maite 1500 (KPa) Wit soo (kPa)

Observer 1 Observer 2 Observer 1 Observer 2
M_1 M_2 M_1 M_2 M_1 M_2 M_1 M_2

Grade 0/1

Mean 11.66+0.73 11.93+0.81 11.55+0.78 11.66+0.77 12.08+0.58 12.48+0.69 12.12+0.55 1243+0.63

SD 4444068 443+0.62 442+0.59 443+0.60 400+0.67 4.08+0.69 3.82+042 3871043
Grade 2

Mean 9.95+0.46 9.89+0.53 10.00+0.59 9.96+0.63 10.84 +£0.46 11.13+£0.59 10.84+0.50 10.74+0.59

SD 520+0.64 5.18+0.65 5.15+0.62 5.13+0.66 4.42+0.61 4.52+0.58 4.38+0.51 4.40+0.51
Grade 3

Mean 846+1.28 824+1.17 848+1.22 845+1.25 9.72+0.92 946+0.88 9.66+0.87 9.74+0.88

SD 540+1.02 5.28+061 552+1.29 529+0.72 465+£1.12 4.55+091 4.77+1.34 4.83£1.06
Total

Mean 1007+1.53 10.06£1.69 10.05+1.49 10.06+1.55 1091+£1.14 11.07£1.39 10.90£1.17 10.99+1.28

SD 501+£0.87 497+0.73 5.02+0.96 495+0.75 435+£0.84 4.39£0.75 4.32+0.90 4.35+0.79
SD standard deviation
Table 3 Intra- and inter-observer reproducibility of p of the IPFP

Mdiff 1500 Mdiff 8oo
Mean SD Mean SD

Intra-observer Reproducibility

ICC (95%Cl) 0.968 (0.950, 0.980) 0.902 (0.848,0.938) 0.917 (0.864, 0.946) 0.870(0.800,0.917)

CoV% 38 7.1 125 10.2

95% LoA (-0.73,0.76) (-0.82,0.79) (-0.48,0.50) (-0.86,0.92)

Bias (SD) 0.014(0.38) 0.015(0.41) 0.010(0.25) 0.030 (0.44)

P <0.001 <0.001 <0.001 <0.001
Inter-observer Reproducibility

ICC (95%C)) 0.991 (0.986, 0.995) 0.957 (0.932,0.973) 0.901 (0.855, 0.944) 0.863 (0.812,0.907)

CoV% 20 4.0 11.6 15.1

95% LoA (-042,0.36) (-0.47,047) (-0.32,0.38) (-0.51,048)

Bias (SD) -0.029 (0.20) -0.0009 (0.24) 0.032(0.16) -0.018(0.24)

P <0.001 <0.001 <0.001 €0.001

SD standard deviation, ICC intraclass correlation coefficient, CoV coefficient of variation, LoA limit of agreement

were 0.014 (0.38) and 0.010 (0.25), respectively, with 95%
LoA ranging from -0.73 to 0.76 and - 0.48 to 0.50. Addi-
tionally, the mean bias (SD) and 95% LoA for the SD val-
ues of pgig 1500 and Hgg ggowere 0.015 (0.41) and (-0.82,
0.79), 0.030 (0.44) and (-0.86, 0.92), respectively. A com-
prehensive overview of the intra-observer agreement and
Bland—Altman analysis is presented in Table 3; Fig. 2.

Inter-observer reproducibility

Table 3; Fig. 3 show the inter-observer reproducibility
agreement. Inter-observer reproducibility was excellent
for the mean and SD values of g 1500 and the mean val-
ues of Wi goo in the IPFP (all ICCs>0.90 and CoV * 10%,
P* 0.001). However, the ICC for the SD value of pgg goo
was <0.90 (P< 0.001), and the CoV for the mean and SD
values of g goo Were 11.6 and 15.1 (10% © CoV <20%).
For the mean value of pyg 1500 and Wy ggor the mean
bias (SD) between measurements performed by the two
observers were —0.029 (0.20) and 0.032 (0.16), with 95%
LoA of -0.42 to 0.36 and -0.32 to 0.38, respectively.

Additionally, the mean bias (SD) and 95% LoA for the SD
values of Wyg 1500 and g goo Were —0.0009 (0.24) and
(-0.47, 0.47), -0.018 (0.24) and (-0.51, 0.48), respectively.

Test-retest repeatability

The comparison of analyses from the two scans revealed
no significant differences in the mean and SD value of
g Mmeasurements (all P70.05) (Table 4). The test-retest
repeatability for the mean value of pyg 1599 Was excellent,
with an ICC of 0.902 and a CoV of 6.8%. The mean value
of Uy goo exhibited good repeatability, with an ICC of
0.877 and a CoV of 15.3%. Additionally, the SD values for
Haiff 1500 aNd Pgigr goo Showed good repeatability, with ICCs
of 0.803 (CoV =11.5%) and 0.796 (CoV =13.5%), respec-
tively. The mean bias (SD) between the two scans was
-0.042 (0.66) for the mean value of pgg 1500 and 0.091
(0.59) for pyg goor respectively. The 95% LoA were —1.36
to 1.28 for udiff_1500 and - 0.96 to 1.14 for pdiff_800. For
the SD values of pyg 1500 and Hgig goo the mean bias (SD)
was 0.10 (0.53) and 0.06 (0.55), respectively. The 95% LoA
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Fig. 2 Bland-Altman plots illustrating intra-observer reproducibility agreement of L g0 (@ and b) and pg 1500 (€ and d). The x-axes represent the mean
values of both measurements, and the y-axes depict the differences between M_1 and M_2. Blue line=mean absolute differences (bias). Dashed brown

lines=95% limits of agreement (LoA)

for pgig 1500 ranged from —1.26 to 1.06, while for pyg g0
it ranged from -1.03 to 1.15. Corresponding Bland—Alt-
man plots are presented in Fig. 4.

Correlation between vMRE measurements and K-L grade
Figure 5 presents a scatter plot between pdiff 1500,
udiff 800 and K-L grade. The p ;¢ showed a negative cor-
relation with the K-L grade (r=-0.690 for pgg 1500 and
r=-0.539 for pyg ggor both P<0.001).

Discussion

IVIM DWI-based virtual MRE is increasingly being
investigated for application in body imaging. However,
before wider clinical application of this technique can
be recommended, technical parameters especially the
repeatability and reproducibility of measurements need

to be determined. In this study, the mean and standard
deviation (SD) for the IPFP of pgg 1500 and pgig goo Mea-
surements demonstrated excellent intra- and inter-
observer reproducibility (ICCs>0.9). Furthermore, the
test-retest repeatability of pgg 1500 also exhibited excel-
lent reliability (ICC>0.9), which was slightly higher than
that of pgg goo ICC<0.9). To our knowledge, this is the
first time to use this novel non-invasive method, namely
VMRE, to verify its reproducibility and stability in the
IPFP of knee joint.

Commonly employed non-invasive techniques for
evaluating tissue stiffness in clinical practice include
ultrasound elastography (USE) [24, 25] and MRE [26].
However, the major drawbacks of USE and MRE include
high examination costs, the need for complex mechani-
cal equipment, examiner dependency, and location of
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Fig. 3 Bland-Altman plots demonstrating inter-observer reproducibility of Uy go0 (@ and b) and g 1500 (€ and d) as assessed by observer 1 and ob-
server 2. The x-axes show the mean values of both examinations, and the y-axes illustrate the differences between the two observers. Blue line=mean
absolute differences (bias). Dashed brown lines=95% limits of agreement (LoA)

Table 4 Test-retest repeatability of pg of the IPFP

Hdiff 1500 Hdiff oo
Mean SD Mean SD
Test 10.07+£1.53 501+0.87 1091+1.14 435+0.84
Retest 10.12+£1.49 5114103 10.81+£1.24 4304091
t -0.662 -1.339 1.539 0.827
P 0510 0.185 0.128 0411
ICC (95%Cl) 0.902 (0.848,0.938) 0.803 (0.703,0.872) 0.877 (0.839,0.934) 0.796 (0.692,0.868)
CoV% 6.8 115 153 135
95% LoA (-1.36,1.28) (-1.26,1.06) (-0.96,1.14) (-1.03,1.15)
Bias (SD) -0.042 (0.66) 0.10(0.53) 0.091 (0.59) 0.06 (0.55)

SD standard deviation, ICC intraclass correlation coefficient, CoV coefficient of variation; LoA limit of agreement

lesions. Recently, it has been proposed that tissue shear
stiffness could be directly obtained from diffusion MRI
without any mechanical vibration device [12, 27]. In
this study, we generated two sets of g maps using

the equation derived by Le Bihan et al.,, based on data
obtained from two sets of b-values: 200-800 s/mm?* and
200-1500 s/mm?, respectively [23, 28]. The mean stiff-
ness values obtained with up;g 1590 (10.07 +1.53 kPa) were
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lower than those with ppig g0o (10.91+1.14 kPa). The
degree of attenuation in IVIM images generates a novel
type of contrast related to stiffness, which depends on
tissue elasticity and the selection of acquisition param-
eters, primarily the IVIM b-value. In a previous study
[29], fat-suppressed read-out segmented echo-planar
imaging (rs-EPI) with multi-b-value DWI sequences
was utilized to evaluate the stiffness between benign and
malignant breast lesions, revealing a similar trend. Cur-
rently, there is no relevant research on KOA; however, it
is impossible to fully assess the stiffness changes in the
IPFP without MRE. It remains to be determined whether
replicating the liver-based calibration factors proposed
by Le Bihan in the IPFP would yield 4 values closer to
those obtained with MRE [23]. Recent studies have dem-
onstrated the potential applicability of the coefficients
across different tissues. For instance, in research on pla-
cental vMRE, these coefficients were utilized to predict
adverse outcomes in small - for-gestational-age infants
[30]. In the field of oncology, studies on lung cancer and
breast lesions have also applied these calibration coeffi-
cients in DWI - based vMRE [29, 31]. The results from
these studies demonstrated the ability of these coef-
ficients to differentiate between benign and malignant
lesions, suggesting their effectiveness in tissues with
diverse microstructures. However, we acknowledge
that the IPFP is a distinct tissue, and there may be dif-
ferences in its biomechanical properties compared to
the liver and other tissues where these coefficients have
been previously applied. Thus, our study represents an
initial exploration in this area. Future research, particu-
larly multicenter studies with larger sample sizes, is nec-
essary to further validate and potentially optimize these
coefficients specifically for the IPFP. We encourage other
researchers to replicate our study and explore alternative
calibration methods to improve the accuracy of elasticity
measurements in the IPFP. Overall, while there is a need
for caution, the existing applications in other organs give
us confidence in the potential of these calibration coef-
ficients for the IPFP, and we believe our study contributes
to the growing body of knowledge in this field.

While the IPFP is primarily composed of adipose tis-
sue, it also contains a significant amount of water, par-
ticularly in the context of inflammation and fibrosis. The
use of fat-suppressed IVIM-DWI sequences in our study
helps to minimize the confounding effects of fat signals,
allowing for a more accurate assessment of water diffu-
sion in the IPFP. Fibrosis in the IPFP is characterized by
the excessive deposition of extracellular matrix (ECM)
components, such as collagen, which can lead to changes
in tissue microstructure. These structural changes may
affect the diffusion of water molecules within the tissue.
Specifically, increased collagen deposition can reduce the
extracellular space and create barriers to water diffusion,
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leading to altered diffusion patterns that can be detected
by IVIM-DWI. This hypothesis is supported by studies in
other fibrotic tissues [32, 33].

We demonstrated good intra- and inter-observer repro-
ducibility in the elasticity measurements in IPFP for both
Haiff 1500 and Mg goo as indicated by high ICCs. These
findings validated that the elasticity value can effectively
represent the stiffness of the IPFP while being minimally
influenced by measurement error. Consequently, these
data suggest that the elasticity values derived from vari-
ous combinations of b-values in IVIM-DWI may exhibit
similarity in the IPFP. Several studies have explored the
consistency and feasibility of employing virtual elastog-
raphy in the assessment of meningiomas [34], pituitary
adenomas [35], and breast lesions [29], yielding results
consistent with all our findings. Notably, our research
indicates that the reproducibility of pgg g9 is somewhat
inferior to that of pgg 1500 FOT Hgig 15000 the mean and
standard deviation demonstrated an ICC>0.90 and a
CoV of <10%. In contrast, the ICC for the SD of pyg g0
within and between observers<0.90, with a CoV >10%.
It is well established that vMRE involves calculating the
‘shifted’ apparent diffusion coefficient (sSADC) using DW1I
with b-values of 200 and 1500 s/mm?. The corresponding
calibration coefficients, a and P, were determined based
on theoretical and experimental considerations; however,
calibration coefficients for b-values of 200 and 800 s/mm?
are currently unavailable, which may explain the slightly
reduced consistency observed in the present study with
Hdiff_8oo-

In this study, the short-term test-retest repeatability of
IPEP elasticity was evaluated. The results indicated that
the reproducibility of pg 1509 was excellent (ICC=0.902,
CoV=6.8%, P>0.05), while pgg g9 demonstrated rela-
tively poor reproducibility (ICC=0.877, CoV=15.3%,
P>0.05), which is consistent with findings from previ-
ous studies conducted on other organs [29, 30]. Although
the detailed error values may differ to some extent, Ras-
mussen et al. investigated the brain tissue hardness of 32
healthy volunteers, finding the better reproducibility of
DWl g 1000 than that of DWigg 1500 [28]. This discrep-
ancy may stem from using a single index DWI model to
scan two sets of b-value combinations separately, which
is inconsistent with our study. Our study employed a dual
index DWI model with a single scan encompassing 10
b-values. Previous research has demonstrated the clini-
cal value of IVIM in identifying high signals within the
IPFP [4]. Accordingly, we selected a low b-value of 200 s/
mm? and a high b-value of 800 and 1500 s/mm? for vir-
tual elastography fitting. These specific b-value selec-
tions were made to optimize sensitivity for Gaussian
and non-Gaussian diffusion [12, 23]. Abnormal high sig-
nal intensity within the IPFP is a common KOA indica-
tor, potentially due to fibrotic lesions [36, 37]. However,
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in this study, we did not measure the elasticity value of
the abnormally high signal area within the IPFP. It is well
known that the range of high signal areas within the IPFP
is typically small, and the variability of virtual elasticity
values can be significantly influenced by the observers’
experience, leading to measurement errors. Therefore,
the region of interest (ROI) was delineated layer by layer
across all IPFPs to minimize the impact of selection bias
on the results.

In our study, as the K-L grade increased, the virtual
stiffness values of the IPFP decreased. We found a sig-
nificant negative correlation between the pgg values
(both pyig 1500 and Py goo) @and the K-L grade (r=-0.690
for pgig 1500 and r=-0.539 for pyg gop, both P<0.001).
This finding is consistent with the pathological changes
observed in the IPFP throughout the progression of KOA.
In the early stage of KOA (lower K - L grade), the fibrosis
degree of the IPFP is relatively mild, maintaining a certain
elasticity, and the pgg value is high. As the disease pro-
gresses to a higher K - L grade, the IPFP is infiltrated by
immune cells, which secrete inflammatory mediators and
trigger fibrosis, which is often accompanied by inflam-
matory infiltration, edema, and neovascularization.
While fibrosis may locally stiffen collagen-rich regions,
the overall IPFP microenvironment (e.g., edema-induced
swelling) could dominate the diffusion signal, leading to
a reduction in pgg despite the presence of fibrosis. This
phenomenon aligns with study in other water-rich tis-
sues [30]. This finding not only provides evidence for the
potential of vMRE in evaluating the progression of KOA
but also suggests that g4 values could serve as a poten-
tial quantitative biomarker for monitoring the disease. In
a cross-sectional study conducted by Yoshinori Satake
et al. [25], which involved 97 patients with KOA utiliz-
ing ultrasound elastography (USE), the findings revealed
a significant correlation between the elasticity of the IPFP
and anterior knee pain in these patients. This difference
may arise from the distinct physical principles underly-
ing USE and vMRE. USE reflects the mechanical proper-
ties at a macroscopic scale by measuring the shear wave
speed (m/s). In contrast, vMRE indirectly derives elastic
values from water diffusion characteristics, which are
particularly sensitive to microstructural changes. Fibrosis
diminishes the extracellular space and restricts water dif-
fusion, leading to lower py¢ values (kPa) observed in our
study.

Although the results of this study are promising, sev-
eral limitations warrant acknowledgment. Firstly, this
prospective, single-center study requires further vali-
dation in a larger multicenter cohort. Secondly, there is
currently no consensus on selecting b-values and cali-
bration factors. Most research reports are based on Le
Bihan’s work regarding liver fibrosis; however, this study
represents the first investigation of the IPFP in KOA.
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Consequently, we encourage other scholars to replicate
our research. Additionally, the study emphasizes repro-
ducibility rather than diagnostic accuracy. In our study,
IPFP stiffness was assessed indirectly using the vMRE
technique. While this method shows promising poten-
tial, it cannot fully substitute for direct measurement of
actual IPFP stiffness. Future studies employing direct
stiffness measurements are needed to further elucidate
the relationship between IPFP mechanical properties and
KOA progression, thereby providing more robust evi-
dence to support the diagnosis and treatment monitoring
of KOA. Lastly, the scanning time for IVIM in this study
exceeded 6 min, which remains relatively lengthy for clin-
ical practice. Therefore, further optimization of vMRE
technology may be necessary to enhance its sensitivity
and specificity.

Conclusions

The findings of this study suggest that vMRE is a reliable
technique for assessing the elasticity of IPFP, demonstrat-
ing good intra-observer, inter-observer, and short-term
retest consistencies. VMRE has the potential to act as a
valuable tool for evaluating IPFP fibrosis in KOA and for
monitoring disease progression and treatment response.
Nevertheless, further research is required to validate the
diagnostic accuracy of vMRE and to optimize the tech-
nique for clinical application.
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