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Abstract

Objectives—To evaluate articular cartilage degeneration using quantitative three-dimensional
ultrashort-echo-time Cones Adiabatic-Ty, (3D UTE-Cones-AdiabTy,,) imaging.

Methods—66 human subjects were recruited for this study. Kellgren-Lawrence (KL) grade

and Whole-Organ Magnetic-Resonance-Imaging Score (WORMS) were evaluated by two
musculoskeletal radiologists. The human subjects were categorized into three groups, including
normal controls (KLO), doubtful-minimal osteoarthritis (OA) (KL1-2), and moderate-severe OA
(KL3-4). WORMS were regrouped to encompass the extent of lesions and the depth of lesions.
The UTE-Cones-AdiabTy, values were obtained using 3D UTE-Cones data acquisitions preceded
by seven paired adiabatic full passage pulses that corresponded to seven spin-locking times (TSLs)
of 0, 12, 24, 36, 48, 72, and 96 ms. The performance of the UTE-Cones-AdiabTy,, technique

in evaluating the degeneration of knee cartilage was assessed via the ANOVA comparisons

with subregional analysis and Spearman’s correlation coefficient as well as the receiver-operating-
characteristic (ROC) curve.

Results—UTE-Cones-AdiabTj, showed significant positive correlations with KL grade (r=0.15,
P<0.05) and WORMS (r=0.57, P<0.05). Higher UTE-Cones-AdiabT3, values were observed in
both larger and deeper lesions in the cartilage. The differences in UTE-Cones-AdiabTy, values
among different extent and depth groups of cartilage lesions were all statistically significant
(P<0.05). Subregional analyses showed that the correlations between UTE-Cones-AdiabT3, and
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WORMS varied with the location of cartilage. The AUC values of UTE-Cones-AdiabTy,, for
mild cartilage degeneration (WORMS=1) was 0.8. The diagnostic threshold value of UTE-Cones-
AdiabTy,, for mild cartilage degeneration was 39.4 ms with 80.8% sensitivity.

Conclusions—The 3D UTE-Cones-AdiabTy, sequence may significantly improve the
robustness of quantitative evaluation of articular cartilage degeneration.

ultrashort echo time; AdiabT; articular cartilage; degeneration; quantitative assessment

Introduction

Osteoarthritis (OA) ranks second only to cardiovascular disease as the cause of work-related
disability. Therefore, it is essential to develop techniques that will improve the detection

of OA at an early stage in order to facilitate more timely intervention. The loss of
proteoglycans (PGs) in articular cartilage is one of the most significant early changes
observed in OA. Spin lattice relaxation in the rotating frame (Ty,) has been proposed

as a method to investigate the slow-motion interactions between macromolecules and

water (1-4). Several in vitro studies demonstrated a highly linear relationship between

T, relaxation and PG content (2-4), while some other studies demonstrated a weaker
correlation especially in the superficial layers of articular cartilage (5). A number of in vivo
studies showed elevated Ty, values in OA patients when compared to corresponding healthy
subjects (6-10).

While Ty, is a promising biomarker for the detection of early OA, a major confounding
factor is the magic angle effect (11). Ty, can increase by up to 100% when the collagen
fibers are reoriented from 0° to near 55° relative to the B field (11-15). Given that early
OA can increase Ty, by only 10-30% (16), this is a major limitation in the biomarker’s
usefulness. Meanwhile, OA is recognized as a whole-organ disease (17-19): the failure of
any involved tissue has the potential to affect the surrounding tissue, thereby contributing

to failure of the joint as a whole. It is then essential that all major components in the joint
are imaged for truly comprehensive assessment of OA. Unfortunately, clinical sequences are
only able to assess tissues which have relatively long T, values, such as the more superficial
layers of articular cartilage. Many joint tissues, including the deeper layers of cartilage,
menisci, ligaments, tendons, and bone have short T, values and therefore show little to no
signal when imaged with conventional clinical sequences (20).

Recent studies have shown that Adiabatic Ty, (AdiabTy,) is sensitive to both ex vivo
cartilage degradation induced by enzymatic treatment and in vivo cartilage degradation in
OA patients (21-26). Furthermore, AdiabTy,, is much less sensitive to the magic angle effect
than conventional Ty, and T, (27). The three-dimensional ultrashort echo time Cones (3D
UTE-Cones) sequence allows fast volumetric imaging of both short and long T, tissues in
the knee joint (28-29). The combination of this 3D UTE-Cones sequence with AdiabTy,
preparation (3D UTE-Cones-AdiabT,) allows for magic angle-insensitive imaging of
various knee joint tissues (30-32), but the clinical performance of such a combination in
evaluating cartilage degeneration remains unknown.
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This study aimed to further evaluate the feasibility and efficacy of 3D UTE-Cones-
AdiabTj, imaging for in vivo assessment of whole knee cartilage in healthy volunteers

and patients with varying degrees of OA. The relationship between the subregional and
global UTE-Cones-AdiabTy,, values of articular cartilage and clinical evaluation of OA
patients measured by Kellgren-Lawrence (KL) grade and Whole-Organ Magnetic Resonance
Imaging Score (WORMS) were investigated (10,33).

This study was approved by the local Institutional Review Board (IRB). A total of 66 human
subjects (aged 23-88 years, mean age of 54+16 years, 32 females, 34 males), including

20 asymptomatic healthy volunteers and 46 patients with different degrees of OA, were
recruited from July 2017 to July 2019. Written informed consent was obtained from each
subject in accordance with the IRB guidelines. Asymptomatic volunteers had no history of
diagnosed OA, no knee pain, and no functional impairment or moderate to severe physical
symptoms in the past six months in either knee joint. The criteria for OA patients were

based on KL grades obtained from plain radiographs. Exclusion criteria included a history of
surgery, an inability to complete the MRI scan, and a WORMS of 6 (i.e., diffuse (=75% of
the region) full-thickness cartilage loss).

Data acquisition

The whole knee joint (27 left knees, 39 right knees) was scanned using the 3D UTE-Cones-
AdiabTy, sequence on a 3T MR750 scanner (GE Healthcare Technologies, Milwaukee,
WI1). An 8-channel knee coil was used for signal excitation and reception. The sequence
employed unique k-space trajectories that sampled data along evenly spaced twisting paths
in the shape of multiple cones (34) and the 3D UTE data acquisition started as soon as
possible following a short rectangular radiofrequency (RF) pulse excitation with a minimal
nominal echo time (TE) of 32 ys. Ty, contrast was generated using identical non-selective
adiabatic inversion recovery (IR) pulses (adiabatic full passage hyperbolic secant type 1
pulse) with a duration of 6.048 ms, bandwidth of 1.643 kHz, and maximum B4 amplitude of
17 uT (30). The adiabatic IR pulses allow uniform inversion of longitudinal magnetizations
when the adiabatic condition is satisfied, making them insensitive to B1 inhomogeneities
(35). An even number of adiabatic IR pulses (N|g) was used to keep the longitudinal
magnetizations positive for AdiabTy, preparation and a spoiling gradient was used to

crush the remaining transverse magnetizations following the train of AdiabTy, pulses.
Multiple spiral spokes (Nsp) were acquired after each AdiabT, preparation to speed up
data acquisition.

Imaging parameters for the 3D UTE-Cones-AdiabTj, sequence included the following:
repetition time (TR) = 500 ms; flip angle (FA) = 10°; acquisition matrix = 256x256x36,
Ngp =25 Njr =0, 2, 4, 6, 8, 12, and 16, corresponding to spin-locking times (TSLs) of

0, 12, 24, 36, 48, 72, and 96 ms, respectively; scan time of 2 min 34 sec for each set of
UTE-Cones-AdiabTy, data. Following the AdiabT;, preparation, a conventional chemical
shift-based fat saturation pulse was used to suppress signal from marrow fat. Because a 500
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ms TR is relatively short, T1 compensation was needed for accurate AdiabT;, mapping. T1
mapping was achieved using a UTE variable flip angle (UTE-VFA) sequence with TR =

20 ms, FA =5°, 10°, 20°, and 30°, matrix = 256x256x36, and a total scan time = 9 min

28 sec (36). For correction of T1 and AdiabT;, measurements, B1 mapping was achieved
using 3D UTE-Cones actual flip angle imaging (AFI) with TR1/TR, = 20/100 ms, FA = 45°,
matrix = 128x128x18, and a total scan time = 4 min 57 sec (37). Radiography and sagittal
fat-suppressed T2-weighted FSE and PD-weighted images were also obtained for KL grade
and WORMS (33).

Data analysis

To compensate for motion between the different 3D UTE-Cones datasets, elastix-based
motion registration was applied to all quantitative 3D UTE-Cones-AdiabTy, and Ty
mapping images, where a rigid affine transform was followed by a non-rigid b-spline
registration (38). UTE-Cones-AdiabTy, of whole knee articular cartilage was quantified
using a single-component exponential fitting model as previously described (30). T;
mapping was applied using non-linear optimization based on a Levenberg-Marquardt
algorithm (36) and all analysis of acquired UTE images was performed using MATLAB
2017b (The MathWorks, Natick, MA, USA) code that was developed in-house.

Each whole knee was independently scored by two experienced musculoskeletal radiologists
(M.W. and Y.X.) with 23 and 19 years of experience, respectively, according to KL grade
and WORMS. Then, all subjects were classified into three groups according to KL grade:
normal controls (KL= 0), doubtful-minimal OA (KL<2), and moderate-severe OA (KL=3)
(8,10). The whole knee articular cartilage was next divided into 13 subregions (Figure 1)
and the two radiologists individually drew ROIs onto images of each subregion. These
subregions were then scored slice-by-slice according to WORMS and classified into seven
groups: WORMS =0, 1, 2, 2.5, 3, 4, and 5. Subregion cartilages were further divided into
two respective subcategories according to the extent and depth of cartilage lesions (10,33).
The extent groups included WORMS 0 (controls); WORMS 1, 2, and 2.5 (regional lesions);
and WORMS 3, 4, and 5 (diffuse lesions). The depth groups included WORMS 0 (controls);
WORMS 1, 2, 3, and 4 (partial thickness lesions); and WORMS 2.5 and 5 (full-thickness
lesions) (10,39). The DICOM images were analyzed using MATLAB 2017b and respective
correlations between 3D UTE-Cones-AdiabTy,, values and both KL grade and WORMS
were analyzed.

Statistical Analysis

Intraclass correlation efficient (ICC) was used to evaluate consistency between the

two radiologists. The correlations between UTE-Cones-AdiabTy, and both KL grade

and WORMS (all WORMS scores and by WORMS categories) were evaluated using
Spearman’s correlation coefficient. The differences in UTE-Cones-AdiabT;, among
different groups based on KL grade and WORMS were assessed and compared using
one-way analysis of variance (ANOVA) after normality test. When a significant difference
existed, Tukey-Kramer test was used for post-hoc multiple comparisons. Receiver operating
characteristic (ROC) and area under the curve (AUC) were used to evaluate the diagnostic
efficacy of UTE-Cones-AdiabT,, for the detection of doubtful-minimal OA (KL=1-2)
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and mild cartilage degeneration (WORMS=1). P-values of less than 0.05 were considered
statistically significant. All statistical analyses were performed using SPSS (IBM, Armonk,
NY, USA) version 25.0.

A total of 713 cartilage subregions from 66 human subjects were analyzed, including 3D
UTE-Cones-AdiabTy, data selected from 3,707 slices. Excellent inter-observer agreement
(1CC=0.938-0.966, P<0.05) was achieved between the two radiologists for KL grading,
WORMS grading, and quantitative analyses. The groupings of subjects and cartilage
subregions are shown in Table 1.

Figure 2 shows representative UTE-Cones-AdiabT,, fitting in the anterior subregions

of femoral cartilage of two human subjects, including a healthy volunteer (36 years

old) and a patient with doubtful-minimal OA (43 years old). Excellent single-component
exponential fitting was achieved for both ROIs drawn in the anterior subregions of femoral
cartilage, demonstrating UTE-Cones-AdiabTy,, values of 35.8+5.3 ms and 42.815.7 ms,
respectively. Similar exponential fitting was achieved for all the UTE-Cones-AdiabT,, data.
Figure 3 shows the boxplot of UTE-Cones-AdiabTy, values in different WORMS groups.
Statistically significant differences were observed in UTE-Cones-AdiabTy,, values between
WORMS extent groups and depth groups.

The mean UTE-Cones-AdiabTy, values of cartilage were 37.3+5.45 ms for normal controls,
39.1+6.46 ms for doubtful-minimal OA, and 39.0+6.42 ms for moderate-severe OA. Table
2 shows the values of UTE-Cones-AdiabTy,, in different WORMS groups. Higher UTE-
Cones-AdiabT,, values were observed in both larger and deeper lesions, with 44.1+5.6 ms
for cartilage with diffuse lesions and 46.8+6.5 ms for cartilage with full-thickness lesions
compared to 35.5+4.9 ms for normal cartilage.

The Spearman’s correlation coefficient showed a positive relationship between the UTE-
Cones-AdiabT,, values and the corresponding KL grades (r=0.15, P<0.05) and WORMS
(r=0.57, P<0.05). Results showed a similar positive relationship between UTE-Cones-
AdiabTy, and different extent groups (r =0.57, P<0.05) and depth groups (r =0.57,

P<0.05). Subregional analyses showed that the correlation between UTE-Cones-AdiabTy,
and WORMS varied with the location of cartilage. Stronger correlations (r=0.61 to 0.75,
P<0.05) of UTE-Cones-AdiabT;, with WORMS were observed in the central subregions
of medial femoral cartilage, the posterior subregions of lateral femoral cartilage, and the
anterior subregions of medial tibial cartilage, but lower correlations (r=0.28 to 0.39, P<0.05)
were found in other subregions such as the posterior subregions of lateral tibial cartilage, as
shown in Table 3.

Differences in the UTE-Cones-AdiabTy, values among KL groups (i.e., controls vs.
doubtful-minimal OA, controls vs. moderate-severe OA) were statistically significant
(P<0.05), but the difference between doubtful-minimal OA and moderate-severe OA was not
significant. The UTE-Cones-AdiabTy,, values were significantly different among WORMS
groups (i.e., WORMS=0 vs. different degree lesions groups, WORMS=1 vs. WORMS=2.5,

Eur Radiol. Author manuscript; available in PMC 2023 September 01.
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WORMS=1 vs. WORMS=5, WORMS=2 vs. WORMS=5, WORMS=3 vs. WORMS=5)
(P<0.05), but there was no significant difference among other different lesion groups. UTE-
Cones-AdiabT,, differences among different extent groups of cartilage lesions (i.e., controls
vs. regional lesions, controls vs. diffuse lesions, regional lesions vs. diffuse lesions) were
statistically significant (P<0.05). For different depth groups, the difference between controls
vs. partial thickness lesions, controls vs. full-thickness lesions, and partial thickness lesions
vs. full-thickness lesions were all statistically significant (P<0.05).

Figure 4 shows the ROC curves which suggest that UTE-Cones-AdiabTy,, could distinguish
doubtful-minimal OA (KL=1-2) from normal controls (KL=0), and mild cartilage
degeneration (WORMS=1) from normal cartilage (WORMS 0). The AUC values of UTE-
Cones-AdiabT;, were 0.6 (95% confidence interval (Cl): 0.6-0.7) for doubtful-minimal
OA (KL=1-2) and 0.8 (95% CI: 0.7-0.8) for mild cartilage degeneration (WORMS=1).
The diagnostic threshold value of UTE-Cones-AdiabT3, for doubtful-minimal OA was 38.5
ms with 64.5% sensitivity and 54.5% specificity, and the diagnostic threshold value of
UTE-Cones-AdiabTj, for mild cartilage degeneration was 39.4 ms with higher sensitivity
(80.8%) and specificity (63.5%).

Discussion

In this study, we evaluated whole knee full-thickness cartilage using 3D UTE-Cones-
AdiabT, on a clinical 3T scanner and investigated its clinical application in different stages
of OA in vivo. The UTE-Cones-AdiabTj, value showed a significant positive correlation
with both KL grade and WORMS and demonstrated promising value in the detection of
cartilage degeneration. The technique was able to distinguish mild cartilage degeneration
(WORMS 1) from normal cartilage (WORMS 0), with greater increases in UTE-Cones-
AdiabTy,, values for the central subregions of medial femoral cartilage, the posterior
subregions of lateral femoral cartilage, and the anterior subregions of medial tibial cartilage.
A higher UTE-Cones-AdiabTj, value was observed in cartilage with more extensive or
full-thickness lesions based on WORMS score. The AUC values of UTE-Cones-AdiabTy,
for mild cartilage degeneration reached 0.8, with a diagnostic threshold value of 39.4 ms,

a sensitivity of 80.8%, and a specificity of 63.5%. These preliminary results suggest the
potential of UTE-Cones-AdiabTy,, as a promising biomarker for quantitative evaluation of
early cartilage degeneration in OA patients.

The conventional Ty, imaging sequences have been extensively investigated for quantitative
assessment of cartilage degeneration. Several ex vivo studies reported that Ty, relaxation
time was sensitive to early biochemical changes, particularly PG depletion in articular
cartilage (2-4). A number of clinical studies showed higher Ty, values in mild and
moderate-severe OA (6-10). However, several other studies suggested that T;, was
associated with not only PG content, but water content, collagen content and collagen
network integrity (40-41). Ty, mapping could not accurately measure cartilage PG content
in human subjects with knee OA (41). The contradictory results might be partly due to the
strong magic angle effect in conventional Ty, imaging (13-15).

Eur Radiol. Author manuscript; available in PMC 2023 September 01.
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The AdiabTy, imaging sequence has attracted interest in recent years as an alternative to
conventional Ty, imaging for quantitative assessment of cartilage degeneration, mostly due
to its reduced sensitivity to both the magic angle effect and B1 inhomogeneity (27). The
sensitivity of AdiabT,, to cartilage degeneration has been further demonstrated by recent
studies with animal models of OA (21-22), cadaveric human cartilage samples (23-24), as
well as in vivo imaging (25-26).

Our results demonstrate that the 3D UTE-Cones-AdiabTj, sequence could be used for high
resolution imaging and quantitative assessment of knee cartilage degeneration at its early
stages, with the observed trend of higher Ty, and AdiabTy,, values in more degenerated
cartilage largely consistent across the literature (2-10, 21-26). Similar patterns have also
been seen in subregional analysis (10). The correlation between UTE-Cones-AdiabTy, and
WORMS varied with the cartilage subregion: the central subregions of medial femoral
cartilage and the posterior subregions of lateral femoral cartilage showed more profound
UTE-Cones-AdiabTy, increases with degeneration. Those same regions produced higher
T, values in a study by Wang et al. (10). The anterior subregions of medial tibial cartilage,
on the other hand, showed significant increases in UTE-Cones-AdiabTj, values but not in
T, values with cartilage degeneration based on WORMS scores. Furthermore, there was
no significant difference in UTE-Cones-AdiabT,, values between doubtful-minimal OA and
moderate-severe OA, and there was no significant difference in the UTE-Cones-AdiabTy,
values among adjacent WORMS groups (e.g., WORMS=1 vs. WORMS=2; WORMS=2 vs.
WORMS=2.5; WORMS=2.5 vs. WORMS=3; etc.).

The 3D UTE-Cones-AdiabT, sequence has several advantages over conventional
morphological imaging as well as quantitative T, and Ty, sequences. First, the biomarker
UTE-Cones-AdiabTy, is relatively insensitive to the magic angle effect (30-32). In a prior
study over eight patellae reoriented from parallel to near 54° relative to the By field,

the average Cones-AdiabTy, value increased by 27%, much lower than the 77% increase
observed in continous wave Ty, and the 238% increase observed in To* (32). Similar results
have been reported in several other studies (12-14). Second, the 3D UTE-Cones-AdiabTy,
sequence is highly time-efficient with reduced motion sensitivity (34). Data acquisition

is based on a 3D spiral acquisition with conical view ordering; the k-space trajectory is
more radial in the center of k-space for fast coverage of low spatial frequency data, and
more curved in the outer k-space for higher sampling efficiency. The repeated sampling

of the center of k-space provides quantitative AdiabTy,, imaging with reduced sensitivity

to motion (29). Third, although we focused on OA’s progressive loss of articular cartilage
in this study, it is, in reality, a heterogeneous and multifactorial disease that involves all
major knee joint tissues. Conventional sequences have difficulty imaging tissues or tissue
components with short T, relaxation times, such as the deep cartilage, menisci, ligaments,
and tendons, prohibiting a “whole-organ” approach to knee joint degeneration (17-20).
The 3D UTE-Cones-AdiabTy, sequence has the potential to overcome this major limitation
associated with conventional T, and Ty, sequences.

There are several limitations of this study. First, the sample size was relatively small, with
only 28 subjects for the doubtful-minimal OA group and 18 subjects for the moderate-severe
OA group. A more systematic cross-sectional and especially longitudinal study with a larger

Eur Radiol. Author manuscript; available in PMC 2023 September 01.
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sample size is needed to increase the confidence in measuring changes associated with early
OA. Second, there were no gold standard histological examinations available in this study.
KL grade and WORMS were used as the clinical evaluation criteria. However, it is well
known that both KL grade and WORMS have many limitations and cannot provide accurate
assessment of cartilage degeneration, especially at its early stages. The relationship between
UTE-Cones-AdiabTy,, values and histopathological changes in articular cartilage still needs
to be investigated. Third, only UTE-Cones-AdiabTy, was investigated in this study. No
comprehensive comparisons were made with other quantitative UTE parameters such as T1,
T1p, Adiabatic Ty, T2, T2*, magnetization transfer ratio, or macromolecular fraction. A
biomarker panel approach involving all the aforementioned quantitative UTE biomarkers

is likely to provide a more robust detection of OA. Fourth, only articular cartilage was
analyzed in this study. Because the currently widely used grading system, WORMS, is
largely based on morphological imaging of the knee joint with a focus on the articular
cartilage (33), a systematic evaluation of UTE-Cones-AdiabTj, values for all the principal
components in the knee joint, including the menisci, ligaments, tendons, muscles, and bones,
was not conducted. There are no grading systems available which involve morphological
and quantitative imaging of all major knee joint tissues, especially tissues with short T,
relaxation times. Clearly, further research is needed in this area.

Conclusion

The UTE-Cones-AdiabTj, biomarker can distinguish mild cartilage degeneration from
normal cartilage, with a higher UTE-Cones-AdiabTy, value for more degenerated cartilage.
The 3D UTE-Cones-AdiabT, sequence may significantly improve the robustness in
quantitative systematic evaluation of knee joint degeneration.
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Key points:

The 3D UTE-Cones-AdiabT, sequence can distinguish mild cartilage degeneration
from normal cartilage with a diagnostic threshold value of 39.4 ms for mild cartilage
degeneration with 80.8% sensitivity.

Higher UTE-Cones-AdiabT,, values were observed in both larger and deeper lesions in
the articular cartilage.

UTE-Cones-AdiabTy, is a promising biomarker for quantitative evaluation of early
cartilage degeneration.
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Figurel.
Regional subdivision of the articular surfaces. The femoral and tibial condyles are divided

into medial (M) and lateral (L) regions, with the trochlear groove of the femur considered
part of the M region. Then the femoral and tibial surfaces are further subdivided into
anterior (A), central (C) and posterior (P) regions. The tibial surface is divided into three
regions equally. The femoral anterior surface (A): extending from the anterior-superior
osteochondral junction to the anterior margin of the anterior horn of the meniscus; The
femoral posterior surface (P): extending from the posterior capsular attachment of the
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posterior horn of the meniscus to the posterior-superior osteochondral junction. The patella
works as a whole.
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Figure2.
Excellent single-component exponential Ty, fitting was achieved for normal cartilage (A,

C) (T1,=35.84£5.3 ms) in a 36 years old healthy volunteer and abnormal cartilage (B, D)
(WORMS=2, T1,=42.8+5.7 ms) in a 43 years old patient with doubtful-minimal OA.
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Figure 3.
Boxplot of UTE-Cones-AdiabTy,, values in different WORMS extent groups (A) and

WORMS depth groups (B).
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Figure 4.
(A) and (B) show ROC curves of AdiabTy,, for the diagnosis of doubtful-minimal OA

(KL=1-2) and mild cartilage degeneration (WORMS=1). The AUCs of AdiabTy, for
doubtful-minimal OA and mild cartilage degeneration are 0.6 and 0.8. The corresponding
cutoff points are AdiabT1,>38.5 ms for doubtful-minimal OA and AdiabT,>39.4 ms for
mild cartilage degeneration.
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The grouping of subjects and subregion cartilages according to KL grade and WORMS.

Table 1.

KL grouping Normal controls Doubtful-minimal OA Moderate-severe OA
KL grade 0 1-2 3-4

Subjects 20 (30.3%) 28 (42.4%) 18 (27.3%)
WORMS grouping 0 1 2 25 3 4 5
Subregion cartilages ?5941.8%) (1;(?.8%) ?95.1%) ((50.8%) Z110%) ?0.7%) %37.8%)
Extent groups Normal cartilage Regional lesions Diffuse lesions
WORMS 0 1,2,25 3,4,5

Subregion cartilages 391 (54.8%) 219 (30.7%) 103 (14.4%)

Depth groups Normal cartilage Partial-thickness lesions  Full-thickness lesions
WORMS 0 1,2,25 3,4,5

Subregion cartilages 391 (54.8%) 289 (40.5%) 33 (4.6%)
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Table 2.
Mean UTE-Cones-AdiabTy, (ms) in different WORMS groups

WORMS 0 1 2 25 3 4 5

AdiabTy, 35.5+5.0 40.845.0 42.845.3 453+6.6 43.1+51 43.945.2 47.7+5.8

Extent groups  Normal cartilage Regional lesions Diffuse lesions
(WORMS 0) (WORMS 1,2,2.5) (WORMS 3,4,5)

AdiabTy, 35.545.0 41.5+5.3 44.1+5.6

Depth groups ~ Normal cartilage Partial-thickness lesions Full-thickness lesions
(WORMS 0) (WORMS 1,2,3,4) (WORMS 2.5,5)

AdiabTy, 35.5+5.0 41.845.2 46.8+6.5
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UTE-Cones-AdiabTy, values (mean + SD) and 95% confidence intervals (Cl) in different subregions and

Spearman’s correlation between UTE-Cones-AdiabTy, and WORMS.

Subregions N AdiabTy, (Mms)  95%Cl Relationship between
AdiabTy, and WORMS
MFa 60 39.8+45 38.7t041.0 r=0.39 £<0.05
LFa 59 39.0+3.9 38.0t040.0 r=0.35 F£<0.05
MFc 48 41.1+5.0 39.6t0425 r=0.74 F£<0.05
LFc 57 41.8+39 40.8t042.8 r=0.39 £<0.05
MFp 51 43.2+56 41.6t0447 r=057 F£<0.05
LFp 56 415+59 39.9t043.1 r=0.75 F£<0.05
MF 159 413+%52 405t042.1 r=042 £<0.05
LF 172 40.8+48 40.0t0415 r=043 F£<0.05
F 331 41.0%5.0 405t0415 r=042 F£<0.05
P 58 458 +5.0 445t047.1 r=043 £<0.05
MTa 51 342+4.7 32810355 r=0.61 F£<0.05
LTa 56 35.3+4.9 34.0t036.7 r=0.54 F£<0.05
MTc 53 329+4.6 31.6t0342 r=049 £<0.05
LTc 56 35.1+4.9 33.8t036.4 r=0.53 F£<0.05
MTp 53 335+55 32.0t0350 r=0.52 F£<0.05
LTp 55 37.8+4.2 36.7t0389 r=0.28 £<0.05
MT 157 335%49 32.7t0343 r=0.55 F£<0.05
LT 167 36.1%48 35.3t1036.8 r=0.46 F£<0.05
T 324 348+50 343t0354 r=054 £<0.05

Note: M = medial, L = lateral, F = femoral condyle, T = tibial plateau, P = patella, a = anterior, ¢ = central, p = posterior.

Eur Radiol. Author manuscript; available in PMC 2023 September 01.



	Abstract
	Introduction
	Methods
	Subjects
	Data acquisition
	Data analysis
	Statistical Analysis

	Results
	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3



