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Background: The quantitative MR techniques developed rapidly, vary MR-biomarkers have shown the
ability to assess the quality of articular cartilage. This study aimed to investigate the diagnostic efficacy
of multi-parametric quantitative ultrashort echo time (UTE)-based MRI for evaluating human cartilage
degeneration.

Methods: Twenty fresh anterolateral femoral condyle samples were obtained from 20 patients (age,
58.8+6.6 years; 6 females) who underwent total knee arthroplasty due to primary osteoarthritis (OA). The
samples were imaged using UTE-based magnetization transfer (UTE-MT), UTE-based adiabatic T1p
(UTE-AdiabT'1p), UTE-based T2* (UTE-T2%), and CubeQuant-T2 sequences. Cartilage degeneration
was classified based on the OA Research Society International grade and polarized light microscopy (PLM)
collagen organization score. Spearman’s correlation analysis was used to determine the relationships
between quantitative MRI biomarkers [UTE-MT ratio (UTE-MTR), UTE-AdiabT1p, UTE-T2%, and
CubeQuant-T2], OA Research Society International grade, and PLM collagen organization score. The
diagnostic efficacy of each MRI biomarker for the detection of mild cartilage degeneration was assessed using
the area under the receiver operating characteristic (ROC) curve (AUC).

Results: Of the quantitative MRI biomarkers, UTE-MTR had the strongest correlation with both OA
Research Society International grade (r=—0.709, P<0.001) and PLM collagen organization score (r=0.579,
P<0.001). The UTE-MTR and UTE-AdiabT1p values showed significant differences between the
normal group and the mild degeneration group (P=0.047 and 0.015, respectively), while UTE-T2* and
CubeQuant-T2 did not. The UTE-MTR values were 15.90%+1.06% and 14.59%=1.35% for normal and
mildly degenerated cartilage, respectively. The UTE-AdiabT'1p values were 40.19+2.87 and 42.6+2.26 ms
for normal and mildly degenerated cartilage, respectively. ROC analysis showed that UTE-MTR (AUC
=0.805, P=0.001, sensitivity =73.7%, specificity =89.5%) had the highest diagnostic efficacy for mild cartilage
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degeneration, while UTE-AdiabT1p (AUC =0.727, P=0.017) and CubeQuant-T2 (AUC =0.712, P=0.026)

showed lower diagnostic efficacy.

Conclusions: Quantitative UTE-MT and UTE-AdiabT'1p biomarkers may potentially be used in the

evaluation of early cartilage degeneration.
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Introduction

Osteoarthritis (OA) is the most prevalent joint disease in
older adults, affecting millions of people worldwide (1).
With successful preventative and early treatment, mild (early)
cartilage degeneration is considered to be reversible (2,3).
Therefore, noninvasive imaging techniques which can detect
cartilage degeneration at an early stage are crucial for timely
and successful clinical intervention and treatment of OA.
Quantitative MRI techniques can provide information
on cartilage composition beyond structure. T1p mapping
and T2 mapping are quantitative MRI techniques that
have been extensively investigated for probing composition
changes in articular cartilage. However, the association
of T1p value with any particular cartilage constituent is
still unclear. A number of studies have suggested that T1p
and T2 are associated with proteoglycan content, water
content, collagen content, and collagen network integrity
(4-11). Conventional T1p and T2 mapping techniques
with echo times of several milliseconds or longer have
limited ability to detect full signals from tissue components
that have shorter T2 relaxation times, such as the deep
radial and calcified layer of articular cartilage (9,12-14).
Ultrashort echo time (UTE)-based MRI sequences with
echo times of less than 0.1 ms have been developed for
morphological and quantitative imaging of short T2 tissues,
including bone, menisci, ligaments, and tendons (15).
UTE-based quantitative MRI techniques, such as UTE
T2* and UTE adiabatic T1p (UTE-AdiabT1p), and
semi-quantitative UTE magnetization transfer (UTE-
MT), have been developed to assess changes in articular
cartilage and other musculoskeletal tissues (5,12-14,16).
Since a non-invasive and effective imaging method to assess
cartilage degeneration is very important to researchers in
musculoskeletal field, it would be interesting to investigate
whether UTE-MRI biomarkers including UTE-T2%,
UTE-AdiabT'1p, and the UTE-MT ratio (UTE-MTR)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

can provide a more accurate evaluation of cartilage
degeneration, especially at an early stage.

This study aimed to evaluate cartilage degeneration in
fresh human anterolateral femoral condyles using multiple
UTE-MRI biomarkers. Histopathology and polarized
light microscopy (PLM) were used as a reference for
classifying cartilage degeneration. The diagnostic efficacy
of individual UTE-MRI biomarkers in detecting mild
cartilage degeneration was evaluated. We hypothesized that
UTE-MRI biomarkers would improve the sensitivity and
specificity of diagnosing cartilage degeneration. We present
the following article in accordance with the Standards for
Reporting Diagnostic accuracy studies (STARD) reporting
checklist (available at https://dx.doi.org/10.21037/qims-21-
550).

Methods
Sample preparation

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Ethics Committee of The Tenth People’s
Hospital Affiliated to Tongji University (approval No. shsy-
iec-ky-3964). Written informed consent was obtained from
all patients prior to surgery.

Twenty fresh human anterolateral femoral condyles
were obtained from 20 patients (14 males and 6 females;
mean age + SD, 58.8+6.6 years) who underwent total knee
arthroplasty between October 1, 2018 and December 30,
2018. Patients were considered eligible for inclusion if
they had both clinical signs and a radiographic diagnosis
of primary knee OA. The exclusion criteria included the
presence of trauma, fractures or previous surgery of the
knee joint, or any other cause of secondary knee OA (e.g.,
neoplastic disease). The osteochondral samples were
prepared in line with standard procedures. In the interests
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Table 1 The imaging parameters of each quantitative magnetic resonance imaging sequence

Pulse power Frequency offset

Time of spin  Flip angle

Sequence TR (ms) TE (ms) € (KH2) lock (ms) © Matrix Scan time
UTE-MT 100 0.032 0, 750 2 - 13 256x256 04 min12s
UTE-T2* 33 0.032,4.9,9.814.7 - - - 13 256x256 08 min 02 s
UTE-AdiabT1p 800 0.032 - - 0, 24, 48, 96 10 256x256  12min40s
CubeQuant-T2 1,287 6,12.4,25.3, 38.1 - - - 90 256x256 02min24s

gMRI, quantitative magnetic resonance of imaging; TR, time of repetition; TE, time of echo; UTE-MT, ultrashort echo time-based magnetic
transfer; UTE-T2*, ultrashort echo time-based T2*; UTE-AdiabT1p, ultrashort echo time-based-adiabatic T1p.

of anatomic consistency, samples were only harvested from
anterolateral femoral condyles. The surrounding soft tissues
were removed from the osteochondral samples before
further processing. A 4-mm-thick transverse slab (mid-
sagittal plane) was cut from each sample, wrapped in saline-

soaked gauze, and then stored at 4 °C for approximately 0.5
to 2 days before the MRI scan.

MR data acquisition

Some residual bulk water was present on the surface of
the specimens, which were wrapped with saline-soaked
gauze. The surface water was wiped off with a sterile gauze
sponge, immediately after which the specimens were soaked
in Fomblin (Solvay, Milano, Italy) to minimize dehydration
and air-tissue susceptibility during MRI. Imaging was
performed on a clinical 3T MR scanner (MR750, GE
Healthcare, Waukesha, WI, USA) with a maximum gradient
strength and a maximum slew rate of 50 mT/m and
200 m'T/m/ms, respectively. The specimens were placed
at the isocenter of the MR scanner with a relatively
homogeneous magnetic field. The long axis of each
specimen was placed parallel to the By. A body coil was used
for radiofrequency transmission, and an 8-channel mouse
head coil (Chenguang Medical Technologies, Shanghai,
China) used for signal reception. The 8-channel mouse
head coil could increase the MR image signal-to-noise
ratio (SNR) and improve the image quality but limited the
clinical transferability of the gMR sequence parameters.
The basic three-dimensional (3D) UTE sequence with
69 cones and 5,821 spiral spokes employed a unique data
sampling trajectory scheme, which sampled MRI data along
twisting paths on evenly spaced cone surfaces (17). The
following four imaging sequences were used: (I) 3D UTE-
MT imaging to measure UTE-MTR with a Fermi pulse
(duration, 8 ms; bandwidth, 160 Hz) (12); (II) 3D UTE

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

with adiabatic T'1p preparation to measure UTE-AdiabT'1p
with four spin-locking times (0, 24, 48, and 96 ms) (18); (III)
fat-suppressed 3D multi-echo UTE imaging for single-
component UTE-T2* measurement with four echo times
(0.032, 4.9, 9.8, and 14.7 ms); (IV) a 3D CubeQuant-T2
sequence to measure 12 with four echo times (6, 12.4, 25.3,
and 38.1 ms). Other imaging parameters included: field of
view =8 cm, acquisition matrix =256x256, and slice thickness
=2 mm. Nine spokes were acquired after each off-resonance
saturation pulse in UTE-MT imaging, and 21 spokes were
acquired after each adiabatic T'1p preparation during UTE-
AdiabT1p imaging, which accelerated the data acquisition
by a factor of 5 for UTE-MT or 21 for UTE-AdiabT1p
imaging. The total scan time was approximately 27 minutes.
Table 1 shows detailed parameters for all sequences.

Post-processing and image analysis

For UTE sequences, delineation and analysis of regions
of interest (ROIs) were performed on Digital Imaging
and Communications in Medicine (DICOM) images.
For each osteochondral sample, four equally sized ROIs
were manually drawn on the middle slice (one slice) of
the first echo (UTE-T2* sequence), the first spin-locking
time (UTE-AdiabT'1p sequence), and MT on (UTE-MT
sequence) images, respectively. The ROIs were then copied
to each of the remaining series of images. Each ROI covered
the full-thickness cartilage. For UTE-T2* and UTE-
AdiabT1p, the mean intensities over the series were fed into
a single-component curve-fitting algorithm for each ROL
The algorithms were performed in MatLab (Mathworks
Inc., Natick, MA, USA) using the Levenberg—Marquardt
method for nonlinear least-square curve fitting. Analyses
were executed offline on DICOM images obtained using
the above-described protocol. UTE-MTR was calculated
from two UTE datasets with saturation powers of 750°
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(MT on) and 0° (MT off), respectively (19). The middle
UTE slices coincided with the CubeQuant-T2 slice, and
the same ROI analysis was performed for a more systematic
comparison. CubeQuant-T2 values were measured using
the T2 mapping software provided with the scanner. Each
ROI was drawn around a similar region three times, and the
average signal intensity within the contour was obtained for
data analysis.

A radiologist (H.S.) with 10 years’ experience in
musculoskeletal radiology drew ROIs on both MR images
and histology slides to match the locations. Once the
ROIs had been drawn, the histology slides were sent to a
pathologist for histologic grading. In total, 72 ROIs from
20 osteochondral samples, with 79.4£22.2 (mean = SD)
pixels per ROI, were measured by the same radiologist
(H.S.), who was blinded to the histological grading results.
Eight ROIs were excluded due to almost complete loss of
cartilage.

Histopathological analysis

After the MRI scan, the specimens were fixed in 10%
formalin for 3 days, then decalcified by soaking in 14%
EDTA for 6 weeks. After adequate decalcification, each
sample block was dehydrated with alcohol, infiltrated with
paraffin, and then trimmed on a microtome. A 5-pm cross-
section from the center was cut for histological analysis,
which allowed for an excellent match with the MRI data
from a 2-mm slice located in the middle of the transverse
slab. Sections were then stained with Safranin O-Fast
Green (SafO-FQG) (Sigma-Aldrich, St Louis, MO, USA) for
histopathological analysis or Sirius Red (Sigma-Aldrich, St
Louis, MO, USA) for PLM analysis (20).

All SafO-FG-stained slides were viewed with a Nikon
E100 slide scanner (Nikon Microsystems, Tokyo, Japan)
and scanned with SlidePath Gateway software (Leica
Biosystems, Wetzlar, Germany). The Sirius red-stained
slides were observed under a PLM (Eclipse Ci, Nikon,
Tokyo, Japan). ROI delineation, histological evaluation,
and MRI quantitative analysis were performed following
the processes described above. As the cross-sections of
each sample covered regions that encompassed different
histopathological grades, scores were grouped into four
grades based on the Osteoarthritis Research Society
International (OARSI) grading standard (21,22). Normal
cartilage (OARSI score =0-1) was defined as grade 1; mild
cartilage degeneration (OARSI score =2) was defined as
grade 2; moderate cartilage degeneration (OARSI score =3)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

was defined as grade 3; and severe cartilage degeneration
(OARSI score =4-6) was defined as grade 4.

The integrity of collagen structure in cartilage was
assessed using the PLM collagen organization score (PLM-
CO) (23,24), which uses an ordinal scale, ranging from total
disorganization (score 0) to a healthy zonal architecture
(score 5). With a PLM score of 0, the fiber organization
reveals sparse bright patches, which are randomly oriented
instead of being parallelly or perpendicularly aligned
throughout the specimen. With a PLM score of 5, distinct
superficial and deep zones are separated by appropriate
thicknesses of transitional zone. Table S1 shows details
of PLM-CO scoring (24). The clinical information and
histopathology results of all patients are available online.

Statistical analysis

SPSS 24.0 software (SPSS, Chicago, IL, USA) was used for
data analyses. With a sample size of 72 for each quantitative
MRI group, the Kolmogorov-Smirnov test was used to
confirm whether the data were normally distributed. One-
way analysis of variance (ANOVA) was used to compare
UTE-MTR, UTE-AdiabT1p, and UTE-T2* values
between different OARSI grade groups. Tamhane’s T2 test
and the least-significant difference (LSD) test were used
to further identify significant differences within cartilage
degeneration groups and to compare these groups with the
normal group. Dunn’s test was used to correct for multiple
comparisons. The CubeQuant-T12 values of different groups
were analyzed using the Kruskal-Wallis test. Spearman’s
correlation coefficient was used to determine correlations
between quantitative MRI results, OARSI grades, and
PLM scores. Correlations were classified and considered
as extremely high (r=1.00 to 0.90 or —1.00 to —0.90), high
(r=0.90 to 0.70 or —0.90 to —0.70), moderate (r=0.70 to 0.50
or —0.70 to —0.50), low (r=0.50 to 0.30 or -0.50 to —0.30),
or negligible (r=0.30 to 0.00 or —0.30 to —0.00) (25). The
diagnostic efficacy of the different MRI biomarkers for
the detection of mild cartilage degeneration was compared
using the receiver operating characteristic (ROC) analysis.
The OARSI was chosen as the reference standard. All
ROIs with OARSI grade 2 were defined as mild cartilage
degeneration. Sensitivity and specificity in the detection of
mild cartilage degeneration were also calculated. In one-
way ANOVA analysis, P values of less than 0.0125 (0.05/4)
were considered to indicate statistical significance; in ROC
analysis, P values of less than 0.05 were considered to
indicate statistical significance.
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Figure 1 The ROI of cartilage (blue rectangle) had an OARSI grade 2 and PLM-CO score 2. (A) UTE-MT, (B) UTE-T2*,
(C) CubeQuant-T2 and (D) UTE-AdiabT1p images of a human anterolateral femoral condyle. (E) Safranin O-Fast Green-stained and
(F) PLM images of the corresponding ROI with an OARSI grade 2 and PLM-CO score 2. ROI, region of interest; OARSI, Osteoarthritis
Research Society International; PLM-CO, polarized light microscopy collagen organization score; UTE-MT, ultrashort echo time-based
magnetization transfer; UTE-T2%, ultrashort echo time-based T2*; UTE-AdiabT1p, ultrashort echo time-based adiabatic T'1p.

Results

A total of 72 ROIs from 20 osteochondral specimens
(14 males and 6 females; mean age = SD, 58.8+6.6) were
included in this study. Based on the OARSI grading
standard, 19 ROIs were OARSI grade 1, 19 ROIs were
OARSI grade 2, 8 ROIs were OARSI grade 3, and 26 ROIs
were OARSI grade 4. Representative images of the UTE-
MT, UTE-AdiabT1p, UTE-T2*, and CubeQuant-T2
techniques are shown in Figure 1 along with images of the
corresponding SafO-FG-stained and PLM images.

The UTE-MTR (0.090, P=0.200), UTE-AdiabT1p
(0.080, P=0.200), and UTE-T2* (0.060, P=0.200) values
followed a normal distribution, whereas CubeQuant-T2
(0.217, P<0.01) did not (Table S2). As a result, UTE-MTR,
UTE-AdiabT'1p, and UTE-T2* values were expressed as
mean + SD, while CubeQuant-T2 values were expressed as
median and interquartile range IQR).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Quantitative MR values for normal and mild cartilage
degeneration

The UTE-MTR values for the normal and mild degeneration
groups were 15.90%+1.06% and 14.59%+1.35%, respectively.
The UTE-AdiabT1p values for the normal and mild
degeneration groups were 40.19+2.87 and 42.6+2.26 ms,
respectively. The UTE-T2* values for the normal and mild
degeneration groups were 20.21+6.02 and 18.20+6.85 ms,
respectively. The CubeQuant-T2 values for the normal
and mild degeneration groups were 41.1 (36.60-45.20)
and 43.7 (41.60-48.70) ms, respectively. Table 2 shows the
quantitative MRI values for all four sequences by OARSI
grade.

Correlation analysis

Among the correlations between the UTE-MRI

Quant Imaging Med Surg 2022;12(3):1738-1749 | https://dx.doi.org/10.21037/qims-21-550
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Table 2 qMRI results of different OARSI grades

aMRI 1 3 4
UTE-MTR (%) 15.90+1.06 14.59+1.35 14.14+1.35 13.18+1.78
UTE-AdiabT1p (ms) 40.19+2.87 42.6+2.26 41.33+2.19 45.39+3.60
UTE-T2* (ms) 20.21+6.02 18.20+6.85 13.88+5.26 13.69+5.67

CubeQuant-T2 (ms) 41.1 (36.60-45.20)

43.7 (41.60-48.70)

42 3 (37.35-51.95) 44.05 (41.58-51.48)

gMRI, quantitative magnetic resonance imaging; OARSI, Osteoarthritis Research Society International; UTE-MTR, ultrashort echo time-
based magnetization transfer ratio; UTE-AdiabT1p, ultrashort echo time-based adiabatic T1p; UTE-T2*, ultrashort echo time-based T2*.

Table 3 Correlations between gMRI biomarkers and histological OARSI grades and polarized light microscopy collagen organization scores

UTE-MTR UTE-AdiabT1p UTE-T2* CubeQuant -T2 PLM-CO OARSI
OARSI -0.709" 0.586™* -0.481 0.313™ -0.803* -
PLM-CO 0.579** -0.502*** 0.511™ -0.287~ - -0.803"*

*, P<0.05; **, P<0.01; ***, P<0.001. gMRI, quantitative magnetic resonance imaging; OARSI, Osteoarthritis Research Society International;
PLM-CO, polarized light microscopy collagen organization score; UTE-MTR, ultrashort echo time-based magnetization transfer ratio; UTE-
AdiabT1p, ultrashort echo time-based adiabatic T1p; UTE-T2*, ultrashort echo time-based T2*.

quantitative biomarkers and histological results, those of
the UTE-MTR with the OARSI grade (r=—0.709, P<0.001)
and PLM-CO score (r=0.579, P<0.001) were the highest
(moderate). UTE-AdiabT'1p showed a moderate correlation
(r=0.586, P<0.001) with the OARSI grade, and both
UTE-T2* and CubeQuant-T2 showed low correlations
(r=—0.481 and r=0.313, respectively) with the OARSI grade.
UTE-AdiabT1p (r=—0.502, P<0.001) also showed higher
correlations with the PLM-CO score than did UTE-T2*
(r=—0.454, P<0.001) and CubeQuant-T2 (r=-0.287,
P=0.014).

Regarding correlations between quantitative UTE-MRI
biomarkers, a moderate negative correlation was observed
between UTE-AdiabT1p and the UTE-MTR (r=-0.620,
P<0.001). Further, the OARSI grade and PLM-CO score
were also highly correlated (r=-0.803, P<0.001). The
corresponding results are shown in Table 3.

Comparison of different MRI biomarkers between different
histopathological groups

Figure 2 shows pixel maps of UTE-T2*, UTE-AdiabT1p,
the UTE-MTR, and CubeQuant-T2, as well as a SafO-FG-
stained slide and PLM images of a representative human
anterolateral femoral condyle.

The UTE-MTR and UTE-AdiabT1p values in the
normal group differed from those in the mild degeneration

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

group (P=0.047 and 0.015, respectively). The mild
degeneration and normal groups could not be differentiated
based on their UTE-T2* and CubeQuant-T2 values.
However, significant differences were observed between the
UTE-T2* values of the normal and moderate degeneration
groups (P=0.016), the normal and severe degeneration
group (P<0.001), and the mild degeneration and severe
degeneration group (P=0.016). CubeQuant-T2 values only
showed a significant difference between the normal and
severe degeneration groups (P=0.049). The corresponding
results are shown in Figure 3. Comparisons of each
quantitative UTE-MRI biomarker in the different PLM-
CO grade groups are shown in Figure S1.

ROC curve analysis

ROC curves with respect to the OARSI-based metrics for
early cartilage degeneration showed that with an AUC
of 0.805, the UTE-MTR (P=0.001, sensitivity =73.7%,
specificity =89.5%) had the best diagnostic efficacy of any of
the MRI biomarkers. UTE-AdiabT'1p and CubeQuant-T2
displayed similar diagnostic efficacy, with AUC values of
0.727 (P=0.017, sensitivity =63.2%, specificity =73.7%) and
0.712 (P=0.026, sensitivity =73.7%, specificity =68.4%),
respectively. Of the MRI biomarkers, UTE-T2* gave the
worst performance, with an AUC value of 0.609 (P=0.249,
sensitivity =78.9%, specificity =47.4%). Table 4 shows the

Quant Imaging Med Surg 2022;12(3):1738-1749 | https://dx.doi.org/10.21037/qims-21-550
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UTE-T2* map, (B) UTE-T1p map, (C) UTE-MTR map, (D) CubeQuant-T2 map, (E) Safranin-O staining image and (F) PLM image of a

representative human anterolateral femoral condyle. ROI, region of interest; OARSI, Osteoarthritis Research Society International; PLM-

CO, polarized light microscopy collagen organization score; UTE-T2%, ultrashort echo time-based T2*; UTE-AdiabT1p, ultrashort echo

time-based adiabatic T1p; UTE-MTR, ultrashort echo time-based magnetization transfer ratio.

diagnostic efficacy of each MRI biomarker for mild cartilage
degeneration, and Figure 4 shows the corresponding
ROC curves. The ROC curves with respect to PLM-CO-
based metrics for mild cartilage degeneration are shown in
Figure S2.

Discussion

The preliminary results from this study suggest that UTE-
MTR and UTE-AdiabT1p are correlated with OARSI
grade and might have the potential to identify mild cartilage
degeneration. In contrast, UTE-T2* and CubeQuant-T2
did not display sufficient discriminatory power to effectively
differentiate mild cartilage degeneration. Degeneration-
associated changes in human cartilage could be quantified
using UTE-MT, UTE-AdiabT1p, UTE-T2*, and
CubeQuant-12, with UTE-MTR performing best of all the
investigated MRI biomarkers in the diagnosis of early OA.
The pathogenesis of OA is complicated. Cell death, or
proliferation, and matrix changes start at a very early stage.
Surface discontinuity and focal fibrillation extend vertically
downward from the superficial zone to the mid and deep
zones as the OA progresses. Loss of matrix and denudation

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

are the main histological features during the late stage of
OA (21). The MT sequence has demonstrated its feasibility
for indirect assessment of macromolecular protons in
the cartilage matrix (26). In the present study, a fast and
modified multi-spoke acquisition scheme was applied to
the UTE-MT sequence. Nine spokes were acquired after
each off-resonance saturation pulse in UTE-MT imaging,
and 21 spokes were acquired after each adiabatic T1p
preparation in UTE-AdiabT'1p imaging, which accelerated
the data acquisition by a factor of 5 for UTE-MT or 21
for UTE-AdiabT1p imaging. Results showed that UTE-
MTR was highly correlated with the histological grade
of cartilage degeneration and could identify normal and
mildly degenerated cartilage. The UTE-MTR performed
best in the diagnosis of mid cartilage degeneration, which is
consistent with findings of previous studies (19,27). UTE-
MT may therefore serve as a useful quantitative method in
the assessment of human cartilage degeneration.

The mechanisms contributing to T1p relaxation include
dipolar interactions, scalar coupling interactions, and
chemical exchange processes (13). The T1p value describes
the spin-lattice relaxation in the rotating frame. Some
studies have suggested that the T'1p value is sensitive to
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Figure 3 Box-plot diagrams illustrating UTE-MTR, UTE-AdiabT1p, and UTE-T2* values among groups of different OARSI grades.
UTE-MTR performed best. (A) UTE-MTR could differentiate the mild from the normal group, the moderate from the normal group, the
severe from the normal group, and the severe group from the mild group. (B) UTE-AdiabT'1p could differentiate the mild from the normal
group, the severe from the normal group, the severe from the mild group, and the severe group from the moderate group. (C) UTE-T2*
could differentiate the moderate from the normal group, the severe from the normal group, and the severe from the mild group. (D) A
significant difference was only observed in CubeQuant-T2 values between the normal and the severe group. UTE-MTR, ultrashort echo
time-based magnetization transfer ratio; UTE-AdiabT'1p, ultrashort echo time-based adiabatic T'1p; UTE-T2*, ultrashort echo time-based
T2* OARSI, Osteoarthritis Research Society International. *, P<0.05; **, P<0.01; ***, P<0.001.

Table 4 Diagnostic efficacy of each magnetic resonance imaging biomarker in the diagnosis of mild cartilage degeneration

Sequence AUC P value Sensitivity Specificity
UTE-MTR 0.805 0.001* 0.737 0.895
UTE-AdiabT1p 0.727 0.017* 0.632 0.737
UTE-T2* 0.609 0.249 0.789 0.474
CubeQuant-T2 0.712 0.026* 0.737 0.684

*, P<0.05. All regions of interest with OARSI grade 2 were defined as mild cartilage degeneration. AUC, area under the curve; OARSI,
Osteoarthritis Research Society International; UTE-MTR, ultrashort echo time-based magnetization transfer ratio; UTE-AdiabT1p,
ultrashort echo time-based adiabatic T1p; UTE-T2*, ultrashort echo time-based T2*.
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Figure 4 The ROC curves of each MRI parameter for the
diagnostic efficacy of mild cartilage degeneration. The OARSI
grading was chosen as the reference standard. The diagnostic
efficacy of UTE-MTR (AUC =0.805, P=0.001, sensitivity
=73.7%, specificity =89.5%) was better than any other single
MRI parameter. UTE-AdiabT1p (AUC =0.727, P=0.017,
sensitivity =63.2%, specificity =73.7%); UTE-T2* (AUC =0.609,
P=0.249, sensitivity =78.9%, specificity =47.4%); CubeQuant-T2
(AUC =0.712, P=0.026, sensitivity =73.7%, specificity =68.4%).
Corresponding AUC, sensitivity, specificity for all sequences are
shown in Tuble 4. ROC, receiver operating characteristics; OARSI,
Osteoarthritis Research Society International; UTE-MTR,
ultrashort echo time-based magnetization transfer ratio; AUC,
area under the ROC curve; UTE-AdiabT'1p, ultrashort echo time-
based adiabatic T1p; UTE-T2*, ultrashort echo time-based T2*.

changes in glycosaminoglycan content (28,29). Recently,
Hafner ez al. reported that collagenase hydrolyses impacted
cartilage functionality in human cartilage, with aberrant
loading-induced changes in T1p reflecting severe matrix
changes (30). The UTE-AdiabT1p sequence combined the
3D UTE Cones sequence (with 69 cones and 5,821 spiral
spokes) with an adiabatic T'1p preparation for the assessment
of articular cartilage on a clinical 3T scanner (18).
The UTE-AdiabT1p sequence employs a stronger spin-
lock field with a broader spectral bandwidth compared to
a continuous wave spin-lock pulse, and thus suppresses
the effect of orientation-dependent residual dipolar
coupling (16). Our results showed that the UTE-AdiabT'1p
values were positively correlated with cartilage degeneration
(r=0.586, P<0.001), with significant differences observed
between healthy and mildly degenerated cartilage.
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Therefore, UTE-AdiabT1p may serve as a potential MRI
biomarker of early cartilage degeneration.

T2* and T2 are similar techniques. Conventional T2*
mainly reflects the relaxation of long T2 components. It
may therefore have a similar correlation with degeneration
as conventional T2. UTE-T2* with a UTE of 32 ps is
better in detecting shorter T2 components, especially in
the deep layers, than conventional T2 with a much longer
echo time of 6 ms (14). In this study, we found that the
UTE-T2* values were significantly different between the
normal and moderate degeneration groups, the normal and
severe degeneration groups, and the mild degeneration and
severe degeneration groups. Also, a significant difference
in CubeQuant-T2 values was only observed between
the normal and severe degeneration group. In the ROC
analysis, CubeQuant-T2 exhibited a similar AUC to UTE-
AdiabT'1p for diagnosing mild cartilage degeneration, but
UTE-T2* showed a poor performance. In the early stage of
OA, cartilage deterioration mainly manifests as degradation
of extracellular matrix constituents (31). These constituents
have multiple instinctive MR properties, and both long T2
and short T2 components exist in all layers of cartilage, with
an increased number of short T2 components in the deeper
layers. It is clear that more research is needed to investigate
the differential ability of cartilage degeneration, such as
bicomponent analysis of different cartilage layers and
their correlation with cartilage degeneration (much higher
spatial resolution is needed) (14). Moreover, both T2 and
UTE-T2* with monocomponent analysis may be subject to
the magic angle effect, which may result in a limited ability
to distinguish mild OA.

Our study has several limitations. First, only 20
anterolateral femoral condyle specimens were included,
and the number of ROIs in each OARSI grading group
was different, which may have reduced the statistical power
available to detect differences between groups. Because each
specimen consisted of cartilage with several different grades
of degeneration, multiple matched ROIs were drawn in the
postprocessing of images to increase the statistical power.
In future studies, a larger number of specimens should be
collected. Second, this study was performed ex vivo, and
tissue storage and processing might have impacted the
quality of the preserved specimens. Immediately after the
total knee arthroplasty procedure, each specimen was cut
into slabs, which were subsequently wrapped with saline-
soaked gauze and then stored at 4 °C. After scanning, the
specimens underwent histological processing on the same
day to minimize tissue degeneration. Third, quantitative
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biochemical measurements were not performed for
extracellular matrix components. Further study is needed
to investigate the sensitivity and specificity of UTE-MRI
biomarkers in assessing compositional and structural
changes across different layers of cartilage in early OA.

Conclusions

In conclusion, this study has demonstrated that quantitative
UTE-MRI parameters might have the potential to
differentiate different degrees of cartilage degeneration.
Although no single quantitative UTE-MRI parameter could
differentiate all grades of cartilage degeneration, the UTE-
MTR exhibited the highest diagnostic efficacy for mild
cartilage degeneration and might facilitate the diagnosis of
early OA.
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