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Abstract

Objective: Meniscal degeneration is strongly associated with osteoarthritis (OA), but 

conventional sequences have limited values in the evaluation of meniscus due to its short T2 

relaxation time. We aimed to evaluate a 3D ultrashort-echo-time Cones magnetization transfer 

(UTE-Cones-MT) sequence for quantification of macromolecular fraction (MMF) and MT ratio 

(MTR) in menisci of healthy volunteers and patients with different degrees of OA.

Methods: Patients with mild OA (n=19; 37-86 years; 10 males) or advanced OA (n=12; 52-88 

years; 4 males) and healthy volunteers (n=17; 20-49 years; 7 males) were scanned with T2-FSE 

and 3D UTE-Cones-MT sequences on a 3T scanner. Morphological assessment was performed 

using meniscal whole-organ magnetic resonance imaging score (WORMS). MMF and MTR were 

calculated for anterior and posterior horns of medial and lateral menisci, and were correlated with 

age and meniscal WORMS scores of the three groups of human subjects. The diagnosis efficiency 

of MMF and MTR was performed by using receiver operating characteristic (ROC) curve and the 

area under the curve (AUC) analyses.

Results: Decreased MMF and MTR were observed in menisci of patients with mild or advanced 

OA compared with healthy subjects, and in menisci with tears (Grade 2-4) compared with normal 

menisci (Grade 0). Significant negative correlations were observed between MMF (r=−0.769, 

P<0.01), MTR (r=−0.320, P<0.01), and meniscal WORMS score. There was a mild negative 

correlation between MMF (r=−0.438, P<0.01), MTR (r=−0.289, P<0.01), and age. The AUC 
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values of MMF and MTR in the four horns of meniscus and the posterior horn medial meniscus 

for differentiating OA patients from healthy volunteers were 0.762 and 0.699, and 0.835 and 

0.883, respectively.

Conclusion: The 3D UTE-Cones-MT biomarkers of MTR and especially MMF can detect 

compositional changes in meniscus and differentiate healthy subjects from patients with mild or 

advanced knee OA.

Keywords

Ultrashort echo time(UTE); Magnetization Transfer(MT); meniscus; osteoarthritis; Quantitative; 
Diagnosis

Introduction

The menisci play a vital protective role in the long-term health of the knee joint by 

facilitating shock absorption and load distribution. Meniscal degeneration is known to be 

strongly associated with the development and progression of osteoarthritis (OA) (1–2). Early 

detection of compositional changes in the meniscus is of critical importance in preserving 

the tissue and avoiding the onset or progression of OA. Various quantitative magnetic 

resonance imaging sequences have been used to evaluate biochemical changes in meniscal 

tissues (3–5). These techniques such as T1ρ and T2 are potentially more sensitive than 

conventional morphological sequences in identifying early signs of meniscal deterioration 

(3–7). However, both conventional T1ρ and T2 are affected by the magic angle effect (5,8). 

A previous study of articular cartilage indicated that changes in conventional T1ρ and T2 

values due to the magic angle effect can be more than those caused by degeneration (9). This 

is likely to affect their performance in evaluating meniscal degeneration and early diagnosis 

of OA.

Magnetization transfer (MT) imaging has also been used for indirect assessment of 

macromolecules in biological tissue (10,11) to explore its value in the early diagnosis of 

OA. The simplest approach is to measure the magnetization transfer ratio (MTR), which 

provides a measure of the magnetization change before and after the MT pulse. Reduction in 

MTR has been shown to be associated with collagen degradation and proteoglycan depletion 

(11–13). However, the functional use of cartilage MTR values is limited (12). In regards to 

meniscus, MT imaging has been less studied since meniscal MTR and MT modeling are 

challenging (14). The fundamental technical challenge is related to the meniscal structure. 

The meniscus is a collagen-rich tissue consisting of highly organized distinct groups of 

collagen fibers, including the meshwork fibers covering the meniscus surfaces, the lamella-

like collagen fibril bundles beneath the superficial network, the radial fibers located in the 

external circumference of the anterior and posterior segments, and the main circumferential 

fibers located in the central region between the femoral and tibial surface layers (15). This 

highly organized fiber structure leads to a strong dipole-dipole interaction and, subsequently, 

a short T2 relaxation (16). As a result, the meniscus typically shows as little or low signal 

when imaged with conventional clinical sequences (17).
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In comparison, ultrashort echo time (UTE) sequences with TEs ~100 times shorter than 

those of conventional sequences allow direct imaging of short T2 tissues such as the 

meniscus (17). More recently, a three-dimensional multi-spoke UTE Cones MT sequence 

(3D UTE-Cones-MT) combined with a modified two-pool rectangular pulse approximation 

(RP) model has been developed for fast quantitative MT imaging of short T2 tissues using 

a clinical 3T scanner (18). This UTE-MT modeling can provide a more comprehensive 

assessment of tissue properties, such as the macromolecular fraction (MMF) (19,20). More 

importantly, these UTE-MT biomarkers are insensitive to the magic angle effect (19), 

making them ideal candidates for quantitative evaluation of meniscal degeneration.

In this study, we aimed to evaluate biomarkers derived from 3D UTE-Cones-MT imaging, 

including the MMF and MTR, in differentiating healthy subjects from patients with mild 

and advanced OA, and to assess their correlations with the morphological assessment of 

meniscal degeneration using a modified whole-organ magnetic resonance imaging score 

(WORMS) (21,22).

Materials and methods

Subjects

A total of 48 human subjects (aged 20-88 years, mean age 55±16 years; 21 males) was 

recruited from July 2017 to February 2018 for quantitative whole knee MR imaging. 

Informed consent was obtained from all subjects following guidelines of the University 

of California San Diego Institutional Review Board. The exclusion criteria included 

patients with previous knee surgery or traumatic knee injury, knee tumor, infectious lesion, 

incomplete clinical data, and/or poor image quality (e.g., strong motion artifacts). The 

definition criteria for OA patients were based on plain radiographs using the Kellgren-

Lawrence (KL) OA classification system (Grade 0: no pathological features; Grade 1: 

doubtful narrowing of joint space and possible osteophytic lipping; Grade 2: definite 

osteophytes and possible narrowing of joint space; Grade 3: moderate multiple osteophytes, 

definite narrowing of joint space, some sclerosis, and possible deformity of bony ends; 

Grade 4: large osteophytes, marked narrowing of joint space, severe sclerosis, and definite 

deformity of bone ends) (4–7). The definition criteria for healthy subjects were as follows: 

no history of diagnosed OA and no functional impairment or moderate to severe physical 

symptoms in the past six months in either knee joint. Of the 48 subjects, 17 were classified 

as healthy (KL grade 0, 20-49 years; 7 males), 19 were classified as mild OA (KL grade 1 or 

2, 37-86 years; 10 males), and 12 were classified as advanced OA (KL grade 3 or 4, 52-88 

years; 4 males)

MRI Protocol

Whole knee joint imaging was performed using the 2D sagittal T2-weighted fat-suppressed 

fast spin echo (T2-FSE) sequence, the 3D UTE with fat suppression (UTE-FS), and the 

3D UTE-Cones-MT sequence on a 3T MR750 scanner (GE Healthcare Technologies, 

Milwaukee, WI). An 8-channel knee coil was used for signal excitation and reception. The 

fat suppression T2-FSE sequence used the following imaging parameters: TR = 4500 ms, 

TE = 70.5 ms, field of view = 15×15 cm2, slice thickness = 3 mm, scan time = 1 min 40 
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sec, receiver bandwidth = 162 kHz. The 3D UTE-Cones-MT sequence used the following 

imaging parameters (23): field of view= 15×15×10.8 cm3, matrix size = 256×256×36, slice 

thickness = 3.0 mm, voxel size = 0.59 ×0.59×3.0 mm3, bandwidth = 166 kHz, TR = 100 ms, 

TE = 32 μs, flip angle (FA) = 7°, number of spokes per MT preparation = 11 (to speed up 

UTE-Cones-MT data acquisition by 11-fold), three MT powers of 500°, 1000°, and 1500°, 

and five MT frequency offsets of 2, 5, 10, 20, and 50 kHz, with a total scan time of 14 min 

30 sec. The 3D UTE-FS sequence used similar imaging parameters, except a shorter TR of 

45 ms, chemical-shift fat saturation, and a scan time of 3 min 40 sec.

Morphological MRI Analysis

Clinical assessment of meniscus and cartilage was performed by two experienced 

radiologists (22 years of experiences and 16 years of experiences, respectively) evaluating 

the sagittal fat-suppressed T2-FSE images. Both radiologists were blinded to subject 

information and quantitative UTE data and performed independent morphological 

evaluation. In case of disagreement, the two radiologists reached a consensus through 

consultation. The meniscal WORMS score was graded as follows: 0 = no lesion, 1 = 

intrasubstance abnormality, 2 = non-displaced tear, 3 = displaced or complex tear without 

deformity, and 4 = maceration of the meniscus (22). Meniscal score 0 was classified as 

normal, score 1 as degeneration without tear, and scores 2 through 4 as meniscal tear. The 

meniscal compartments assessed included the following (4): anterior horn lateral meniscus 

(AHLAT), anterior horn medial meniscus (AHMED), posterior horn lateral meniscus 

(PHLAT), and posterior horn medial meniscus (PHMED). The cartilage WORMS score 

was graded as follows: normal thickness and signal (cartilage WORMS score 0); non-full-

thickness cartilage lesions (cartilage WORMS score 1-2); and full-thickness cartilage lesions 

(cartilage WORMS score 2.5-6) (22). The tibiofemoral compartments were analyzed.

Quantitative MRI Analysis

The elastix motion registration was applied to the 3D UTE-Cones-MT data before 

quantification (23,24). The whole 3D UTE-Cones-MT data acquisition took about 14.5 min, 

but each data subset took less than one minute. It is therefore reasonable to consider only 

inter-scan motion and ignore intra-scan motion. Rigid registration was first carried out to 

correct for translations and rotations, followed subsequently by non-rigid registration for 

further fine adjustment (such as scaling and shearing) (23). Each sub-compartment of the 

meniscus was segmented on three consecutive slices. The MMF and MTR were calculated 

for medial and lateral menisci following published procedures (18–20). The MMF was 

calculated by fitting the acquired 15 sets of UTE-Cones-MT data using the modified two-

pool MT model (18). The MTR was calculated as the signal difference between the MT data 

with almost no MT effect(flip angle of 500° and frequency offset of 50 kHz) and the data 

with maximum MT effect (flip angle of 1500° and frequency offset of 2 kHz) normalized 

to the signal of the data with almost no MT effect. All segmentation and MT measurements 

were completed using an in-house developed program in Matlab (Mathworks 2017, Natick, 

MA). The three continuous midsagittal slices were selected so that the measurements were 

consistent in the same location across all the knees.
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Statistical Analysis

All statistical analyses were completed using SPSS software (Version 23.0, IBM SPSS 

Statistics, USA). The normality and homogeneity of variance was tested by Shapiro-Wilk 

test and Levene test, respectively. The continuous variables were compared among groups 

using one-way ANOVA or Kruskal-Wallis test, while Bonferroni correction was employed 

for multiple comparisons. The intraclass correlation coefficient (ICC) was used to assess 

intraobserver variability and reliability. Spearman correlation coefficients of MMF and MTR 

with meniscal WORMS scores and ages were calculated. The diagnosis efficiency of MMF 

and MTR was performed by using receiver operating characteristic (ROC) curve and area 

under the curve (AUC) analyses to differentiate OA patients from healthy volunteers. A 

p-value less than 0.05 indicates statistical significance.

Results

Representative clinical T2-FSE and UTE images as well as maps of MMF and MTR for 

knee menisci of a normal volunteer, a patient with mild OA and a patient with more 

advanced OA, respectively, were shown in Figure 1. Menisci show as near-zero signal with 

the T2-FSE sequence but as a high signal with the UTE sequence, allowing volumetric 

mapping of MMF and MTR for quantitative assessment of meniscal degeneration. Both 

MMF and MTR decrease with meniscal degeneration. More details about MMF calculation 

from two-pool UTE-MT modeling was shown in supplemental Figure 1.

The subject characteristics stratified by three groups of meniscal grades and cartilage scores 

based on meniscal WORMS assessment were shown as supplemental Table 1.

Decreased MMF and MTR were observed in mild and advanced OA, as shown in Table 1 

and Figure 1. The healthy menisci showed the highest MMF and MTR, while the menisci 

of patients with advanced OA showed the lowest MMF and MTR. Meanwhile, decreased 

MMF and MTR were observed in menisci with tears (Grade 2-4) or in menisci without tears 

but degenerated (Grade 1), when compared with normal menisci (Grade 0), as shown in 

Table 2. Decreased MMF and MTR were also observed in menisci with full-thickness or 

non-full-thickness cartilage lesions compared with menisci with normal cartilage, as shown 

in Table 3. Furthermore, the MMF and MTR of AHLAT, MMF of PHLAT, and MTR of 

PHMED followed normality distribution and homogeneous variance, while the MMF of 

AHMED and PHMED, and MTR of PHLAT and PHMED did not. The ICC for MMF and 

MTR measurements were 0.820 (95% CI: 0.721-0.885) and 0.901 (95% CI: 0.838-0.939), 

respectively.

Significant correlations were observed between the MMF and meniscal WORMS scores, as 

well as between the MTR and meniscal WORMS scores, with r values of −0.769 (95%CI: 

−0.695~−0.824, P<0.01) and −0.320 (95%CI: −0.168~−0.447, P<0.01), respectively, as 

shown in Figure 2. There was a mild negative correlation between the MMF and age 

(r=−0.438, 95%CI: −0.317~−0.543, P<0.01), as well as between the MTR and age 

(r=−0.289, 95%CI: −0.146~−0.428, P<0.01). Figure 3 shows the ROC curves for the MMF 

and MTR. The AUC of the MMF and MTR values for differentiating OA patients from 

healthy volunteers were 0.762 (95%CI: 0.696~0.821) and 0.699 (95%CI: 0.629~0.763), 
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respectively. With a cut off of MMF≤15.95%, the corresponding sensitivity and specificity 

were 70.97% and 70.59%, and with a cut off of MTR≤0.56, the corresponding sensitivity 

and specificity were 84.68% and 50%, respectively. In addition, the posterior horn 

meniscal MMF and MTR values performs best in differentiating OA patients from healthy 

volunteers via ROC curve analysis with AUC of 0.835 (95%CI: 0.700~0.926) and 0.883 

(95%CI:0.758~0.958), respectively. With a cut off of MMF≤14.86%, the corresponding 

sensitivity and specificity were 67.74% and 94.12%, and with a cut off of MTR≤0.56, the 

corresponding sensitivity and specificity were 87.10% and 82.35%, respectively.

Discussion

This is the first study evaluating 3D UTE-Cones-MT imaging of meniscal degeneration 

and its potential for diagnosis of early OA. Our preliminary results show higher MMF and 

MTR in healthy menisci and lower MMF and MTR in menisci of patients with mild and 

advanced OA. At the same time, MMF and MTR are significantly negatively correlated with 

meniscal WORMS score. A good diagnostic curve was achieved using the MMF and MTR 

of the four meniscal horns for differentiating OA patients from healthy volunteers, with an 

AUC of 0.762 and 0.699, respectively. The MMF and MTR of the posterior horn of the 

medial meniscus further improve diagnosis with an AUC of 0.835 and 0.883, respectively, 

consistent with the literature which states that meniscal degeneration occurs mostly in this 

region (25,26). Our preliminary results indicate that the MMF and MTR derived from 3D 

UTE-Cones-MT imaging are excellent biomarkers for assessing meniscal degeneration and 

differentiating healthy subjects from mild or advanced OA.

While T1ρ and T2 have been investigated extensively in the evaluation of meniscal 

degeneration (4–7), the MT technique has received relatively less attention (14). This 

research mainly focused on measuring MMF through two-pool modeling of 3D UTE-Cones-

MT images of healthy and abnormal menisci in vivo (12). MTR values were calculated 

as a by-product. In MT imaging, the off-resonance saturation pulse partially saturates 

magnetizations of collagen backbone protons or protons of water bound to collagen, thus 

indirectly assessing macromolecular content in tissues such as the meniscus and cartilage 

(12,13). The most common quantitative biomarker is MTR, which represents the percentage 

of signal reduction due to partial saturation of macromolecules. Most studies suggest that the 

collagen component is the most important contributor to the MT effect (26–29), but there is 

an increasing number of studies that associate MTR with glycosaminoglycan concentration 

and tissue structure (13,30). MTR measurement is influenced by hardware (e.g., field 

strength) and many other factors such as the MT pulse power and the frequency offset (31). 

In contrast, hardware and imaging parameters do not affect MMF measurement. Therefore, 

MMF is believed to be a more robust biomarker than MTR. The preliminary results are 

encouraging, with excellent separation between normal, mild, and advanced OA groups. 

MMF and MTR are negatively correlated with meniscal WORMS scores and age. The 

best correlation is found between meniscal WORMS scores and MMF (r=−0.769), whereas 

weaker correlations are found between age and MMF (r=−0.438) and MTR (r=−0.289), 

respectively, indicating that degeneration related composition changes in the meniscus can 

be effectively detected. Both MMF and MTR measurements showed statistically significant 
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differences between different levels of knee arthritis groups (Table 1). MMF outperforms 

MTR and is a more reliable biomarker for knee joint degeneration.

The success of the 3D UTE-Cones-MT imaging and two-pool modeling technique depends 

on four major factors. First, the 3D UTE-Cones sequence is highly efficient in imaging short 

T2 tissues such as the meniscus. The Cones trajectory enables fast k-space sampling with a 

much higher duty cycle than the conventional radial trajectory. The drawback is increased 

spatial blurring associated with extended spiral sampling, though this is less of a problem for 

the meniscus as its T2 of ~5 ms is in actuality not extremely short (it is much longer than 

that of cortical bone, which is on the order of ~0.3 ms (32), thus allowing extended sampling 

with minimal spatial blurring (33). Second, the 3D multi-spoke UTE-Cones-MT acquisition 

scheme further improves the efficiency by reducing the total scan time by a factor of Nsp, 

which is the number of spokes per MT preparation. Third, the modified RP model allows 

accurate estimation of MMF even with an acceleration factor of Nsp, as demonstrated by Ma 

et al. (18). Fourth, two-pool MT modeling derived MMF is insensitive to the magic angle 

effect (19). This is a significant advantage over conventional T2 and T1ρ biomarkers, which 

may increase by 100-300% when the collagen fibers are reoriented from 0° to 54° relative to 

the B0 field (9). This magic angle-induced increase may be significantly more than changes 

induced by degeneration (34). In contrast, the MMF is nearly magic angle-insensitive. 

A decrease in MMF is likely due to collagen loss or water increase rather than angular 

orientation. Because of this excellent magic angle insensitivity, the MMF performs much 

better than the MTR in separating normal menisci from mild or advanced OA.

In addition, the multi-spoke 3D UTE-Cones-MT sequence combined with the two-pool RP 

modeling allows quantitative assessment of MMF of not only meniscus, but other short 

T2 tissues such as deep cartilage, tendons, ligaments, and bone. For example, Jerban et al. 

measured the MMF of cortical bone by using the two-pool 3D UTE-Cones-MT model in 

an ex vivo study (35). The results showed that the MMF correlated strongly negatively with 

μCT-based bone porosity and strongly positively with bone mineral density. In this study, 

decreased MMF and MTR were observed in menisci of mild or advanced OA as compared 

with menisci of healthy subjects, which was consistent with the loss of macromolecules 

during the development of OA. Likely, loss of macromolecules may also be observed in 

other knee joint tissues, including the superficial and deep layers of articular cartilage, 

ligaments, tendons, and bone. The 3D UTE-Cones-MT imaging and two-pool RP modeling 

technique can be easily applied to all the knee joint tissues, thus providing a truly “whole-

organ” approach for assessment of knee joint degeneration (36), which will be investigated 

in future studies.

There are several limitations to this study. First, the relatively small sample size of 48 human 

subjects, especially only 12 subjects with advanced OA, may have limited the statistical 

power. Second, it is unclear whether the MMF and MTR are correlated with symptoms and 

function in subjects with knee injury and OA. The knee injury and osteoarthritis outcome 

score (KOOS) is not available in our study (4), which is a significant limitation. Compared 

to WORMS which is more subjective, the MMF and MTR may have advantages in a 

longitudinal study of meniscal degeneration. Third, the ROC curves have relatively low 

sensitivity and specificity, which may be limited by the small sample size as well as the 
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lack of a good reference standard in evaluating meniscal degeneration and knee OA. The 

meniscal WORMS score and the cartilage WORMS score are both subjective and may 

not provide an accurate assessment of meniscal degeneration. Fourth, age may be a major 

confounding factor in the quantitative evaluation of meniscal degeneration. The strong 

correlation between MMF and WORMS together with a much weaker correlation between 

MMF and age suggests the potential value of MMF in evaluating meniscal degeneration. 

However, a larger cohort of patients as well as age-matched healthy volunteers will be 

required for a more systematic evaluation of potential confounders including age, gender, 

and body mass index (BMI). Lastly, the MMF and MTR were calculated only for the 

menisci. Quantitative information about other knee joint tissues was not processed in this 

study.

In conclusion, the multi-spoke 3D UTE-Cones-MT imaging together with two-pool RP 

modeling of MMF as well as a simple calculation of MTR can be used to evaluate meniscal 

degeneration in vivo. Decreased meniscal MMF and MTR were observed in mild and 

advanced OA as compared to healthy ones, showing a negative correlation with the meniscal 

WORMS score. The 3D UTE-Cones-MT biomarkers can potentially detect compositional 

changes in the menisci and can be used to differentiate healthy subjects from patients with 

mild or advanced OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A 23-year-old female healthy volunteer imaged with T2 fast spin echo (T2-FSE) (A) and 

ultrashort echo time (UTE) (B) sequences, as well as the corresponding macromolecular 

fraction (MMF) (C) and magnetization transfer ratio (MTR) (D) maps, a 58-year-old 

male with mild osteoarthritis (OA), imaged with T2-FSE (E) and UTE (F) sequences and 

corresponding MMF (G) and MTR (H) maps, and a 68-year-old female with advanced OA 

imaged with T2-FSE (I) and UTE (J) sequences as well as the corresponding MMF (K) and 

MTR (L) maps. Decreased MMF and MTR were observed in abnormal menisci.
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Figure 2. 
Scatter diagram of the correlations of macromolecular fraction (MMF) with meniscal 

WORMS scores (a) and magnetization transfer ratio (MTR) with meniscal WORMS score 

(b). The mean MMF and MTR decreased with WORMS scores of meniscus increasing.
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Figure 3. 
(A)The area under the curve (AUC) values of the whole meniscal macromolecular fraction 

(MMF) and magnetization transfer ratio (MTR) values for differentiating osteoarthritis 

(OA) patients from healthy volunteers via receiver operating characteristic (ROC) curve 

analysis were 0.762 and 0.699, respectively, with no significant difference between them 

(P>0.05). (B)The area under the curve (AUC) values of the posterior horn medial 

macromolecular fraction (MMF) and magnetization transfer ratio (MTR) values for 

differentiating osteoarthritis (OA) patients from healthy volunteers via receiver operating 

characteristic (ROC) curve analysis were 0.835 and 0.883, respectively, with no significant 

difference between them (P>0.05).
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