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Abstract
Articular cartilage damage and degeneration are among hallmark manifestations of joint injuries and arthritis, classically 
osteoarthritis. Cartilage compositional MRI (Cart-C MRI), a quantitative technique, which aims to detect early-stage carti-
lage matrix changes that precede macroscopic alterations, began development in the 1990s. However, despite the significant 
advancements over the past three decades, Cart-C MRI remains predominantly a research tool, hindered by various technical 
and clinical hurdles. This paper will review the technical evolution of Cart-C MRI, delve into its clinical applications, and 
conclude by identifying the existing gaps and challenges that need to be addressed to enable even broader clinical applica-
tion of Cart-C MRI.

Keywords  Cartilage · Composition MRI · Quantitative imaging · Biomarkers · Osteoarthritis

Introduction

Articular cartilage plays a crucial role in sustaining joint 
health, mobility, and function. Supported by its unique, 
complex structure, cartilage facilitates load transmission 
while providing minimal friction for articulation (Fig. 1). 
Cartilage damage and degeneration are among hallmark 
manifestations of joint injuries and arthritis, classically 
osteoarthritis (OA). Cartilage imaging has transitioned from 

indirect imaging by radiographs to direct imaging by mag-
netic resonance imaging (MRI), and cartilage evaluation is 
now a standard component of all clinical joint MRI studies 
[1]. Cartilage compositional MRI (Cart-C MRI) refers to 
quantitative MRI measurements that reflect the biochemical 
components and organization of the cartilage microstructure 
such as proteoglycan (PG), water, and collagen content, e.g., 
the measurement of MR relaxation times. Comparatively, 
quantitative morphologic imaging of cartilage (Cart-M 
MRI) aims to measure articular cartilage thicknesses and 
volumes of focal or generalized regions of the articular car-
tilage. The significant advances in Cart-M MRI are beyond 
the focus of this review [2].

Cart-C MRI began in the 1990s, aiming to detect cartilage 
matrix changes from injury and degeneration in the earli-
est stages when there is relative preservation of tissue with 
minimal to no visible alterations on standard MRI. Subse-
quently, the methods were applied to postoperative assess-
ment of surgical cartilage repair tissue. However, despite 
the significant advancements over the past three decades, 
Cart-C MRI remains predominantly a research tool, hindered 
by various technical and clinical hurdles. This review will 
commence with an overview of the technical evolution of 
Cart-C MRI, including advanced sequence development, 
accelerated acquisition techniques, and automated analysis 
using artificial intelligence (AI). We will then delve into the 
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clinical applications of Cart-C MRI, including cohort stud-
ies, clinical trials, and its use at ultra-high field strengths. 
The review will conclude by identifying the existing gaps 
and challenges that need to be addressed to enable even 
broader clinical application of Cart-C MRI.

Technical developments for Cart‑C MRI

Articular hyaline cartilage consists of a low density of 
chondrocytes that are surrounded by a large amount of 
extracellular matrix (ECM) composed of water in a mix-
ture of solid components that includes proteoglycans (PGs, 
predominantly aggrecans in cartilage), and collagen fibers 
(predominantly type II in hyaline cartilage). Degeneration 
of cartilage is characterized by progressive breakdown of 
the components of the cartilage ECM, resulting from an 
imbalance between anabolic and catabolic processes that 
are predominately controlled by the chondrocytes [3]. In 
the earliest phase of cartilage degeneration, the stage which 

Cart-C MRI techniques aim to detect, alterations of collagen 
structure and contents, loss of proteoglycan, and the conse-
quent increase of water (tissue swelling) occur before there 
is cartilage thinning and tissue loss. Due to the very fast sig-
nal decay of protons in macromolecules, in vivo Cart-C MRI 
typically employs a strategy that “sensitizes” the measure-
ment of relatively free water protons in the cartilage matrix 
to changes in macromolecular structure and content [4–6]. 
Depending on the principles for this sensitization, Cart-
C MRI techniques can be categorized into the following 
groups: (1) relaxometry; (2) diffusion imaging; (3) magneti-
zation transfer (MT) including chemical exchange saturation 
transfer (CEST) imaging, and lastly (4) non-proton, sodium 
MRI. Table 1 summarizes the basic principles, measure-
ments, advantages, and limitations of the major Cart-C MRI 
techniques. In this section, we will focus on the non-contrast 
relaxometry techniques, which are closest to clinical transla-
tion, and discuss recent developments including advanced 
sequence development, accelerated acquisition, and auto-
mated analysis.

Fig. 1   Structure and biochemistry of articular cartilage. Hyaline car-
tilage consists of a multi-layered structure with chondrocytes and a 
large extracellular matrix composed primarily of water with electro-
lytes, collagen fibrils, and highly negatively charged aggregates of 
proteoglycans (PGs). Collagen fibers (mainly type II) interact elec-
trostatically with the glycosaminoglycans (GAGs) on PGs to form a 
cross-linked matrix. Biomechanically, the collagen network provides 
tensile stiffness to the tissue and the PG provides compressive stiff-
ness. The collagen fibers are oriented parallel to the articular sur-

face in the superficial zone, arcade-like in the transitional zone, and 
perpendicular in the radial zone. The water concentration differs 
slightly between zones ranging from 82% in the superficial zone to 
76% in the radial zone. The PG concentration increases from the 
superficial to the deep zones. Figure revised from Dehghan-Baniani 
D. et  al. Recent Advances in “Functional Engineering of Articular 
Cartilage Zones by Polymeric Biomaterials Mediated with Physical, 
Mechanical, and Biological/Chemical Cues.” Adv Healthc Mater. Apr 
2023;12(10):e2202581 with permission
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Relaxometry without contrast—T2, T1ρ, and T2* 
mapping in cartilage

Relaxation times in the transverse plane, including T2, T1ρ, 
and T2*, are sensitive to activities of the water protons 
restricted within the collagen-PG matrix of cartilage and 
can be used to detect changes in cartilage collagen and PG 
[22]. Due to varying underlying mechanisms, each of these 
relaxation times has a different sensitivity to the various tis-
sue constituents involved in cartilage degeneration.

T2, the spin–spin relaxation, of articular cartilage is domi-
nated by extracellular cartilage water content and collagen 
structure. T2 values are modulated by the angle between col-
lagen fibers and the magnetic field B0, which explains the 
magic angle effect of T2 (T2 is the longest when collagen 
fibers are oriented at the magic angle of 54.7°) [7].

Measurement of T2 requires collecting multiple spin echo 
images with different TEs, classically 2D multi-echo spin-
echo (MESE) acquisitions. More recently, Carr-Purcell-Mei-
boom-Gill (CPMG) T2 prepared 3D gradient echo sequences 
have provided more efficient image collection. Although 
spin echo images are in general robust to B0 inhomogeneity, 
both methods can suffer from the error induced by imperfect 
refocusing pulse, resulting in stimulated echoes in MESE 
and T1 contamination in T2 preparation sequences. To over-
come such B1-related error, extended phase graph (EPG) 
method is utilized to correct for the stimulated echo induced 
error in MESE [23], and more sophisticated refocusing pulse 
train such as Malcolm Levitt’s composite pulse decoupling 
sequence (MLEV) is used alongside with TE correction for 
T2-prepared sequences [24]. 3D double-echo steady-state 
(DESS) sequence can generate T2 mapping through either 
analytical approaches [25] or dictionary-based iterative pro-
cedures [26]. Simultaneous T1 and T2 estimates based on 
triple-echo steady-state (TESS) or multiple-echo steady-state 
(MESS) imaging have also been developed for efficient T1 
and T2 measurements [27, 28]. Currently, the 2D MESE T2 
mapping techniques are available as product sequences on 
clinical MR systems.

T2* mapping has also been applied in cartilage. T2* is 
sensitive to change in T2 as well as global and local inho-
mogeneity of the magnetic field. Alterations in T2* due to 
microscopic inhomogeneity can reflect tissue structural 
properties and provide information that is not present in T2 
measures. However, higher sensitivity to susceptibility arti-
facts and imperfect magnet shimming present technical chal-
lenges for T2* imaging and complicate data interpretation. 
Unlike T2 imaging, T2* imaging uses gradient echoes with 
small flip angles (also available as product sequences on 
clinical MR systems) rather than spin echoes which permits 
fast acquisition. This allows for 3D acquisition and higher 
spatial resolution within a clinically relevant imaging time. 
However, T2* imaging for evaluating cartilage health is less 

established as both longer and shorter T2* in degenerated 
cartilage have been reported [29, 30]. Such discrepancies, 
caused by either different imaging protocols used or the real 
differences in matrix changes associated with the specific 
specimens/cohorts studied, present challenges when inter-
preting cartilage T2*. Combined with ultra-short TE (UTE) 
techniques, UTE-T2* imaging enables compositional evalu-
ation of tissues with very short T2 and T2*, such as the deep 
cartilage layer, menisci, ligaments, and tendons [31, 32].

T1ρ, the spin–lattice relaxation in the rotating frame, is 
normally measured with spin-lock (SL) techniques. Chemi-
cal exchange between protons on the protein side chain 
groups of glycosaminoglycan (GAG) and free water has been 
attributed to T1ρ relaxation and dominate the low-frequency 
(0–1.5 kHz) T1ρ dispersion [33, 34]. T1ρ dispersion is the 
phenomenon that T1ρ increases with SL frequency; T2 can 
be considered T1ρ at a spin-lock frequency of zero. T1ρ has 
less dependence on collagen fiber orientation compared to 
T2 due to reduced dipolar interactions with SL techniques. In 
particular, T1ρ collagen orientation dependency is minimized 
when the SL frequency is higher than 2k Hz (Fig. 2) [35]. 
For clinical imaging, the SL strength is normally limited 
to 500 Hz because of constraints on radiofrequency power 
deposition to the tissue, i.e., the allowable specific absorp-
tion rate (SAR), and hardware limitations. Therefore, clinical 
cartilage T1ρ imaging is still subject to orientation depend-
ency, although to a lesser extent than T2. T1ρ measurements 
have shown superior to T2 measurements in differentiating 
between OA patients and healthy controls, especially for 
early and mild OA, potentially because of better sensitivity 
of T1ρ to PG loss at early stages of the disease [36–39].

T1ρ imaging sequences are composed of T1ρ preparation 
with SL pulses, followed by gradient or spin echo readout. 
Continuous wave (CW) SL and adiabatic SL methods have 
been developed. CW SL locks the magnetization with a con-
stant RF amplitude, which defines the SL frequency. Differ-
ent pulse schemes have been employed to lessen B0 and B1 
inhomogeneity-related errors including self-compensation 
phase cycling of spin-lock pulses, use of refocusing pulses, 
composite tip down/tip up pulses, and adiabatic tip down/
tip up pulses [11, 40–44]. Kim et al. and Pala et al. recently 
compared robustness to B0 and B1 inhomogeneity of T1ρ 
preparation schemes [45, 46]. Adiabatic SL pulses lock the 
magnetization through amplitude and frequency modulated 
RF pulses, and is less sensitive to B0 and B1 inhomogene-
ity artifacts [47]. However, the large RF energy deposition 
of adiabatic pulse is problematic, and the relaxation along 
fictitious field (RAFF) technique was developed to lessen 
the SAR burden [48].

T1ρ imaging readout techniques began with 2D turbo spin 
echo (TSE) and spiral imaging; however, currently, 3D imag-
ing techniques with multiple spoiled gradient echo acqui-
sitions are most commonly used. Magnetization-prepared 
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angle-modulated partitioned-k-space spoiled gradient-echo 
snapshots (termed MAPSS) T1ρ imaging addresses several 
common issues during multiple gradient echo acquisitions 
[11, 49, 50]. RF cycling with two acquisitions per SL is 
applied to eliminate the T1 recovery contamination during 
the readout train. This RF cycling scheme also yields a tran-
sient signal evolution that is independent of the prepared 
magnetization. A variable flip angle train is then applied 
which provides a flat signal response and eliminates the fil-
tering effect in k-space caused by transient signal evolution 
which improves quantification accuracy [11]. The MAPSS 
acquisition has been extended to T2 imaging with CPMG or 
MLEV T2 preparation, and allows simultaneous acquisition 
of T1ρ and T2 mapping [49]. More recently, Peng et al. has 
demonstrated that a novel unpaired phase-cycling strategy 
with complex-value curve-fitting can eliminate signal con-
taminations from T1 recovery and allow for accurate quan-
titative parameter mapping with halved scan time compared 
to the original MAPSS strategy [51]. T1ρ dispersion experi-
ments with multiple SL frequencies (including R2-R1ρ, with 
R2 as R1ρ at SL frequency = 0) may provide more specific 
information regarding chemical exchange and PG concentra-
tion [52]. Very recently, Han et al. proposed a novel method 
of using one pair T1ρ-weighted and T2-weighted images to 
estimate R2-R1ρ, with an optimal Tprep considering carti-
lage relaxation times and image signal-to-noise ratio (SNR) 
[53]. Currently, T1ρ mapping sequences are only available 
as research prototypes on clinical MR systems.

Accelerated Cart‑C MRI acquisition

Acquisition acceleration has been a crucial development 
in Cart-C MRI, given the typically lengthy imaging times 
required for obtaining multiple images for quantifying com-
positional parameters.

Parallel imaging techniques take advantage of multi-
channel coils; however, the acceleration factor (AF) is pri-
marily limited by the number and geometry of coil channels 
and resulted reduced SNR in reconstructed images (note: 
AF indicates the scan time reduction. For example, AF = 2 
reduces scan time approximately half, while AF = 3 reduces 
scan time approximately to 1/3 of the original time). Pakin 
et al. and Zuo et al. showed that a maximum AF = 3 can 
be achieved with parallel imaging for cartilage T1ρ and T2 
mapping without sacrificing quantitative accuracy [54, 55].

Compressed sensing (CS) techniques take advantage of 
image sparsity and use incoherent k-space data undersam-
pling, which allows higher AFs [56]. Huang et al. proposed 
to combine principal component analysis (PCA) across 
the temporal dimension with a model-based algorithm to 
reconstruct T2 maps [57], while Peng et al. exploited the 
linear predictability of the T2 exponential delay on top of 
the low-rank and joint-sparsity constraints [58]. Both stud-
ies reported good agreement with reference maps using 
AF = 8 for knee cartilage. Zhou et al. used iteratively local 
support detect (k-t LAISD) to improve CS reconstruction 
in cartilage T1ρ imaging [59]. Zhu et al. applied PCA as a 

Fig. 2   Relaxation param-
eter maps for a representative 
osteochondral sample imaged 
ex vivo at different angles with 
respect to B0 (arrows above). 
Orientation anisotropy is clearly 
seen for T2 and continuous wave 
(CW)-T1ρ with low spin-lock 
strength (rows 4 and 5 from 
top). With increasing spin-lock 
strength (rows 6–8), there is 
progressively less anisotropy. 
Articular surface and cartilage-
bone interface are marked 
with arrowheads. Adiabatic 
T1ρ showed less anisotropy 
compared to CW-T1ρ. Figure 
revised from Reference 23 with 
permission
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sparsifying transform and the T1ρ images were reconstructed 
using dictionary learning [60]. Pandit et al. combined CS 
with parallel imaging, where the data collected from mul-
tiple coils were used [61]. Zibetti et al. compared 12 dif-
ferent sparsifying transforms in CS to accelerate 3D-T1ρ 
imaging and suggested that spatial–temporal finite-differ-
ence (STFD) regularization had the best results [62]. Using 
STFD CS reconstruction, Kim et al. achieved AF = 8 for 
simultaneous T1ρ and T2 imaging with standard resolution 
(0.44 × 0.88 × 4mm3), and AF = 12 for high-resolution T1ρ 
imaging (0.36 × 0.73 × 1.6mm3) in a multi-vendor multi-site 
study, with good agreement to reference maps for both retro-
spective and prospective undersampling (Fig. 3) [63].

Deep learning-based reconstruction can accelerate 
cartilage relaxometry mapping acquisition. For example, 
variational networks have been used to reconstruct T1ρ 
echo images from subsampled k-space data [64]. The sub-
sequently cartilage T1ρ maps generated by monoexponen-
tial and biexponential fitting produced more accurate T1ρ 
maps compared to using CS [64]. Tolpadi et al. developed a 
recurrent U-Net pipeline with region-of-interest-specific loss 
functions to yield robust T2 maps of small, clinically crucial 
features such as cartilage of knee and hip, and intervertebral 
discs, from accelerated MAPSS acquisition with AF up to 
12 [65]. Very recently, Li et al. demonstrated the feasibility 
of utilizing deep learning to accelerate T1ρ and T2 mapping 
acquisition via joint spatiotemporal undersampling (termed 
as superMAP). Acceleration factors as high as 32 were 
obtained for retrospective undersampling and AF = 26 for 
prospective undersampling to simultaneously reconstruct T1ρ 
and T2 maps from MAPSS combined T1ρ and T2 acquisi-
tion (Fig. 4) [66]. With this technique, it would be possible 
to acquire accurate 3D T1ρ and T2 maps of the whole knee 
within 2 min, a clinically feasible acquisition time.

Fig. 3   Cartilage T1ρ maps with 
accelerated imaging using 
compressed sensing reconstruc-
tion demonstrates excellent 
agreement with reference maps 
for both retrospective and 
prospective downsampling. For 
standard resolution imaging (top 
row), the average coefficient of 
variation (CV) between refer-
ence and AF8 maps was 2.36% 
and 3.07% for retrospective 
and prospective downsampling, 
respectively (n = 5). For high-
resolution imaging (bottom 
row), the average CV between 
reference and AF12 maps was 
2.32% and 1.05% for retrospec-
tive and prospective downsam-
pling, respectively (n = 3). AF, 
acceleration factor

Fig. 4   Cartilage T1ρ (top) and T2 (bottom) maps reconstructed using 
deep learning-based reconstruction with joint spatiotemporal under-
sampling (superMAP) show excellent agreement with reference 
maps acquired with the MAPSS sequence. With this technique, it is 
possible to acquire 3D T1ρ and T2 maps of the whole knee within 2 
min. AF, acceleration factor. PSNR, peak signal to noise ratio. SSIM, 
structural similarity index measure. Figure revised from Reference 59 
with permission



1767Skeletal Radiology (2024) 53:1761–1781	

MR Fingerprinting (MRF) allows fast, simultaneous 
measurement of tissue properties including relaxation 
times for many anatomic locations [67]. However, the high 
spatial resolution required for MSK applications is a chal-
lenge for the technique, and sequence optimizations led 
to promising applications of MRF in cartilage T1, T2, and 
T1ρ imaging [68–70]. The feasibility to further accelerate 
MRF acquisition for knee T1 and T2 mapping using deep 
learning reconstruction has been recently demonstrated 
[71]. Compared to conventional MRF, the authors were 
able to reduce the number of time frames from 1000 to 50 
in addition to the AF of 15 in the k-space, without sacrific-
ing the T1 and T2 map quality.

Currently, parallel imaging has been used as the default 
acceleration method for sequences including Cart-C MRI 
on clinical MR systems for data collected with multi-chan-
nel coils. Cart-C MRI product sequences with advanced 
accelerated techniques, such as compressed sensing and 
deep learning reconstruction, are primarily limited to 
research prototypes, except for 2D MESE T2 mapping. 
More efforts on implementing fast 3D Cart-C MRI map-
ping (< 5 min) with advanced reconstruction techniques as 
product sequences on clinical MR systems are warranted 

to integrate these advanced techniques into clinical proto-
cols and facilitate their clinical translation.

Automated analysis of Cart‑C MRI

Automated cartilage segmentation is the first step in the 
automated analysis of Cart-C MRI. Cartilage segmenta-
tion has evolved from manual segmentation, semi-auto-
matic, to fully automatic methods, recently enabled by 
the deep learning-based methods [72, 73]. For instance, 
Gaj et al. developed a U-Net-based generative adversar-
ial networks (GAN) for automated and accurate cartilage 
segmentation on DESS images from the Osteoarthritis 
Initiative (OAI) dataset [74]. Very briefly, a GAN trains 
two neural networks to compete against each other to 
generate more authentic new data from a given training 
dataset. Holden et al. adopted this model to automatically 
segment cartilage to study potential baseline predictors 
for cartilage T1ρ and T2 at 10 years after anterior cruciate 
ligament reconstruction (ACLR), where they observed 
that hamstring autograft had greater cartilage T1ρ and 
T2 values compared to bone-patella tendon-bone auto-
graft (Fig. 5) [75]. Xue et al. used a modified U-Net to 

Fig. 5   Comparison of cartilage T1ρ and T2 values for the medial 
femoral condyle (MFC, left) and medial trochlea (MT, right) for 
patients > 10 years following ACL reconstruction using either ham-
string autograft (n = 51) or bone-patella tendon-bone (BTB) autograft 

(n = 63). The hamstring autograft group showed significantly higher 
T1ρ and T2 in both compartments compared to the BTB autograft, 
suggestive of greater cartilage degeneration for this group
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automate cartilage segmentation for relaxometry quanti-
fication using 3D UTE-cones sequences and showed the 
method differentiated healthy control subjects from mod-
erate to severe OA patients [76].

Pedoia et al. recently performed T2 analysis on the 
complete OAI baseline dataset using AI [77]. After a deep 
learning model was used for cartilage segmentation, a 
DenseNet directly applied to T2 maps was used to diag-
nose OA and compared to the diagnosis obtained using 
random forest applied on demographic information and 
dominant principal components from voxel based relax-
ometry analysis. They showed that the DenseNet-based 
approach outperformed the conventional random forest 
approach in terms of ROC AUC (Fig. 6).

Schmidt et al. recently studied the generalizability of 
deep learning segmentation models, which can be prob-
lematic for models trained on limited image datasets 
[78]. The authors showed that a qDESS-trained model 
performed better than an OAI-trained model on the inde-
pendent qDESS images from four study cohorts (a total 
of 59 subjects and 82 knees) with various KL grades 
(Fig. 7), which confirmed that the domain shift problem 
should be considered when applying deep learning mod-
els to different cohorts.

Clinical applications of Cart‑C MRI

Numerous ex vivo studies have demonstrated Cart-C MRI 
measures are correlated with biochemical, biomechanical, 
and histological analysis of cartilage specimens [79]. A sys-
tematic review and meta-analysis by Emanuel et al. showed 
that dGEMRIC and T1ρ are significantly correlated to PG 
concentrations, while T2 had a weaker correlation with PG 
and showed the relationship with collagen was greater for 
fiber organization than collagen concentration [80]. These 
validation studies are the foundation for proposing Cart-C 
MRI techniques as potential imaging biomarkers for dis-
ease. In human studies, Cart-C MRI techniques have shown 
good to excellent scan-rescan reproducibility. A systematic 
review and meta-analysis by Mackay et al. reported that for 
T2, T1ρ, and dGEMRIC, most test/retest intraclass correla-
tion coefficients were greater than 0.8 and coefficients of 
variation less than 10% [39]. Based on its ex vivo validity 
and in vivo reproducibility, Cart-C MRI has become not only 
a research tool for exploring cartilage physiology, micro-
structure, and degeneration process, but, more importantly, 
a powerful instrument to provide clinically relevant evalu-
ations [39, 81]. In this section, we will discuss the applica-
tions of Cart-C MRI, including cohort studies, clinical trials, 

Fig. 6   Diagnosing OA from T2 maps using the entire OAI baseline 
cohort (n = 4384). After a deep learning model was used for cartilage 
segmentation, a DenseNet directly applied to T2 maps was used to 
diagnose OA and compared to the diagnosis obtained using random 
forest applied on demographic information and dominant principal 
components from voxel based relaxometry analysis. A ROC curves 
comparing the random forest results between different feature com-

bination. B ROC curves comparing the best performant shallow clas-
sifier with the deep learning model using DenseNet. DenseNet-based 
approach outperformed the conventional random forest approach with 
AUC = 0.8344. ROC, receiver operator characteristic; AUC, area 
under curve; PC, principal component. Figure from Reference 70 
with permission
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patient treatment planning, and finally, Cart-C MRI at ultra-
high field. The discussion is focused on the knee, but Cart-C 
MRI has also been applied in other joints including the hip, 
ankle, hand/wrist, shoulder, and intervertebral discs [22, 82].

Natural history observational cohort—the 
Osteoarthritis Initiative (OAI)

Cart-C MRI studies, often limited to small cohorts due to 
technical complexities and resource constraints, have been 
significantly expanded by the inclusion of T2 mapping in 
the OAI protocol. Initiated in 2004, the OAI is a multi-
center, prospective, observational cohort study of knee OA 
that collected 8 years of longitudinal imaging, including 
T2 mapping, and clinical data from 4796 subjects at four 
sites [83]. Analyses of the OAI cohort data have identified 
T2 relaxation time as a marker for early-stage cartilage 

degeneration, as well as monitoring and predicting longi-
tudinal disease progression [84, 85]. Joseph et al. showed 
that higher baseline cartilage T2 values and T2 heterogene-
ity were predictive of morphological degeneration of carti-
lage and meniscus, and bone marrow lesions over 3 years 
[86]. Kretzschmar et al. reported that areas that developed 
cartilage defects over a 4-year period demonstrated ele-
vated cartilage T2 in the same location before the cartilage 
defects developed (Fig. 8) [87]. Using automated cartilage 
segmentation with AI, Razmjoo et al. analyzed cartilage 
T2 values for all OAI subjects (25,729 knee MRIs) and 
revealed that higher tibiofemoral T2 values significantly 
increased the likelihood of developing radiographic OA 
and the risk of having a total knee arthroplasty [88]. In 
addition, cartilage T2 values have been correlated with 
physical activity and weight loss both cross-sectionally 
and longitudinally in OAI subjects [89–91], suggesting 

Fig. 7   Comparison of manual and automatic segmentations from 
OAI- and qDESS-trained models and respective 2D unrolled T2 maps 
in the left knee of a subject. The subject’s T2 values from the super-
ficial and deep cartilage regions, cartilage volumes, and DSC val-
ues for the qDESS- and OAI-DESS-trained models are also shown. 

Arrows indicate examples of visually apparent differences in the auto-
mated segmentations and resultant T2 maps. These differences typi-
cally appear at the periphery of cartilage surfaces, which have limited 
impact on subregion estimates. Figure from Reference 71 with per-
mission
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that cartilage T2 can be used to monitor outcomes for these 
important interventions for OA management.

Applications in sports medicine—imaging joint 
injuries and post‑traumatic osteoarthritis

Acute joint injuries such as ACL tear, meniscal tear, patel-
lar dislocation, intra-articular fracture, and ankle injury 
have shown as risk factors for post-traumatic osteoarthri-
tis (PTOA) [92, 93]. Cart-C MRI provides a powerful tool 
for identifying the cartilage at risk for degeneration. Early 
identification of “cartilage at risk” with Cart-C MRI is a 
promising tool for the development and application of early 
interventions to prevent patients from progressing to per-
manent cartilage damage and subsequent PTOA. Cart-C 
MRI has been extensively studied in patients after ACL 
injury with a recent systematic review suggesting that T1ρ 
and T2 are promising biomarkers for diagnosis and pre-
diction of PTOA after ACLR [94]. Significantly elevated 
cartilage T1ρ, T2, and UTE-T2* and decreased dGEMRIC 
index have been observed after acute ACL injury and after 
ACLR [95–99], compared to contralateral or control knees. 
Pietrosimone et al. and Williams et al. reported significant 
correlation between cartilage T1ρ and UTE-T2* values and 
patient outcomes as evaluated with KOOS at 1 year and 2 
years after ACLR, respectively [100, 101]. Using voxel-
based relaxometry (VBR) analysis, Xie et al. reported that 
baseline T1ρ and T2 predicted cartilage lesion development 
2 years after ACLR (Fig. 9) [102]. Baseline cartilage T1ρ 
and T2 values have predicted patient outcomes evaluated 
by KOOS at 6, 12, and 24 months after ACLR [102, 103]. 

A lower dGEMRIC index of femoral cartilage measured 2 
years following ACL rupture was found prognostic of both 
radiographic and symptomatic knee OA at 14 years [104].

Using T1ρ and T2 as markers for the evaluation of cartilage 
health, researchers have identified correlations between car-
tilage health and factors that may contribute to PTOA devel-
opment after ACL injury, including meniscal injury [105], 
bone shape [106], biomechanics after ACLR [107–109], 
physical activities [110], synovial fluid inflammatory bio-
markers [111], and surgical factors such as time from injury 
to surgery, surgical technique, concomitant meniscal treat-
ment [112, 113], and quadriceps femoris strength at the time 
of return to sports [114]. These studies suggested Cart-C 
MRI measures can serve as sensitive outcome measures for 
optimizing patient management after acute joint injuries and 
identifying risk factors for PTOA.

Clinical applications following cartilage repair 
and regeneration

Another significant application of Cart-C MRI is postopera-
tive assessment of all types of cartilage repair surgery [115], 
but particularly for the determination of the structure of the 
generated repair tissue that grows following procedures 
such as microfracture, autologous chondrocyte implanta-
tion (ACI), matrix-induced ACI (MACI), and particulated 
cartilage allografts [116, 117]. MRI is an ideal noninvasive 
modality for determining both morphological and compo-
sitional surgical outcomes. Two systemic reviews found 
significant correlation between Cart-C MRI, especially T2 
mapping, and clinical outcomes following cartilage repair 

Fig. 8   Spatial–temporal relationship between cartilage T2 elevation 
and cartilage focal lesion development. A An example patient who 
demonstrated cartilage lesion development. While the cartilage of the 
lateral femoral cartilage appears normal in the sagittal fat-saturated 
intermediate weighted sequence (left top), local T2 elevation of the 
cartilage T2 map (left bottom, white arrow) is demonstrated in the 
lesion equivalent area 12 months prior to lesion onset (right, white 
arrow). B Graphic illustration of compositional cartilage degradation 

prior to the onset of a macroscopic lesion proposed by the authors. 
Authors investigated cartilage plates from knees which developed 
new-onset cartilage lesions (n = 57) over a 4-year period, comparing 
against cartilage plates from control knees (n = 52) at both the focal 
lesion and cartilage plate level. The authors showed that, at the local 
level, cartilage T2 values were significantly higher in case knees at 1 
year prior to lesion onset, and at 2 years prior to onset at the plate 
level. Figure revised from Reference 81 with permission
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surgery, suggesting Cart-C MRI may offer a noninvasive 
method to monitor cartilage repair tissue that is clinically 
meaningful [118, 119].

Compositional MRI methods have been applied to evalu-
ate cartilage regeneration following various interventions in 
randomized clinical trials. Vega et al. observed a significant 
reduction of cartilage T2 values (indicating improved carti-
lage health) following intra-articular injection of autologous 

mesenchymal stromal cells (MSCs) (30 patients, Kellgren 
Lawrence [KL] = 2–4) (Fig. 10) [120]. However, Chahal 
et al. reported no significant change in T2 values after autolo-
gous MSC treatment, despite the improvement in symptoms 
evaluated with KOOS and WOMAC (12 patients, KL = 3–4) 
[121].

Park et  al. investigated the efficacy of allogeneic 
human umbilical cord blood-derived MSCs for cartilage 

Fig. 9   Voxel-based relaxometry (VBR) analysis demonstrated signifi-
cant higher baseline (after ACL tear and before ACLR) cartilage T1ρ 
values predicted cartilage lesion progression at 2 years after ACLR. 
A An example patient who showed patellofemoral joint (PFJ) carti-
lage lesion development at 2 years after ACLR (red circle). B Per-

cent difference and P-value maps between the PFJ progression and 
non-progression groups. Differences were calculated as (progression–
non‐progression). Significantly elevated T1ρ values were observed in 
medial femoral (MF) and trochlea (TrF) cartilage (red circles) in the 
progression group. Figure revised from Reference 96 with permission

Fig. 10   Monitoring articular cartilage quality with T2 mapping. A 
T2 maps of a patient before and after mesenchymal stem cell (MSC) 
treatment. Cartilage T2 values reduced in the indicated areas (white 
arrows) following MSC-treatment implying improvement in cartilage 
quality. B Cartilage quality, assessed by T2 mapping was quantified 
using the poor cartilage index (PCI, computed as the percentage of 
sample points with a T2 relaxation value > 50 ms). The worst pos-
sible value for PCI is 100, whereas healthy cartilage will approach 

5. Left: temporal evolution of PCI, mean ± SE values of 12 patients 
treated with MSCs (filled circles; continuous line) and 15 active 
controls treated with hyaluronic acid (open triangles; dotted line), 
*P < 0.05 (repeated measures ANOVA with a Dunnett multiple test 
compared to the baseline), n.s. = nonsignificant. Right: The correla-
tion between PCI improvement and the initial PCI score is shown for 
all the patients included in this study. Figure revised from Reference 
113 with permission
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regeneration in seven OA patients (KL = 3). The dGEMRIC 
analysis showed high GAG content in regenerated cartilage 
after 3 years, aligning with histological findings of the car-
tilage at 1 year [122]. Additionally, McAlindon et al. used 
dGEMRIC imaging to demonstrate short-term (6 months) 
changes in knee hyaline cartilage following collagen hydro-
lysate treatment in 30 patients with mild to moderate OA 
[123].

In a recent phase I/IIa randomized clinical trial, Zhao 
et al. applied a multi-compositional MRI approach to detect 
changes in cartilage composition after treatment with alloge-
neic human adipose-derived mesenchymal progenitor cells 
(haMPCs) (18 patients, KL = 2–3) [124]. Significant differ-
ences were observed in quantitative T1ρ, T2, T2*, and appar-
ent diffusion coefficients (ADC) measurements between 
three dose groups, with T1ρ being the most sensitive tech-
nique. Treated subjects showed significant improvements 
in WOMAC and SF-36 scores, suggesting the cartilage 
compositional changes may correlate with patient symptom 
alleviation [124].

Cart‑C MRI at ultra‑high field

The approval of 7 Tesla (7T) MR systems for clinical use 
by the European Medicines Agency (EMA) and U.S. Food 
and Drug Administration (FDA) in 2017 has significantly 
enhanced the clinical utility of 7T MRI. 7T offers an increase 
in SNR, contrast-to-noise ratio (CNR), susceptibility effects, 
and spectral resolution. However, ultra-high field MRI also 
encounters challenges such as SAR limitations and non-uni-
form B1 transmit fields. Robust shimming and RF calibration 
methods are even more critical for accurate and reliable MR 
parameter quantification. Despite these issues, Cart-C MRI 
at 7T continues to evolve, with expanding applications as 
technical issues are resolved [125].

In T2 and T1ρ mapping, the increased spatial resolution 
possible at 7T helps to alleviate partial volume averaging 
effects on quantitative results and improves the evalua-
tion of thin cartilage, such as in the ankle and wrist as well 
as zonal comparison of deep and superficial cartilage T2. 
Domayer et al. found differences in zonal MESE T2 assess-
ment between the cartilage of healthy volunteers and the 
cartilage repair tissue of patients after two different repair 
techniques in the ankle joint [126]. Another study reported 
that MESE T2 mapping of knee cartilage can not only dis-
tinguish between the healthy cartilage and cartilage repair 
tissue, but also between the healthy cartilage and the car-
tilage adjacent to the repair tissue with otherwise normal 
thickness [127]. Compared to MESE T2 mapping, T2 map-
ping techniques based on gradient echo acquisition, such 
as MAPSS and TESS, have mitigated the issue of SAR 
limitation and are less sensitive to B1 inhomogeneity at 
7T [128, 129]. Lower cartilage T2 and T1ρ were reported 

at 7T compared to 3T [130, 131], as expected (T1 increases 
with field strength and it is general accepted that T2 and 
T1ρ decrease with field strength but at a smaller percentage 
compared to T1 increase); conversely, some investigations 
did not observe significant differences in cartilage between 
the two field strengths [128]. Wyatt et al. reported an average 
60% higher SNR at 7T versus 3T and found larger differ-
ences in cartilage T2 and T1ρ values between healthy subjects 
and OA patients at 7T than at 3T, suggesting greater sensi-
tivity of T2 and T1ρ mapping to cartilage degeneration at 7T 
compared to 3T at the same resolution [128].

Glycosaminoglycan chemical exchange saturation trans-
fer (gagCEST) greatly benefits from the improved selectiv-
ity of saturation RF pulses (because of greater frequency 
dispersion) at 7T as well as the improved SNR compared 
to 3T (Fig. 11) [132]. gagCEST relies on sophisticated 
post-processing including motion-, B0-, and B1-corrections 
[132]. Brinkhof et al. reported decreased gagCEST values 
in cartilage defects and good reproducibility when aver-
aged over larger cartilage compartments [133]. However, 
gagCEST maps typically show a relatively large range of 
values even in healthy cartilage [133] that may limit clinical 
utility. Furthermore, cartilage T2 differences can introduce 
a pronounced bias, which may obscure the gagCEST effect 
when using low duty cycles and long saturation trains [134].

Fig. 11   Cartilage gagCEST maps in a healthy volunteer acquired at 
3 T (top) and at 7 T (bottom). The gagCEST effect is much higher at 
7 T compared to 3 T. Color bar shows gagCEST asymmetry values. 
Figure revised from Reference 127 with permission
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Diffusion tensor imaging (DTI) requires sufficient spatial 
resolution for depiction of cartilage with relatively short T2 
and is thus limited by low SNR. Raya et al. used the greater 
SNR at 7T in combination with a line scan DTI sequence 
to show decreased fractional anisotropy (FA) and increased 
ADC in knee cartilage of OA patients compared to healthy 
volunteers [16].

In sodium (23Na) MRI, direct imaging of 23Na with MRI 
is difficult compared to standard proton MRI due to low 
tissue concentrations, inherently low SNR, very short T2s, 
and very low MR sensitivity (only 9.3% of proton MR). 7T 
can greatly improve 23Na MRI due to the increased SNR. 
Madelin et al. demonstrated 23Na MRI was sensitive to 
changes in cartilage GAG content in OA patient knees over 
only 16 months [135]. 23Na MRI was also used to compare 
the quality of cartilage repair tissue 33 months after two 
different surgical approaches [136]. A recent ex vivo 10.5T 

study of human pediatric knee specimens by Zbyn et al. 
demonstrated that 23Na concentration and 23Na relaxa-
tion times can non-destructively follow changes in sGAG 
content and collagen matrix during cartilage maturation 
(Fig. 12) [137].

Current gaps and future directions

The past three decades have seen substantial advancements 
in Cart-C MRI. However, an important question remains: 
why, after 30 years of development, is Cart-C MRI not yet 
widely adopted in clinical practice or as a primarily outcome 
measures for large scale clinical trials?

Link et al. previously laid out a number of essential 
elements that are required to apply Cart-C MRI clini-
cally and in clinical trials [138]: (i) fast (accelerated) and 

Fig. 12   Ex vivo sodium MRI from the right knee of a 4.5‐year‐old 
male donor at 10.5 Tesla. A High‐resolution proton 3D DESS image 
showing cartilage in the lateral femoral condyle, tibia, patella, and 
fibula. B and C Color‐coded quantitative sodium (23Na) maps over-
laid on the 23Na density images from the same location as the 3D 
DESS image. The TSCSP map corrected for specimen‐specific carti-
lage parameters (B) showed higher concentrations compared to the 
TSCLB map corrected using literature‐based cartilage parameters (C). 
D The B1 + map. E Example fits (blue) of data points (black dots) 

from a single pixel acquired using an inversion recovery experiment 
for T1 mapping. F Multi‐echo experiment for biexponential T2* fit-
ting. G–J Relaxation maps showing the distribution of T1(G), T2*s 
(H), T2*l (I), and fT2*s (J) in femoral, tibial, and patellar cartilage 
regions. DESS, double echo steady‐state; TSC, tissue sodium concen-
tration; SP, specimen‐specific; LB, literature‐based; T2*s: short T2* 
component; T2*l: long T2* component; fT2*s signal fraction relaxing 
with T2*s values. Figure from Reference 132 with permission
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reproducible imaging techniques, (ii) automated cartilage 
segmentation and analysis techniques, (iii) standardized 
methodology that is reproducible and uniform across MRI 
scanners irrespective of the vendor, and (iv) reference 
values with a definition of normal and abnormal values. 
Over the past decade, significant technical advancements 
have been made for the first two elements, i.e., accelerated 
acquisition and automated analysis, particularly with the 
aid of deep learning-based techniques. For example, the 
deep learning reconstruction superMAP allows simultane-
ously collect cartilage T1ρ and T2 maps of the whole knee 
within 2 min [66]; the full OAI dataset has been analyzed 
automatically for T2 values [88]. However, the automated 
analysis methods have been primarily limited to homoge-
neous research cohort data such as OAI. Developing deep 
learning models that are generalizable and thus clinically 
useful is challenging since these images vary greatly from 
scanner to scanner and site to site. Furthermore, the image 
processing pipeline needs to be integrated into the clinical 
imaging workflow seamlessly before clinical implementa-
tion. For accelerated image acquisition, previous studies 
have been primarily limited to retrospective undersam-
pling. More validation studies with a larger sample size of 
prospective undersampling and across different MR plat-
forms are warranted before these techniques can be trans-
lated into clinical use.

Regarding standardization of the methodology across 
different MRI scanners, the MSK Quantitative Imaging 
Biomarker Committee (QIBC, formerly MSK commit-
tee under the Radiological Society Radiological Soci-
ety of North America (RSNA)/Quantitative Imaging 
Biomarker Alliance [QIBA]) has assembled an expert 
team of radiologists, imaging researchers, clinicians 
(e.g., orthopedic surgeons, rheumatologists) from more 
than 40 institutions and involved industrial partners. The 
taskforce has provided recommendations pertaining to 

image data acquisition, analysis, and interpretation and 
assessment procedures for T1ρ and T2 cartilage imaging 
and test–retest conformance [139]. This is a timely effort; 
ccMRI has demonstrated good to excellent reproducibility 
in single site or in multi-site single-vendor studies [39]; 
however, few studies have examined its reliability in a 
multi-site, multi-vendor context. Such reliability is crucial 
for its applications in clinical practice and in large-scale 
multi-site multi-vendor trials. One study reported that the 
inter-vendor mean T2 differences ranged 5.4 to 10.0 ms 
(10 ~ 25%) using vendor product T2 imaging sequences 
[140]. Two recent studies showed that inter-vendor varia-
tions of T1ρ and T2 values can be reduced to approximately 
10% through more harmonized sequence design and pro-
tocol setup, highlighting the importance of standardizing 
data acquisition [50, 141].

Another fundamental question is: what additional clini-
cal value can Cart-C MRI offer as compared to the current 
clinical MRI? Kijowski et al. added T2 mapping to a rou-
tine MR protocol at 3T in 150 patients and demonstrated 
significantly improved sensitivity in detecting cartilage 
lesions with the addition of T2 mapping [142]. Beyond 
diagnostic utility, the potential of Cart-C MRI to enhance 
patient management also warrants evaluation. At the 
Orthopaedic Institute, University of California San Fran-
cisco (UCSF), cartilage T1ρ mapping was integrated into 
the clinical routine for 390 patients (278 in knees and 112 
in hips) between 2011 and 2017. A workflow was estab-
lished that allowed the referring physicians to review T1ρ 
maps directly from the clinical PACS (Fig. 13). A survey 
was conducted among six referring clinicians to evaluate 
the potential clinical value of T1ρ imaging (Fig. 14). The 
primary indications for ordering T1ρ mapping included 
preoperative planning, monitoring progression or healing 
of lesions, or confirming suspicious lesions that may not 
be seen on clinical scans. The clinicians were satisfied 

Fig. 13   Workflow for integrating T1ρ imaging acquisition and pro-
cessing into clinical operations. Physicians ordered T1ρ imaging 
through the standard ordering system (APEX). The data were col-
lected by clinical technologists using the 3 Tesla MR scanner at the 
UCSF Orthopaedic Institute (OI) imaging center. T1ρ images were 
automatically transferred to the clinical PACS system as all other 
clinical MR images. Cartilage segmentation was performed by the 
UCSF Radiology Quantitative Image Processing (QUIPc) group 

within 1–2 days after data collection. Color maps of T1ρ within the 
segmented cartilage were generated and pushed back to the clinical 
PACS system immediately after image analysis, which allowed phy-
sicians to review T1ρ maps directly from the clinical PACS. Techni-
cal support for both data acquisition and processing was provided 
by the Imaging and Data Analysis Core (IDAC) within the Center of 
Research Translation of the Study of Osteoarthritis at UCSF and UC-
Davis (NIH/NIAMS P50AR060752)
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with the T1ρ image quality in general, and all clinicians 
unanimously indicated they would like to order T1ρ imag-
ing to improve their patient management in the future 
(50% agree and 50% strongly agree). Figure 15  showed 
three cases where T1ρ mapping provided useful informa-
tion to clinicians for patient management. These studies 
offer compelling evidence that Cart-C MRI can contribute 
additional clinical value for both diagnosis and patient 
management.

Another key barrier to the clinical adoption of Cart-C 
MRI and other quantitative MRI techniques stems from 

the paucity of OA therapies and lack of any approved dis-
ease modifying OA drugs (DMOAD). Upon the approval 
of a DMOAD, cartilage quantitative MRI techniques 
should become clinically necessary for patient selection 
and evaluating treatment response and disease progres-
sion. Ongoing efforts to develop rapid acquisition tech-
niques, integrate automated analysis into clinical flow, 
standardize acquisition and analysis protocols, and estab-
lish reference values are essential steps in preparing for 
this transition.

Survey Results from six orthopaedic surgeons and sports dedicine primary care physicians at  

the UCSF Orthopaedic Institute

Question #

A B C D

1 83.3% 66.7% 66.7% 0.0%

1 2 3 4 5

2 0.0% 0.0% 0.0% 66.7% 33.3%

3 0.0% 0.0% 16.7% 50.0% 33.3%

4 0.0% 0.0% 0.0% 50.0% 50.0%

5 0.0% 0.0% 0.0% 16.7% 83.3%

6 0.0% 0.0% 0.0% 50.0% 50.0%

7 0.0% 0.0% 0.0% 66.7% 33.3%

8 0.0% 16.7% 16.7% 66.7% 0.0%

Fig. 14   Survey questions (top) and results (bottom) on adding T1ρ imaging to standard clinical MRI
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Conclusions

The past three decades have produced significant techni-
cal developments for cartilage evaluation. Cart-C MRI 
can detect early cartilage degeneration by probing changes 
within the collagen-PG matrix. Numerous studies have 
shown the potential of Cart-C MRI to serve as diagnostic, 
prognostic, and predictive biomarkers for diseases and inju-
ries that impact cartilage. However, further steps are needed 
to bring these advanced imaging techniques into routine clin-
ical practice and clinical trials. Further validation of acceler-
ated imaging acquisition and automated analysis techniques, 
seamless integration into clinical workflows, and standardi-
zation the techniques across different MR systems will be 
required. With further implementation in these areas, Cart-C 
MRI can help to enhance preoperative planning, and moni-
toring progression or healing of lesions in clinical practice. 
In parallel, broader applications of compositional MRI in 
large-scale clinical trials is essential for generating sufficient 
data for biomarker qualification and successful DMOAD 
trials. The discovery and approval of successful DMOADs 
would undoubtedly elevate the clinical applications of Cart-
C MRI. In this “chicken-egg” dilemma, synergized efforts 

between researchers, clinicians, and industrial partners are 
essential to advance the field.
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Fig. 15   Clinical utility of ccMRI. A Cartilage T1ρ maps of a 23-year-
old female obtained in August 2012 (top) and June 2013 (bottom). 
T1ρ maps in June 2013 showed progressive cartilage damage in lat-
eral femoral condyle and lateral tibia (indicated as red regions). The 
patient had lateral meniscal deficiency and underwent meniscus trans-
plant in July 2013, 1 month after the bottom images were collected. 
B A 49-year-old male had medial cartilage damage/degeneration and 
meniscal tear. T1ρ imaging (top) showing early medial compartment 

cartilage changes while the lateral compartment cartilage (bottom) 
was healthy, justifying a high tibial-osteotomy (HTO). C A 14-year-
old female following a lateral meniscectomy and chondroplasty due 
to meniscal injury and partial thickness cartilage defects. T1ρ imag-
ing was performed in Sept 2015 (top) and Feb 2017 (bottom), show-
ing improvement of cartilage health in medial femoral condyle and 
medial tibia after the surgery

http://creativecommons.org/licenses/by/4.0/


1777Skeletal Radiology (2024) 53:1761–1781	

References

	 1.	 Winalski CS, Rajiah P. The evolution of articular cartilage 
imaging and its impact on clinical practice. Skeletal Radiol. 
2011;40(9):1197–222.

	 2.	 Wirth W, Ladel C, Maschek S, Wisser A, Eckstein F, Roemer 
F. Quantitative measurement of cartilage morphology in oste-
oarthritis: current knowledge and future directions. Skeletal 
Radiol. 2023;52(11):2107–22.

	 3.	 Brandt KD, Doherty M, Lohmander LS. Osteoarthritis. New 
York: Oxford University Press Inc; 1998.

	 4.	 Li X, Majumdar S. Quantitative MRI of articular carti-
lage and its clinical applications. J Magn Reson Imaging. 
2013;38(5):991–1008.

	 5.	 Guermazi A, Alizai H, Crema MD, Trattnig S, Regatte RR, 
Roemer FW. Compositional MRI techniques for evaluation 
of cartilage degeneration in osteoarthritis. Osteoarthr Cartil. 
2015;23(10):1639–53.

	 6.	 Zibetti MVW, Menon RG, de Moura HL, Zhang X, Kijowski 
R, Regatte RR. Updates on compositional MRI mapping of the 
cartilage: emerging techniques and applications. J Magn Reson 
Imaging. 2023;58(1):44–60.

	 7.	 Xia Y, Farquhar T, Burton-Wurster N, Lust G. Origin 
of cartilage laminae in MRI. J Magn Reson Imaging. 
1997;7(5):887–94.

	 8.	 Dardzinski BJ, Mosher TJ, Li S, Van Slyke MA, Smith MB. 
Spatial variation of T2 in human articular cartilage. Radiology. 
1997;205(2):546–50.

	 9.	 Duvvuri U, Reddy R, Patel SD, Kaufman JH, Kneeland JB, 
Leigh JS. T1rho-relaxation in articular cartilage: effects of 
enzymatic degradation. Magn Reson Med. 1997;38(6):863–7.

	 10.	 Regatte RR, Akella SV, Borthakur A, Kneeland JB, Reddy R, 
Duvvuri U, et al. In vivo proton MR three-dimensional T1rho 
mapping of human articular cartilage: initial experience. Radi-
ology. 2003;229(1):269–74.

	 11.	 Li X, Han E, Busse R, Majumdar S. In vivo T1rho mapping 
in cartilage using 3D magnetization-prepared angle-modu-
lated partitioned k-space spoiled gradient echo snapshots (3D 
MAPSS). Magn Reson Med. 2008;59(2):298–307.

	 12.	 Qian Y, Boada FE. Acquisition-weighted stack of spirals for 
fast high-resolution three-dimensional ultra-short echo time 
MR imaging. Magn Reson Med. 2008;60(1):135–45.

	 13.	 Bashir A, Gray ML, Burstein D. Gd-DTPA2- as a measure of 
cartilage degradation. Magn Reson Med. 1996;36(5):665–73.

	 14	 Gray ML, Burstein D, Kim YJ, Maroudas A. 2007 Elizabeth 
Winston Lanier Award Winner. Magnetic resonance imag-
ing of cartilage glycosaminoglycan: basic principles, imag-
ing technique, and clinical applications. J Orthop Res. 
2008;26(3):281–91.

	 15.	 Burstein D, Gray ML, Hartman AL, Gipe R, Foy BD. Diffusion 
of small solutes in cartilage as measured by nuclear magnetic 
resonance (NMR) spectroscopy and imaging. J Orthop Res. 
1993;11(4):465–78.

	 16.	 Raya JG, Horng A, Dietrich O, Krasnokutsky S, Beltran LS, Sto-
rey P, et al. Articular cartilage: in vivo diffusion-tensor imaging. 
Radiology. 2012;262(2):550–9.

	 17.	 Wolff SD, Chesnick S, Frank JA, Lim KO, Balaban RS. Mag-
netization transfer contrast: MR imaging of the knee. Radiology. 
1991;179(3):623–8.

	 18.	 Stikov N, Keenan KE, Pauly JM, Smith RL, Dougherty RF, Gold 
GE. Cross-relaxation imaging of human articular cartilage. Magn 
Reson Med. 2011;66(3):725–34.

	 19.	 Ling W, Regatte RR, Navon G, Jerschow A. Assessment 
of glycosaminoglycan concentration in  vivo by chemical 

exchange-dependent saturation transfer (gagCEST). Proc Natl 
Acad Sci U S A. 2008;105(7):2266–70.

	 20.	 Lesperance LM, Gray ML, Burstein D. Determination of fixed 
charge density in cartilage using nuclear magnetic resonance. J 
Orthop Res. 1992;10(1):1–13.

	 21.	 Reddy R, Insko EK, Noyszewski EA, Dandora R, Kneeland JB, 
Leigh JS. Sodium MRI of human articular cartilage in vivo. 
Magn Reson Med. 1998;39(5):697–701.

	 22.	 Li X, Winalski C. MRI relaxometry: applications in musculoskel-
etal systems. In: Seiberlich N, Gulani V, Calamante F, Campbell-
Washburn A, Doneva M, Hu H, et al., eds. Quantitative Magnetic 
Resonance Imaging: Academic Press; 2020;185–214.

	 23.	 Radunsky D, Stern N, Nassar J, Tsarfaty G, Blumenfeld-Katzir 
T, Ben-Eliezer N. Quantitative platform for accurate and repro-
ducible assessment of transverse (T(2)) relaxation time. NMR 
Biomed. 2021;34(8):e4537.

	 24.	 Foltz W, Stainsby J, Wright G. T2 accuracy on a whole-body 
imager. Magn Reson Med. 1997;38(5):759–68.

	 25.	 Sveinsson B, Chaudhari AS, Gold GE, Hargreaves BA. A simple 
analytic method for estimating T2 in the knee from DESS. Magn 
Reson Imaging. 2017;38:63–70.

	 26.	 Cheng CC, Mei CS, Duryea J, Chung HW, Chao TC, Panych 
LP, et al. Dual-pathway multi-echo sequence for simultaneous 
frequency and T2 mapping. J Magn Reson. 2016;265:177–87.

	 27.	 Heule R, Ganter C, Bieri O. Triple echo steady-state (TESS) 
relaxometry. Magn Reson Med. 2014;71(1):230–7.

	 28.	 Zijlstra F, Seevinck PR. Multiple-echo steady-state 
(MESS): extending DESS for joint T2 mapping and chem-
ical-shift corrected water-fat separation. Magn Reson Med. 
2021;86(6):3156–65.

	 29.	 Tsai PH, Wong CC, Chan WP, Lu TW. The value of MR T2* 
measurements in normal and osteoarthritic knee cartilage: effects 
of age, sex, and location. Eur Radiol. 2019;29(8):4514–22.

	 30.	 Ellermann J, Ziegler C, Nissi MJ, Goebel R, Hughes J, Benson 
M, et al. Acetabular cartilage assessment in patients with femo-
roacetabular impingement by using T2* mapping with arthro-
scopic verification. Radiology. 2014;271(2):512–23.

	 31.	 Qian Y, Williams AA, Chu CR, Boada FE. Multicomponent T2* 
mapping of knee cartilage: technical feasibility ex vivo. Magn 
Reson Med. 2010;64(5):1426–31.

	 32.	 Shao H, Chang EY, Pauli C, Zanganeh S, Bae W, Chung CB, 
et al. UTE bi-component analysis of T2* relaxation in articular 
cartilage. Osteoarthr Cartil. 2016;24(2):364–73.

	 33.	 Makela HI, Grohn OH, Kettunen MI, Kauppinen RA. Proton 
exchange as a relaxation mechanism for T1 in the rotating frame 
in native and immobilized protein solutions. Biochem Biophys 
Res Commun. 2001;289(4):813–8.

	 34.	 Duvvuri U, Goldberg AD, Kranz JK, Hoang L, Reddy R, Wehrli 
FW, et al. Water magnetic relaxation dispersion in biological 
systems: the contribution of proton exchange and implications 
for the noninvasive detection of cartilage degradation. Proc Natl 
Acad Sci U S A. 2001;98(22):12479–84.

	 35.	 Hanninen N, Rautiainen J, Rieppo L, Saarakkala S, Nissi MJ. 
Orientation anisotropy of quantitative MRI relaxation parameters 
in ordered tissue. Sci Rep. 2017;7(1):9606.

	 36.	 Li X, Ma C, Link T, Castillo D, Blumenkrantz G, Lozano J, 
et al. In vivo T1rho and T2 mapping of articular cartilage in 
osteoarthritis of the knee using 3 Tesla MRI. Osteoarthr Cartil. 
2007;15(7):789–97.

	 37.	 Stahl R, Luke A, Li X, Carballido-Gamio J, Ma CB, Majum-
dar S, et al. T1rho, T2 and focal knee cartilage abnormali-
ties in physically active and sedentary healthy subjects ver-
sus early OA patients—a 3.0-Tesla MRI study. Eur Radiol. 
2009;19(1):132–43.

	 38.	 Nishioka H, Hirose J, Okamoto N, Okada T, Oka K, Taniwaki 
T, et al. Evaluation of the relationship between T1rho and T2 



1778	 Skeletal Radiology (2024) 53:1761–1781

values and patella cartilage degeneration in patients of the same 
age group. Eur J Radiol. 2015;84(3):463–8.

	 39.	 MacKay JW, Low SBL, Smith TO, Toms AP, McCaskie AW, Gil-
bert FJ. Systematic review and meta-analysis of the reliability and 
discriminative validity of cartilage compositional MRI in knee 
osteoarthritis. Osteoarthritis Cartilage. 2018;26(9):1140–52.

	 40.	 Charagundla SR, Borthakur A, Leigh JS, Reddy R. Artifacts in 
T(1rho)-weighted imaging: correction with a self-compensating 
spin-locking pulse. J Magn Reson. 2003;162(1):113–21.

	 41.	 Chen W. Artifacts correction for T1rho imaging with constant 
amplitude spin-lock. J Magn Reson. 2017;274:13–23.

	 42.	 Chen W, Takahashi A, Han E. Quantitative T(1)(rho) imaging 
using phase cycling for B0 and B1 field inhomogeneity compen-
sation. Magn Reson Imaging. 2011;29(5):608–19.

	 43.	 Gram M, Seethaler M, Gensler D, Oberberger J, Jakob PM, Nor-
dbeck P. Balanced spin-lock preparation for B(1)-insensitive and 
B(0)-insensitive quantification of the rotating frame relaxation 
time T(1rho). Magn Reson Med. 2021;85(5):2771–80.

	 44.	 Pang Y. A self-compensated spin-locking scheme for quantitative 
R(1rho) dispersion MR imaging in ordered tissues. Magn Reson 
Imaging. 2022;94:112–8.

	 45.	 Kim J, Peng Q, Wu C, Li X. MR T1ρ preparations: B1 and B0 
inhomogeneity and T2ρ evaluation with Bloch equation-based 
simulation. 2022 Joint Annual Meeting ISMRM-ESMRMB & 
ISMRT 31st Annual Meeting. London, UK 2022.

	 46.	 Pala S, Hanninen NE, Nykanen O, Liimatainen T, Nissi MJ. New 
methods for robust continuous wave T(1rho) relaxation prepara-
tion. NMR Biomed. 2023;36(2):e4834.

	 47.	 Michaeli S, Sorce DJ, Idiyatullin D, Ugurbil K, Garwood M. 
Transverse relaxation in the rotating frame induced by chemical 
exchange. J Magn Reson. 2004;169(2):293–9.

	 48.	 Liimatainen T, Sorce DJ, O’Connell R, Garwood M, Michaeli 
S. MRI contrast from relaxation along a fictitious field (RAFF). 
Magn Reson Med. 2010;64(4):983–94.

	 49.	 Li X, Wyatt C, Rivoire J, Han E, Chen W, Schooler J, et al. 
Simultaneous acquisition of T1rho and T2 quantification in 
knee cartilage: repeatability and diurnal variation. J Magn 
Reson Imaging. 2014;39(5):1287–93.

	 50.	 Kim J, Mamoto K, Lartey R, Xu K, Nakamura K, Shin W, et al. 
Multi-vendor multi-site T1rho and T2 quantification of knee 
cartilage. Osteoarthr Cartil. 2020;28(12):1539–50.

	 51.	 Peng Q, Wu C, Kim J, Li X. Efficient phase-cycling strategy 
for high-resolution 3D gradient-echo quantitative parameter 
mapping. NMR Biomed. 2022;35(7):e4700. https://​doi.​org/​10.​
1002/​nbm.​4700.

	 52.	 Wang P, Block J, Gore JC. Chemical exchange in knee cartilage 
assessed by R1rho (1/T1rho) dispersion at 3T. Magn Reson 
Imaging. 2015;33(1):38–42.

	 53.	 Han M, Tibrewala R, Bahroos E, Pedoia V, Majumdar S. Mag-
netization-prepared spoiled gradient-echo snapshot imaging for 
efficient measurement of R(2) -R(1rho) in knee cartilage. Magn 
Reson Med. 2022;87(2):733–45.

	 54.	 Pakin S, Schweitzer M, Regatte R. Rapid 3D–T1rho mapping 
of the knee joint at 3.0T with parallel imaging. Magn Reson 
Med. 2006;56(3):563–71.

	 55.	 Zuo J, Li X, Banerjee S, Han E, Majumdar S. Parallel imag-
ing of knee cartilage at 3 Tesla. J Magn Reson Imaging. 
2007;26(4):1001–9.

	 56.	 Lustig M, Donoho D, Pauly JM. Sparse MRI: the application of 
compressed sensing for rapid MR imaging. Magn Reson Med. 
2007;58(6):1182–95.

	 57.	 Huang C, Graff CG, Clarkson EW, Bilgin A, Altbach MI. T2 
mapping from highly undersampled data by reconstruction of 
principal component coefficient maps using compressed sens-
ing. Magn Reson Med. 2012;67(5):1355–66.

	 58.	 Peng X, Ying L, Liu Y, Yuan J, Liu X, Liang D. Accelerated 
exponential parameterization of T2 relaxation with model-
driven low rank and sparsity priors (MORASA). Magn Reson 
Med. 2016;76(6):1865–78.

	 59.	 Zhou Y, Pandit P, Pedoia V, Rivoire J, Wang Y, Liang D, et al. 
Accelerating T1ρ cartilage imaging using compressed sensing 
with iterative locally adapted support detection and JSENSE. 
Magn Reson Med. 2016;75(4):1617–29.

	 60.	 Zhu Y, Zhang Q, Liu Q, Wang YX, Liu X, Zheng H, et al. 
PANDA-T1ρ: Integrating principal component analysis and 
dictionary learning for fast T1ρ mapping. Magn Reson Med. 
2015;73(1):263–72.

	 61.	 Pandit P, Rivoire J, King K, Li X. Accelerated T1ρ acquisition 
for knee cartilage quantification using compressed sensing and 
data-driven parallel imaging: a feasibility study. Magn Reson 
Med. 2016;75(3):1256–61.

	 62.	 Zibetti MVW, Sharafi A, Otazo R, Regatte RR. Accelerat-
ing 3D-T(1ρ) mapping of cartilage using compressed sensing 
with different sparse and low rank models. Magn Reson Med. 
2018;80(4):1475–91.

	 63.	 Kim J, Zhang Z, Liu R, Eck B, Yang M, Li H, et al. Retro-
spective and prospective evaluation of accelerated T1rho and 
T2 mapping with Compressed Sensing: high resolution T1rho 
mapping and combined T1rho and T2 mapping. 2023 ISMRM 
& ISMRT Annual Meeting & Exhibition. Toronto 2023.

	 64.	 Zibetti MVW, Johnson PM, Sharafi A, Hammernik K, Knoll F, 
Regatte RR. Rapid mono and biexponential 3D-T(1rho) map-
ping of knee cartilage using variational networks. Sci Rep. 
2020;10(1):19144.

	 65.	 Tolpadi AA, Han M, Caliva F, Pedoia V, Majumdar S. Region 
of interest-specific loss functions improve T(2) quantification 
with ultrafast T(2) mapping MRI sequences in knee, hip and 
lumbar spine. Sci Rep. 2022;12(1):22208.

	 66.	 Li H, Yang M, Kim JH, Zhang C, Liu R, Huang P, et al. Super-
MAP: deep ultrafast MR relaxometry with joint spatiotemporal 
undersampling. Magn Reson Med. 2023;89(1):64–76.

	 67.	 Ma D, Gulani V, Seiberlich N, Liu K, Sunshine JL, Duerk 
JL, et  al. Magnetic resonance fingerprinting. Nature. 
2013;495(7440):187–92.

	 68.	 Cloos MA, Asslander J, Abbas B, Fishbaugh J, Babb JS, Gerig 
G, et al. Rapid radial T(1) and T(2) mapping of the hip articular 
cartilage with magnetic resonance fingerprinting. J Magn Reson 
Imaging. 2019;50(3):810–5.

	 69.	 Sharafi A, Zibetti MVW, Chang G, Cloos M, Regatte RR. 3D 
magnetic resonance fingerprinting for rapid simultaneous T1, 
T2, and T1rho volumetric mapping of human articular cartilage 
at 3 T. NMR Biomed. 2022;35(12):e4800.

	 70.	 Tourais J, Ploem T, van Zadelhoff TA, van de Steeg-Henzen 
C, Oei EHG, Weingartner S. Rapid whole-knee quantification 
of cartilage using T(1), T(2)(*), and T(RAFF2) mapping with 
magnetic resonance fingerprinting. IEEE Trans Biomed Eng. 
2023;70(11):3197–205.

	 71.	 Li H, Yang M, Kim J, Liu R, Huang P, Liang D, et al. SuperMRF: 
deep robust acceleration for MR fingerprinting. 2023 ISMRM & 
ISMRT Annual Meeting & Exhibition. Toronto, Canada 2023.

	 72.	 Ebrahimkhani S, Jaward MH, Cicuttini FM, Dharmaratne A, 
Wang Y, de Herrera AGS. A review on segmentation of knee 
articular cartilage: from conventional methods towards deep 
learning. Artif Intell Med. 2020;106:101851.

	 73.	 Desai AD, Caliva F, Iriondo C, Mortazi A, Jambawalikar S, 
Bagci U, et al. The international workshop on osteoarthritis 
imaging knee MRI segmentation challenge: a multi-institute 
evaluation and analysis framework on a standardized dataset. 
Radiol Artif Intell. 2021;3(3):e200078.

https://doi.org/10.1002/nbm.4700
https://doi.org/10.1002/nbm.4700


1779Skeletal Radiology (2024) 53:1761–1781	

	 74.	 Gaj S, Yang M, Nakamura K, Li X. Automated cartilage and 
meniscus segmentation of knee MRI with conditional generative 
adversarial networks. Magn Reson Med. 2020;84(1):437–49.

	 75.	 Holden W, Lartey R, Obuchowski N, Gaj S, Kim J, Li M, et al. 
Baseline predictors of knee cartilage magnetic resonance T1ρ 
and T2 relaxation times 10 years after anterior cruciate ligament 
reconstruction. Osteoarthr Cartil. 2023;31:S277–8.

	 76.	 Xue Y-P, Jang H, Byra M, Cai Z-Y, Wu M, Chang EY, et al. 
Automated cartilage segmentation and quantification using 3D 
ultrashort echo time (UTE) cones MR imaging with deep con-
volutional neural networks. Eur Radiol. 2021;31(10):7653–63.

	 77.	 Pedoia V, Lee J, Norman B, Link TM, Majumdar S. Diagnosing 
osteoarthritis from T2 maps using deep learning: an analysis 
of the entire Osteoarthritis Initiative baseline cohort. Osteoarthr 
Cartil. 2019;27(7):1002–10.

	 78.	 Schmidt AM, Desai AD, Watkins LE, Crowder HA, Black 
MS, Mazzoli V, et al. Generalizability of deep learning seg-
mentation algorithms for automated assessment of cartilage 
morphology and MRI relaxometry. J Magn Reson Imaging. 
2023;57(4):1029–39.

	 79.	 Rautiainen J, Nissi MJ, Salo EN, Tiitu V, Finnila MAJ, Aho OM, 
et al. Multiparametric MRI assessment of human articular car-
tilage degeneration: correlation with quantitative histology and 
mechanical properties. Magn Reson Med. 2015;74(1):249–59.

	 80.	 Emanuel KS, Kellner LJ, Peters MJM, Haartmans MJJ, Hooi-
jmans MT, Emans PJ. The relation between the biochemical 
composition of knee articular cartilage and quantitative MRI: 
a systematic review and meta-analysis. Osteoarthr Cartil. 
2022;30(5):650–62.

	 81.	 Atkinson HF, Birmingham TB, Moyer RF, Yacoub D, Kanko LE, 
Bryant DM, et al. MRI T2 and T1rho relaxation in patients at risk 
for knee osteoarthritis: a systematic review and meta-analysis. 
BMC Musculoskelet Disord. 2019;20(1):182.

	 82.	 de Mello R, Ma Y, Ji Y, Du J, Chang EY. Quantitative MRI 
musculoskeletal techniques: an update. AJR Am J Roentgenol. 
2019;213(3):524–33.

	 83.	 Peterfy CG, Schneider E, Nevitt M. The osteoarthritis ini-
tiative: report on the design rationale for the magnetic reso-
nance imaging protocol for the knee. Osteoarthritis Cartilage. 
2008;16(12):1433–41.

	 84.	 Eckstein F, Kwoh CK, Link TM, Investigators OAI. Imaging 
research results from the osteoarthritis initiative (OAI): a review 
and lessons learned 10 years after start of enrolment. Ann Rheum 
Dis. 2014;73(7):1289–300.

	 85.	 Joo PY, Borjali A, Chen AF, Muratoglu OK, Varadarajan 
KM. Defining and predicting radiographic knee osteoarthritis 
progression: a systematic review of findings from the osteo-
arthritis initiative. Knee Surg Sports Traumatol Arthrosc. 
2022;30(12):4015–28.

	 86.	 Joseph GB, Baum T, Alizai H, Carballido-Gamio J, Nardo L, 
Virayavanich W, et al. Baseline mean and heterogeneity of 
MR cartilage T2 are associated with morphologic degenera-
tion of cartilage, meniscus, and bone marrow over 3 years–
data from the Osteoarthritis Initiative. Osteoarthr Cartil. 
2012;20(7):727–35.

	 87.	 Kretzschmar M, Nevitt MC, Schwaiger BJ, Joseph GB, McCull-
och CE, Link TM. Spatial distribution and temporal progression 
of T2 relaxation time values in knee cartilage prior to the onset 
of cartilage lesions - data from the Osteoarthritis Initiative (OAI). 
Osteoarthr Cartil. 2019;27(5):737–45.

	 88.	 Razmjoo A, Caliva F, Lee J, Liu F, Joseph GB, Link TM, et al. 
T2 analysis of the entire osteoarthritis initiative dataset. J Orthop 
Res. 2021;39(1):74–85.

	 89.	 Hovis KK, Stehling C, Souza RB, Haughom BD, Baum T, Nevitt 
M, et al. Physical activity is associated with magnetic resonance 
imaging-based knee cartilage T2 measurements in asymptomatic 

subjects with and those without osteoarthritis risk factors. Arthri-
tis Rheum. 2011;63(8):2248–56.

	 90.	 Lin W, Alizai H, Joseph GB, Srikhum W, Nevitt MC, Lynch JA, 
et al. Physical activity in relation to knee cartilage T2 progression 
measured with 3 T MRI over a period of 4 years: data from the 
Osteoarthritis Initiative. Osteoarthr Cartil. 2013;21(10):1558–66.

	 91.	 Gersing AS, Schwaiger BJ, Nevitt MC, Joseph GB, Chanchek 
N, Guimaraes JB, et al. Is weight loss associated with less pro-
gression of changes in knee articular cartilage among obese 
and overweight patients as assessed with MR imaging over 
48 months? Data from the osteoarthritis initiative. Radiology. 
2017;284(2):508–20.

	 92.	 Whittaker JL, Losciale JM, Juhl CB, Thorlund JB, Lundberg M, 
Truong LK, et al. Risk factors for knee osteoarthritis after trau-
matic knee injury: a systematic review and meta-analysis of ran-
domised controlled trials and cohort studies for the OPTIKNEE 
Consensus. Br J Sports Med. 2022;56(24):1406–21.

	 93.	 Thomas AC, Hubbard-Turner T, Wikstrom EA, Palmieri-Smith 
RM. Epidemiology of posttraumatic osteoarthritis. J Athl Train. 
2017;52(6):491–6.

	 94.	 O’Sullivan O, Ladlow P, Steiner K, Kuyser D, Ali O, Stocks J, 
et al. Knee MRI biomarkers associated with structural, functional 
and symptomatic changes at least a year from ACL injury - a 
systematic review. Osteoarthr Cartil Open. 2023;5(3):100385.

	 95.	 Klocke NF, Amendola A, Thedens DR, Williams GN, Luty CM, 
Martin JA, et al. Comparison of T1rho, dGEMRIC, and quantita-
tive T2 MRI in preoperative ACL rupture patients. Acad Radiol. 
2013;20(1):99–107.

	 96.	 Li X, Kuo D, Theologis A, Carballido-Gamio J, Stehling C, Link 
TM, et al. Cartilage in anterior cruciate ligament-reconstructed 
knees: MR imaging T1{rho} and T2–initial experience with 
1-year follow-up. Radiology. 2011;258(2):505–14.

	 97.	 Xie D, Murray J, Lartey R, Gaj S, Kim J, Li M, et al. Multi-
vendor multi-site quantitative MRI analysis of cartilage degen-
eration 10 years after anterior cruciate ligament reconstruction: 
MOON-MRI protocol and preliminary results. Osteoarthr Cartil. 
2022;30(12):1647–57.

	 98.	 Chu CR, Williams AA, West RV, Qian Y, Fu FH, Do BH, 
et  al. Quantitative magnetic resonance imaging UTE-T2* 
mapping of cartilage and meniscus healing after anatomic 
anterior cruciate ligament reconstruction. Am J Sports Med. 
2014;42(8):1847–56.

	 99.	 Neuman P, Tjornstrand J, Svensson J, Ragnarsson C, Roos H, 
Englund M, et al. Longitudinal assessment of femoral knee 
cartilage quality using contrast enhanced MRI (dGEMRIC) in 
patients with anterior cruciate ligament injury–comparison with 
asymptomatic volunteers. Osteoarthr Cartil. 2011;19(8):977–83.

	100.	 Pietrosimone B, Nissman D, Padua DA, Blackburn JT, Harkey 
MS, Creighton RA, et al. Associations between cartilage proteo-
glycan density and patient outcomes 12months following anterior 
cruciate ligament reconstruction. Knee. 2018;25(1):118–29.

	101.	 Williams AA, Erhart-Hledik JC, Asay JL, Mahtani GB, Titch-
enal MR, Lutz AM, et al. Patient-reported outcomes and knee 
mechanics correlate with patellofemoral deep cartilage UTE-
T2* 2 years after anterior cruciate ligament reconstruction. Am 
J Sports Med. 2021;49(3):675–83.

	102.	 Xie D, Tanaka M, Pedoia V, Li AK, Facchetti L, Neumann J, 
et al. Baseline cartilage T1rho and T2 predicted patellofemoral 
joint cartilage lesion progression and patient-reported outcomes 
after ACL reconstruction. J Orthop Res. 2023;41(6):1310–9.

	103.	 Su F, Pedoia V, Teng HL, Kretzschmar M, Lau BC, McCulloch 
CE, et al. The association between MR T1rho and T2 of cartilage 
and patient-reported outcomes after ACL injury and reconstruc-
tion. Osteoarthr Cartil. 2016;24(7):1180–9.

	104.	 Tjornstrand J, Neuman P, Svensson J, Lundin B, Dahlberg LE, 
Tiderius CJ. Osteoarthritis development related to cartilage 



1780	 Skeletal Radiology (2024) 53:1761–1781

quality-the prognostic value of dGEMRIC after anterior cruci-
ate ligament injury. Osteoarthr Cartil. 2019;27(11):1647–52.

	105.	 Osaki K, Okazaki K, Takayama Y, Matsubara H, Kuwashima 
U, Murakami K, et al. Characterization of biochemical carti-
lage change after anterior cruciate ligament injury using T1rho 
mapping magnetic resonance imaging. Orthop J Sports Med. 
2015;3(5):2325967115585092.

	106.	 Zhong Q, Pedoia V, Tanaka M, Neumann J, Link TM, Ma B, 
et al. 3D bone-shape changes and their correlations with car-
tilage T1rho and T2 relaxation times and patient-reported out-
comes over 3-years after ACL reconstruction. Osteoarthr Cartil. 
2019;27(6):915–21.

	107.	 Amano K, Pedoia V, Su F, Souza RB, Li X, Ma CB. Persistent 
biomechanical alterations after ACL reconstruction are associ-
ated with early cartilage matrix changes detected by quantitative 
MR. Orthop J Sports Med. 2016;4(4):2325967116644421.

	108.	 Kumar D, Su F, Wu D, Pedoia V, Heitkamp L, Ma CB, et al. 
Frontal plane knee mechanics and early cartilage degeneration 
in people with anterior cruciate ligament reconstruction: a lon-
gitudinal study. Am J Sports Med. 2018;46(2):378–87.

	109.	 Armitano-Lago C, Davis-Wilson HC, Evans-Pickett A, Lisee C, 
Kershner CE, Blackburn T, et al. Gait variability structure linked 
to worse cartilage composition post-ACL reconstruction. Med 
Sci Sports Exerc. 2023;55(8):1499–506.

	110.	 Davis-Wilson HC, Thoma LM, Franz JR, Blackburn JT, Longo-
bardi L, Schwartz TA, Hackney AC, Pietrosimone B. Physical 
activity associates with T1rho MRI of femoral cartilage after 
anterior cruciate ligament reconstruction. Med Sci Sports Exerc. 
2024;56(3):411–7. https://​doi.​org/​10.​1249/​MSS.​00000​00000​
003318.

	111.	 Amano K, Huebner JL, Stabler TV, Tanaka M, McCulloch CE, 
Lobach I, et al. Synovial fluid profile at the time of anterior cru-
ciate ligament reconstruction and its association with cartilage 
matrix composition 3 years after surgery. Am J Sports Med. 
2018;46(4):890–9.

	112.	 Lansdown DA, Allen C, Zaid M, Wu S, Subburaj K, Souza R, 
et al. A comprehensive in vivo kinematic, quantitative MRI and 
functional evaluation following ACL reconstruction–a com-
parison between mini-two incision and anteromedial portal 
femoral tunnel drilling. Knee. 2015;22(6):547–53.

	113.	 Amano K, Li AK, Pedoia V, Koff MF, Krych AJ, Link TM, 
et al. Effects of surgical factors on cartilage can be detected 
using quantitative magnetic resonance imaging after ante-
rior cruciate ligament reconstruction. Am J Sports Med. 
2017;45(5):1075–84.

	114.	 Brunst C, Ithurburn MP, Zbojniewicz AM, Paterno MV, 
Schmitt LC. Return-to-sport quadriceps strength symmetry 
impacts 5-year cartilage integrity after anterior cruciate liga-
ment reconstruction: a preliminary analysis. J Orthop Res. 
2022;40(1):285–94.

	115.	 Moran CJ, Pascual-Garrido C, Chubinskaya S, Potter HG, War-
ren RF, Cole BJ, et al. Restoration of articular cartilage. J Bone 
Joint Surg Am. 2014;96(4):336–44.

	116.	 Trattnig S, Winalski CS, Marlovits S, Jurvelin JS, Welsch G, 
Potter HG. Magnetic resonance imaging of cartilage repair: a 
review. Cartilage. 2011;2(1):5–26.

	117.	 Zbyn S, Mlynarik V, Juras V, Szomolanyi P, Trattnig S. Evalu-
ation of cartilage repair and osteoarthritis with sodium MRI. 
NMR Biomed. 2016;29(2):206–15.

	118.	 Lineham B, Wijayathunga H, Moran E, Shuweihdi F, Gupta 
H, Pandit H, et al. A systematic review demonstrating correla-
tion of MRI compositional parameters with clinical outcomes 
following articular cartilage repair interventions in the knee. 
Osteoarthr Cartil Open. 2023;5(3):100388.

	119.	 Lansdown DA, Wang K, Cotter E, Davey A, Cole BJ. Relation-
ship between quantitative MRI biomarkers and patient-reported 

outcome measures after cartilage repair surgery: a systematic 
review. Orthop J Sports Med. 2018;6(4):2325967118765448.

	120.	 Vega A, Martin-Ferrero MA, Del Canto F, Alberca M, Garcia 
V, Munar A, et al. Treatment of knee osteoarthritis with allo-
geneic bone marrow mesenchymal stem cells: a randomized 
controlled trial. Transplantation. 2015;99(8):1681–90.

	121.	 Chahal J, Gomez-Aristizabal A, Shestopaloff K, Bhatt S, Cha-
boureau A, Fazio A, et al. Bone marrow mesenchymal stromal 
cell treatment in patients with osteoarthritis results in over-
all improvement in pain and symptoms and reduces synovial 
inflammation. Stem Cells Transl Med. 2019;8(8):746–57.

	122.	 Park YB, Ha CW, Lee CH, Yoon YC, Park YG. Cartilage 
regeneration in osteoarthritic patients by a composite of allo-
geneic umbilical cord blood-derived mesenchymal stem cells 
and hyaluronate hydrogel: results from a clinical trial for safety 
and proof-of-concept with 7 years of extended follow-up. Stem 
Cells Transl Med. 2017;6(2):613–21.

	123.	 McAlindon TE, Nuite M, Krishnan N, Ruthazer R, Price 
LL, Burstein D, et al. Change in knee osteoarthritis carti-
lage detected by delayed gadolinium enhanced magnetic 
resonance imaging following treatment with collagen hydro-
lysate: a pilot randomized controlled trial. Osteoarthr Cartil. 
2011;19(4):399–405.

	124.	 Zhao X, Ruan J, Tang H, Li J, Shi Y, Li M, et al. Multi-compo-
sitional MRI evaluation of repair cartilage in knee osteoarthri-
tis with treatment of allogeneic human adipose-derived mesen-
chymal progenitor cells. Stem Cell Res Ther. 2019;10(1):308.

	125.	 Menon RG, Chang G, Regatte RR. Musculoskeletal MR imag-
ing applications at ultra-high (7T) field strength. Magn Reson 
Imaging Clin N Am. 2021;29(1):117–27.

	126	 Domayer SE, Apprich S, Stelzeneder D, Hirschfeld C, 
Sokolowski M, Kronnerwetter C, et al. Cartilage repair of the 
ankle: first results of T2 mapping at 7.0 T after microfracture 
and matrix associated autologous cartilage transplantation. 
Osteoarthr Cartil. 2012;20(8):829–36.

	127.	 Chang G, Xia D, Sherman O, Strauss E, Jazrawi L, Recht MP, 
et al. High resolution morphologic imaging and T2 mapping 
of cartilage at 7 Tesla: comparison of cartilage repair patients 
and healthy controls. MAGMA. 2013;26(6):539–48.

	128.	 Wyatt C, Guha A, Venkatachari A, Li X, Krug R, Kelley DE, 
et al. Improved differentiation between knees with cartilage 
lesions and controls using 7T relaxation time mapping. J 
Orthop Translat. 2015;3(4):197–204.

	129.	 Kraff O, Lazik-Palm A, Heule R, Theysohn JM, Bieri 
O, Quick HH. 7 Tesla quantitative hip MRI: a compari-
son between TESS and CPMG for T2 mapping. MAGMA. 
2016;29(3):503–12.

	130.	 Welsch GH, Apprich S, Zbyn S, Mamisch TC, Mlynarik V, 
Scheffler K, et al. Biochemical (T2, T2* and magnetisation 
transfer ratio) MRI of knee cartilage: feasibility at ultra-high 
field (7T) compared with high field (3T) strength. Eur Radiol. 
2011;21(6):1136–43.

	131.	 Singh A, Haris M, Cai K, Kogan F, Hariharan H, Reddy R. 
High resolution T1rho mapping of in vivo human knee carti-
lage at 7T. PLoS One. 2014;9(5):e97486.

	132.	 Singh A, Haris M, Cai K, Kassey VB, Kogan F, Reddy D, 
et al. Chemical exchange saturation transfer magnetic reso-
nance imaging of human knee cartilage at 3 T and 7 T. Magn 
Reson Med. 2012;68(2):588–94.

	133.	 Brinkhof S, Nizak R, Khlebnikov V, Prompers JJ, Klomp 
DWJ, Saris DBF. Detection of early cartilage damage: fea-
sibility and potential of gagCEST imaging at 7T. Eur Radiol. 
2018;28(7):2874–81.

	134.	 Peterson P, Olsson E, Svensson J. T(2) relaxation time bias 
in gagCEST at 3T and 7T: comparison of saturation schemes. 
Magn Reson Med. 2019;81(2):1044–51.

https://doi.org/10.1249/MSS.0000000000003318
https://doi.org/10.1249/MSS.0000000000003318


1781Skeletal Radiology (2024) 53:1761–1781	

	135.	 Madelin G, Xia D, Brown R, Babb J, Chang G, Krasnokutsky 
S, et al. Longitudinal study of sodium MRI of articular carti-
lage in patients with knee osteoarthritis: initial experience with 
16-month follow-up. Eur Radiol. 2018;28(1):133–42.

	136.	 Zbyn S, Stelzeneder D, Welsch GH, Negrin LL, Juras V, May-
erhoefer ME, et al. Evaluation of native hyaline cartilage and 
repair tissue after two cartilage repair surgery techniques with 
23Na MR imaging at 7 T: initial experience. Osteoarthr Cartil. 
2012;20(8):837–45.

	137.	 Zbyn S, Ludwig KD, Watkins LE, Lagore RL, Nowacki A, Toth 
F, Tompkins MA, Zhang L, Adriany G, Gold GE, Shea KG, 
Nagel AM, Carlson CS, Metzger GJ, Ellermann JM. Changes 
in tissue sodium concentration and sodium relaxation times 
during the maturation of human knee cartilage: ex vivo (23) Na 
MRI study at 10.5 T. Magn Reson Med. 2024;91(3):1099–114. 
https://​doi.​org/​10.​1002/​mrm.​29930.

	138.	 Link TM, Joseph GB, Li X. MRI-based T(1rho) and T(2) car-
tilage compositional imaging in osteoarthritis: what have we 
learned and what is needed to apply it clinically and in a trial 
setting? Skeletal Radiol. 2023;52(11):2137–47.

	139.	 Chalian M, Li X, Guermazi A, Obuchowski NA, Carrino JA, 
Oei EH, Link TM, Committee RQMB, Members SQMBC. The 

QIBA Profile for MRI-based compositional imaging of knee 
cartilage. Radiology. 2021;301(2):423–32. https://​doi.​org/​10.​
1148/​radiol.​20212​04587.

	140.	 Balamoody S, Williams TG, Wolstenholme C, Waterton JC, 
Bowes M, Hodgson R, et al. Magnetic resonance transverse 
relaxation time T2 of knee cartilage in osteoarthritis at 3-T: a 
cross-sectional multicentre, multivendor reproducibility study. 
Skeletal Radiol. 2013;42(4):511–20.

	141.	 Lartey R, Nanavati A, Kim J, Li M, Xu K, Nakamura K, et al. 
Reproducibility of T(1rho) and T(2) quantification in a multi-
vendor multi-site study. Osteoarthr Cartil. 2023;31(2):249–57.

	142.	 Kijowski R, Blankenbaker DG, Munoz Del Rio A, Baer GS, 
Graf BK. Evaluation of the articular cartilage of the knee joint: 
value of adding a T2 mapping sequence to a routine MR imag-
ing protocol. Radiology. 2013;267(2):503–13.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/mrm.29930
https://doi.org/10.1148/radiol.2021204587
https://doi.org/10.1148/radiol.2021204587

	Cartilage compositional MRI—a narrative review of technical development and clinical applications over the past three decades
	Abstract
	Introduction
	Technical developments for Cart-C MRI
	Relaxometry without contrast—T2, T1ρ, and T2* mapping in cartilage
	Accelerated Cart-C MRI acquisition
	Automated analysis of Cart-C MRI

	Clinical applications of Cart-C MRI
	Natural history observational cohort—the Osteoarthritis Initiative (OAI)
	Applications in sports medicine—imaging joint injuries and post-traumatic osteoarthritis
	Clinical applications following cartilage repair and regeneration
	Cart-C MRI at ultra-high field

	Current gaps and future directions
	Conclusions
	References




