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Introduction
Osteoarthritis (OA) affects more than 
half of the population above the age of 
65 and has a significant negative impact 
on the quality of life of elderly individu-
als. The economic costs in the US from 
OA have been estimated to be more 
than 1% of the gross domestic product. 
Imaging the physiology of cartilage tis-
sue holds promise for an early detection 
of OA, the most common joint disease 
whose prevalence will only increase due 
to an aging population [1]. The disease 

degradation of the extracellular matrix 
(ECM) in response to stimuli. Water 
occupies 70% of the volume of the ECM 
[1] while the major solid constituents 
(Fig. 1) are aggrecan (5% w/v) and type 
II collagen (20% w/v).
The early stage of OA is associated with 
an increase in enzymatic degradation 
by matrix metalloproteinases resulting 
in depletion of glycosaminoglycan (GAG) 
of aggrecan as well as degradation of 
the collagen network. In cartilage, GAG 
side chains are made of continuously 
repeating disaccharides containing car-
boxyl and sulfate functional groups and 
are both negatively charged under physi-
ological conditions. The negative charge 
GAG confers on cartilage is the fixed 
charge density (FCD). Gorton originally 
proposed a model for the physiology 
of connective tissues in which a high poly-
saccharide content induces an osmotic 
pressure that is resisted by the network 
of collagen [2]. In this model, the pres-
ence of highly electronegative and immo-
bile GAG macromolecules results in an 
influx of sodium ions to maintain elec-
tro-neutrality. Since then, Maroudas 
extended this model by introducing the 
Donnan equilibrium to describe the 
flux of charged ions across a semi-per-
meable membrane in the presence of 
a charged but non-exchanging GAG 
restricted to a single compartment [3, 4]. 
In this model, the low hydraulic permea-
bility of GAG counterbalances resistive 
loads by its swelling pressure while colla-
gen provides tensile and shear strength. 
Therefore, GAG loss in early OA initiates 
a cascade by which osmotic pressure is 

is characterized by focal cartilage dam-
age, changes in the subchondral bone, 
mild synovitis, and thickening of the 
joint capsule in synovial joints. Key to 
understanding the pathology of the 
disease is to appreciate that the bio-
chemistry of cartilage tissue underlies its 
special purposes of control over joint 
loading and motion. Only a small frac-
tion of the volume of cartilage is 
occupied by cells (chondrocytes) that 
facilitate construction, repair and 

1 Schematic 
of cartilage 
extracellular 
matrix (ECM). 
Sodium is 
incorporated 
in to the ECM 
to balance the 
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density (FCD) 
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charged 
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subgroups of 
the aggrecan 
monomer, the 
main glycos-
aminoglycan 
(GAG) constit-
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reduced and joint compression perma-
nently disrupts the cartilage leading 
to thinning, fracturing and subsequently 
pain [5, 6]. 

Current imaging 
methods for OA
Radiographic imaging is the current 
gold standard in imaging technology to 
detect advanced stages of OA. Lacking 
sensitivity to soft tissues, this X-ray based 
technique measures joint space narrow-
ing (JSN) to indirectly gauge the extent 
of damage to cartilage. In addition, out-
come instruments for assessment of OA 
in patients such as the Knee injury and 
Osteoarthritis Outcome Score (KOOS), 
an extension of the Western Ontario and 
McMaster Universities Osteoarthritis 
Index (WOMAC), is also used to determine 
mobility and pain in a specific joint [7, 8]. 
However, radiography, along with nuclear 
medicine scans, arthrography, and com-
puted tomography (CT) scans, are limited 
in their use because they are unable to 
detect early cartilage abnormalities [9]. 
Conventional T1-weighted and T2w MRI 
can directly visualize all diarthrodial tis-
sues, including cartilage, bone, synovium, 
menisci, and ligaments and has substan-
tial advantages over radiography [10–12]. 
Due to the high morbidity of OA, thera-
peutic interventions are particularly nec-
essary but current methods are restricted 
to management of pain and surgical 
interventions [13]. However, improving 
outcomes require development of more 
effective interventions that can slow or 
reverse the course of the disease. In this 
context, there is a requirement for strong 
diagnostic information sensitive to the 
early stages of the disease, where carti-
lage appears intact on radiographs. Fur-
thermore, because of the long natural 
history of OA (10 –20 years in humans), 
sensitive imaging biomarkers are expected 
to significantly accelerate the drug devel-
opment process by assessing the thera-
peutic potential in terms of efficacy at the 
early stages of the disease and thereby 
lowering the cost and duration of clini-
cal trials.
The aim of this review is to highlight T1ρ 
(T1-rho) MRI, a technique that has been 
developed to specifically detect the 

GAG component of cartilage, which is 
the more important element due to the 
ostensibly limited contribution of colla-
gen to the initiating steps of OA [14]. 
Only the salient features of this method 
are described here with a limited review 
of the literature.

T1ρ MRI
T1ρ MRI is an alternative to conventional 
T1w and T2w MRI [15] by its use of a 
long-duration, low-power radiofre-
quency (RF) referred to as spin-lock (SL) 
pulse applied to the magnetization in 
the transverse plane. The magnetization 

is effectively spin-locked around an 
effective B1 field created by the vector 
sum of the applied B1 and any off-reso-
nant component. The spin-locked mag-
netization will relax with a time constant 
T1ρ, the spin-lattice relaxation in the 
rotating frame, during the RF field. The 
B1 field attenuates the effect of dipolar 
relaxation, static dipolar coupling, chem-
ical exchange and background gradients 
on the signal resulting in a T1ρ that is 
always greater than T2. T1ρ was shown 
to be influenced by the exchange of 
hydroxyl (−OH) and amide (−NH) protons 
on the GAG [16]. There has been consid-
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2 Pulse sequence diagram for inversion-prepared T1ρ MRI with a 3D balanced-GRE readout 
[38]. TI is the inversion time, TSL is the duration of two phase-alternating spin-lock pulses 
inserted between two 90° RF pulses, which is followed by a half-α pulse that begins the cen-
tric-encoded balanced-GRE readout. A delay time is inserted at the end of the α pulse train 
for T1 recovery.

3 The MRI console’s Sequence Special tab showing the user controllable variables and typical 
values associated with the T1ρ pulse sequence in figure 2. In this particular case, a Rotary Echo 
T1ρ preparation is employed with TSL times in multiples of 5 ms. The number of distinct TSL 
data sets acquired is 5 (entered on Part 2 tab). The γB1 spin-lock amplitude is set to 400 Hz for 
a body-coil transmit and 500 Hz for knee-coil transmit. The duration of the 90° hard pulses in 
the T1ρ preparation is 500 µs.
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of tissues can be visualized and ana-
lyzed. The current protocol for T1ρ MRI 
uses a 3D balanced gradient echo read-
out to detect the T1ρ prepared magneti-
zation (Fig. 2) that is developed in our lab. 
Typical user-controllable values for the 
customer-made pulse sequence are shown 
in figure 3. This imaging protocol is 
under 15 minutes for acquiring five 
 T1ρ-weighted 3D data sets for comput-
ing color-coded T1ρ maps showing the 
spatial distribution of cartilage matrix 
elements, GAG, water, and collagen. 
The non-averaged dipolar interaction 

between water protons associated with 
collagen is the predominant contributor 
to relaxation in cartilage [28]. T1ρ-
dispersion MRI, where the amplitude 
of the SL pulse amplitude is also varied, 
can be used to detect spectral density 
components in cartilage that are in the 
neighborhood of γB1. The effect of spin-
locking reduces the laminar appearance 
in cartilage as demonstrated by Akella 
et al. in an orientation-dependent MRI 
experiment of cartilage plugs [29]. In 
this study, a typical laminar appearance 
was present in T2 MRI when the normal 

erable amount of work on biological 
tissues using T1ρ-spectroscopy and 
imaging dealing with tumors, muscle, 
myocardium, blood flow and cartilage 
[17–27].
Quantitative T1ρ MRI relaxation relaxo-
metric images can reflect the biochemi-
cal composition of cartilage. These T1ρ 
‘maps’ are created by fitting the signal 
intensity of T1ρ-weighted MR images as 
a function of the SL pulse duration with 
fixed amplitude (γB1 = 500 Hz). In this 
manner, spatial maps of T1ρ values 
related to macromolecular composition 

A 76-year-old patient with grade 1 chondromalacia of the lateral 
patellar facet and grade 2 chondromalacia of the medial patellar facet 
is shown (4B) with elevated focal T1ρ lesions. Another patient was 
observed at arthroscopy to have grade 2 patellar chondromalacia and 
a torn left medial meniscus, for which a partial medial meniscectomy 
was performed (4C). Similar images are provided to show correspon-
dence between arthroscopic image and T1ρ maps for grade 3 (4D) and 
grade 4 (E) chondromalacia [33].

4 (4A) T1ρ relaxation map from a 
30-year-old male with no history of 
knee injury and no knee pain. Patellar 
cartilage is homogenously, smoothly 
varying and has a characteristic 
increase in T1ρ from the deep  cartilage 
adjacent to the subchondral bone to 
the superficial cartilage adjacent to 
the synovium. The ROI drawn at the 
cartilage surface had a T1ρ = 41.7 ms.
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to the surface of cartilage was parallel 
to B0 but absent in T1ρ MRI of the same 
cartilage specimen. In addition, T1ρ val-
ues were consistently greater than T2 at 
all orientations throughout the cartilage 
layers, a result of spin-locking the mag-
netization.

T1ρ in clinical OA research
Several studies have demonstrated the 
efficacy of T1ρ MRI in detecting early 
 tissue pathology with increasing values 
in OA-affected cartilage compared to 
normal tissue [30]. T1ρ MRI was also 
demonstrated to quantitatively evaluate 
meniscus and cartilage matrix in animal 
models as well as in patients with acute 
anterior cruciate ligament (ACL) injuries 
[31, 32]. Studies on arthroscopically-
confirmed early grades of chondromala-
cia have demonstrated the potential 
of a rapid MRI pulse sequence (Fig. 4) 
for T1ρ mapping in order to detecting 
earliest molecular changes in cartilage 
in vivo [33].
Another potential application of T1ρ MRI 
is in the shoulder joint. Glenohumeral 
arthritis is a disabling condition, which 
severely affects the quality of life and 
activities of recreation and daily living 
[34]. Primary glenohumeral osteoarthritis 
predominantly occurs in older individu-
als; however, a younger cohort of patients 
has been recently described with end 
stage glenohumeral arthritis after shoul-
der arthroscopy [35]. With shoulder inju-
ries, the integrity of the cartilage may 

become compromised due to several fac-
tors such as abnormal loading condi-
tions and repeated stresses. Routine clin-
ical care of shoulder joint is limited to 
morphologic and structural changes but 
the sensitivity of T1ρ to early changes 
due to arthritis may help in the diagno-
sis and treatment of the disease. To this 
end, the T1ρ mapping technique was 
applied to normal and shoulder pain sub-
jects on a Siemens clinical 3T scanner 
with the vendor-supplied shoulder coil. 
T1ρ map of the shoulder joint of a healthy 
volunteer is displayed alongside a patient 
with shoulder joint pain (Fig. 5). Ele-
vated T1ρ values in the glenoid compart-
ment cartilage in the latter individual 
could indicate early cartilage degrada-
tion resulting from arthritis. Further 
research is ongoing on individuals with 
traumatic shoulder joint injury to quan-
tify early onset of degeneration of 
 cartilage in the joint.

Summary
MRI based on conventional T1 and T2 
contrast is able to provide excellent 
images of cartilage morphology, but 
could be insensitive to detect changes in 
cartilage biochemistry and physiology. 
While OA progression is multi-factorial 
and slow progressing disease, its early 
stages involve the breakdown and loss 
of GAG and collagen from the extracellu-
lar matrix. There are other MRI-based 
methods targeting macromolecules as 
biomarkers of OA disease progression 

besides T1ρ MRI. Chemical Exchange Sat-
uration Transfer (CEST) MRI is sensitive 
to proton exchange between –OH groups 
in GAG and water and hence highly spe-
cific to GAG content. The feasibility of 
CEST MRI to detect GAG in vivo (gagCEST) 
was recently demonstrated in cartilage 
of the knee joint by experiments on 7T* 
whole-body Siemens MRI scanners [36]. 
This study also demonstrated that 
gagCEST values obtained from images 
without correcting for B0 inhomogeneity 
( 0.6 ppm) could lead to some inaccu-
racy of the final quantifications [37]. 
T1ρ MRI has already been applied to clin-
ical research by several groups and was 
shown to be a promise method in evalu-
ating early OA by demonstrating its sen-
sitivity and specificity to cartilage physi-
ology and biochemistry as well as its 
ability to detect progression of the dis-
ease. Larger multi-center studies will be 
required to develop standard protocols 
in order for these methods to be trans-
lated to clinical practice.
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5 Color-coded T1ρ maps are overlaid on gray scale T1ρ-weighted images for three volunteers: 
5A: 22-year-old healthy, 5B: 22-year-old volunteer with painful shoulder. Color bar represents T1ρ values 
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