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Osteoarthritis (OA) is the most frequent form of arthritis, 
with major implications for individual and public health 
care without effective treatment available. The fi eld of 
joint imaging, and particularly magnetic resonance (MR) 
imaging, has evolved rapidly owing to technical advances 
and the application of these to the fi eld of clinical re-
search. Cartilage imaging certainly is at the forefront of 
these developments. In this review, the different aspects 
of OA imaging and cartilage assessment, with an empha-
sis on recent advances, will be presented. The current 
role of radiography, including advances in the technology 
for joint space width assessment, will be discussed. The 
development of various MR imaging techniques capable of 
facilitating assessment of cartilage morphology and the 
methods for evaluating the biochemical composition of 
cartilage will be presented. Advances in quantitative mor-
phologic cartilage assessment and semiquantitative whole-
organ assessment will be reviewed. Although MR imaging 
is the most important modality in imaging of OA and car-
tilage, others such as ultrasonography play a complemen-
tary role that will be discussed briefl y.
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 Discuss the role of different imaging modalities in the  n

assessment of osteoarthritis (OA), including radiogra-
phy, US, and MR imaging.

 Summarize different MR techniques for the evaluation  n

of articular cartilage and OA imaging.

 Describe MR imaging–based outcome measures for the  n

evaluation of OA, including semiquantitative morpho-
logic, quantitative three-dimensional, and biochemical 
approaches.

 Discuss the importance of MR imaging and composi- n

tional MR techniques in the follow-up of cartilage repair 
procedures.
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                                                 Osteoarthritis (OA) is the most prev-
alent form of arthritis, with major 
implications for individual and 

public health care ( 1 – 3 ). Its prevalence 
is expected to increase with the grow-
ing obesity epidemic and the aging ba-
by-boomer population ( 4 , 5 ). To date, 
there is still no effective treatment for 
OA, which refl ects the lack of under-
standing of the pathophysiology and nat-
ural history of the disease. 

 OA is viewed today as the clinical 
and pathologic outcome of a range of 
disorders that result in structural and 
functional failure of synovial joints ( 6 ). 
OA occurs when the dynamic equilib-
rium between the breakdown and repair 
of joint tissues is overwhelmed, which 
eventually will cause pain, physical dis-
ability and psychologic distress ( 7 ). The 
infl ammatory changes in OA are proba-

bly secondary to soluble breakdown of 
cartilage and bone, and most researchers 
today consider the disease to be not a 
passive degenerative disorder but rather 
an active disease process driven pri-
marily by mechanical factors ( 8 ). Other 
factors such as genetic predisposition 
and metabolic and, possibly, vascular 
abnormalities ( 9 , 10 ) seem to play an 
important role, especially in the initia-
tion of the disease process. 

 Since OA is a slowly progressive dis-
order, OA clinical trials require large 
cohorts that must be followed up for 
many years ( 11 ). For these reasons, many 
pharmaceutical companies and basic 
researchers have been moving out of 
the fi eld in recent years ( 12 ). 

 However, the application of sophis-
ticated imaging methods has led to a 
rapid increase in knowledge, and large 
longitudinal studies are adding to our 
understanding of the disease’s natural 
course. The Osteoarthritis Initiative, a 
private-public partnership of the National 
Institutes of Health and several phar-
maceutical companies  (  http :// www . niams 
. nih . gov / ne / oi / ),  is ongoing and is one 
of the fi rst large studies with data that 
are publicly available, including 3-T mag-
netic resonance (MR) imaging data ac-
quired at multiple time points. With 
almost 5000 participants followed up 
for at least 5 years, the research com-
munity is hoping for a break-through in 
answering many of the unresolved is-
sues in the OA enigma. 

 At the same time, the fi eld of imaging, 
and particularly MR imaging, has evolved 
rapidly owing to technical advances and 
the application of these advances to the 
clinical research arena. In the context of 
joint imaging, cartilage imaging is at 
the forefront of these developments. 
Compositional MR imaging of cartilage 
ultrastructure has given us a deeper 
understanding of the early and poten-
tially reversible pathologic processes, 
which may eventually allow us to pre-
vent the long-term health burden of OA. 

 This article will review the different 
aspects of OA imaging and cartilage as-
sessment, especially with regard to re-
cent advances. Because the majority of 
research in OA and cartilage imaging is 
focused on the knee joint, the focus of 

this review will also be the knee. We will 
review the current role of radiography 
and present advances in the technology 
of the assessment of joint space width 
(JSW). In light of novel therapeutic op-
tions for cartilage damage on a surgical 
and pharmacologic level, we will further 
detail the development of various MR im-
aging techniques that can help assess 
cartilage morphology; in addition, we will 
discuss methods for evaluating the bio-
chemical composition of cartilage. Ad-
vances in quantitative morphologic car-
tilage assessment have made large and 
important contributions to our under-
standing of disease progression in recent 
years and will be presented in detail. 

 OA has been regarded as a disease 
of “wear and tear” for a long time. Re-
cently, however, and largely owing to 
the application of MR imaging in large 
clinical studies, a change in paradigm 
has occurred in that a consensus has 
developed to perceive OA not simply as 
a disease of cartilage, but as a whole-
organ disorder involving multiple joint 
tissues and leading to eventual joint 
failure. Whole-organ assessment has con-
tributed much to this change in percep-
tion, and we will discuss in detail the 
role of the different joint structures in a 
clinical context and their relevance for 
disease progression. 

 Although MR imaging is the most 
important method for imaging of OA 
and cartilage, other modalities such as 
ultrasonography (US) play an important 
complementary role that will be dis-
cussed briefl y. Since there is only limited 
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 Abbreviations: 
     DESS   =    dual-echo steady-state   
  dGEMRIC   =    delayed gadolinium-enhanced MR imaging of 
 cartilage   
  FSE   =    fast spin echo   
  GAG   =    glucosaminoglycan   
  JSW   =    joint space width   
  OA   =    osteoarthritis   
  SPGR   =    spoiled gradient-recalled echo   
  3D   =    three-dimensional   
  2D   =    two-dimensional      

   Potential confl icts of interest are listed at the end 
of this article.   

 Essentials  

   Radiography is still the fi rst-line  n

diagnostic tool in osteoarthritis 
and may be used for patient strat-
ifi cation in clinical trials, but it is 
insensitive to change and does not 
depict soft tissue suffi ciently.  

  Whole-organ semiquantitative  n

MR imaging-based knee assess-
ment is a reliable instrument to 
evaluate all tissues involved in the 
osteoarthritic disease process and 
may be applied in cross-sectional 
and longitudinal studies.  

  Several new techniques to depict  n

cartilage with MR imaging are 
available, including 3D fast spin-
echo and high-fi eld-strength (up 
to 7-T) systems.  

  Quantitative 3D cartilage mor- n

phometry is a validated and reli-
able tool to assess several 
cartilage parameters cross sec-
tionally and in a longitudinal 
fashion and is complementary to 
other evaluation techniques.  

  Compositional MR imaging might  n

play an important role in the as-
sessment of early and potentially 
reversible cartilage damage, and 
several techniques are available 
and applicable in a clinical setting.    
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knowledge on the application of fl uoride 
18–fl uorodeoxyglucose positron emis-
sion tomography and computed tomog-
raphy in osteoarthritis imaging in a 
clinical and research setting, these mo-
dalities will not be covered in this review. 

 The fi eld of imaging in OA and 
cartilage has evolved rapidly, and, de-
spite the continued lack of effective 
therapies, there is hope that imaging 
might be in a position to help drive a 
therapeutic breakthrough.  

 Role of Radiography and Recent 
Developments 

 Traditionally, OA structural changes have 
been assessed with radiographs. Radi-
ography is used in clinical practice to 
establish the diagnosis of OA and to 
monitor the progression of the disease. 
Radiographs depict bony features, in-
cluding marginal osteophytes, subchon-
dral sclerosis, and subchondral cysts, 
that are associated with OA and provide 
an indirect estimate of cartilage thick-
ness and meniscal integrity by allowing 
assessment of JSW. Radiographic as-
sessment of OA relies mainly on the 
evaluation of both osteophytes and joint 
space narrowing. Osteophytes develop 
at an earlier stage than joint space nar-
rowing, and they are the most widely 
applied radiographic criterion for defi n-
ing the presence of OA, while assess-
ment of the severity of OA relies mainly 
on joint space narrowing and concomi-
tant subchondral bone abnormalities 
( 13 – 15 ). The main shortcomings of ra-
diography are its insensitivity to change 
and its lack of soft-tissue depiction. 

 The severity of radiographic OA can 
be estimated by using semiquantitative 
scoring systems. Published atlases ( 16 –
 18 ) provide example images that repre-
sent specifi c grades. Several grading 
scales that incorporate combinations of 
features have also been developed, in-
cluding the most widely used Kellgren-
Lawrence grading scheme, which is the 
current accepted standard for the diag-
nosis of OA on radiographs ( 15 , 19 ) 
( Table 1 ). The defi nition of radiographic 
OA relies on the presence of “defi nite” os-
teophytes on the anteroposterior weight-
bearing radiograph (Kellgren-Lawrence 

grade 2). The differentiation between 
grades 2 and 3 is based on the presence 
of joint space narrowing. The Kellgren-
Lawrence scoring system is limited by 
the invalid assumption that radiographic 
changes appear in a linear fashion over 
the course of the disease and that it is 
a composite measure of JSW and osteo-
phyte presence. In contrast, the Osteo-
arthritis Research Society International 
atlas classifi cation uses scores based on 
tibiofemoral joint space narrowing and 
osteophytes separately in each compart-
ment of the knee ( 16 ).     

 The relationship between radio-
graphic progression of joint space nar-
rowing and cartilage loss seen on MR 
images in patients with symptomatic 
knee OA and MR imaging–based cartilage 
loss and its relation to radiographic pro-
gression was investigated by Amin and 
co-workers ( 20 ), who showed that a sub-
stantial proportion of knees exhibit 
cartilage loss on MR images even when 
no radiographic progression is observed. 
Radiographic progression appeared spe-
cifi c (91%) but not sensitive (23%) for 
cartilage loss ( Fig 1 ).     

 For decades, the extended-knee ra-
diograph (ie, bilateral weight-bearing 
anteroposterior view of both knees in 
full extension) has been the standard 
radiograph used to visualize the tibiofem-
oral joint ( 21 ). While the diagnostic 
utility of the extended-knee radiograph 
is established, this technique has limits 
with regard to reproducibility in longitu-
dinal assessments of the joint space ( 22 ). 

 Several research groups have devel-
oped alternative protocols for standard-
ized positioning of the knee. Common 
to all of these techniques is a standard 
of knee fl exion, rather than extension, 
that provides contact between the tibia 
and the posterior aspect of the femoral 
condyle ( 23 ). The protocols differ, how-
ever, with respect to the degree of fl ex-
ion required, the angulation of the x-ray 
beam, and the parameter that is ad-
justed to meet the positioning standards 
of the examination. For some position-
ing protocols, fl uoroscopy is used to 
confi rm satisfactory anatomic position-
ing of the medial tibial plateau prior 
to acquisition of the radiograph, while 
for others a nonfl uoroscopic positioning 

standard is used (ie, semifl exed meta-
tarsophalangeal and fi xed fl exion views) 
( 24 – 27 ). 

 Measurement of JSW is the prereq-
uisite for assessment of joint space nar-
rowing in clinical trials. Prior to the 
development of automated and semiau-
tomated methods, JSW was measured 
by using purely manual methods ( 28 , 29 ). 
Although manual methods offer simplic-
ity of equipment and application and can 
be used to measure any linear distance, 
they are time consuming, subjective, and 
very labor intensive. 

 Automated and semiautomated tech-
niques for use in clinical trials have been 
developed to provide rapid, objective, 
and precise measurements of JSW. Most 
of the work has been aimed at using 
automation to improve reproducibility of 
semiquantitative scoring or manual mea-
surements. Different measures of joint 
space width have been introduced, in-
cluding minimum JSW, mean JSW, or 
joint space area and location-specifi c 
JSW. Minimum JSW is defi ned as the 
shortest distance between the tibial and 
femoral margins of the joint space within 
the weight-bearing areas of the medial 
and lateral tibiofemoral compartments. 
In addition, newer methods, known as 
statistical shape models, have been in-
troduced to segment the anatomy of the 
knee joint on radiographs ( 30 , 31 ). This 
approach uses multivariate statistics to 
derive the allowable shape of an object 
from a set of examples. 

 Determination of mean JSW or 
joint space area has been studied in ei-
ther a constant area or a region of inter-
est, and its utility has been compared 
with that of minimum JSW. Minimum 
JSW was found to be more reproducible 
and more sensitive to change than is 
mean JSW or joint space area ( 32 , 33 ). 
While the most generally used and ac-
cepted outcome measurement to deter-
mine OA progression is minimum JSW, 
location-specifi c JSW measurement might 
offer advantages concerning reproduc-
ibility and responsiveness ( 29 , 34 – 36 ). 

 The advances in standardized knee 
radiography that have made clinical trials 
of disease-modifying OA drugs feasible 
can also benefi t clinical practice. As noted 
earlier, the conventional extended-knee 
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radiograph is still used by clinicians to 
document evidence of marginal tibiofem-
oral osteophytes on which the diagnosis 
of knee OA is based. However, the ra-
diographic severity of knee OA (ie, the 
extent of joint space narrowing in the 
presence of marginal osteophytes) may 
not be apparent on the extended-knee 
view ( 22 , 37 ). Most clinical radiology de-
partments are capable of producing a 
posteroanterior radiograph of the knee 
in the Lyon-Schuss position with 10° cau-
dad angulation of the x-ray beam (ie, a 
fi xed-fl exion radiograph, with or without 
use of a positioning frame) ( Fig 2 ). A ra-
diograph satisfying these standards would 
offer two distinct advantages over the 
conventional extended-knee view. First, 
knee fl exion is more likely to reveal 
cartilage loss that is common to the pos-
terior aspect of the femur ( 23 ). Second, 
the fi xed-fl exion view is more likely than 
the extended-knee view to represent the 
joint space in parallel or near-parallel 
alignment with the x-ray beam. These 
strengths promise greater accuracy in 
evaluation of the severity of structural 
changes of tibiofemoral OA and may 
result in an image of the knee that 
likely will be more reliably reproduced 
during future assessments of disease 
progression.       

 The Role of MR Imaging  

 MR Imaging–based Whole-Joint 
Assessment of Knee OA with 
Semiquantitative Scoring Methods 
 Semiquantitative morphologic whole-
organ scoring was originally introduced 

 Table 1 

  Overview of Kellgren-Lawrence Grading System for Assessment of Radiographic OA 

  Kellgren-Lawrence Grade Defi nition *   

  0 No feature of OA 
 1 Doubtful JSN and possible osteophytic lipping 
 2 Defi nite osteophytes and possible JSN 
 3 Moderate multiple osteophytes, defi nite JSN, and some sclerosis and possible deformity of bone ends 
 4 Large osteophytes, marked JSN, severe sclerosis, and defi nite deformity of bone ends  

   Source.—Reference 15.  

  Note.—Radiographic OA is defi ned as Kellgren-Lawrence grade 2.  

  *     JSN = joint space narrowing.   

in 1999 ( 38 ) and has since been applied 
to a multitude of OA studies. The knee 
joint is assumed to represent an organ, 
because it is composed of multiple tis-
sues whose integrity is essential for the 
joint to function optimally. The analyses 
based on semiquantitative scoring have 
added much to the understanding of 
the pathophysiology and natural history 
of OA, as well as the clinical implica-
tions of the structural changes assessed 
( 39 – 48 ). 

 While these scoring systems are not 
commonly applied in a clinical setting, 
knowledge of currently available scor-
ing schemes is helpful for any researcher 
or clinician potentially interested in 
engaging in image analysis of publicly 
available MR imaging data sets. In a 
clinical setting, cartilage is routinely as-
sessed with modifi ed classifi cations of 
the Outerbridge scale that take into ac-
count depth of a cartilage lesion. Since 
these systems have fl aws related to the 
lack of accounting for areal extent of 
the lesion, we emphasize alternative 
scoring attempts that might also be help-
ful clinically. A variety of features are 
assessed that are currently believed to 
be relevant to the functional integrity of 
the knee, are potentially involved in 
the pathophysiology of OA, or both. 
These articular features include artic-
ular cartilage integrity, subarticular bone 
marrow abnormalities, subchondral cysts, 
subarticular bone attrition, marginal and 
central osteophytes, meniscal integrity 
and extrusion, anterior and posterior 
cruciate ligament integrity, medial and 
lateral collateral ligament integrity, sy-
novitis and effusion, and intraarticular 

loose bodies, as well as periarticular cysts 
and bursitis. 

 Whole-organ assessment with scor-
ing of different joint structures on MR 
images has shown adequate reliability, 
specifi city, and sensitivity, as well as an 
ability to demonstrate lesion progres-
sion ( 44 , 49 – 51 ) ( Table 2 ).     

 To date, three semiquantitative scor-
ing systems for whole-organ assessment 
of knee OA have been published: the 
Whole-Organ Magnetic Resonance Im-
aging Score ( 51 ), the Knee Osteoarthri-
tis Scoring System ( 50 ), and the Boston 
Leeds Osteoarthritis Knee Score ( 49 ). 
Additional scoring tools have been in-
troduced to cover joint conditions that 
may not be adequately assessed with 
the above systems or that offer alter-
native approaches. Examples are the 
assessment of synovitis on contrast 
material–enhanced MR images or de-
tailed evaluation of the intercondylar tib-
ial region ( 52 , 53 ). An overview of the 
three whole-organ scoring systems is 
presented in  Table 3 .     

 A detailed description of the avail-
able semiquantitative scoring systems is 
presented in   Appendix   E1   (online).   

 MR Imaging Techniques for Morphologic 
Assessment of Cartilage 
 Several MR imaging techniques are 
available to facilitate the assessment 
of cartilage morphology in the knee. 
Each of them has strengths and weak-
nesses that need to be considered 
( Table 4 ).     

 In general, fat suppression is useful in 
cartilage imaging because it results in a 
higher dynamic range of signal intensities 
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in the articular cartilage and reduces or 
eliminates chemical shift artifacts. 

 Fat saturation is most commonly 
used, although it increases acquisition 
times and is very sensitive to magnetic 
fi eld inhomogeneities. As an alternative 
to achieving high contrast between 
sucbchondral bone and cartilage, rapid 
water excitation MR imaging has been 
applied with commonly used gradient-
recalled-echo techniques and is used 
especially in volumetric approaches of 
cartilage assessment ( 54 – 57 ). The prin-
ciple is the selective excitation of non–
fat-bound protons, which obviates the 
time-consuming spectral fat-saturation 
prepulse. Iterative decomposition of 
water and fat with echo asymmetry and 
least-squares estimation and short tau 
inversion-recovery imaging are good 
options for cartilage assessment; they 
provide uniform lipid suppression in 
areas of magnetic fi eld inhomogeneity 
( 58 – 60 ). 

  
 Figure 1:      Sensitivity to change. Comparison of baseline and 24-month follow-up imaging examinations. 
 (a, b)  Anteroposterior radiographs  (a)  show no joint space narrowing at baseline but a defi nite medial tibial 
osteophyte and  (b)  no change in JSW at 24 months and slight increase in size of the medial tibial osteophyte. 
 (c, d)  Sagittal three-dimensional (3D) dual-echo steady-state (DESS) MR images (repetition time msec/echo 
time msec, 16.3/4.7; fl ip angle, 25°) show  (c)  no cartilage loss in medial tibiofemoral compartment at base-
line but  (d)  defi nite cartilage damage in posterior medial femur at 24-month follow-up. The damage can only 
be visualized on MR images due to the posterior location (arrows) of the cartilage abnormality.    

Figure 1   

  
 Figure 2:      Schematic of patient positioning for 
fi xed-fl exion posteroanterior view. Both knees are in 
contact with the cassette and are coplanar with 
hips, patellae, and tips of the great toes. Fixed-
fl exion technique requires x-ray beam be directed 
10° caudad.    

Figure 2   

 In a clinical setting, 2D proton 
density–weighted or T2-weighted fat-
suppressed FSE sequences are most com-
monly applied in imaging of knee cartilage 
and the knee joint in general. The use 
of intermediate-weighted sequences that 
mix proton density and T2 contrast by 
using echo times of 33–60 msec may be 
useful, because such sequences provide 
higher intrinsic cartilaginous contrast than 
does a pure T2-weighted sequence and 
are less susceptible to “magic-angle” ef-
fects seen in techniques with shorter echo 
times ( 61 ). However, 2D FSE techniques 
suffer because they produce anisotropic 
voxels, section gaps, and partial-volume 
effects. Recently, 3D FSE sequences 
with isotropic resolution have been in-
troduced that exhibit signal intensity 
characteristics similar to those achieved 
with intermediate-weighted sequences 
( Fig 3 ). Three-dimensional FSE imag-
ing can provide high-quality multipla-
nar reformations, which are potentially 

use ful not only for the assessment of 
carti lage morphology, but also for the 
evaluation of the menisci, cruciate lig-
aments, and subchondral bone ( 62 , 63 ). 
Three-dimensional FSE is a promis-
ing technique for knee OA trials, be-
cause it substantially reduces assess-
ment time compared with that of routine 
protocols.     

 Three-dimensional FSE sampling per-
fection with application-optimized con-
trast using different fl ip-angle evolutions 
(or SPACE) can be acquired with iso-
tropic voxels and demonstrates better 
signal-to-noise ratio and signal-to-noise 
ratio effi ciency, compared with other 
3D techniques commonly used to as-
sess cartilage ( 64 ). However, its short-
comings include long acquisition times 
and poor cartilage-to-fl uid contrast; also, 
its ability to show dis tinctions between 
cartilage and other surrounding tissues 
was shown to be inferior to that of other 
techniques ( 64 ). 
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 Three-dimensional SPGR imaging is 
considered the standard for quantita-
tive morphologic assessment of knee 
cartilage because of its excellent diag-
nostic accuracy when compared with 
arthroscopy ( 65 – 68 ). This MR technique 
has been widely used in studies in which 
segmentation techniques were used, with 
cartilage morphometry as the outcome 
owing to high spatial resolution and very 
high signal intensity of the articular 
cartilage ( 69 – 72 ). Disadvantages inher-
ent to 3D SPGR include lack of reliable 
contrast between cartilage and fl uid; in-
ability to assess other knee structures 
such as ligaments, menisci, or subchon-
dral bone; long imaging times; and high 
sensitivity to susceptibility artifacts. 

 Three-dimensional DESS imaging is 
another commonly used technique for 
morphologic assessment of knee cartilage 
( 55 , 73 – 75 ) ( Fig 4 ). Compared with 3D 
SPGR, 3D DESS imaging is more time 
effi cient and has higher signal-to-noise 

ratio and higher cartilage-to-fl uid con-
trast ( 76 ). In knee OA trials, 3D DESS 
imaging allowed quantitative 3D assess-
ment of cartilage with good accuracy 
and precision ( 55 ). Compared with other 
3D gradient-recalled-echo techniques, 
3D DESS exhibits similar longitudinal 
sensitivity to change of cartilage thick-
ness measurements ( 77 ).     

 Although 3D gradient-recalled-echo 
types of techniques were developed for 
dedicated cartilage imaging, the rela-
tively poor contrast between cartilage 
and joint fl uid they yield renders them 
inferior for depicting focal cartilage de-
fects, as compared with standard 2D FSE 
techniques ( 78 – 82 ) ( Fig 5 ).     

 Three-dimensional isotropic balanced 
steady-state free precession (SSFP) MR 
imaging provides excellent synovial fl uid-
to-cartilage contrast ( 83 ). This technique 
has good diagnostic performance in the 
assessment of knee cartilage morphol-
ogy, similar to that of routine MR imag-

ing and other commonly used 3D GRE 
imaging protocols ( 54 , 84 , 85 ) ( Fig 6 ). In 
addition, 3D balanced SSFP imaging 
has been shown to be useful for imag-
ing of other internal knee structures 
such as ligaments and menisci, making 
its implementation in knee OA trials an 
interesting choice ( 86 ). Recently, a tech-
nique that combines balanced SSFP 
imaging with a 3D radial k-space ac-
quisition termed  vastly interpolated 
projection reconstruction  (or VIPR-SSFP) 
has been reported. This sequence yields 
images of the knee with isotropic resolu-
tion and excellent diagnostic performance 
regarding detection of cartilaginous, me-
niscal, and ligamentous lesions in the 
knee, as well as associated changes in 
bone marrow ( 87 ).     

 Three-dimensional driven-equilibri-
um Fourier transform (DEFT) imaging 
provides good contrast between fl uid 
and cartilage. Its diagnostic performance 
in the detection of cartilage lesions in 

 Table 2 

  Inter- and Intrareader Reliability Results from the Literature for MR Imaging Features That Use Different Whole-Joint Scoring Systems 

  Joint Feature
BLOKS ( 49 ) Interreader 
(weighted  k ) * 

KOSS ( 50 ) Interreader 
(ICC * , weighted  k )

KOSS ( 50 ) Intrareader 
(ICC * , weighted  k )

WORMS ( 51 ) Interreader 
Agreement (ICC)  

  Cartilage morphology 0.72 (0.59, 0.85) 0.64 (0.58, 0.69), 0.57 0.78 ([0.74, 0.81), 0.67 0.99 
 Cartilage 2 (BLOKS only) 0.73 (0.60, 0.85) Not applicable Not applicable Not applicable 
 Osteochondral defects 
 (KOSS only)

Not applicable 0.63 (0.55, 0.70), 0.66 0.87 (0.83, 0.90), 0.87 Not applicable 

 Bone marrow lesion size 0.72 (0.58, 0.87) 0.91 (0.88, 0.93), 0.88 0.93 (0.91, 0.94), 0.91 0.74 
 Bone marrow lesion percentage 
 area (BLOKS only)

0.69 (0.55, 0.82) Not applicable Not applicable Not applicable 

 Percentage of lesion bone 
 marrow lesion (BLOKS only)

0.72 (0.58, 0.87) Not applicable Not applicable Not applicable 

 Osteophytes 0.65 (0.52, 0.77) 0.71 (0.67, 0.76), 0.67 0.76 (0.72, 0.80), 0.79 0.97 
 Synovitis 0.62 (0.05, 1.00) 0.74 (0.58, 0.85), 0.69 0.81 (0.69, 0.89), 0.77 0.74 
 Effusion 0.61 (0.05, 0.85) Scores combined  †  Scores combined  †  Scores combined  †   
 Meniscal extrusion or 
 subluxation

0.51 (0.24, 0.78) 0.67 (0.57, 0.75), 0.65 0.82 (0.75, 0.86), 0.82 Not applicable 

 Meniscal signal intensity and/or 
 intrasubstance degeneration

0.68 (0.44, 0.93) 0.78 (0.68, 0.85), 0.66 0.76 (0.66, 0.83), 0.56 Not applicable 

 Meniscal tear 0.79 (0.40, 1.00) 0.70 (0.61, 0.77), 0.70 0.78 (0.70, 0.83), 0.78 0.87 
 Ligaments Not applicable Not applicable Not applicable 1.0 
 Subchondral cysts Part of bone marrow lesion 

 percentage score
0.87 (0.83, 0.89), 0.83 0.90 (0.87, 0.92), 0.87 0.94 

 Baker cysts Not applicable 0.89 (0.76, 0.95), 0.80 0.96 (0.90, 0.98), 0.91 Not applicable  

   Note.—BLOKS = Boston Leeds Osteoarthritis Knee Score, ICC = intraclass correlation coeffi cient, KOSS = Knee Osteoarthritis Scoring System, WORMS = Whole-Organ Magnetic Resonance Imaging 
Score.  

  *     Data in parentheses are the 95% confi dence interval  .  

  †     Scores were combined with those from the Synovitis row above.   
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 Table 3 

  Comparison of Semiquantitative Scoring Systems for Knee OA 

  Parameter WORMS KOSS BLOKS  

  No. of knees scored in 
  original study

19 25 10 (plus 71 for validity exercise of 
 BML scoring) 

 MR imaging protocol in 
   original study 

(all with 1.5-T systems)

Axial, coronal, and sagittal T1-weighted 
  spin-echo; sagittal T2 weighted with 

fat suppression and 3D SPGR

Coronal and sagittal T2 weighted and 
  proton density weighted, sagittal 3D 

SPGR, axial proton density weighted 
and axial T2 weighted with 
fat suppression

For reliability exercise (10 knees): 
  sagittal and coronal T2 weighted 

with fat suppression, sagittal T1-
weighted spin echo, and axial and 
coronal 3D fast low-angle shot; for 
validity of BML assessment: sagittal 
proton density and T2 weighted; and 
coronal and axial proton density and 
T2 weighted with fat suppression 

 Subregional division of knee 15 Subregions: medial and lateral patella, 
  medial and lateral femur (anterior, central, 

posterior), medial and lateral tibia 
(anterior, central, posterior), 
subspinous tibia

9 Subregions: medial patella, patellar 
  crest, lateral patella, medial and 

lateral trochlea, medial and 
lateral femoral condyle, medial and 
lateral tibial plateau

9 Subregions: medial and lateral 
  patella, medial and lateral trochlea, 

medial and lateral weight-bearing 
femur, medial and lateral 
weight-bearing tibia, subspinous tibia 

 Interreader reliability In 19 knees: ICC of 0.74 (bone marrow 
  abnormalities and synovitis or effusion) 

and 0.99 (cartilage)

In 25 knees: weighted  k  of 0.57 
  (osteochondral defects) and 0.88 

(bone marrow edema)

In 10 knees: weighted  k  of 0.51 
  (meniscal extrusion) and 0.79 

(meniscal tear) 
 Intrareader reliability Not reported In 25 knees: weighted  k  of 0.56 

  (intrasubstance meniscal 
degeneration) and 0.91 (bone 
marrow edema and Baker cyst)

Not reported 

 Scored MR Features 
  Bone marrow lesions Summed BML size and volume from 

  0 to 3 for subregion in regard 
to percentage of subregional 
bone volume

Scoring of individual lesions from 
  0 to 3 concerning maximum 

diameter of lesion

Scoring of individual lesions; 3 aspects 
  of BMLs are scored: (a)  size of BML 

scored from 0 to 3 in regard to 
percentage of subregional bone 
volume,  (b)  percentage of surface area 
adjacent to subchondral plate, and  (c)  
percentage of BML that is noncystic 

  Cartilage Subregional approach: scores from 
  0 to 6 depending on depth and extent 

of cartilage loss; intrachondral cartilage 
signal intensity additionally scored as 
present or absent

Subregional approach: focal and 
  diffuse defects are differentiated; 

depth of lesions scored from 
0 to 3; diameter of lesion scored 
from 0 to 3; osteochondral defects 
scored separately

Score 1: subregional approach;  (a)  
  percentage of any cartilage loss 

in subregion;  (b)  percentage of full-
thickness cartilage loss in subregion; 
score 2: site-specifi c approach, with 
score from 0 (none) to 2 (full-thickness 
loss) of cartilage loss at 11 specifi c 
locations (not subregions) 

  Subchondral cysts Summed cyst size and volume for 
  subregion scored from 0 to 3 in regard to 

percentage of subregional bone volume

Individual lesion scored from 
  0 to 3 in regard to maximum 

diameter of lesion.

Scored together with BMLs 

  Osteophytes Scored from 0 to 7 at 16 sites Scored from 0 to 3; marginal, 
  intercondylar, and central osteophytes 

are differentiated; locations or sites of 
osteophyte scoring not forwarded

Scored from 0 to 3 at 12 sites 

  Bone attrition Scored from 0 to 3 in 14 subregions Not scored Not scored 
  Effusion Scored from 0 to 3 Scored from 0 to 3 Scored from 0 to 3 

Table 3 (Continues)



STATE OF THE ART: Advances in Imaging of Osteoarthritis and Cartilage Roemer et al

Radiology: Volume 260: Number 2—August 2011 n radiology.rsna.org 339

the knee is similar to that of routine 2D 
and SPGR techniques ( 88 , 89 ). How-
ever, DEFT suffers from long acquisition 
times, insuffi cient fat saturation, and low 
sensitivity to bone marrow changes such 
as edema. 

 For imaging of the knee joint to 
investigate OA, the minimum require-
ment would consist of proton density– 
or intermediate-weighted fat-suppressed 
sequences in three planes plus one non–
fat-suppressed T1-weighted sequence 
for superior visualization of bone con-
tours, loose bodies, and subchondral 
sclerosis. If 3D volumetric analysis is to 
be included, an additional high-spatial-
resolution 3D gradient-recalled-echo 
sequence that can provide high intrinsic 
cartilage signal intensity is to be included. 
An overview on protocol suggestions 
for semiquantitative assessment of knee 

OA was published several years ago 
( 90 ).   

 MR Imaging Field Strength, Extremity MR 
Imaging, and Weight-bearing MR Imaging 
 Low-fi eld-strength (0.18–0.2-T) units 
for imaging extremities seem outdated 
for morphologic assessment of knee 
cartilage owing to a lower signal-to-noise 
ratio and limitations concerning fat sup-
pression that result in image quality in-
ferior to that which can be achieved at 
1.5 or 3 T. Although never validated 
against the standard of high-fi eld-strength 
MR imaging, these low-field-strength 
techniques have been used in clinical 
trials for some time ( 91 – 94 ). However, 
peripheral extremity magnets have ad-
vantages: lower installation, maintenance, 
and management costs than large-bore 
magnets and greater patient comfort, 

especially for claustrophobic patients. 
In large knee OA trials, dedicated 1.0-T 
extremity MR imaging has demonstrated 
good to excellent intra- and interobserver 
reliability for morphologic assessment 
of cartilage ( Fig 7 ) with the use of time-
effi cient protocols, as compared with 
1.5-T imaging ( 46 , 60 , 95 ).     

 Imaging with a 1.5-T large-bore 
magnet is still regarded as the clinical 
standard, and most of the studies in 
which MR imaging is applied for mor-
phologic and compositional assessment 
of knee cartilage were performed at 
this fi eld strength ( 54 , 59 , 88 , 96 ). In re-
cent years, 3-T systems have demon-
strated promising results with regard to 
optimizing morphologic and composi-
tional cartilage imaging in the knee 
( 55 , 62 , 97 ). The signal-to-noise ratio is 
roughly twice as great at 3 T as it is at 

  Parameter WORMS KOSS BLOKS  

  Synovitis Combined effusion and synovitis score Synovial thickening scored as 
  present or absent on sagittal 

T1-weighted SPGR image 
(location not described)

 (a)  Size of signal intensity changes 
  in Hofffa fat pad;  (b)  5 additional 

sites scored as present or absent 
(details of scoring not described) 

  Meniscal status Anterior horn, body, and posterior horn 
  scored separately from 0 to 4 in medial and 

lateral menisci: score of 1, minor radial or 
parrot beak tear; 2, nondisplaced tear or 
prior surgical repair; 3, displaced tear or 
partial resection; 4, complete maceration or 
destruction or complete resection

No subregional division of meniscus 
  described; presence or absence of 

the following tears: horizontal, 
vertical, radial,complex, bucket 
handle; meniscal intrasubstance 
degeneration scored from 0 to 3

Anterior horn, body, and posterior 
  horn scored separately in medial 

and lateral menisci; Presence or 
absence scored for intrameniscal 
signal intensity, vertical tear, 
horizontal tear, complex tear, 
root tear, macerated, meniscal cyst 

  Meniscal extrusion Not scored Scored from 0 to 3 on coronal image Scored from 0 to 3 as medial or 
  lateral extrusion on coronal image 

and as anterior extrusion for medial 
or lateral meniscus on sagittal image 

  Ligaments Cruciate ligaments and collateral ligaments 
 scored as intact or torn

Not scored Cruciate ligaments scored as 
  normal or complete tear; 

associated insertional BMLs 
scored in tibia and in femur 

  Periarticular features Popliteal cysts, anserine bursitis, 
  semimembranosus bursa, meniscal cyst, 

infrapatellar bursitis, prepatellar bursitis, 
tibiofi bular cyst

Only popliteal cysts scored from 0 to 3 Patella tendon: no signal intensity 
  change and signal intensity abnormality; 

the following scored as present or absent: 
pes anserine bursitis; Iliotibial band signal 
intensity; popliteal cyst; infrapatellar 
bursa; prepatellar bursa; ganglion cysts 
of the tibiofemoral joint, meniscus, 
anterior and posterior cruciate ligaments, 
semimembranosus, semitendinosus, other 

  Loose bodies Scored from 0 to 3 Not scored Scored as absent or present  

   Note.—BLOKS = Boston Leeds Osteoarthritis Knee Score, BML = bone marrow lesion, KOSS = Knee Osteoarthritis Scoring System, WORMS = Whole-Organ Magnetic Resonance Imaging Score  .   

Table 3 (continued)

 Comparison of Semiquantitative Scoring Systems for Knee OA 
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1.5 T, allowing improvement in image 
quality and spatial resolution, with ac-
quisition times similar to those at 1.5 T 
imaging. Previous studies ( 98 – 100 ) have 
shown that imaging at 3 T allows better 
morphologic assessment of knee cartilage 
than does imaging at 1.5 T. However, 
the magnetic susceptibility in tissues is 
exacerbated, the energy deposited in 
the subject’s tissues is higher, images 
are more sensitive to fl ow, and there is 
an increase in chemical shift at 3-T MR 
imaging, as compared with those at 
1.5-T imaging. 

 To date, 7-T MR imaging in humans 
( Fig 8 ) has been applied only in a re-
search setting ( 101 – 103 ). In the future, 

7-T systems may be able to produce 
higher resolution images faster than 3 T 
systems; to date, however, the available 
protocols for 7-T imaging have not shown 
any superiority over 3-T protocols as 
regards knee cartilage assessment.     

 Vertical open MR systems that allow 
true static or dynamic weight-bearing 
imaging of the knee are available for 
evaluation in patients who present with 
internal derangements such as a tear of 
the anterior cruciate ligament ( 104 ). 
However, the fi eld strength and image 
quality achievable with such magnets 
limits optimized assessment of cartilage. 
Special loading devices may also be used 
in conjunction with large-bore magnets; 

an axial compression force of approxi-
mately 50% of body weight can be ap-
plied on the knee during imaging to sim-
ulate weight-bearing. Weight-bearing 
MR imaging may be helpful in detect-
ing changes in hyaline cartilage that 
are detectable only under loading and 
could be useful in detecting variations 
in meniscal signal intensity and extru-
sion ( 105 ).   

 Quantitative Morphologic Cartilage 
Assessment 
 Quantitative measurement of cartilage 
morphology exploits the 3D nature of MR 
imaging data for assessing tissue pa-
rameters such as volume, thickness, or 

 Table 4 

  Characteristics, Strengths, and Drawbacks of MR Imaging Techniques for Morphologic Assessment of Knee Cartilage 

  MR Imaging Technique Characteristics Strengths Drawbacks  

  2D FSE Routine sequence for knee imaging; T1-, 
  proton density–, and T2-weighted 

sequences are commonly used in 
both clinical and research settings

T2- and intermediate-weighted 
  sequences provide excellent contrast 

between fl uid and cartilage; allows 
assessment of other internal structures

Anisotropic voxels; section gaps; 
 partial-volume effects 

 3D FSE Uses fl ip-angle modulation to reduce 
  blurring and parallel imaging time to 

acquire 3D FSE intermediate-weighted images

Isotropic resolution and multiplanar 
  reformation; low potential for partial-

volume artifacts; allows assessment 
of other internal structures

Has not yet replaced 2D FSE imaging 
  in clinical practice; not yet applied 

in knee OA trials 

 3D SPGR Spoils the transverse steady state by 
  semirandomly changing the phase of the 

radiofrequency pulse; primarily T1- or 
proton density–weighted contrast

Standard for imaging of cartilage 
  morphology; higher sensitivity than 

routine 2D FSE; isotropic resolution 
and multiplanar reformation; low 
potential for partial-volume artifacts

Long acquisition times; lack of contrast 
  between fl uid and cartilage; high 

sensitivity to susceptibility artifacts; 
poor for assessment of marrow 
abnormalities 

 3D DESS Two or more gradient echoes, separated by 
  refocusing pulse, are acquired, and both 

are combined to generate the image; 
higher T2 weighting with high signal intensity 
for both cartilage and fl uid; higher fl ip angles 
should be considered

Faster acquisition times than SPGR; 
  high SNR and cartilage-to-fl uid 

contrast; isotropic resolution and 
multiplanar reformation; low potential 
for partial-volume artifacts

Intrasubstance signal intensity changes 
  in cartilage may be diffi cult to detect; 

poor for assessment of marrow 
abnormalities; high sensitivity to 
susceptibility artifacts 

 3D balanced SSFP 
 (including VIPR)

Steady-state sequence similar to DESS but with 
  different parameters; may be combined 

with 3D radial k-space acquisition called 
VIPR-SSFP; Contrast depends on T1-to-T2 ratio 
(T2-weighted–toT1-weighted contrast for VIPR)

High SNR and cartilage-to-fl uid contrast; 
  useful for assessing ligaments and 

menisci; isotropic resolution and 
multiplanar reformation; low potential 
for partial-volume artifacts

Banding artifacts at long repetition times, 
  especially at higher (3-T) fi eld 

strength; not yet applied in knee 
OA trials 

 3D driven-equilibrium 
 Fourier transform

Uses active return of magnetization to the z axis 
  after each excitation, enhancing the signal 

intensity of fl uid while preserving the that from 
cartilage; contrast depends on T1-to-T2 ratio

Diagnostic performance similar to that of 
 routine 2D FSE and SPGR sequences

Long acquisition times; poor for 
  assessment of marrow abnormalities; 

fat saturation is often insuffi cient; not 
yet applied in knee OA trials 

 3D FSE SPACE Uses large eligible turbo factors owing to 
  application of a restore pulse and variable fl ip-

angle distribution (pseudo–steady state); 
primarily proton density–weighted contrast

May be acquired with isotropic resolution; 
 good SNR and SNR effi ciency

Long acquisition times; not yet well 
  validated for assessment of cartilage 

lesions in the knee  

   Note.—FSE = fast spin echo, SNR = signal-to-noise ratio, SPACE = sampling perfection with application-optimized contrast using different fl ip-angle evolutions, SSFP = steady-state free precession, 
2D = two-dimensional, VIPR = vastly interpolated projection reconstruction.   
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other measures as continuous variables 
( 106 ). To obtain quantitative measures 
of cartilage morphology, the bone-cartilage 
interface and the cartilage surface need 
to be segmented by trained users, with 
or without assistance from segmenta-
tion software ( 92 , 107 – 110 ) ( Fig 9 ). The 
disadvantage of quantitative measure-
ment is that it requires specialized soft-
ware and is very time intensive. Image 
analysis software can be used to compute 
a variety of morphologic parameters of 
cartilage plates, such as size of the total 
area of subchondral bone, area of the 
cartilage surface, denuded and cartilage-
covered subchondral bone area, cartilage 
thickness over the total area of subchon-

dral bone or cartilage-covered subchon-
dral bone area, cartilage volume, car-
tilage volume normalized to cartilage 
thickness over the total area, and others 
( 106 , 111 , 112 ).     

 Most investigations that deal quanti-
tatively with cartilage morphology in 
OA have focused on cartilage volume, 
but this parameter has a number of lim-
itations. The ability to discriminate be-
tween patients with OA and healthy 
subjects is limited because people with 
larger bones have larger cartilage vol-
ume, thus creating a wide overlap be-
tween the groups ( 113 , 114 ). Men have 
larger joint surfaces than women (and 
thus larger cartilage volume), even after 

adjustment for body height and weight 
( 115 ). In longitudinal studies, the area 
of the subchondral bone has been 
shown to increase with age, both in 
healthy reference subjects and in pa-
tients with OA ( 70 , 116 , 117 ). These ef-
fects may mask a reduction in cartilage 
thickness in OA, due to the expansion 
of the bone and cartilage layer. There-
fore, alternative outcome measures 
have been suggested ( 113 , 118 ). A novel 
analytic strategy for more effi cient 
measurement of changes in cartilage 
thickness—independent of anatomic 

  
 Figure 3:      Comparison of 3D and 2D 1.5-T inter-
mediate-weighted fat-suppressed FSE MR imaging. 
 (a)  Sagittal 3D image (2600/40, 0.7-mm isotropic 
voxels) depicts full-thickness chondral defect (ar-
rows) accompanying osteochondral depression at 
the lateral femoral condyle.  (b)  Standard sagittal 2D 
image (3000 /48) shows defect (arrows) in similar 
fashion.    

Figure 3   

  
 Figure 4:      Comparison of 3-T DESS and FSE MR 
imaging.  (a)  Sagittal 3D water-excitation DESS 
image (18.2/6; fl ip angle, 90°) shows focal full-
thickness cartilage defect (arrows) at weight-bearing 
medial femoral condyle. The arthrographic effect is 
due to excellent contrast between cartilage and 
synovial fluid.  (b)  Sagittal 2D T2-weighted fat-
suppressed FSE image (3500/45) shows defect 
(arrows) in similar fashion. While  a  shows diffuse 
intrameniscal hyperintensity that cannot be further 
classifi ed,  b  clearly depicts horizontal meniscal tear 
(arrowheads). Also note concomitant popliteal cyst.    

Figure 4   

  
 Figure 5:      Comparison of focal defects on inter-
mediate-weighted fat-suppressed versus DESS MR 
images.  (a)  Sagittal intermediate-weighted fat-
suppressed image (3200/30) shows focal full-
thickness cartilage defect (arrows) on posterior 
aspect of lateral tibial plateau. Defect is well delin-
eated because of high contrast between intraarticu-
lar fl uid and cartilage surface.  (b)  Depiction of the 
defect (arrows) on sagittal DESS image (16.3/4.7; 
fl ip angle, 25°) is inferior to that on  a.     

Figure 5   
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location—seems to result in improved 
discrimination between healthy subjects 
and patients with OA. This “ordered-
values” approach also seems to be more 
sensitive for detecting changes longitu-
dinally, as compared with conventional 
analysis, because it removes the link 
between magnitude and location of 
change and circumvents the challenge 
of the a priori selection of a particular 
knee compartment or subregion as an 
outcome measure of progression; thus, 
it might be particularly useful in the 
context of longitudinal clinical trials 
( 119 ) ( Fig 10 ).     

 The technical accuracy (validity) 
and test-retest precision (reproducibil-
ity) of quantitative cartilage measure-
ments at 1.5 T have been summarized 
previously ( 69 , 120 ). Analyses based on 
images acquired with a dedicated 1.0-T 
extremity system were found to be con-
sistent with those from 1.5-T imaging, 
albeit less precise (reproducible) ( 121 ). 
Also, quantitative cartilage measurement 
methods at 0.2 T have been proposed 
( 91 , 92 , 112 , 122 ) but have not yet been 
validated against external standards or 
measurement at higher fi eld strength. 

 Cartilage imaging at 3.0 T has been 
cross calibrated with imaging at 1.5 T, 
and errors of lower precision were re-
ported for the former when thinner 
(1.0-mm) coronal sections were ac-
quired with a 3-T system ( 123 ). Results 
of morphometric analysis from DESS 
images, acquired at 3 T in the Osteoar-
thritis Initiative, were found to be con-
sistent with those from fast low-angle 

  
 Figure 6:      Coronal 3D water-excitation balanced 
steady-state free precession MR image (7.2/3.6) 
obtained at 3 T with isotropic 0.7-mm voxels mm 
shows excellent contrast between synovial fl uid and 
chondral surfaces.    

Figure 6   

  
 Figure 7:      Extremity 1.0-T MR image. Coronal 
short tau inversion-recovery image (6650/15; inver-
sion time, 100 msec) shows focal full-thickness 
cartilage defect at the lateral tibial plateau (arrows).    

Figure 7   

  
 Figure 8:      In vivo MR imaging at very high fi eld 
strength (7 T) with 28-channel knee coil.  (a)  Sagittal 
3D fast low-angle shot image (20/4; resolution, 
0.21  3  0.21  3  1.5 mm).  (b)  Coronal proton 
density–weighted fat-suppressed image (3400/25; 
resolution, 0.3  3  0.3  3  1.5 mm) shows excellent 
differentiation of articular cartilage, subchondral 
bone, and intraarticular joint fl uid.    

Figure 8   

shot MR images and to display similar 
test-retest precision errors as fast low-
angle shot images in the femorotibial joint, 
when both paired ( 124 , 125 ) and unpaired 
( 55 ) reading approaches were used. 

 Several reports on longitudinal 
changes in cartilage morphology in peo-
ple with OA have been published ( 126 –
 138 ). These studies have revealed 
somewhat variable results in terms of 
the magnitude of annual cartilage loss 
and the sensitivity to change (mean 
change divided by the standard devia-
tion of change), as summarized previ-
ously ( 69 , 120 ). Authors of two studies 
reported almost no loss in cartilage vol-
ume during a 1-year ( 137 ) and a 3-year 
period ( 130 ), whereas authors of other 
studies reported up to a 7% annual loss 
in the tibiofemoral cartilage plates 
( 132 ). Reasons for these variations may 
include variability in imaging and image 
analysis technology, differences in risk 
factor profi les between cohorts, differ-
ences in study duration, experience and 
blinding of the readers, among others. 

 After anterior cruciate ligament rup-
ture, reductions in cartilage volume and 
thickness were observed in the femo-
ral trochlea, whereas increases in carti-
lage volume and thickness were found 
in the weight-bearing medial femur 
( 139 ). The latter observation may be 
consistent with cartilage swelling or hy-
pertrophy, which has been observed as 
a sign of early OA in animal models 
( 140 – 143 ). 

 Risk factors for cartilage loss, as 
identifi ed with quantitative measurement 
of cartilage morphology, include a high 

body mass index ( 126 , 129 , 133 , 138 , 144 ), 
meniscal extrusion and meniscal tears 
( 134 , 135 , 145 ), knee malalignment ( 114 , 
127 , 145 , 146 ), advanced radio graphic OA 
( 126 , 129 , 138 ), bone marrow alterations 
( 129 , 147 , 148 ), focal carti lage lesions 
( 149 , 150 ), and smoking ( 151 , 152 ).   

 MR Imaging of Biochemical Properties of 
Articular Cartilage 
 OA changes in hyaline articular cartil-
age are characterized by important 
changes in the biochemical composi-
tion of car tilage. The macromolecu lar 
network of cartilage consists mainly of 
collagen and proteoglycans. Normally, 
the collagen network is highly organized, 
serves as the tissue’s structural frame-
work, and is the principal source of tensile 
and shear strength. Glucosaminoglycans 
(GAGs) are repeating disaccharides with 
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carboxyl and sulfate groups attached to 
the larger aggrecan molecule that is part 
of the extracellular matrix network of 
car tilage. GAG molecules possess con-
siderable net negative charge and con-
fer compressive strength to the carti lage. 
Loss of GAGs and increased water con-
tent represent the earliest stage of 
cartilage degeneration, while the collag-
enous component of the extracellular 
matrix still remains intact. Several MR 
imaging techniques are available that 
enable detection of biochemical changes 
that precede the morphologic degener-
ation in cartilage. All of these techniques 
attempt to selectively demonstrate the 
GAG components and/or the collagen 
fi ber network of the extracellular matrix 
and are usually summarized as “compo-
sitional imaging” of cartilage ( Fig 11 ). 
An overview of the different techniques 
of compositional MR imaging of cartilage 
is presented in  Table 5 .         

 The dGEMRIC and sodium 23 ( 23 Na) 
MR imaging techniques are based on 
similar principles, with positive sodium 

  
 Figure 10:      Subregional division of 
the articular surfaces, which has 
gained increasing importance re-
cently owing to analytic methods 
that use ordered values of subre-
gions as outcomes.  (a)  En face 
view of articular surfaces of medial 
(right) and lateral (left) tibia. Subre-
gions are color coded: Light blue = 
anterior medial-lateral tibia, red = 
central medial-lateral tibia, dark 
green = external medial-lateral 
tibia, dark blue = internal medial-
lateral tibia, light green = posterior 
medial-lateral tibia.  (b)  Lateral view 
of the color-coded lateral femoral 
(top) and tibial (bottom) surfaces. 
(Courtesy of Felix Eckstein, MD, 
Paracelsus Medical University, 
Salzburg, Austria.)    

Figure 10   

  
 Figure 9:      Coronal fast low-angle shot MR images 
(20/7.6; fl ip angle, 12°) demonstrate 3D morphom-
etry.  (a)  Articular cartilage has high intensity signal 
and high contrast between subchondral bone and 
cartilage.  (b)  After manual segmentation, cartilage is 
outlined and color-coded in turquoise. (Courtesy of 
Felix Eckstein, MD, Paracelsus Medical University, 
Salzburg, Austria.)    

Figure 9   

ions being attracted by the negative 
fi xed charged density of the GAG side 
chains. These electrostatic forces are 
responsible for a direct relationship be-
tween the local sodium concentration 
and fi xed charged density with a strong 
correlation between fi xed charged 
density and GAG content ( 153 , 154 ). 
dGEMRIC is based on the fact that 
GAGs contain negatively charged side 
chains, which lead to an inverse distri-
bution of negatively charged contrast 
agent molecules (eg, gadolinium) with 
respect to GAG concentration ( 155 , 156 ) 
( Fig 11b ). Drawbacks of this technique 
are the need to use a double dose of a 
gadolinium-based contrast agent (0.2 
mmol per kilogram of body weight) and 
the requirement for a delay between 
intravenous administration of the agent 

and the start of the MR examination 
(usually 60–90 minutes) to allow com-
plete penetration of the contrast agent 
into the cartilage. 

 Varus malalignment is associated 
with a lower dGEMRIC index on the 
medial side, while the opposite trend is 
evident in valgus malalignment ( 157 ). 
Correlations between dGEMRIC index 
and pain, as measured by the Western 
Ontario and McMaster Universities Ar-
thritis Index, were evident in patients 
with hip dysplasia ( 157 ). dGEMRIC stud-
ies have demonstrated that moderate ex-
ercise can improve knee cartilage GAG 
(estimated by T1 in the presence of 
gadopentetate dimeglumine) in patients 
at high risk for OA ( 158 ). In patients 
with an injury to the anterior cruciate 
ligament, lower GAG concentrations were 
found in the medial compartment of the 
femoral and tibial articular cartilage of 
the injured knee when compared with 
the contralateral (uninjured) knee ( 159 ). 
In patients with femoroacetabular im-
pingement, correlations were observed 
between dGEMRIC index, pain, and  a  
angle, suggesting that hips with more 
femoral deformity may show signs of 
early OA ( 160 ). 

 T1 r  is a time constant that charac-
terizes magnetic relaxation of spins un-
der the infl uence of a radiofrequency 
fi eld parallel to the spin magnetization. 
The resultant contrast is sensitive to 
the low-frequency interactions between 
water molecules and their local macro-
molecular environment, such as GAG 
and collagen, which are the main con-
stituents of the extracellular matrix 
in cartilage. In early studies, changes 
in T1 r  were found in proteoglycan-
depleted cartilage plugs, but, on the other 
hand, other investigators ( 161 – 166 ) re-
ported that T1 r  did not correspond to a 
modifi ed dGEMRIC technique or to the 
proteoglycan distribution seen at histo-
logic examination, which suggests that 
several factors contribute to variations 
in T1 r . Recently, rapid 3D in vivo T1 r  
mapping techniques of knee cartilage at 
high fi eld strength (3 T) have been de-
veloped and applied in patients with 
OA ( 167 – 170 ). Other in vivo studies 
( 164 , 171 ) have shown increased car-
tilage T1 r  values in patients with OA 



STATE OF THE ART: Advances in Imaging of Osteoarthritis and Cartilage Roemer et al

344 radiology.rsna.org n Radiology: Volume 260: Number 2—August 2011

compared with those values in control 
subjects, which suggests the potential 
for T1 r  imaging for noninvasive evalua-
tion of diseased cartilage. In cartilage 
overlying traumatic bone marrow lesions, 
the average T1 r  values were signifi -
cantly higher than those in surrounding 
cartil age, demonstrating that macromo-
lecular changes in cartilage may be re-
lated to traumatic bone marrow dam-
age ( 172 ). 

 Previous research ( 153 , 173 , 174 ) 
has already shown that  23 Na MR imag-
ing has a potential advantage over con-
ventional proton MR imaging for the 
investigation of biochemical markers in 
cartilage during the early stages of OA. 
Although  23 Na MR imaging has high 
specifi city and does not require any 
exogenous contrast agent, it does re-
quire special hardware (multinuclear) 
capabilities, specialized RF coils (trans-

mit-receive coils), and, likely, 3D very 
short echo time sequences. These chal-
lenges currently limit the use of  23 Na 
MR imaging in the clinical and research 
settings. 

 T2 mapping has been used to de-
scribe the composition of hyaline artic-
ular cartilage in the knee joint on the 
basis of collagen structure and hydra-
tion ( 175 ) ( Fig 11c ). In addition to the 
transverse relaxation time (T2) of articular 

  
 Figure 11:      Compositional MR imaging.  (a)  Sagittal proton density–weighted high-spatial-resolution 3-T MR image (3200/35) of medial compartment of a knee with 
tibiofemoral OA shows peripheral (black arrows) and central (arrowhead) osteophytes. Focal cartilage thinning is shown in the medial femoral condyle adjacent to the 
posterior horn of the medial meniscus (white arrows) and in posterior part of the tibial plateau.  (b)  Delayed gadolinium-enhanced MR imaging of cartilage (dGEMRIC) 
T1 map (490/13) corresponding to  a  shows multiple areas with low T1 values, corresponding to low GAG content in superfi cial layers of femoral cartilage and in pos-
terior part of tibial cartilage (dark blue).  (c)  Sagittal T2 map (2700/10–70; fl ip angle, 180°) corresponding to  a  reveals several areas of increased T2 values in femoral 
medial condyle and largely corresponding to  b . Dark blue = low T2 values, light blue and yellow = higher T2 values. In contrast, only minimal abnormalities in T2 values are 
seen in tibial cartilage.  (d)  Sagittal T2* map (177/5.7–26.4; fl ip angle, 35°) corresponding to  a  shows comparable abnormalities as those in  c  . (e)  Corresponding 
sagittal diffusion-weighted MR image (16.3/5.9; fl ip angle, 30°) shows minor restrictions in diffusion in central region of femoral condyle cartilage and in central and 
posterior portions of tibial cartilage layer (red).  (f)  Corresponding arthroscopic image verifi es femoral cartilage damage (black arrows). White arrow = posterior horn of 
medial meniscus. (Fig 11f courtesy of Department of Orthopedics, University of Vienna, Austria.)    

Figure 11   
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cartilage, T2* relaxation measures have 
recently been investigated ( 154 ) for 
depiction of the collagen matrix ( Fig 
11d ). In healthy articular cartilage, an 
increase in T2 values from deep to su-
perfi cial cartilage layers can be ob-
served; this is based on the anisotropy 
of collagen fi bers running perpendicular 
to cortical bone in the deep layer of 
cartilage ( 176 ). Therefore, zonal evalu-
ation of articular cartilage is important 
in T2 analyses. Analyses of T2 relaxa-
tion times in the knee have been per-
formed previously ( 177 , 178 ), usually at 
1.5 T or, more recently, 3.0 T, demon-
strating the ability to depict abnormalities 
before there is evident morphologic 
change. In vivo MR imaging studies 
( 179 ) have demonstrated that cartilage 
T2 values are related to age and vary 
from the subchondral bone to the 
cartilage surface. Cartilage T2 values 
seem to be associated with the severity 
of OA, and there are variations between 
tibial and femoral cartilage T2 ( 180 ). A 
signifi cant correlation between patellar 
cartilage T2 and the severity and grade 
of cartilage and meniscus lesions has 
been demonstrated. Subjects with high 
activity levels had signifi cantly higher 
prevalence and grade of abnormalities 
and higher T2 values than did subjects 
with low activity levels ( 181 ).   

 Table 5 

  Characteristics, Strengths, and Drawbacks of Compositional MR Imaging for Assessment of Knee Cartilage   

  Type of MR Examination Cartilage Component Strengths Drawbacks  

  dGEMRIC GAG specifi c Correlates indirectly with GAG, clinically 
  useful and validated technique

Requires intravenous contrast agent 
  and delay between contrast agent 

administration and MR examination 
 Sodium 23 MR imaging GAG specifi c Correlates directly with GAG, no contrast 

 agent needed
Technically demanding, requires very 
  high fi eld strength multinuclear capable 

system and resonance-specifi c coils 
 T2 mapping Collagen network and water-content 

 specifi c
Clinically useful, validated, robust 
 technique

2D technique, time consuming 

 T2* mapping Collagen network and content specifi c 3D isotropic capability, short 
 examination time

Collagen specifi city not well defi ned 

 T1 r  mapping Collagen network and GAG specifi c Robust technique Specifi c absorption rate problems, 
  specifi city for cartilage components 

is unclear 
 Diffusion-weighted MR imaging Collagen network and GAG specifi c Provides information in addition to 

 GAG and collagen specifi city
Sensitive to motion artifacts, absolute 
  quantifi cation can be demanding 

in thin cartilage layers  

 Evaluation of Cartilage Repair 
 Surgical approaches to repair focal carti-
lage damage were introduced several 
years ago and have shown promising 
results, albeit long-term observation of 
any of the repair techniques still have 
not been reported ( 182 , 183 ). The most 
commonly applied techniques are mi-
crofracture, osteochondral transfer, and 
autologous chondrocyte implantation 
( 184 , 185 ) ( Fig 12 ).     

 Microfracture has been shown to be 
an effi cient one-step procedure, but it 
produces mainly fi brous repair tissue 
with incomplete fi lling of the defect 
and limited load-bearing capacity. In 
osteochondral graft transplantation, os-
teochondral plugs are taken from non–
weight-bearing areas in the femoral 
condyles or areas that less frequently 
bear weight. A cylindric cutting device 
is used, and the plugs are implanted as 
a mosaic to fi ll the defect(s) ( 182 ). Au-
tologous chondrocyte implantation is a 
two-step procedure, with sampling of 
cartilage, in vitro cultivation of 4–6 
weeks, and reimplantation. During re-
implantation, chondrocytes are applied 
to the damaged area in combination 
with a membrane (either a periosteal 
fl ap or a collagen membrane in stan-
dard autologous chondrocyte implanta-
tion) or are preseeded in a scaffold 

matrix (in matrix-associated chondro-
cyte implantation). 

 A description of the repair tissue 
may be based on morphologic semiquan-
titative or compositional approaches 
( 185 – 189 ). Perhaps the most compre-
hensive semiquantitative MR imaging 
evaluation is performed with the mag-
netic resonance observation of cartilage 
repair tissue (MOCART) scoring system 
( 188 , 189 ). The validity and reliability of 
this system has been evaluated with 
nine pertinent variables. These include 
fi lling of the defect, integration of the 
border zone to the adjacent cartilage, 
intactness of the subchondral lamina, 
intactness of the subchondral bone, 
signal intensity of the repair tissue rel-
ative to that of adjacent native cartilage, 
and others. The normal and abnormal 
morphologic appearances of cartilage 
have been described in detail else-
where ( 185 , 186 ). MOCART has been 
applied to all cartilage repair proce-
dures in a longitudinal fashion by using 
2D and 3D MR imaging techniques 
( 190 – 193 ). 

 dGEMRIC has been used to evaluate 
relative GAG content of repair tissue in 
patients who have undergone different 
surgical cartilage repair techniques 
( 194 , 195 ) ( Fig 12b ). Whereas in some 
studies, the GAG concentration in repair 
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cartilage 10 months (or longer) after 
autologous chondrocyte implantation 
was comparable to the GAG concen-
tration in adjacent normal hyaline 
cartilage, in other studies a signifi cantly 
lower GAG content in repair tissue 
more than 1 year after surgery has 
been reported ( 196 , 197 ). Histologic cor-
relation has shown that patients with 
matrix-associated autologous chondro-
cyte implantation may show different 
types of repair tissue, from hyaline-like 
to mixed hyaline-fi brous and fi brous tis-
sue over time, which may partly explain 
these discrepant fi ndings ( 198 , 199 ). In 
one of these studies ( 97 ), 20 age-
matched patients treated with either 
microfracture or autologous chondro-
cyte implantation were evaluated after 
a comparable postoperative interval, 
and the microfracture-treated knees 
had lower GAG content. As is known 
from histologic studies ( 200 , 201 ), repair 
tissue formed by microfracture contains 
fewer proteoglycans and an abnormal 
distribution of collagen than does nor-
mal cartilage. 

 T2 mapping has been used for quan-
titative comparison of repair tissue and 
normal hyaline cartilage. Domayer et al 
( 191 ) described a T2 index, defi ned by 

the mean global T2 in repair tissue di-
vided by the mean global T2 in normal 
cartilage times 100; this T2 index corre-
lated with clinical outcome measures. 
In a study by Welsch et al ( 202 ), mean 
T2 was signifi cantly reduced following 
microfracturing but not for matrix-
associated autologous chondrocyte im-
plantation. The repair tissue after 
microfracturing showed no signifi cant 
depth-related variation, whereas ma-
trix-associated autologous chondrocyte 
implantation showed a signifi cant in-
crease from the deep to the superfi cial 
zone, as seen in intact hyaline cartilage 
( 202 ). Zonal assessment of repair tissue 
is paramount, as this will help to dis-
cern differences between disorganized 
repair tissue and the stratifi ed T2 values 
of intact hyaline cartilage. Reported pro-
longed T2 values from the condyle, com-
pared with values obtained from the 
patella repair tissue, indicate differen-
tial maturation of the repair tissue as a 
function of its environment (186). 

 Studies of diffusion-weighted MR 
imaging have focused on the steady-
state free precession sequence, which 
is based on a reversed fast imaging with 
steady-state precession approach and 
provides a semiquantitative assessment 

of diffusion in hyaline cartilage and car-
tilage repair tissue ( 187 , 203 , 204 ). In a 
longitudinal study on autologous chon-
crocyte implantation, the diffusivity 
of repair tissue decreased over time to-
ward the values in healthy control car-
tilage ( 203 ). In a multimodal approach, 
repair tissue after microfracture and au-
tologous chondrocyte implantation were 
compared, and the diffusivity of the re-
pair tissue after microfracture appeared 
to be higher than that after autologous 
chondrocyte implantation; an initial cor-
relation with clinical results could be 
shown ( 187 , 205 ). Recently developed 
steady-state free precession diffusion-
weighted imaging sequences provide di-
rect quantifi cation with the apparent 
diffusion coeffi cient, which, for future 
diffusion-weighted imaging approaches, 
will add important information to the 
evaluation of cartilage repair procedures.    

 The Role of US 

 Although the application of US in in-
fl ammatory diseases is common and 
widespread, it has been applied to OA 
less frequently. A comprehensive over-
view of the topic was recently presented 
by Keen et al ( 206 ). US allows sensitive 

  
 Figure 12:      Sagittal MR images of cartilage repair. Arrows = anterior and posterior margins of transplant.  (a)  Proton density–weighted high-spatial-resolution image 
(3200/30) of medial tibiofemoral compartment 4 years after matrix-associated fi brin-gel–based autologous chondrocyte transplantation. Complete fi lling of femoral 
cartilage defect with complete peripheral and central integration to adjacent cartilage and subchondral bone. Surface of the transplant is smooth and the structure is 
homogeneous. Signal intensity is markedly lower than that of normal hyaline cartilage.  (b)  Corresponding contrast-enhanced T1 map (dGEMRIC, 490/13) shows ho-
mogeneously lower T1 values in cartilage transplant, as compared with normal hyaline cartilage (blue).  (c)  Corresponding T2 map (2700/10–70; fl ip angle, 180°) 
shows comparable T2 values in cartilage transplant region, as compared with those of normal hyaline cartilage.    

Figure 12   
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and specifi c identifi cation of soft-tissue 
and bone changes, with the advantage 
of noninvasive assessment of vascular-
ity ( 207 ). In contrast to radiography, US 
does not use ionizing radiation, can im-
age the joint in multiple planes, and al-
lows dynamic assessment of moving 
structures ( 208 ). However, acquisition 
of US skills takes time and practice and 
ongoing maintenance of competency 
( 209 ). The main limitation of US is its 
inability to depict much beyond   bone 
interfaces or into deeper articular struc-
tures. However, US is able to depict the 
patellofemoral joint (including the ante-
rior femoral surface and the Hoffa fat 
pad) and the medial and lateral joint line 
(including osteophytes and the body of 
the meniscus). Furthermore, periartic-
ular cystic lesions are well depicted. 

 US has proved to be a useful adju-
vant modality, rather than a standalone 
diagnostic test, for routine clinical as-
sessment to aid management of disease 
( 210 ). For research purposes, univer-
sally applicable scoring systems are 
needed that show good reliability and 
demonstrable sensitivity to change. The 
benefi ts of US over radiography include 
the ability to image soft-tissue structures 
and the potential to detect small or early 
structural lesions ( 211 , 212 ). Whether 
there will be a role for US in the assess-
ment of OA before it becomes radio-
graphically visible remains to be seen.   

 Treatment 

 The aims of any treatment strategy for 
OA are  (a)  patient education about the 
disease,  (b)  pain control,  (c)  improved 
function and decreased disability, and 
 (d)  potential alteration of the disease 
process and its consequences ( 213 ). 

 In the absence of a cure, the present 
therapeutic approaches primarily at-
tempt to alleviate pain and improve 
joint function. Treatment plans should 
never be defi ned according to the radio-
graphic appearance of the joint but 
should be individualized according to 
the clinical symptoms and the specifi c 
fi ndings of the clinical examination, tak-
ing into account concomitant obesity, 
malalignment, and muscle weakness. The 
recommended hierarchy of treatment 

should consist of nonpharmacologic op-
tions fi rst, followed by drugs and, ulti-
mately, surgery. The typical indications 
for surgery are debilitating pain and 
major limitation of functions such as 
walking, working, or sleeping. If surgi-
cal intervention is to be pursued, recent 
evidence has shown that patients who 
undergo surgery in a low-volume hospi-
tal or by a low-volume surgeon have 
worse functional outcome than do those 
treated in a high-volume hospital or by 
a high-volume surgeon ( 214 ). 

 The American College of Rheuma-
tology expert-guided consensus guide-
lines for the management of hip and 
knee OA published in 2000 (215) seem 
somewhat outdated, but are currently 
undergoing revision. Treatment guide-
lines and recommendations by the Os-
teoarthritis Research Society Interna-
tional and the European League against 
Rheumatism should be used instead as 
a guide to any individualized treatment 
approach. These also cover more recent 
knowledge on the use of hyaluronate, 
chondroitin and glucosamine ( 216 , 217 ).   

 Outlook 

 OA is still considered an enigmatic 
pathologic condition, with only symp-
tomatic treatment available and limited 
therapeutic options to modify structural 
disease. Publicly available Osteoarthri-
tis Initiative MR imaging data, together 
with data from other ongoing large epi-
demiologic studies, will provide ample 
opportunity for collaborative research 
into all aspects of imaging in OA and 
should allow the research community to 
rapidly advance its understanding of 
the risk factors involved in OA disease 
progression. These will also help in the 
development of successful strategies for 
disease prevention. Most important, im-
aging data will enable us to determine 
which imaging biomarkers are the best 
predictors of clinical outcomes, such as 
real or virtual total joint replacement. 
These data sets will further help in the 
validation of new imaging biomarkers 
as surrogate measures of disease pro-
gression, particularly in therapeutic 
intervention trials and, eventually, in clin-
ical management. Further improvements 

in imaging hardware, coils, sequences, 
and image analysis algorithms may foster 
a more comprehensive understanding 
of cartilage morphology and composi-
tion and of other articular tissues than 
is currently possible. The use of high-
spatial-resolution techniques to assess 
cartilage morphology, combined with 
available compositional techniques, will 
improve the sensitivity of MR imaging 
for the detection of early cartilaginous 
degeneration, as well as the ability of 
MR imaging to help assess different 
cartilage repair techniques, which most 
probably will strengthen the role of im-
aging in the clinical setting in the future. 

 This will be of particular importance 
once structure- or disease-modifying 
drugs become available, which will re-
quire monitoring of the treatment re-
sponse in large sets of OA patients. With 
the availability of disease-modifying in-
terventions, imaging will play an impor-
tant and meaningful role in clinical decision 
making and practice.     
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