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Introduction

n the athletic population, reproducible imaging of carti-
I lage damage is vital for treatment considerations. With

appropriate pulse sequencing, magnetic resonance imag-
ing has been shown to be an accurate noninvasive method for
the evaluation of articular cartilage injuries and for evaluating
postoperative changes following chondral repair. In addition,
magnetic resonance imaging does not utilize ionizing radia-
tion, has direct multiplanar capabilities, and allows high-
resolution imaging of soft-tissue structures. The purposes of
the present review are to update orthopaedic surgeons on the
applications and techniques for magnetic resonance imaging
of cartilage in the athletic population, to define the normal
magnetic resonance imaging characteristics of articular carti-
lage, to illustrate the spectrum of articular cartilage lesions
that are detectable with magnetic resonance imaging, and to

review normal and abnormal magnetic resonance imaging
findings following cartilage repair.

Educational Objectives
After reviewing this article, the reader should (1) have a
basic understanding of pulse sequences and terminology
for cartilage-sensitive magnetic resonance imaging, includ-
ing proton-density-weighted high-resolution fast-spin-echo
sequences; (2) be able to identify normal and abnormal ar-
ticular cartilage in the hip, knee, elbow, shoulder, and ankle;
and (3) be able to identify normal and abnormal findings on
postoperative magnetic resonance images after chondral re-
pair techniques.

Basic Science of Articular Cartilage
An understanding of the structure of articular cartilage is
crucial in order to understand the magnetic resonance
imaging appearance of normal and abnormal cartilage mor-
phology and is also the basis for the development of new im-
aging techniques. Articular cartilage is a viscoelastic material
composed of chondrocytes (approximately 1%) embedded in
an organized extracellular matrix composed primarily of wa-
ter (65% to 80%), collagen, and proteoglycan. The predomi-
nant collagen is type II (95%), although smaller amounts of

other collagen types (types IV, VI, IX, X, and XI) have been
identified'. Collagen provides the structural framework and
tensile strength of articular cartilage. Chondroitin and keratin
sulfates are the predominant types of proteoglycan molecules
that are negatively charged and attract cations and water,
which provides compressive strength to the cartilage.

The normal thickness of articular cartilage ranges from
2 to 5 mm and is determined by the contact pressures that
occur across a joint. Higher peak pressures result in thicker
cartilage, and the patellofemoral joint has the thickest artic-
ular cartilage in the body. Articular cartilage can be divided
into four distinct zones. The superficial zone accounts for
10% to 20% of the thickness and has the highest collagen
content. In this zone, the collagen fibers are highly organized
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Fig. 1

Sagittal non-fat-suppressed T1-weighted spin-echo magnetic resonance
image of the knee, demonstrating poor differential contrast between
the intermediate signal intensity of cartilage and the low to intermedi-
ate signal intensity of joint fluid.
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Fig. 2

Sagittal non-fat-suppressed T2-weighted spin-echo magnetic resonance
image of the knee, demonstrating poor distinction between the deep
components of cartilage and the adjacent subchondral plate.

and oriented parallel to the cartilage surface, which ac-
counts for the high tensile strength. The transitional or mid-
dle zone accounts for 40% to 60% of the thickness and has a
higher compressive modulus than the superficial zone. The
collagen fibers are randomly oriented in this zone’. The ra-
dial zone has highly organized collagen fibers that are ori-
ented parallel to the cartilage surface. In addition, this zone
has the highest proteoglycan content and the lowest water
content. The final zone is the calcified cartilage layer. The
tidemark is a line that represents the boundary between un-
calcified and calcified cartilage.

Cartilage-Insensitive Pulse Sequences
Many different pulse sequences have been described for
the evaluation of articular cartilage. Traditional T1-
weighted imaging provides poor differential contrast between
the intermediate signal intensity of cartilage and the low to in-
termediate signal intensity of joint fluid (Fig. 1). In addition,
this pulse sequence requires relatively long scan times. In con-
ventional spin-echo T2 weighting, the long echo time results
in poor delineation between the subchondral bone and the
deep component of cartilage. This results in factitious thick-
ening of the subchondral bone and thinning of the articular
cartilage (Fig. 2).

Cartilage-Sensitive Pulse Sequences

T 1-weighted three-dimensional fat-suppressed gradient-
echo imaging demonstrates high contrast between the

low signal intensity of bone and the high signal intensity of

articular cartilage (Fig. 3). This makes it amenable to semi-

automated cartilage segmentation algorithms for volume and
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Fig. 3

Sagittal three-dimensional fat-suppressed T1-weighted gradient-echo
magnetic resonance image of the knee, demonstrating high contrast
between hyperintense articular cartilage and hypointense bone.

Fig. 4
Sagittal non-fat-suppressed intermediate echo-time fast-spin-echo mag-

netic resonance image of the knee, demonstrating the intermediate
signal intensity of articular cartilage and gray-scale stratification, which
corresponds to cartilage zonal anatomy.

thickness measurements. However, this sequence is less sensi-
tive to partial-thickness cartilage defects, is not suitable for
meniscal or ligamentous evaluation, undergoes degradation of
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Fig. 5-A
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Fig. 5-B

Figs. 5-A and 5-B Coronal fast-spin-echo magnetic resonance image (Fig. 5-A) and corresponding gradient-echo magnetic resonance

image (Fig. 5-B) of the elbow in a patient with medial collateral ligament reconstruction, demonstrating susceptibility artifact in the

presence of metallic suture anchor fixation (arrowheads).

the signal in the presence of metal, and requires a relatively
long scan time’.

Intermediate echo-time two-dimensional non-fat-sup-
pressed fast/turbo spin-echo imaging provides good differen-
tial contrast between the intermediate signal intensity of
articular cartilage, the low signal intensity of fibrocartilage,
and the high signal intensity of synovial fluid (Fig. 4). This
sequence also demonstrates gray-scale stratification, which
corresponds to cartilage zonal anatomy. Thus, the signal cor-
responding to the deep zone of normal articular cartilage is
hypointense because of the highly ordered collagen orienta-
tion and restriction of water mobility. Water is less restricted
in the middle and superficial zones and thus has a relatively
higher signal compared with the deep zone and subchondral
bone. This subtly increasing signal is referred to as gray-scale
stratification. With proper technique, this sequence has the
ability to detect partial-thickness chondral lesions*. The other
advantages of this sequence are that it is sensitive even in the
presence of metal (Figs. 5-A and 5-B) and has very good dif-
ferential contrast between the underlying bone, cartilage, liga-
ments, menisci, and joint fluid. A potential disadvantage is
that a factitious loss of the subchondral plate and abnormal
high signal in cartilage due to chemical shift misregistration

can occur at the subchondral bone-cartilage interfaces. This
can be minimized by the use of a wider received bandwidth’.

When fat suppression is applied to intermediate echo-
time fast/turbo spin-echo imaging, the previously subtle dif-
ferences between cartilage, fluid, and synovium become more
readily discernable. In addition, as the contrast range is “re-
scaled,” the detection of bone marrow and soft-tissue edema
becomes possible (Fig. 6). This technique may provide an in-
creased level of detail, but objective differences in accuracy
have not been demonstrated’. In addition, the use of fat sup-
pression typically requires lower in-plane resolution in order
to maintain an adequate signal-to-noise ratio.

Many authors have advocated the use of magnetic reso-
nance arthrography for the evaluation of articular cartilage
because of its ability to accurately delineate intra-articular
structures”®. However, this converts magnetic resonance imag-
ing into an invasive procedure and is associated with increased
cost and imaging time.

Although the optimal pulse sequence is controversial,
the Articular Cartilage Imaging committee, a subcommittee of
the International Cartilage Repair Society (ICRS), recom-
mends using fast-spin-echo imaging with proton density-
weighted imaging with or without fat saturation, T2-weighted
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Fig. 6

Sagittal fat-suppressed intermediate echo-time fast-spin-echo magnetic
resonance image of the knee is fluid sensitive. The high signal inten-
sity of the joint fluid and bone marrow edema pattern in the inferior
pole of the patella are more easily discernable.

Fig. 7
Axial quantitative T2-relaxation-time map of the patellofemoral joint

cartilage, color-coded to reflect T2 values ranging from 10 to 90 msec,
with green/blue reflecting longer T2 values, yellow reflecting intermedi-
ate values, and orange/red reflecting shorter values. The normal me-
dial facet demonstrates the expected stratification of T2 values, with
the shortest values seen within the deep (radial) zone. Focal superficial
prolongation of T2 relaxation times is noted in the lateral facet (arrow-
head), indicating an alteration in the collagen component of the extra-
cellular matrix.
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imaging with or without fat saturation, or T1-weighted gradient-
echo imaging for the evaluation of both native and repaired
cartilage’.

Classification
M any scoring systems have been described for the evalua-
tion of articular cartilage’". The Outerbridge system is a
well-known arthroscopic classification system that divides le-
sions into four grades but does not include a description of le-
sion depth for grade-II and III lesions'. Other systems have
been described but are more appropriate for the evaluation of
osteoarthritis and have not been widely used*”. The ICRS,
founded in 1997, developed a standardization system for the
evaluation of cartilage injury and repair’. The ICRS arthro-
scopic scores have been validated for the assessment of carti-
lage repair and found to be statistically reliable and repeatable
(Table I)".

Novel Imaging Techniques

ovel approaches have been developed to supplement tra-
N ditional magnetic resonance techniques for the assessment
of cartilage morphology. Some of these techniques target dif-
ferent components of the extracellular matrix. For example,
sodium magnetic resonance imaging®, T1-weighted imaging
with intravenous injection of negatively charged gadolinium-
based compounds'*” and T1rho magnetic resonance imaging'"

Fig. 8

Coronal fast-spin-echo magnetic resonance image of the knee in a
thirty-year-old athlete with an acute complete anterior cruciate liga-
ment tear, demonstrating a full-thickness cartilage defect over the
lateral tibial plateau (black arrowhead). A complete proximal tear of
the medial collateral ligament (white arrowhead) is also noted.
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TABLE | Modified International Cartilage Repair Society Classification System

Pathologic
Change

Arthroscopic
Findings

Magnetic Resonance
Imaging Findings

Magnetic Resonance

Images

Normal articular cartilage

Superficial lesions, chondral
softening

Superficial lesions extending
down to <50% of cartilage
depth

Cartilage defects extending
down >50% of depth but not

Grade O

Grade 1: softening to probe

Grade 2: fissures/fibrillation
involving <50% thickness

Grade 3: blisters/fissures/
fibrillation involving >50%

Normal cartilage with
gray-scale stratification

Increased signal in
articular cartilage

Linear-to-ovoid foci of in-
creased signal involving
<50% thickness

Linear-to-ovoid foci of in-
creased signal involving

through subchondral bone thickness

Ulceration to subchondral Grade 4: exposed subchon-
bone dral bone

>50% of cartilage thick-
ness but not extending
down to bone

Complete loss of articular
cartilage or surface flap

all target proteoglycans. T2 mapping, on the other hand, tar-
gets collagen orientation, and the T2 relaxation time is a func-
tion of the free water content of the tissue’”' (Fig. 7). In the
deep zone, where the collagen is highly ordered and perpen-
dicular to subchondral bone, T2 values are short because wa-
ter is relatively immobilized. In the middle zone, where the
collagen orientation is more random, water is more mobile
and thus T2 values are relatively longer. The superficial zone is

generally considered to be beyond the resolution of the cur-
rent clinical field strengths’.

Magnetic Resonance Imaging of

Articular Cartilage of the Knee

Articular cartilage injuries in the knee are common®, can
clinically mimic meniscal tears™*, and have been asso-

ciated with a less satisfactory clinical outcome following
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Fig. 9

Sagittal fast-spin-echo magnetic resonance image of the knee, demon-
strating articular cartilage delamination (arrowhead), with fluid signal
intensity seen between the cartilage flap and the underlying subchon-
dral bone.

arthroscopy”. Thus, magnetic resonance imaging prior to
surgical intervention is valuable to evaluate for isolated ar-
ticular cartilage injuries, to help to predict prognosis, and to
identify patients who may benefit from cartilage replacement
therapies™.

Acute or repetitive trauma can cause a variety of articu-
lar cartilage injuries, including fissures, chondral flaps or
tears, and loss of a segment of articular cartilage”. These inju-
ries can occur in isolation® but usually are associated with
other intra-articular injuries such as an acute anterior cruciate
ligament tear**** (Fig. 8). The knee may be exposed to various
forces, including compression and shear forces, which can
cause different forms of lesions to the articular cartilage and
bone. Most osteochondral lesions are caused by shear forces,
and osteochondritis dissecans may be the result of an un-
united osteochondral fracture®.

Cartilage Delamination

Chondral delamination is the separation of the articular carti-
lage from the underlying subchondral bone at the tidemark as
the result of shear stresses. A linear signal abnormality will be
present at the junction of the articular cartilage and the sub-
chondral bone® (Fig. 9). These injuries, when left untreated or
unrecognized, have been associated with a poor prognosis™.
Impending delamination also can be detected with magnetic
resonance imaging, which will demonstrate a hyperintense
signal of the cartilage involving the radial (deep) layer without
separation (Fig. 10).
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Cartilage Shear Injury

Acute traumatic events can lead to chondral shear injuries and
usually are associated with other intra-articular abnormalities
such as meniscal tears (Figs. 11-A and 11-B). They often ac-
company complex joint injuries.

Osteochondral Fracture

Acute traumatic events also can lead to osteochondral frac-
tures that may become displaced and can mimic a displaced
meniscal tear. In the acute setting, bone marrow edema will be
present (Figs. 12-A and 12-B). Eventually, the bone marrow
edema will resolve and the underlying subchondral bone will
remodel (Figs. 13-A and 13-B).

Transchondral Fracture

These injuries also occur as a result of acute traumatic events
and usually are associated with other injuries, such as an acute
anterior cruciate ligament tear (Figs. 14-A and 14-B).

Osteochondritis Dissecans

These injuries are due to separation or fragmentation of a
portion of subchondral bone along the articular surface due to
repetitive trauma or an acute shear injury. The most common
site is the lateral aspect of the medial femoral condyle. Mag-
netic resonance imaging is important to assess for stability of
the lesion, and signs of an unstable fragment include a size of
>5 mm, high signal intensity surrounding the fragment on
T2-weighed or short tau inversion-recovery images, cystic
changes of 25 mm between the fragment and host bone, and a
high-signal-intensity defect in the overlying cartilage™ (Figs.
15-A through 15-D).

Fig. 10
Sagittal fast-spin-echo magnetic resonance image of the knee

demonstrates high signal intensity of the cartilage involving the
deep (radial) layer (arrowhead), indicating impending delamination.
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Fig. 11-A Fig. 11-B

Sagittal fat-suppressed (Fig. 11-A) and non-fat-suppressed (Fig. 11-B) fast-spin-echo magnetic resonance images of the knee in a twenty-six-
year-old professional football player with lateral joint-line tenderness following a knee injury. A clinically suspected lateral meniscal tear is con-
firmed (arrowheads), but an unsuspected chondral shear injury is also disclosed (arrows).

Magnetic Resonance Imaging of addition, the articular cartilage is relatively thin. The curved artic-
Articular Cartilage of the Hip ular surfaces of both the femoral head and the acetabulum should
B ecause of the deep ball and socket configuration of the hip | be evaluated with use of all three imaging planes. Some authors

joint, articular cartilage injuries are difficult to evaluate. In | have advocated the use of magnetic resonance arthrography in

Fig. 12-A Fig. 12-B

Sagittal fat-suppressed (Fig. 12-A) and coronal non-fat-suppressed (Fig. 12-B) fast-spin-echo magnetic resonance images of the knee in a
fifteen-year-old cheerleader, following an acute traumatic patellar dislocation. A bone marrow edema pattern is present at the typical site of
impaction over the anterolateral femoral condyle (white arrow). There is an associated osteochondral injury present (black arrow).
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Fig. 13-A Fig. 13-B

Sagittal fat-suppressed (Fig. 13-A) and non-fat-suppressed (Fig. 13-B) fast-spin-echo magnetic resonance images of the knee in a patient with a
chronic osteochondral injury, demonstrating the absence of a bone marrow edema pattern. Remodeling of the underlying subchondral bone (ar-
rows) results in proud bone anteriorly and depression posteriorly. Note the full-thickness cartilage defect.

order to improve contrast between the synovial fluid and carti- | ninety-two patients prior to hip arthroscopy and concluded
lage™*; however, this technique converts magnetic resonance that noncontrast imaging, with use of an optimized protocol,
imaging into a more invasive procedure. Mintz et al. evaluated | can identify labral and chondral abnormalities noninvasively™.

e £ 4 .
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Fig. 14-A Fig. 14-B

Sagittal fat-suppressed (Fig. 14-A) and non-fat-suppressed (Fig. 14-B) fast-spin-echo magnetic resonance images of the knee in a thirty-year-old
skier with an acute, complete anterior cruciate ligament tear. Characteristic transchondral fractures (black arrows) and bone marrow edema
pattern are present as a result of impaction of the lateral femoral condyle by the tibial plateau.
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Femoroacetabular Impingement (Cam Lesion)

Femoroacetabular impingement is a pathologic condition
characterized by a decreased osseous offset at the femoral
head-neck junction (Figs. 16-A and 16-C) that is accentu-
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ated on images obtained in the oblique axial plane (Fig. 16-
B) (also known as the “Swiss protocol”) along the axis of the
femoral neck. Shear forces of the nonspherical portion of the
femoral head against the acetabulum result in a characteris-

Fig. 15-A

Fig. 15-B

Fig. 15-C
Figs. 15-A through 15-D Sagittal fat-suppressed (Fig. 15-A) and coronal non-fat-suppressed (Fig. 15-B) fast-spin-echo magnetic resonance im-
ages of the knee in a thirteen-year-old patient with a small, stable osteochondritis dissecans lesion (arrowheads). In comparison, magnetic res-
onance images in a twenty-three-year-old patient (Figs. 15-C and 15-D) demonstrate a larger, unstable lesion (arrows), with low-signal-intensity
sclerosis at the margins of the underlying bone, indicating the presence of a “mature” bed. In addition, the lesion has been partially delami-
nated from its site of origin.

Fig. 15-D
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tic pattern of cartilage loss over the anterosuperior weight- | Magnetic resonance imaging is also useful for preoperative

bearing portion of the dome (Fig. 16-D). Although focal | planning to determine the site of bone resection (Figs. 16-A
separation between the labrum and the articular cartilage and 16-C), to assess the integrity of the cartilage, and to de-
may occur, the labrum itself often remains untouched”. tect additional labral lesions.

Fig. 16-C Fig. 16-D

Figs. 16-A through 16-D Fast-spin-echo magnetic resonance images of a forty-one-year-old patient with cam-type femoral acetabular impingement.
The coronal image (Fig. 16-A) demonstrates osseous offset at the neck-shaft junction (white arrow) and ossification of a torn superior labrum
(white arrowhead). Slice prescription (Fig. 16-B) of the oblique axial view (Fig. 16-C) of the right hip accentuates the osseous offset. The sagittal im-
age (Fig. 16-D) demonstrates full-thickness cartilage loss over the anterior acetabular dome (black arrow) and partial thickness of the anterior fem-
oral head. These images can aid in preoperative planning to determine the site of bone resection (see curved lines in Figs. 16-A and 16-C).
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Fig. 17-A

Femoroacetabular Impingement (Pincer Lesion)

Repetitive contact stresses of a normal femoral neck against an
abnormal anterior acetabular rim as a result of “overcoverage”
or retroversion result in degeneration, ossification, and tears of
the anterosuperior labrum (Figs. 17-A and 17-B) as well as a
characteristic posteroinferior “contre-coup” pattern of cartilage
loss over the femoral head and corresponding acetabulum. In
pure pincer lesions, the acetabular cartilage is characteristically
preserved.

Combined Impingement

The majority of cases of femoroacetabular impingement involve
a combination of femoral side and acetabular side lesions. Beck
et al. found that 86% of investigated cases had combined le-
sions, where only 9% had isolated femoral side impingement
and 5% had isolated acetabular side impingement”. Careful
evaluation of the magnetic resonance image preoperatively will
provide important data regarding the underlying pathology and
guidance for treatment options™*..

Posterior Hip Dislocation/Subluxation

In both of these injuries, magnetic resonance imaging helps to
identify the presence of chondral shear injuries of the femoral
head and to evaluate for large cartilaginous loose bodies in the
central and peripheral compartments (Figs. 18-A, 18-B, and 18-
C). In a study of patients with posterior hip subluxations, Moor-
man et al. described the pathognomonic magnetic resonance
imaging triad of posterior acetabular lip fracture, iliofemoral liga-
ment disruption, and hemarthrosis®”. The presence of a notable
hemarthrosis may warrant aspiration with use of fluoroscopy to
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Fig. 17-B
Sagittal (Fig. 17-A) and coronal (Fig. 17-B) fast-spin-echo magnetic resonance images of the hip in a twenty-eight-year-old patient with pincer-
type femoroacetabular impingement. A chronically degenerated and torn anterosuperior labrum (arrows) is seen.

decrease intracapsular pressure. In addition, magnetic resonance
imaging is also a useful tool for the detection of subsequent os-
teonecrosis that can result in a delay of return to play*.

Magnetic Resonance Imaging of
Articular Cartilage in Smaller Joints
ue to the thinner cartilage in the shoulder, elbow, and an-
kle, detecting articular cartilage lesions is challenging and
requires a superior surface coil design and imaging technique.

Shoulder

Although less common than those of the lower extremity, ar-
ticular cartilage lesions of the shoulder do occur and can
cause severe symptoms including pain, effusions, and me-
chanical dysfunction”*. Magnetic resonance imaging of the
shoulder is useful for identifying these lesions and also for
detecting abnormalities that may mimic or occur in con-
junction with rotator cuff (Fig. 19) or labral (Figs. 20-A and
20-B) abnormalities”.

Ankle/Foot
Magnetic resonance imaging of the ankle may be performed
to evaluate for chondral or osteochondral shear injuries®.

Osteochondral Injuries

Magnetic resonance imaging is useful to evaluate the extent
of the lesion and the stability of the fragment™. Osteochon-
dral injuries of the talar dome can affect both the medial
and lateral aspects of the dome (Fig. 21) and occur most
commonly in the second to fourth decades of life*. Al-
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though relatively uncommon, the majority of these injuries
are undiagnosed. Takao et al. demonstrated that 71% of pa-
tients with ankle fractures and 41% of patients with chronic
lateral instability had evidence of an osteochondral lesion
on the basis of an arthroscopic or magnetic resonance imag-
ing evaluation®.
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Chondral Shear Injury

As in the knee, these injuries usually are caused by an acute
traumatic event (Fig. 22).

Turf Toe
Magnetic resonance imaging will demonstrate disruption of

Fig. 18-A

Fig. 18-B
ngs. 18-A, 18-B, and 18-C Axial body coil (Fig. 18-A) as well as sagittal surface coil (Figs. 18-B and 18-C) fast-spin-echo magnetic resonance
images of the hip in an eighteen-year-old patient with sequelae of posterior hip subluxation. An intact posterior hip capsule is seen, attached to
a posterior wall fracture (Fig. 18-A, white arrowhead). A large full-thickness chondral shear injury (Fig. 18-B, black arrow) of the femoral head is
well depicted. Cartilaginous debris (Fig. 18-C, white arrow) is seen within the anteroinferior dependent recess of the joint.

Fig. 18-C
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Fig. 19

Coronal oblique fast-spin-echo magnetic resonance image of the shoulder
in a patient with supraspinatus tendinosis, demonstrating full-thickness
cartilage loss over the humeral head (arrow) with flap formation. Debris in
the axillary pouch (arrowhead) and a joint effusion are also noted.

the plantar plate and capsule but is also useful for identifying
associated chondral lesions (Fig. 23) that may result in delayed
recovery because of stiffness.
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Elbow

Throwing athletes are particularly vulnerable to valgus stress
injuries of the elbow. The large valgus moment across the el-
bow causes compression at the radiocapitellar joint”. Thus,
osteochondral or chondral injuries of the capitellum (Fig. 24)
or trochlea may develop and lead to mechanical symptoms
with activity and lateral elbow pain’.

Posteromedial Impingement

Impingement may occur in high-level athletes because of the
olecranon repeatedly striking against the posterior part of the
humerus, resulting in a characteristic posteromedial osteo-
phyte and chondral wear off the posterior margin of the tro-
chlea (Figs. 25-A and 25-B).

Magnetic Resonance Imaging of
Articular Cartilage Repair Techniques
Articular cartilage injuries remain a common and challeng-
ing problem. Mature articular cartilage has limited repar-
ative capacity because of its limited vascular supply. A number
of techniques have been described for the repair of articular
injuries; however, the results and clinical outcomes have var-
ied widely. Most of the literature has relied on the use of
second-look surgery along with biopsy to evaluate the results
of articular cartilage repair. With the advances in imaging
techniques and sequence development, magnetic resonance
imaging offers an alternative method of noninvasively evaluat-
ing the results of articular cartilage repair procedures.
According to Brown et al., a number of variables should
be assessed when evaluating the quality of articular cartilage fol-

Fig. 20-A
Coronal oblique fat-suppressed (Fig. 20-A) and non-fat-suppressed (Fig. 20-B) fast-spin-echo magnetic resonance images of the shoulder in a pa-
tient following an acute traumatic anterior shoulder dislocation. An anteroinferior labral tear (Bankart lesion) and an adjacent full-thickness cartilage
defect of the glenoid (arrowhead) are seen. Recent impaction is also noted (arrow).

Fig. 20-B
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Fig. 21

Coronal fast-spin-echo magnetic resonance image of the ankle in a pa-
tient with a distal fibular fracture (arrow) following an injury. An associ-
ated osteochondral injury (arrowhead) of the anteromedial talar dome
is also present, with loss of continuity of the subchondral bone and
overlying cartilage. No features of instability are demonstrated.

Fig. 22

Coronal fast-spin-echo magnetic resonance image of the ankle in a pa-
tient with an avulsion fracture of the fibular tip following an inversion in-
jury, demonstrating an unsuspected concomitant full-thickness chondral
shear injury with flap formation (arrowhead) over the medial talar dome.

Fig. 23

Sagittal fast-spin-echo magnetic resonance image of an elite athlete
with clinically suspected turf toe, demonstrating disruption of the plan-
tar plate (white arrowhead) as well as full-thickness cartilage loss over

the first metatarsal head (black arrowhead).

Fig. 24

Sagittal fast-spin-echo magnetic resonance image of the elbow in a
professional baseball player, demonstrating a partial-thickness carti-
lage injury over the capitellum (arrow).
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Fig. 25-A

Figs. 25-A and 25-B Axial (Fig. 25-A) and sagittal (Fig. 25-B) fast-spin-echo
magnetic resonance images of the elbow in a professional baseball pitcher
with valgus extension overload. There is an osteophyte extending off the
posteromedial margin of the olecranon (black arrowhead), full-thickness
cartilage loss in the posteromedial margin of the trochlea (white arrow-
head), sclerosis of the olecranon, and dense scarring of the posterosupe-
rior capsule (white arrow).

lowing repair®. These variables include the relative signal in-
tensity of the regenerated cartilage as compared with the
surrounding native tissue, the surface geometry and morphol-
ogy of the repaired tissue, the presence or absence of displace-
ment, the degree of peripheral integration to adjacent cartilage
and/or underlying bone, the degree of defect filling, and the
presence of any reactive synovitis®.

Microfracture is a cartilage repair technique that is based
on local bone marrow stimulation and is readily performed ar-
throscopically. This procedure relies on the release of multipo-
tential stem cells from the bone marrow underlying a cartilage
defect. The cells are released by creating perforations in the un-
derlying subchondral bone with use of a drill or pick. The
bleeding bone then forms a clot containing the multipotential
stem cells. Over time, the cells differentiate and form a tissue
that consists primarily of fibrocartilage. This reparative tissue is
less organized, with increased water content as compared with
native cartilage™. As such, reparative tissue from microfracture
will tend to be hyperintense as compared with native cartilage
(Figs. 26-A and 26-B). Overgrowth of the underlying subchon-
dral bone has been noted in other studies™. This of itself does
not appear to be a negative prognostic factor™. However, os-
seous overgrowth may result in a thinner layer of reparative
tissue with inferior defect filling, which has been found to cor-
relate with inferior functional outcomes™.

Autologous chondrocyte implantation is a technique
whereby a patient’s native chondrocytes are harvested arthro-

MAGNETIC RESONANCE IMAGING OF CARTILAGE IN THE ATHLETE:
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Fig. 25-B

scopically and subsequently are grown in tissue culture for a
period of three to five weeks. During subsequent surgery,
which requires an open arthrotomy, periosteum harvested
from the patient is sewn over the cartilage defect with the
cambium layer facing the defect. The edges are then secured
with sutures and/or fibrin glue. The previously cultured chon-
drocytes are then injected under this periosteal cover. The
appearance of reparative tissue following autologous chon-
drocyte implantation varies with time. Initially, the reparative
tissue remains disorganized with increased water content;
consequently, it appears hyperintense on magnetic resonance
images™ (Fig. 27-A). This hyperintensity contrasts markedly
with the overlying periosteum, which appears hypointense, al-
lowing the two structures to be readily differentiated. Once
fully incorporated, however, the periosteal cover remains un-
distinguishable. Three to six months after repair, other au-
thors have observed a decline in the signal intensity of the
reparative tissue as it becomes increasingly organized and in-
tegrated with the surrounding tissue (Fig. 27-B). While uncom-
mon, delamination of the reparative tissue due to incomplete
integration can be a notable problem™. This most commonly
occurs within the first six months after surgery and is seen as a
hyperintense fluid signal between the reparative tissue and the
underlying bone*. Complete integration has been found to
take up to two years. While autologous chondrocyte implanta-
tion has been found to provide better defect fill as compared
with microfracture, overgrowth of the reparative tissue has
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been problematic with autologous chondrocyte implantation,
largely because of hypertrophy of the periosteum at early
follow-up intervals™.

The use of autologous osteochondral plugs involves the

MAGNETIC RESONANCE IMAGING OF CARTILAGE IN THE ATHLETE:
CURRENT TECHNIQUES AND SPECTRUM OF DISEASE

harvest of osteochondral plugs from a non-weight-bearing por-
tion of the knee in the same individual. Common sites for ob-
taining the plugs include the anterior margin of the femoral
condyle and the side of the intercondylar notch. Osteochondral

Fig. 26-A

Fig. 27-A
Figs. 27-A and 27-B Coronal fast-spin-echo magnetic resonance images of the knee in a fifteen-year-old patient, made eight months after autol-
ogous chondrocyte implantation (Fig. 27-A) for the treatment of osteochondritis dissecans, demonstrating increased signal intensity of the graft
(arrowhead). At twenty-seven months of follow-up (Fig. 27-B), there is “maturation” of the repair cartilage, which is now approaching that of the
adjacent native cartilage (arrow), but with interval thinning at the notch.

Fig. 26-B

Figs. 26-A and 26-B Sagittal fast-spin-echo magnetic resonance images of the knee in a thirty-two-year-old patient following microfracture. At five
months of follow-up (Fig. 26-A) there is irregularity of the subchondral plate (white arrow) adjacent to the hyperintense repair cartilage. A corre-
sponding image at thirteen months of follow-up (Fig. 26-B) demonstrates mature repair cartilage that is now partially hypointense (black arrow) com-
pared with the adjacent cartilage. Note also the presence of subtle overgrowth of subchondral bone.

Fig. 27-B
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plugs of varying shapes and sizes can be harvested and trans- | graftand the native tissue (Fig. 28-D) have been found in several

ferred in varying combinations to fill the defect of interest. There | studies™. The appearance of a hypointense signal at the osseous
are several characteristics unique to autologous osteochondral | interface is indicative of adjacent sclerosis due to the tight fit cre-
transplants that can be assessed with use of magnetic resonance | ated in the commonly used “press-fit” technique (Fig. 28-C).
imaging, including the integration of the osseous portion of the | Any failure of integration of the osseous plug would appear as a
plug as well as the accuracy of restoring the surface morphology | hyperintense signal at the native bone-graft interface™.

and radius of curvature (Figs. 28-A and 28-B). The osseous por- Osteochondral allograft plugs are most commonly uti-
tion of the plug typically demonstrates excellent incorporation; | lized for the treatment of intermediate to large-sized lesions in
however, persistent gaps at the cartilaginous level between the | physically active patients. This procedure involves the use of an

Fig. 28-A Fig. 28-B
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Fig. 28-C Fig. 28-D

Figs. 28-A through 28-D Magnetic resonance images of the knee in a fifty-two-year-old patient, made after the transfer of two autologous osteo-
chondral plugs. Sagittal fat-suppressed (Fig. 28-A) and non-fat-suppressed (Fig. 28-B) fast-spin-echo images demonstrate osseous incorporation of
the plugs. Note the slight sclerosis in the side wall of the plugs in the axial plane (white arrowheads, Fig. 28-C), reflecting the “press-fit” technique.
Although there is slight depression of the subchondral bone over the anterior plug (Fig. 28-B, black arrow), the cartilage surface remains flush. A fis-
sure at the lateral interface with the native cartilage is seen on the coronal magnetic resonance image (Fig. 28-D, white arrow). There is a degener-
ative pattern of partial-thickness cartilage loss over the medial tibial plateau.
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Fig. 29-A ' Fig. 29-B

Figs. 29-A, 29-B, and 29-C Sagittal fast-spin-echo magnetic resonance
images of the knee in a forty-six-year-old patient with progressive col-
lapse of an allograft osteochondral transfer. At the time of early follow-
up (Fig. 29-A), incomplete osseous incorporation (black arrow) of the
graft is seen. At nine months of follow-up (Fig. 29-B), there is sclerosis
of bone at the graft-host bone interface (white arrow). The low-signal-
intensity subchondral bone (white arrowhead) indicates devitalized bone
with partial collapse. This subsequently led to graft failure (Fig. 29-C).

Fig. 29-C

osteochondral plug harvested from a cadaver and is not indi-
cated for superficial or small lesions because it creates a sub-
chondral defect. Osteochondral allograft plugs usually are
placed with use of a “press-fit” technique whereby the plug and
the recipient site are prepared to matching sizes. In some cases,
particularly for larger plugs, supplemental fixation, such as with
use of biodegradable pins, may be required to ensure stable fixa-
tion between the donor tissue and the native tissue. As with au-
tologous plugs, the degree of osseous integration and the
restoration of the surface architecture are unique and important

characteristics to assess on magnetic resonance images (Figs. Fig. 30

29-A and 29-B). Persistent clefts in the articular surface also are Coronal fast-spin-echo magnetic resonance image of the knee in
a problem with allograft plugs. As the donor tissue is obtained a patient following implantation of a synthetic scaffold bone-graft
from a foreign host, there is the potential for an immunologic substitute. Note that the signal characteristics are distinctly dif-
reaction, typically characterized by a persistent, hyperintense ferent from those of autologous or cadaveric bone. The implant is

signal on magnetic resonance images™. Furthermore, grafts that flush with adjacent native articular surface.
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fail to demonstrate notable osseous integration often result in
subchondral collapse (Fig. 29-C).

Synthetic bone-graft-substitute implants are now available
for use, obviating the need for autologous or allograft tissue har-
vesting, with distinctly different appearances on magnetic reso-
nance imaging (Fig. 30).

Conclusion
M agnetic resonance imaging is playing an increasing role
in the noninvasive diagnosis of articular cartilage lesions
and for the objective assessment of chondral repair tech-
niques, providing important information to augment that ob-
tained from more subjective standardized clinical outcome
instruments. With continued pulse sequence refinement, ad-
ditional early detection of changes in the extracellular matrix
elements will become more available. m
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