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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activity, participants will be able to:

m Describe the anatomy of the osteo-
chondral junction with MRI correlation.

m Contrast and compare common en-
tities that manifest as osteochondral
lesions of the knee: acute traumatic
osteochondral injuries, AVN, SIF of the
knee, OCD, bone marrow edema-like le-
sions, and subchondral cystlike lesions in
osteoarthritis.

m Evaluate MRI findings of each condition
and how they pertain to treatment.

See rsna.orgllearning-center-rg.

An earlier incorrect version of this article
appeared online. This article was cor-
rected on August 23, 2018.

Several pathologic conditions may manifest as an osteochondral
lesion of the knee that consists of a localized abnormality involving
subchondral marrow, subchondral bone, and articular cartilage.
Although understanding of these conditions has evolved substan-
tially with the use of high-spatial-resolution MRI and histologic
correlation, it is impeded by inconsistent terminology and ambigu-
ous abbreviations. Common entities include acute traumatic os-
teochondral injuries, subchondral insufficiency fracture, so-called
spontaneous osteonecrosis of the knee, avascular necrosis, osteo-
chondritis dissecans, and localized osteochondral abnormalities in
osteoarthritis. Patient demographics, the clinical presentation, and
the role of trauma are critical for differential diagnosis. A localized
osteochondral defect can be created acutely or can develop as an
end result of several chronic conditions. MRI features that aid in
diagnosis include the location and extent of bone marrow edema,
the presence of a fracture line, a hypointense area immediately
subjacent to the subchondral bone plate, and deformity of the
subchondral bone plate. These findings are essential in diagnosis of
acute traumatic injuries, subchondral insufficiency fracture, and its
potentially irreversible form, spontaneous osteonecrosis of the knee.
If the lesion consists of a subchondral region demarcated from the
surrounding bone, the demarcation should be examined for com-
pleteness and the presence of a “double-line sign” that is seen in
avascular necrosis or findings of instability, which are important for
proper evaluation of osteochondritis dissecans. Subchondral bone
plate collapse, demonstrated by the presence of a depression or a
fluid-filled cleft, can be seen in advanced stages of both avascular
necrosis and subchondral insufficiency fracture, indicating irrevers-
ibility. Once the diagnosis is established, it is important to report
pertinent MRI findings that may guide treatment of each condition.

©RSNA, 2018 - radiographics.rsna.org

Introduction
Several pathologic conditions may manifest as an osteochondral lesion
of the knee, which is a localized abnormality of the subchondral mar-
row, subchondral bone, and articular cartilage. There is an overlap in
patterns of signal intensity alterations and morphologic abnormalities
among these conditions at MRI, while the clinical significance of each
lesion and the treatment implications are different. Understanding of
these conditions evolved with clinical use of high-spatial-resolution
MRI combined with the availability of histologic correlation. This article
provides a comparative analysis of several of the most common enti-
ties that manifest as osteochondral lesions of the knee, in particular of
the femoral condyles. We offer a summary of current concepts for each
condition to aid in their differentiation at MRI. Typical patient demo-
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TEACHING POINTS

B An osteochondral defect can occur acutely or develop as a
result of several chronic conditions including (a) separation of
the osteochondral fragment caused by an acute traumatic in-
jury or as the end result of an unstable fragment in osteochon-
dritis dissecans (OCD), (b) acute osteochondral impaction of
the bone with resultant contour deformity, and (c) a collapse
of the subchondral bone in a subchondral insufficiency frac-
ture (SIF) or avascular necrosis (AVN) or a bone collapse un-
covering a large subchondral cyst.

B A subchondral fracture appears as a subchondral linear hy-
pointensity, without an associated contour deformity or visible
involvement of the articular surface. Osteochondral fractures
involve both articular cartilage and the subchondral bone plate
and appear as a fracture line that violates the joint surface, sub-
chondral bone plate depression, articular surface disruption
and fragmentation, or a combination of these features.

B The findings in SIF include (a) a hypointense line that is irregu-
lar, sometimes discontinuous, or open-ended in the subarticu-
lar marrow at a variable distance from the epiphyseal surface
and curvilinear or parallel to the subchondral bone plate,
which is the subchondral fracture callus and granulation tis-
sue; (b) an area of low signal intensity immediately subjacent
to and creating the appearance of a thickened subchondral
bone plate, which is a combination of fracture with callus and
granulation tissue and secondary osteonecrosis between the
fracture line and the articular surface; (c) a deformity of the
subchondral bone plate defined as either subtle flattening or
a focal depression that represents a subchondral bone plate
fracture, and (d) a fluid-filled cleft underlying the subchondral
bone plate, indicating its gross collapse and separation.

B Early AVN of the femoral condyle appears as an area of ne-
crotic marrow that contains fatty marrow (or red marrow in
patients <1 year old) outlined by a distinct rim of sclerosis. This
rim, typically hypointense at MR, is a reactive interface be-
tween necrotic and viable bone, often reaching the subchon-
dral bone plate. In some cases, it completely circumscribes
centrally located epiphyseal marrow. In most cases, a “dou-
ble-line sign,” an inner high-signal-intensity band (vascular-
ized granulation tissue, or the “creeping zone of substitution”)
and an outer low-signal-intensity band (sclerotic appositional
new bone), are visible on T2-weighted and intermediate-
weighted MR images. The interface represents live tissue reac-
tion, and, unlike a fracture line, it is complete and encircles the
infarcted area without interruption.

B Two essential factors allow determination of the prognosis
and treatment strategies for OCD: the skeletal maturity of
the patient and the stability of the lesion. Skeletal maturity
must be determined first, because MRI criteria for instability
for adults differ from those for juvenile OCD.

graphics and clinical presentation, the etiologic role
of trauma, and classic MRI features that help to
guide appropriate treatment are described for each
entity (Table).

Terminology
Several descriptive terms and abbreviations can
be applied to focal abnormalities of the articular
cartilage and subchondral bone.
Osteochondral lesion is a general term that
encompasses a variety of acute or chronic local-
ized abnormalities of the articular cartilage and
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subchondral bone. Although it is adopted for
osteochondral abnormalities of the talus (1), the
term lacks specificity and should be only part of a
description of a more specific diagnostic entity.
Osteochondral defect is a term for a localized
defect of the articular cartilage and subchondral
bone. It is a morphologic finding that may be
seen in various conditions and that produces a
scalloped defect along the articular surface of
the bone (Fig 1). An osteochondral defect can
occur acutely or develop as a result of several
chronic conditions including (@) separation
of the osteochondral fragment caused by an
acute traumatic injury or as the end result of an
unstable fragment in osteochondritis dissecans
(OCD), (b) acute osteochondral impaction
of the bone with resultant contour deformity,
and (¢) a collapse of the subchondral bone in
a subchondral insufficiency fracture (SIF) or
avascular necrosis (AVN) or a bone collapse
uncovering a large subchondral cyst. In clinical
practice, the abbreviation OCD is often used for
both osteochondral defect and osteochondritis
dissecans, which causes confusion. For the pur-
poses of this article, the abbreviation OCD will
be used only for osteochondritis dissecans.
Osteochondritis dissecans (OCD) is a term for
a distinct clinical-pathologic entity: a pathologic
condition that affects subchondral bone forma-
tion and may result in an unstable subchondral
fragment, disruption of adjacent articular car-
tilage, and possible separation of the fragment.
The actual defect may or may not be present
on MR images, depending on the stage of the
process.

Anatomy and MRI Appearance

of the Osteochondral Junction
When evaluating an osteochondral lesion, a radiol-
ogist must consider several anatomic and technical
aspects to accurately assess the articular cartilage,
the subchondral bone plate, and the underlying
subchondral bone marrow. Histologically, articu-
lar cartilage is organized into four layers, each
characterized by a different cellular composition
and orientation of collagen fibers that produce
gradual variations in signal intensity: superficial,
transitional, deep (radial), and calcified layers (2).
The MRI appearance of individual layers depends
on both anatomic and technical factors. The highly
organized collagen network in the cartilage dis-
plays T2 anisotropy, and the regional variations in
cartilage signal intensity are affected by the “magic
angle” effect (3) (Fig 2). The deepest calcified
cartilage layer is located at the interface with the
subchondral bone plate, a layer of compact corti-
cal bone that overlies the cancellous marrow-con-
taining trabecular bone. The compact subchondral
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Figure 1. Osteochondral defect. An osteochondral defect of the femoral condyle (¥) may
be the result of several acute and chronic conditions that produce a surface deformity with a
localized defect of the articular cartilage and subchondral bone.

Figure 2. MRI appearance of the osteochondral
junction. In vitro T2-weighted spin-echo MR images
of the tibial plateau at 7 T in the same specimen
oriented perpendicularly to the main magnetic field
(B,, gray arrow, top image) and tilted 55° to B, (bot-
tom image) show the typical layered appearance
of the articular cartilage. The regional variations in
cartilage signal intensity are affected by the magic
angle. Changes in the orientation relative to B alter
the appearance of the cartilage. The thickness of the
subchondral bone plate on these images is exagger-
ated by the chemical shift of the marrow fat signal.

y (MR images courtesy of Douglas W. Goodwin, MD,
Hyaline Cartilage ~ Dartmouth Geisel School of Medicine.)

Camlage Iayers

bone and calcified cartilage are collectively termed
the subchondral plate (4,5). The calcified cartilage
layer may be unmasked by using very short echo
time (often referred to as “ultrashort” echo time)
imaging (2,6); however, it cannot be separated
from the subchondral bone during routine clini-
cal pulse sequences. The two layers appear as one
low-signal-intensity band overlying the subarticu-
lar marrow. We refer to this band as the subchondral
bone plate.

The apparent thickness of the subchondral
bone plate also may be altered by chemical shift
misregistration artifact caused by the high—fat-
content voxels of the underlying bone marrow,
which results in a substantially thicker appear-
ance of the subchondral bone plate (7,8).

Acute Traumatic Osteochondral Injury
The spectrum of acute traumatic injuries to

the articular surface of the bone includes bone
bruises and chondral, subchondral, and osteo-

chondral fractures. The terms bone bruise or bone
contusion refer to trabecular microfractures that
manifest as a pattern of bone marrow edema on
MR images, without contour abnormalities or a
discrete fracture line (2,9,10). Such edema ap-
pears speckled and poorly defined.

In the acute setting, the fracture line is best
shown on T'1-weighted MR images as a linear
hypointensity. It may be less conspicuous on
T2-weighted images when it is hyperintense
and surrounded by bone marrow edema, unless
there is a component of trabecular impaction
that renders the fracture hypointense on both
T1- and T2-weighted MR images, similar to the
appearance of stress fractures. A subchondral
fracture appears as a subchondral linear hypoin-
tensity, without an associated contour deformity
or visible involvement of the articular surface
(Fig 3). Osteochondral fractures involve both ar-
ticular cartilage and the subchondral bone plate
and appear as a fracture line that violates the
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Figure 3. Subchondral fracture in a 32-year-old man with an acute medial collateral
ligament tear (arrow in d) and an anterior cruciate ligament rupture (not shown). Dia-
gram of the fluid-sensitive MR image (a) and sagittal T2-weighted fat-suppressed (b),
coronal T1-weighted (c), and proton-density-weighted fat-suppressed (d) MR im-
ages show a subchondral fracture (arrow in b and c) as a curvilinear hypointensity
surrounded by bone marrow edema, without associated contour deformity. A bone
contusion (x in b) at the lateral tibial plateau can be distinguished from a fracture

because of the absence of a contour deformity or fracture line.

joint surface, subchondral bone plate depres-
sion, articular surface disruption and fragmenta-
tion, or a combination of these features (Fig 4)
(9,10). A curvilinear fracture may completely
encircle a portion of the subchondral bone and
the overlying cartilage, creating an osteochon-
dral fragment (Fig 5).

In general, these injuries are more common in
young active patients and usually are the result
of high-impact force applied to a normal bone
that has sustained an acute injury. Such force is
typically internal, related to the contact of one
bone with a neighboring bone during the trau-
matic event (9). Patients present with acute on-
set of pain and have a clear history of preceding
trauma. Osteochondral injury is commonly as-
sociated with immediate effusion that represents
hemarthrosis or lipohemarthrosis. The location
of the abnormality is dictated by the mechanism
of injury. Several typical patterns of osteochon-
dral injuries have been described in association
with certain types of internal derangement and
instability (11-13). Once a characteristic pattern
of osseous injury is recognized on MR images,
the radiologist must seek specific additional
soft-tissue and osseous injuries.

radiographics.rsna.org

SIF and Spontaneous Osteonecrosis
of the Knee

A peculiar clinical-radiologic entity originally des-
ignated as a so-called spontaneous osteonecrosis
of the knee (SONK, a misnomer) was recognized
early as a distinct form of epiphyseal osteonecro-
sis (14).This condition typically is seen in older
patients after the 6th decade of life and more fre-
quently in women. Patients often report a sudden
onset of severe and unrelenting knee joint pain
related to minimal or no trauma and often recall a
precise moment when the symptoms started.

Two misconceptions contributed to a long
evolution of the understanding of this disorder:
(a) a pre-MRI-era hypothesis that attributed it
to a primary AVN, resulting in the misnomer,
and (b) an effort to distinguish it fundamentally
from SIF, largely impelled by differences in
prognosis. A study by Yamamoto and Bullough
(15), which was supported by results of a later
study (16), showed that the primary event is a
SIF, followed by secondary necrosis limited to
the area between the fracture line and the sub-
chondral bone plate. MRI features of this lesion
also have been shown to be profoundly differ-
ent from those of primary AVN (17,18). SIF
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involves a physiologic force applied to weakened
trabeculae, often in association with osteopenia
and diminished protective function of the ar-
ticular cartilage and meniscus, which leads to a
fracture along the subchondral area of the bone.
Such a fracture can either stabilize or progress
to a frank collapse of the articular surface that is
associated with pain and progressive osteoarthri-
tis and eventually necessitates knee replacement.

Because of the proven microtraumatic ori-
gin of SONK and the histopathologic and MRI
features that unite it with SIF, it is currently ac-
cepted that a SONK is a SIF that has progressed
into collapse, with secondary necrosis found in
the collapsed specimens. When evaluating SIF,
radiologists must report established MRI features
associated with such poor outcomes (17).

SIFs typically are observed along the central
weight-bearing aspect of the femoral condyle
(60%—-90%), but they also may involve the
central tibial plateau, and less commonly, the pe-
riphery of the articular surface (18-21). At MRI,
SIF is associated with marked bone marrow
edema emanating from the subchondral region
and extending over large areas (10,17,18), often
involving the entire femoral condyle. This differs

Gorbachova et al 1483

Figure 4. Osteochondral fracture with a subchondral bone plate depression in an
18-year-old man. Diagram (a), sagittal T2-weighted fat-suppressed MR image (b), and
proton-density-weighted MR images (c, d) of the lateral femoral condyle show a hy-
pointense fracture line (white arrow in b and c) and subchondral bone plate depression
(arrowhead in b and c) producing a characteristic deep sulcus sign on the lateral femoral
condyle, a highly specific secondary sign of an anterior cruciate ligament tear. A bone
contusion (x in b) is visible at the posterior aspect of the lateral tibial plateau. These
osseous injuries are the result of impaction of the lateral femoral condyle against the
posterolateral tibial plateau during internal rotation and anterior translation of the tibia
accompanying an anterior cruciate ligament rupture (arrow in d).

from the more localized bone marrow edema
lesion subjacent to cartilage loss in osteoarthritis
(10). However, the extent of bone marrow edema
has no prognostic significance (17,21).

More important are the localized abnormali-
ties in the subchondral region, best shown on
T2-weighted and proton-density—weighted MR
images. The findings in SIF include (@) a hypoin-
tense line that is irregular, sometimes discontinu-
ous, or open-ended in the subarticular marrow
at a variable distance from the epiphyseal surface
and curvilinear or parallel to the subchondral
bone plate (Fig 6), which is the subchondral
fracture callus and granulation tissue (15); (b) an
area of low signal intensity immediately subjacent
to and creating the appearance of a thickened
subchondral bone plate (Fig 7), which is a com-
bination of fracture with callus and granulation
tissue and secondary osteonecrosis between the
fracture line and the articular surface (15,16,22);
(¢) a deformity of the subchondral bone plate
defined as either subtle flattening or a focal de-
pression that represents a subchondral bone plate
fracture (Figs 8, 9); and (d) a fluid-filled cleft
underlying the subchondral bone plate, indicating
its gross collapse and separation (19) (Fig 9).
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Figure 5. Osteochondral fracture in a 32-year-old man with a hyperextension in-
jury associated with a posterior cruciate ligament tear (not shown). (a) Diagram
shows a fracture that is creating an osteochondral fragment. (b-d) Sagittal T2-
weighted fat-suppressed MR image (b), proton-density-weighted MR image (c),
and CT image (d) show a curvilinear fracture (arrow in b and c) encircling a portion
of subchondral bone and overlying cartilage. Subchondral bone plate disruptions
are evident (arrowheads in ¢ and d) and are best depicted on the CT image (d).
Anterior femoral condylar fracture and bone contusion at the anterior aspect of the
tibia (x in b) are the results of an internal force that occurred during hyperextension
as the femur and tibia collided. This pattern of bone injury should prompt a search
for additional findings of hyperextension with a varus or valgus component.

RadioGraphics

a. b.

radiographics.rsna.org

Figure 6. SIFin a 51-year-old woman with atraumatic sudden onset of knee pain and swell-
ing. Diagram (a) and coronal proton-density-weighted fat-suppressed MR image (b) show
an irregular hypointense line parallel to the subchondral bone plate (a) and curvilinear and
open-ended laterally (white arrow in b), amid extensive bone marrow edema-like signal
intensity in the subchondral region (x). Note the peripheral extrusion of the medial meniscus
(black arrow in b) from a posterior horn tear (not shown). Unlike the appearance in primary
osteonecrosis, the line is incomplete, and edema appears on both sides of the line.

Among these localized abnormalities, the area tance in early lesions; it is considered to be an
of low signal intensity immediately subjacent to essential finding observed in almost all cases
a subchondral bone plate is of utmost impor- of clinical SONK. If it is thicker than 4 mm or
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Figure 7. SIF in a 64-year-old woman with a complex tear in the medial meniscus with pe-
ripheral extrusion (arrow in a). (a) Coronal proton-density—weighted fat-suppressed image
shows an extensive bone marrow edema pattern involving the medial femoral condyle (x),
accompanied by a subchondral area of low signal intensity (arrowhead) located immediately
subjacent to a subchondral bone plate, producing its apparent thickening. (b) Coronal MR
image obtained 2 years earlier shows the normal appearance of the subchondral bone plate
(arrow).

a.

Figure 8. Classic SIF in a 64-year-old man. Diagram (a), coronal proton-density-weighted fat-suppressed MR image (b),
and sagittal T2-weighted fat-suppressed image (c) show a bone marrow edema pattern “painting” the entire medial femo-
ral condyle (x in b). Both a subchondral hypointense line (white arrow in b and c) and a subchondral area of low signal
intensity (arrowhead in b and c) are observed along the weight-bearing aspect of the condyle and are associated with subtle
flattening of the articular surface. Similar findings were present on the tibial side. Note the macerated and extruded medial

meniscus (black arrow in b).

longer than 14 mm, the lesion may be irrevers-
ible and may evolve into irreparable epiphyseal
collapse and articular destruction (17). These
criteria apply to lesions without an overlying
cartilage abnormality (19). Subchondral hy-
pointense fracture lines tend to resolve with
conservative therapy and can be seen in patients
with transient reversible SIF and in 78% of
those with clinical SONK. While subtle contour
deformities occasionally can be observed in self-
resolving lesions, prominent contour deformity
and a subchondral fluid-filled fracture cleft,
both representing frank collapse of the subchon-
dral bone plate, are poor prognostic factors (19);
these features are identical to the findings of a
collapse in primary AVN. A saucerized defect of
the articular surface may develop in advanced
cases (23,24) (Fig 10).

SIFs are associated with meniscal tears in
the same compartment in 76%-94% of patients
(18,20,21). More specifically, more than 50% of
patients demonstrate radial and posterior root tears
(20). These types of tears dramatically increase
contact pressure across the joint (25). This associa-
tion and a link between SIF and meniscectomy (26)
support the proposed role of mechanical stress in
the development of SIF and emphasize the ratio-
nale for meniscal conservation. Although they are
not essential for the diagnosis of SIF, associated
cartilage abnormalities are often present (18,21).
The overall extent of meniscal abnormality and
cartilage loss in the joint and decreased knee range
of motion at the time of presentation are associated
with clinical progression (21).

Initial treatment of SIF is conservative, consist-
ing of protected weight bearing and administration
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Figure 9. Advanced SIF in a 69-year-old woman with several months of unrelenting knee pain
after walking down stairs. Coronal proton-density-weighted fat-suppressed (a) and sagittal T2-
weighted (b) MR images show articular surface collapse with a depression of the subchondral
bone plate (arrowhead in a) and a fluid-filled fracture cleft underlying the subchondral bone
plate (arrow). The clinical scenario and histologic findings are typical of secondary osteonecro-
sis. The diagnosis was a collapsed SIF with secondary osteonecrosis (SONK).

of analgesic medications to prevent development
or worsening of subchondral bone collapse (27).
Larger lesions with progressive articular collapse
and persistent pain may require surgery (often
total knee arthroplasty). Subchondroplasty, a
procedure developed to treat bone marrow edema
lesions by injecting a bone substitute, is one of the
evolving treatment options for patients with SIF.
Currently, to our knowledge, there are no data re-
garding which MRI features may predict improved
outcomes in these patients.

AVN (Primary Osteonecrosis)
Osteonecrosis is a common condition that is the
result of a reduction or complete loss of blood
supply to the bone. While osteonecrosis can be
idiopathic, common causes of osteonecrosis
include trauma, use of corticosteroids, sickle cell
anemia, collagen vascular disease, and alcoholism
(28). Osteonecrosis of the knee can be encoun-
tered in epiphyseal or subarticular bone, where it
is referred to as an AVN, and in the metadiaphysis,
where the term bone infarction is often applied.
Osteonecrosis tends to develop in adults, most
commonly in the 4th and 5th decades of life (19).
It can manifest clinically with vague pain, or there
may be no symptoms until development of sub-
chondral bone plate fracture, (ie, collapse).

The literature on osteonecrosis of femoral
condyles is often mixed with and sometimes
dedicated entirely to spontaneous osteonecrosis
of the knee. This misnomer was entrenched in
the medical lexicon for many years, persisting
after recognition of this entity as a SIF (15,16).
With regard to true primary osteonecrosis of
the knee, general imaging principles of primary
osteonecrosis can be applied, and some features

established in studies of AVN of the hip can be
extrapolated (19,29).

Early AVN of the femoral condyle appears
as an area of necrotic marrow that contains
fatty marrow (or red marrow in patients <1
year old) outlined by a distinct rim of sclero-
sis. This rim, typically hypointense at MRI, is
a reactive interface between necrotic and vi-
able bone, often reaching the subchondral bone
plate. In some cases, it completely circumscribes
centrally located epiphyseal marrow. In most
cases, a “double-line sign,” an inner high-signal-
intensity band (vascularized granulation tissue,
or the “creeping zone of substitution”) and an
outer low-signal-intensity band (sclerotic ap-
positional new bone), are visible on T2-weighted
and intermediate-weighted MR images (Fig 11).
The interface represents live tissue reaction, and,
unlike a fracture line, it is complete and encircles
the infarcted area without interruption. It typi-
cally appears as undulating and convex to the
articular surface; however, the shape of the line
is not pathognomonic because it depends on the
size and location of the infarct.

The clinical significance of AVN largely
depends on the likelihood or presence of articu-
lar collapse. Several factors are responsible for
development of a collapse that signifies failure of
the subchondral bone plate: (@) the cumulative
effect of fatigue microfractures in the necrotic
zone, (b) osteoclastic activity that causes weak-
ening of the trabeculae in the reparative front,
and (¢) focal concentration of mechanical stress
on thickened bone trabeculae of the reparative
zone along the AVN margins that act as “stress
risers” (31-33). Collapse begins at the lateral
boundary of the necrotic lesion and, depending
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Figure 10. Irreversible SIF of the lateral femoral condyle progressing to articular collapse in a 61-year-old man who presented
with acute knee pain after a fall. Coronal T1-weighted, proton-density-weighted fat-suppressed, and sagittal T2-weighted
fat-suppressed MR images (left to right in each row of a, b, and c) at presentation (a) show extensive bone marrow edema (:
in a), hypointense fracture lines, and areas of low signal intensity subjacent to the subchondral bone plate (arrowheads in a)
associated with minimal flattening of the articular surface; images obtained 6 months later (b) show articular surface collapse
(black arrow in b) associated with numerous cystlike areas (white arrow in b) and marrow edema confined to the periarticular
region; images obtained at 16 months (c) show that a large saucerized articular surface defect has formed (arrows in c).

on the size of the lesion, propagates either along
the subchondral region or in the deep necrotic
region (33).The risk of collapse in the femoral
condyle seems to be related directly to the size
and location of the infarct: Lesions involving
more than one-third of the condyle on midcoro-
nal MR images or the middle and posterior one-
third of the condyle on midsagittal MR images
are at higher risk of collapse (34).

It is important to recognize the MRI ap-
pearance of this critical complication of AVN
that leads to premature osteoarthritis. In early
uncomplicated AVN, the marrow signal in the
infarct is preserved, representing mummified
fat, and there is no surrounding bone marrow

edema. As demonstrated in studies of osteo-
necrosis of the femoral head (35), bone mar-
row edema distal to the infarct constitutes an
indirect sign of articular collapse. The edema
spares the devascularized infarcted segment. The
fracture of the subchondral bone plate can show
two patterns at MRI (19,29): (a) depression of
the subchondral bone plate with loss of epiphy-
seal contour or (b) more rarely seen in the knee,
a high-signal-intensity line on T2-weighted

MR images extending under the subchondral
bone plate representing fluid accumulating in
the subchondral fracture cleft. These two pat-
terns may coexist. As demonstrated in studies
(36-38) of osteonecrosis of the femoral head,
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Figure 11. AVN of the knee in a 59-year-old woman who was undergoing long-term corticosteroid treatment. Diagram
of image from a fluid-sensitive sequence (a), coronal T1-weighted MR image (b), and proton-density-weighted fat-sup-
pressed MR image (c) show multiple regions of AVN in the femur and tibia. Necrotic areas show preserved fatty marrow
signal intensity (+ in b), outlined with sclerosis (black arrow in b and ¢) and granulation tissue (white arrow in c), producing
a double-line sign. Note articular surface collapse of the medial femoral condyle (arrowhead in b and c), with depression
of the subchondral bone plate (c) and loss of subchondral fatty signal intensity (b). Bone marrow edema surrounding the
infarct is present on the femoral side ( in ¢) but not on the tibial side.

radiography and, in particular, CT are superior
to MRI in demonstrating subchondral fracture.
After articular collapse, the signal in the necrotic
segment changes because of fragmentation,
invasion of fibrovascular tissue, and secondary
cyst formation. Normal fatty signal intensity

on T'1-weighted images is lost and replaced

with inhomogeneous low to intermediate signal
intensity (30), most prominently in the weight-
bearing area of the infarct (Fig 12).

Juvenile and Adult OCD
OCD is a focal idiopathic alteration of sub-
chondral bone with a risk for instability and
disruption of adjacent articular cartilage that
may result in premature osteoarthritis (39,40).
This condition remains poorly understood and,
despite years of collaborative research, there is
no consensus regarding its etiology, natural his-
tory, or treatment (41,42). The unique feature of
this condition is that separation and detachment
of the osteochondral fragment culminate the
process that originally starts deep underneath
the articular surface (43) and subsequently
involves the articular cartilage at the peripheral
border of the lesion: an “inside-out” mechanism.
In comparison, acute traumatic osteochondral
injury first affects articular cartilage and then,
with sufficient magnitude of force, proceeds to
disrupt subchondral bone (2): an “outside-in”
mechanism.

A hypothesis that juvenile OCD is produced
by a disruption of endochondral ossification of
the epiphysis was introduced in early studies
(43-45) and was further developed in more re-
cent work on the basis of MRI observations (46)

(Fig 13). In summary, an unknown insult causes
a disturbance of a small area of the epiphyseal
growth plate, which results in localized delay

or cessation of normal ossification. The epiphy-
seal segment in the area of disturbance remains
cartilaginous, while the rest of the epiphysis
continues to ossify and expand in a centrifugal
fashion, creating an appearance of a radiolucent
crater that corresponds to the area of hindered
cartilage ossification.

This segment, “a progeny,” may later develop
laminar calcifications in the deep areas or may
ossify partially or completely (45). Presumably,
when an OCD lesion cannot withstand forces
applied to the joint surface, it begins to separate
from the “parent” bone. Detachment first starts
at the deep, basal portion of the lesion, produc-
ing a cleft at the interface (47-49), which leads
to fragment instability, with subsequent disrup-
tion of the bone plate and overlying articular
cartilage and eventual fragment separation.

Histologic core biopsy specimens obtained in
juvenile OCD lesions showed that osteonecrosis
is either absent (47,50) or infrequent (48,51).
Although definitive evidence is lacking, when
osteonecrosis is found in OCD, it actually may
be secondary to fragment detachment and loss of
blood supply rather than the primary cause of its
formation (41,43,45,50).

The condition can manifest either in childhood
(Juvenile OCD) or middle age (adult OCD), but
the most frequent age of onset is in preadoles-
cence. Authors of many studies have emphasized
the role of chronic repetitive trauma in active chil-
dren, particularly those who are high-level athletes
(52,53). Patients experience poorly localized knee
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Figure 12. AVN of the medial femoral condyle in a 29-year-old woman with lupus. Radiographs, coronal T1-weighted images,
proton-density—weighted fat-suppressed images, and sagittal proton-density-weighted images (left to right in rows a and b) were
obtained at the onset of knee pain (a) and 7 years later (b). (a) Initially, a large area of necrosis shows normal marrow signal intensity
that represents mummified fat (black ) outlined with a sclerotic rim (arrows) that is convex to the articular surface. Although the
articular surface and subchondral bone plate are intact, the presence of bone marrow edema surrounding the AVN (white *) sug-
gests an impending articular collapse. Note the lack of edema in the necrotic segment. (b) Subsequently, a frank articular collapse
(arrowheads) has developed, followed by loss of fatty signal intensity in the necrotic area (arrows).

Localized arrest of
endochondral ossification:

Healed OCD

Primary (metaphyseal) physis
“77% 2~ Secondary (epiphyseal) physis

111111 ~ Blood supply \ . /
S - Zone of provisional calcification 2 /
2 = Unknown insult disrupting vascular supply

-~ = OCD fragment, aka “progeny bone” Unstable OCD

Figure 13. lllustration shows the hypothesized pathogenesis of juvenile OCD as a growth disturbance
of the secondary physis that causes a localized delay of ossification and subchondral bone formation, fol-
lowed by either healing or failure of the overlying cartilage and localized articular surface fragmentation
and separation. Based on Barrie and Laor et al (43,46).

pain for more than 1 year before diagnosis, often
exacerbated by exercise (41), or with mechanical
symptoms caused by dislodging of the fragment.
The classic and most common location of
OCD in the knee is the lateral (intercondylar)
aspect of the medial femoral condyle (52,53)

(Fig 14), followed by the extended classic (also
involving the central weight-bearing area) and in-
ferocentral (weight-bearing) locations and lateral
condylar and patellar lesions.

The majority of OCD lesions can be diag-
nosed radiographically; however, there is, to our
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Figure 14. Unstable OCD lesion in a 17-year-old boy. Coronal proton-density—weighted fat-suppressed MR image (a) sagit-

tal proton-density-weighted MR image (b), and T2-weighted fat-suppressed MR image (c) show an OCD lesion in a classic
location at the lateral aspect of the medial femoral condyle with cysts (curved arrow in a and c) and a high-signal-intensity rim
(straight arrow in b) at the interface between the fragment and parent bone associated with breaks in the subchondral bone
plate and articular cartilage along the periphery of the lesion (arrowhead in b and c).

Figure 15. Diagram shows the classic four signs of insta-
bility in an OCD lesion: 1, high signal intensity rim at the
interface between the fragment and the adjacent bone on
T2-weighted MR images; 2, fluid-filled cysts beneath the
lesion; 3, a high-signal-intensity line extending through
the articular cartilage overlying the lesion; and 4, a focal
osteochondral defect filled with joint fluid. Additional sec-
ondary criteria are employed for a juvenile OCD lesion to
increase specificity.

knowledge, no current consensus on radiographic
features that can be used for assessment of
healing or even on a definition of OCD healing
in general (41). The multicenter study group
Research in OCD of the Knee (ROCK) recently
has proposed a radiographic classification system
to improve interobserver reliability (54).

MRI can allow characterization of various
tissue compositions of the progeny fragment
(51,55). Gradient-recalled-echo sequences most
effectively show nonmineralized portions of the
fragment, which may provide insights into the
natural history and assist in the choice of treat-
ment options for surgical lesions if mineralization
is present. The absence of bone marrow edema,
morphology and location of the lesion, and the
age of the patient should aid in the important
differentiation of a developmental variant of os-
sification from OCD (56,57).

Two essential factors allow determination of
the prognosis and treatment strategies for OCD:
the skeletal maturity of the patient and the stabil-
ity of the lesion (41,58,59). Skeletal maturity
must be determined first, because MRI criteria
for instability for adults differ from those for
juvenile OCD. The four classic signs of instability
described at MRI include (60,61) (Figs 14, 15):
(a) a high-signal-intensity rim at the interface
between the fragment and the adjacent bone on
T2-weighted MR images; (b) fluid-filled cysts

beneath the lesion; (¢) a high-signal-intensity line
extending through the articular cartilage over-
lying the lesion; and (d) a focal osteochondral
defect filled with joint fluid, indicating complete
detachment of the fragment (Fig 16). The pres-
ence of any one sign indicates instability in adult
OCD, the most frequent finding being an un-
derlying high-signal-intensity line (61). When all
four criteria are met, they have 100% sensitivity
and 100% specificity for instability in adult OCD
and 100% sensitivity but only 11% specificity for
instability in juvenile OCD lesions (62) (Fig 17).
These criteria were revised for juvenile OCD
(62) with the addition of three secondary signs
that all showed 100% specificity: (a) a'T2-
weighted high-signal-intensity rim surrounding a
juvenile OCD lesion indicates instability only if it
has the same signal intensity as that of joint fluid,
(b) a second outer rim of T2-weighted low signal
intensity, or (¢) multiple breaks in the subchondral
bone plate on T2-weighted MR images (Fig 18).
The rim of fluid signal intensity surrounding an
OCD lesion most likely represents a fluid-filled
cleft between the progeny and parent bone, while
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an outer rim of low signal intensity may represent
organized fibrous tissue or sclerotic bone at the
interface (50,51). When combined, these second-
ary MRI findings have 100% sensitivity and 100%
specificity for detection of unstable juvenile OCD
lesions. Cysts surrounding a juvenile OCD lesion
indicate instability only if they are multiple or
larger than 5 mm (62).

Symptomatic unstable lesions are often treated
surgically (42,59), with the choice of technique
depending on whether the fragment is salvage-
able or not (58,59). An unstable fragment may be
unsalvageable when it consists of cartilage only
(no bone on the deep surface), is composed of
multiple pieces, or contains damaged or absent
articular cartilage (58). MRI is a valuable di-
agnostic tool that provides critical information
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Figure 16. OCD in an 18-year-old
man who heard a pop while getting
out of bed and was unable to ex-
tend his knee. Sagittal T2-weighted
fat-suppressed MR images of the
knee obtained through the medial
compartment (a) and the posterior
cruciate ligament (b) show a large
crater at the medial femoral con-
dyle (x in @) and an OCD fragment
(arrow in b) displaced into the in-
tercondylar notch.

C.

Figure 17. Healing juvenile OCD in a 13-year-old boy. (a) Radiograph demonstrates
the absence of normal ossification in the subchondral area of the medial femoral con-
dyle (arrow). (b) Coronal proton-density-weighted fat-suppressed MR image shows
an OCD lesion surrounded by a rim of increased signal intensity (thick arrow) that is
not as intense as the joint fluid (thin arrow). Focal discontinuity of the subchondral
bone plate is seen (arrowhead). The distal femoral growth plate is open (x in a and b).
() Radiograph obtained 6 months later shows the progression of normal ossification
(arrow). (d) MR image obtained 6 months later shows restoration of the subchondral
bone plate (arrowhead).

about the composition, stability, and integrity
of the OCD fragment. Arthroscopic parameters
used to evaluate OCD continue to evolve with
the recent classification system introduced by
the ROCK study group, which showed excellent
intra- and interobserver reliability (63).

Osteochondral Lesions
Related to Arthritis

Conditions that affect articular cartilage are
frequently accompanied by abnormalities in
the subchondral marrow. In osteoarthritis, such
abnormalities include bone sclerosis (referred
to as eburnation on radiographs), bone marrow
edema-like lesions, and subchondral cystlike
lesions (Fig 19). The suffix “-like” is used be-
cause of a large spectrum of histologic changes
responsible for these patterns of signal intensity
alteration on MR images. Bone marrow edema-
like lesion, the term adopted by the osteoarthritis
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Figure 18. OCD in the extended classic location in a 19-year-old man, with fea-
tures of instability applicable to both juvenile and adult OCD. (a) Radiograph shows
a localized ossification defect of the medial femoral condyle containing linear calci-
fications (white arrow) and surrounded by sclerosis (black arrow). The distal femoral
physis is closed (). (b, ¢) Coronal T1-weighted (b) and proton-density-weighted
fat-suppressed (c) MR images show a progeny (P) fragment separated from the
parent bone, with signal intensity equal to that of fluid (white arrow in ¢) and an
additional outer rim of sclerosis (black arrow in c). (d) Sagittal T2-weighted fat-sat-
urated MR image shows disruption of the subchondral bone plate (arrowhead). The
laminar configuration of the signal intensity in the fragment reflects the presence of

calcifications in its deep zone (arrow in b).

Figure 19. Osteoarthritis in a 50-year-old
woman. Sagittal proton-density-weighted (a)
and T2-weighted fat-suppressed (b) MR images
of the medial femoral condyle show subchondral
cystlike lesions (arrow) and bone marrow edema-
like lesions (+ in b). Full-thickness cartilage loss
is present (arrowheads), accompanied by sub-
chondral sclerosis (immediately under the tissue
near the arrowhead in a).

research community, is defined as a noncystic
subchondral area of ill-defined hyperintensity on
fluid-sensitive sequences and hypointensity on
T1-weighted images.

The most common histologic findings in
bone marrow edema-like lesions include bone
necrosis, fibrosis, hemorrhage, and trabecu-
lar abnormalities, while edema is infrequent
(64-66). Subchondral cystlike lesions are well-
defined rounded areas of fluid signal intensity;
they may contain necrotic bone debris, myxoid
and adipose tissue, fibrous elements, or protein-
aceous material and are lined by a nonepithelial
fibrous wall (67,68).

There are two theories of pathogenesis of
subchondral cyst formation: the synovial fluid
intrusion theory, which proposes that articular
surface defects and increased intra-articular

radiographics.rsna.org

pressure allow intrusion of synovial fluid into the
bone, leading to formation of cavities; and the
bone contusion theory, according to which non-
communicating cysts arise from subchondral foci
of bone necrosis that are the result of opposing
articular surfaces coming in contact with each
other (67,69,70). Although there is evidence that
both mechanisms may operate together, results of
recent studies (71,72) support the bone contu-
sion theory of osteoarthritis by showing that
subchondral cysts arise in preexisting regions of
subchondral bone marrow edema-like lesions,
and their development is predicted much more
strongly by bone marrow edema-like lesions than
by full-thickness cartilage loss (71,72). Bone
marrow edema-like lesions in osteoarthritis are
predictors of pain and progression of cartilage
damage and subchondral bone attrition (defined



RadioGraphics

RG ¢ Volume 38 Number 5

as flattening or depression of the osseous articu-
lar surface unrelated to a fracture) (66,73,74).
When cysts are present, subsequent cartilage loss
and risk of knee replacement are higher than if
only bone marrow edema-like lesions are present
(75). In addition to osteoarthritis, subchondral
cystlike lesions may be prominent in rheumatoid
arthritis and calcium pyrophosphate deposition
disease (67). Cysts may be seen accompanying
AVN and SIF (19).

Subchondral sclerosis in osteoarthritis is
related to a deposition of new bone on preexist-
ing trabeculae and to trabecular compression
and microfractures with callus formation (76),
although associated histologic abnormalities and

MRI signal alterations are far more complex (77).

Bone sclerosis in osteoarthritis at MRI may re-
semble the subchondral low-signal-intensity areas
seen in SIF. However, the bone marrow edema-
like pattern is typically localized in osteoarthritis
and extensive in SIF; articular cartilage may be
preserved in early SIF, while significant cartilage
loss typically accompanies eburnation in osteo-
arthritis. Once SIF progresses to collapse and ar-
ticular surface destruction, distinguishing it from
primary osteoarthritis at imaging may be impos-
sible, and it is likely to be clinically irrelevant.

Conclusion
When analyzing osteochondral lesions on MR
images of the knee, the radiologist must first
consider patient demographics, clinical presenta-
tion, and history of trauma. Patients may report
acute, chronic repetitive, or minimal but distinct
traumatic events or no trauma at all. Second, the
subchondral bone marrow and subchondral bone
plate must be examined and correlated with the
radiographic appearance. MRI features that aid
in diagnosis include the location and extent of
bone marrow edema, the presence of a fracture
line, a hypointense area immediately subjacent to
a subchondral bone plate, and a subtle or gross
deformity of the bone plate. These are essential
findings to acknowledge in patients with acute
traumatic injuries and SIF. If the lesion consists
of a distinct subchondral region demarcated from
the surrounding bone, such demarcation should
be examined closely for completeness and the
presence of a “double-line sign,” as seen in AVN,
and for findings of instability, which are impor-
tant for proper evaluation of OCD.

Finally, it is important to assess the integrity
of the overlying articular cartilage. Subchondral
bone plate collapse, demonstrated by the pres-
ence of a frank depression or a fluid-filled cleft,
can be seen in advanced stages of both AVN and
SIF, indicating irreversibility. Once the diagnosis
is established, it is important to report pertinent
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MRI findings that may guide appropriate treat-
ment of each condition. An osteochondral defect
can be created acutely or, more often, develops
as a common final pathway of several chronic
conditions. When it is accompanied by second-
ary osteoarthritis, it may be impossible to deter-
mine the original cause of epiphyseal deformity,
and treatment options may be limited to joint
replacement.
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