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Abstract This essay illustrates various patterns of progres-
sion of osteonecrosis of the knee and the relationship
between early MR imaging findings and radiologic out-
come in children with acute lymphocytic leukemia. It also
includes a review of nonosteonecrosis signal abnormalities,
which are common in the knee region and are often transient.
Such abnormalities must be distinguished from osteonecrosis,
which can lead to joint collapse and predispose to secondary
arthritis.
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Knee - Late effects

Introduction

Osteonecrosis is a frequent complication of treatment of
leukemia and lymphoma in children [1-5]. Osteonecrosis is
most frequently attributed to intensive glucocorticosteroid
(GCS) therapy, which is an essential component of
contemporary antineoplastic regimens [2]. Osteonecrosis
can cause acute bone pain, but the absence of initial pain
does not exclude long-term complications associated with
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articular surface collapse. Such complications cause chronic
pain and potentially require arthroplasty [6, 7]. Although
there is no universally accepted treatment to prevent
progression of osteonecrosis, several therapies, including
bisphosphonates and autologous stem cell therapy, show
promise [2, 8-10].

Several factors are predictive of the risk of osteonecrosis
in children with hematologic cancers: age 11 years or more
at the time of therapy, high doses of corticosteroids, and
pharmacogenetic parameters (e.g., the vitamin D receptor
FokI start-site CC genotype and the thymidylate synthase
low-activity 2/2 enhancer repeat genotype) [1, 11]. How-
ever, the diagnosis of osteonecrosis is based on imaging
findings. Therefore, radiologists must be able to distinguish
osteonecrosis from other signal abnormalities associated
with the knee in children with leukemia. This pictorial
essay illustrates the progression of osteonecrosis lesions
involving the knees, the relationship of early MR imaging
findings to radiologic outcome, and signal abnormalities
that can occur in patients at risk of osteonecrosis.

Diagnosis

Osteonecrosis is usually diagnosed on the basis of
characteristic MR imaging findings, which might be present
before any symptoms occur [12]. MR imaging allows the
earliest and most accurate diagnosis of osteonecrosis. These
lesions are well circumscribed and have a geographical
appearance (Figs. 1, 2, 3, 4 and 5). The most typical feature
of the early osteonecrosis lesion is the characteristic
interface between living and dead bone at the lesion’s
periphery that is readily visible without the use of a contrast
agent (Fig. 1); contrast material is therefore not routinely
used for diagnosis of osteonecrosis [13]. This interface
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Fig. 1 Early MR imaging ap-
pearance of osteonecrosis
lesions in the knees of a
14-year-old boy undergoing
therapy for ALL. a, b Coronal
T1-W (a) and STIR (b) images
show the barely noticeable out-
line of evolving osteonecrosis
lesions (arrows), correctly
defining the boundaries of signal
abnormalities. ¢, d Four months
later, the boundaries are more
typical in appearance on coronal
T1-W (c¢) and STIR (d) images
(arrows). This pattern of devel-
opment shows that areas of
necrosis might be large at the
outset rather than growing from
smaller necrotic lesions

appears as a thin, winding line that circumscribes and
clearly demarcates the zone of necrosis. This line has low
signal intensity on T1-weighted (T1-W) images and high
signal intensity on short T1 inversion recovery (STIR)
images. On T2-weighted images, both low-intensity (outer)
and high-intensity (inner) lines are visible, forming a
“double line sign.” As Mitchell et al. [14] described for

Fig. 2 Osteonecrosis of the dis-
tal femoral and proximal tibial
epiphyses in the right knee of a
15-year-old boy with ALL.

a Coronal T1-W image. b On a
STIR MR image, a subchondral
fracture (arrow) appears as a
high-signal-intensity line con-
sistent with fluid. ¢ A radio-
graphic image demonstrates
deformation and collapse of the
articular surface (arrow)

osteonecrosis of the femoral head, in early osteonecrosis the
inner zone of necrosis has the signal intensity of normal
fatty marrow. Later, especially after subchondral collapse,
which is a complication of progressive osteonecrosis near a
joint surface, the inner zone of necrosis might show low
signal intensity or might be inhomogeneous [13, 14].
Radiography or CT is the preferred method for diagnosis
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of subchondral fracture [15], an early sign of which is a
subchondral crescent-like lucency. MR imaging is less
sensitive (although very specific) for the diagnosis of early
subchondral fracture, which can appear as a high-signal-
intensity line that appears to represent accumulated fluid on
T2-weighted or STIR images (Fig. 2).

Fig. 3 Extensive subchondral
osteonecrosis of the epiphyses,
leading to collapse and defor-
mation of the articular surface in
the knees of a 13-year-old girl
undergoing therapy for ALL. a,
b Coronal T1-W (a) and STIR
(b) MR images show extensive
lesions of osteonecrosis bilater-
ally (arrows) in the diaphyses,
metaphyses, and epiphyses of
the distal femurs and proximal
tibias. In the femoral epiphyses,
the osteonecrosis lesions extend
subchondrally. This girl’s GCS
therapy was stopped after the
diagnosis of osteonecrosis. ¢, d
Six years later, coronal T1-W (c)
and STIR (d) MR images show
that the lesions have visibly
decreased in size. Deformation
of the articular surface with loss
of sphericity of the distal femo-
ral epiphyses, however, is evi-
dent bilaterally (arrows). e, f On
these anterior-posterior radio-
graphs of the right (e) and left
(f) knees, deformation of the
articular surface is seen
(arrows). These deformations
can predispose the patient to
arthritic complications

The evolution of radiographic findings in osteonecrosis
is as follows: in early MR-evident osteonecrosis, radio-
graphs are often normal. Later, areas of sclerosis and
lucency might appear, followed by the development of
subchondral collapse and fragmentation of the articular
surface.
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Fig. 4 Small non-subchondral
osteonecrosis lesion of the
epiphysis in the knees of a
6-year-old girl undergoing ther-
apy for ALL. a, b Coronal T1-W
(a) and STIR (b) MR images
show lesions of osteonecrosis
bilaterally in the diaphyses,
metaphyses, and epiphyses of
the distal femurs and proximal
tibias. None of the epiphyseal
lesions extends subchondrally.
The girl’s GCS treatment was
stopped after the lesions were
diagnosed. ¢, d Coronal T1-W
(¢) and STIR (d) MR images
obtained 2 years later demon-
strate considerable reduction in
the size of the lesions, without
residual deformity. The articular
surface of the knees appears
intact

Relationship between MR imaging presentation
and long-term outcome

Because it allows direct visualization of the osteonecrotic
lesion, including its size, location, and relationship to the
articular surface, MR imaging allows early, accurate
diagnosis of osteonecrosis and provides information that
can help to predict the long-term outcome [16—18]. The
long-term outcome of atraumatic osteonecrosis of the knee
is dependent on the location of the lesion. Subchondral
collapse is associated with lesions involving epiphyses,
especially when they abut a cartilaginous articular surface
(Fig. 3) [17, 18]. Lesions that do not extend to the articular
surface might heal without causing deformity to the surface
and thereby increasing the risk of long-term complications
(Fig. 4). Several investigators have reported that extensive

epiphyseal involvement is the most important MR imaging
predictor of subchondral collapse in atraumatic osteone-
crosis of the knee. Korholz et al. [17] reported that
osteonecrosis lesions 900 mm® or more in area are
associated with joint destruction and the need for joint
replacement in children with ALL. Sakai et al. [16] reported
that in steroid- or alcohol-related osteonecrosis of the
femoral condyle, lesions involving more than one-third of
the condyle on a mid-coronal slice or more than one of
three zones (anterior, middle, or posterior) on a mid-sagittal
slice predict collapse. Mont et al. [18] studied 148 knees
with osteonecrosis. Epiphyseal lesions with a combined
necrotic angle of 250° or more were associated with
decreased knee functionality and the need for arthroplasty.

When precise localization of an osteonecrotic lesion is
desired (e.g., for estimating prognosis or surgical planning),

Fig. 5 Imaging appearance of osteonecrosis versus localized bone
relapse of leukemia in an 1l-year-old girl. a, b Areas of localized
relapse (open arrows) are seen as regions of homogeneous, very low
signal intensity on T1-W images (a) and high signal intensity on STIR

(b) MR images of the knees, in contrast to coexisting lesions of
osteonecrosis (solid arrows). Bone relapse of pre-B-cell ALL was
confirmed by needle biopsy of the distal left femoral lesion. Cerebrospi-
nal fluid and bone marrow aspirates disclosed no evidence of leukemia
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Fig. 6 Punctate foci in the
knees of a 15-year-old boy with
ALL. a, b Multiple dot-like
signal abnormalities of low in-
tensity on coronal T1-W (a) and
high signal intensity on STIR
(b) MR images (arrows) are
visible. ¢, d These signal abnor-
malities were no longer visible
3 years later on coronal T1-W
(¢) and STIR (d) MR images of
the patient’s knees

Fig. 7 Bone marrow edema in
the metaphyses of bilateral
proximal femurs and distal tibias
of a 17-year-old boy with ALL.
a, b Coronal T1-W (a) and
STIR (b) MR images show bone
marrow edema (arrows). ¢, d On
coronal T1-W (c¢) and STIR (d)
MR images obtained 16 months
later, the isolated signal abnor-
malities consistent with bone
marrow edema are no longer
visible
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Fig. 8 Diffuse inhomogeneity
pattern coexisting with osteo-
necrosis in a 15-year-old girl
undergoing therapy for ALL,
after 15 months of continuous
complete remission. a, b Diffuse
inhomogeneity of the bone mar-
row signal is visible in bilateral
metaphyses of the distal femurs
and proximal tibias (open
arrows), showing low signal
intensity on coronal T1-W (a)
and high signal intensity on
STIR (b) MR images. Typical
lesions of osteonecrosis are seen
in the bilateral epiphyses of the
distal femurs, proximal tibias,
and left tibial diaphysis (solid
arrows). ¢, d After an additional
6 years of complete remission,
the bone marrow signal intensity
had returned to fat-like signal on
coronal T1-W (c¢) and STIR (d)
MR images. In contrast, lesions
of osteonecrosis persist (solid
arrows)

coronal, sagittal, and possibly axial planes can be used with
T1-W and STIR sequences [13, 18]. For screening purposes
T1-W and STIR sequences in the coronal plane alone might
be adequate. GCS-related osteonecrosis is characterized by
involvement of multiple sites. Therefore, it might be useful
to extend the MR imaging examination to include the
opposite knee or other weight-bearing joints to detect
involvement that could further compromise ambulation.

Differential diagnoses

MR signal abnormalities are common in the knee region of
children treated for ALL and can present a challenge for a
radiologist who is expected to provide a prognosis for these
abnormalities. Osteonecrosis should be differentiated from
bone marrow edema and other non-specific self-resolving
signal abnormalities that are unrelated to ALL. Localized
ALL recurrence in bone has a distinct appearance and if the
results of bone marrow aspirates are normal biopsy of the
lesion is warranted [19].

Localized relapse of ALL in bones of the extremities
after allogeneic stem cell transplantation can carry a poor
prognosis for survival and should not be confused with
osteonecrosis. Areas of leukemia relapse to bone are seen
as regions of homogeneous, very low signal intensity on

T1-W images and as regions of high signal intensity on
STIR MR images and they have well-defined margins
(Fig. 5).

Several authors have described patchy bone marrow
signal abnormalities in the knee region in children with
leukemia [4, 20-22]. Three frequently encountered types of
signal abnormality are “punctate foci” (Fig. 6), a bone
marrow edema pattern (Fig. 7), and a diffuse inhomogene-
ity pattern (Fig. 8). These nonspecific signal changes are
often transient.

Punctate foci of abnormal signal (diameter 1-3 mm;
Fig. 6) are nonspecific marrow abnormalities commonly
encountered in children with leukemia as multiple signal
abnormalities of similar size and appearance on MR
imaging of the knees. Punctate foci are smaller than
osteonecrosis lesions and lack a discernible interior area
of fat-like intensity [20, 22, 23].

Bone marrow edema (Fig. 7) is a painful condition
described as a predecessor and/or companion of early
osteonecrosis lesions [24] or a sequela of subchondral
fracture caused by more advanced osteonecrosis [25, 26]. It
can also accompany epiphyseal stress fracture or infection
or occur independently as transient bone marrow edema
syndrome [27]. MR imaging characteristics include low
signal intensity on T1-W images and very high signal
intensity on STIR coronal MR images (Fig. 7). Unlike
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osteonecrosis lesions with their sharply defined borders,
bone marrow edema appears as a gradual transition
between normal and abnormal areas. Isolated bone marrow
edema is usually transient; when the condition is secondary,
prognosis depends on the underlying disorder.

The diffuse inhomogeneity pattern lacks the sharply
circumscribed outline and the inner zone of fat-like signal
intensity seen in osteonecrosis lesions (Fig. 8). This pattern
is nonspecific and has been observed in the knees of ALL
patients in complete remission as well as in patients with
bone marrow relapse [20].

Conclusion

Osteonecrosis of the knee is a frequent complication of
treatment of acute leukemia in children and can lead to joint
collapse and predispose to secondary arthritis. MR imaging
provides early, accurate diagnosis of osteonecrosis of the
knee and helps to predict outcome by precisely character-
izing lesion size and location. Non-osteonecrosis signal
abnormalities are common in the knee region in children
with ALL and must be distinguished from osteonecrosis
because of their different prognostic significance.
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