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LEARNING OBJECTIVES

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

m Describe the normal development of
the epiphysis and recognize normal vari-
ants at MR imaging.

m Discuss the role of MR imaging in
assessment of congenital and develop-
mental conditions that affect unossified
epiphyses.

m Identify and describe common patho-
logic conditions that affect the epiphysis,
including fractures, infection, trauma,
and avascular necrosis.

See www.rsna.orgleducation/search/RG.
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During infancy and childhood, multiple developmental changes
occur in the epiphysis. Initially the epiphysis is composed entirely of
hyaline cartilage. As skeletal maturation progresses, one or several
secondary ossification centers (SOCs) develop within the epiphy-
seal cartilage. The SOCs enlarge by endochondral ossification and
undergo marrow transformation in a process analogous to that

of the primary physis and metaphysis. Magnetic resonance (MR)
imaging can be used to evaluate vascularity, marrow, and cartilage
and plays a critical role in the assessment of epiphyseal disorders in
children. In cases of shoulder and hip dysplasia, MR imaging dem-
onstrates unossified structures and helps guide treatment. In cases
of trauma, the intracartilaginous pathway of fractures, the degree

of physeal involvement, and early bridge formation can be assessed.
With the use of intravenous gadolinium-based contrast material,
avascular necrosis and reperfusion can be characterized. This article
reviews the normal structure of the epiphysis, its appearance at MR
imaging, and age-related changes to the epiphysis. Common condi-
tions that lead to epiphyseal damage in children are reviewed, with
an emphasis on the role of MR imaging in diagnosis, prognosis,
and treatment.
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Introduction
Epiphyseal disorders are an important source of morbidity in chil-
dren. During infancy and childhood, the skeleton grows rapidly
and is very vulnerable. Injury to the developing epiphyseal cartilage
and secondary ossification center (SOC) can lead to early joint de-
generation and lifelong sequelae. The chondro-osseous transitions
at the epiphyses constitute weak links that often are injured during
periods of active growth such as puberty and adolescence. Magnetic
resonance (MR) imaging plays a crucial role in the assessment of
epiphyseal disorders by demonstrating cartilaginous and osseous
structures in great detail without the use of ionizing radiation. With
the aid of intravenous gadolinium-based contrast material and new
sequences such as diffusion-weighted imaging, MR imaging can be
used to provide further insights into tissue perfusion, composition,
and microstructure.

The epiphysis develops as a mass of hyaline cartilage at the ar-
ticulating end of a bone. As skeletal maturation progresses, one or
several SOCs develop within the epiphyseal cartilage. MR imaging
can demonstrate developmental changes in the epiphysis, such as
ossification and marrow transformation, that should not be confused
with disease (1). The types of pathologic conditions that affect the
epiphysis are determined in part by the degree of skeletal matura-
tion. Changes in vascularity, marrow, and cartilage influence the
manifestation of epiphyseal abnormalities, which include develop-
mental disorders, infection, avascular necrosis, and tumors.

~
m
=
2
2
(]
S
>
e
Z
a




RadioGraphics

450 March-April 2014

radiographics.rsna.org

Figure 1. Normal histologic appearance of
the epiphysis in the phalanx of a child. Pho-
tomicrograph (original magnification, X40;
hematoxylin-eosin stain) shows the epiphyseal
cartilage (Ec), which contains numerous
chondrocytes in an amorphous matrix. Ves-
sels (V) are seen as they course through the
cartilage. Columns of chondrocytes seen in
the physis (Ph) are continuous with the me-

taphyseal spongiosa (Ms).

This article reviews the normal structure of the
epiphysis, its MR imaging appearance, and age-
related structural changes. Common conditions
that lead to epiphyseal damage in children are re-
viewed, with emphasis on the role of MR imaging
in diagnosis, prognosis, and treatment.

Normal Epiphysis

Structure and Histology
At birth, the immature epiphysis contains three
types of hyaline cartilage: articular, epiphyseal,
and physeal (2). The epiphyseal cartilage is lo-
cated in the core of the epiphysis and is more
abundant during the fetal and neonatal periods.
It contains numerous chondrocytes scattered in
a matrix rich in collagen (types II, IX, X, and
XI), glycosaminoglycans (GAGs), and other
noncollagenous proteins (2). The matrix also
contains abundant water that is tightly bound
to the proteins (2). Vessels course through a
series of specialized vascular canals (Fig 1) (3).
The cartilage in the center of the epiphysis un-
dergoes changes before epiphyseal ossification.
Vascular canals coalesce into a discrete network
and release metalloproteinases (gelatinase B and
collagenase-3) that result in the breakdown of
the cartilaginous matrix (4). The chondrocytes
also undergo hypertrophic changes before os-
sification. The cellular and matrix changes form
what has been termed the pre-ossification center,
which becomes mineralized to form the SOC.
The ossification center is originally spherical but
becomes hemispherical as it comes into closer
contact with the metaphysis.

The articular cartilage is located in the outer-
most layer of the epiphysis and persists even after
skeletal maturity. Its matrix contains aggrecan,

type II collagen, and up to 70% water by volume
(5). In contrast to the epiphyseal cartilage, the
articular cartilage is completely avascular and
contains very few cells (less than 2% by volume).
Electron microscopy has been used to describe
five zones in the articular cartilage (listed from
outer to inner): the lamina splendens and the
superficial, transitional, radial, and calcified lay-
ers. In the outer layers, collagen has a tangential
arrangement that parallels the articular surface,
whereas in the inner layers, it assumes a radial
orientation (6).

The third type of hyaline cartilage is physeal
cartilage, which is highly cellular (up to 75% by
volume) (7). This subspecialized type of hyaline
cartilage is responsible for the synthesis of new
bone from cartilage, a process known as endo-
chondral ossification. The primary physis is a thin
disk located between the epiphyseal cartilage and
metaphysis that is responsible for longitudinal
bone growth (8). Chondrocytes in the physis are
arranged in distinct columns parallel to the long
axis of the bone. The chondrocytes originate
in the germinal layer, which is located on the
epiphyseal aspect of the physis. As they advance
toward the metaphysis, the chondrocytes prolifer-
ate, hypertrophy, and finally undergo apoptosis
as mineralization of the matrix occurs in the
zone of provisional calcification (ZPC) (2).The
SOC also enlarges by endochondral ossification
from a spherical or secondary physis analogous
to the primary physis (2). The germinal layer of
the secondary physis is in the external aspect of
the developing SOC, and the columns are ar-
ranged radially. As in the development of the
SOC, the secondary physis is initially spherical
but becomes hemispherical as it attenuates in the
area adjacent to the physis and metaphysis. The
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a, b.
Figure 2. Normal enhancement of the epiphyseal vessels. (a) Coronal postcontrast T'1-weighted MR
image of the hip in a 2-month-old girl shows parallel vessels with no SOC (arrow). (b) Axial postcontrast
MR subtraction image of the hip in a 6-month-old boy demonstrates a radial arrangement of vessels (ar-
row) and a central enhancing SOC.

newly synthesized bone is at the periphery of the
SOC and hence is analogous to the juxtaphyseal
metaphysis.

Vascularity

Two separate vascular beds in the metaphysis
and epiphysis are responsible for perfusion of the
ends of the bone. The metaphysis has a rich vas-
cular supply derived from the nutrient and me-
taphyseal arteries (8). The metaphyseal vessels
reach the spongiosa and loop before the ZPC
(8). The main function of these vessels is to trig-
ger apoptosis of the chondrocytes in the lower
hypertrophic zone and deliver the substrates nec-
essary for mineralization. Disruption of the me-
taphyseal vascular supply results in the extension
of unmineralized cartilage into the metaphysis
(9). The abundant vascularity and slow flow in
the capillary bed renders metaphyses vulnerable
to blood-borne diseases such as infection and
metastasis (3,10).

In the epiphysis, the vessels do not form a
capillary bed but instead course through a series
of canals in the cartilage that contain arterioles,
venules, sinusoidal capillaries, loose connective
tissue, and undifferentiated mesenchymal cells
(3). These canals are responsible for nutrition
and removal of waste products from the epiphy-
seal and physeal cartilage and the SOC. Cartilage
canals also play a critical role in the development
of the SOC by triggering breakdown of the carti-
laginous matrix, providing substrates for miner-
alization, and facilitating invasion of osteogenic
precursors (4). Initially the canals are nonanas-
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tomosing and parallel, but after the development
of the SOC, the canals in the cartilage become
oriented radially around the center (Fig 2) (1,3).
Perfusion to the epiphysis is scanty and fragile,
which predisposes young patients to avascular
necrosis (11).

During infancy, normal transphyseal vessels
serve as anastomoses between the epiphyseal and
metaphyseal vascular beds. Fenestrations on the
physis increase the epiphyseal vascular supply but
allow pathologic conditions such as infection to
spread. Transphyseal anastomoses decrease with
age and completely disappear at approximately
18 months of age (10).

MR Imaging

The signal intensity characteristics of cartilage
at conventional MR imaging reflect mainly the
amount of water within the matrix and cells and
its degree of binding to macromolecules. OnT1-
weighted MR images, all hyaline cartilage has
intermediate signal intensity, and the ZPC dem-
onstrates very low signal intensity (Fig 3). On
high-spatial-resolution fluid-sensitive MR images
such as T2-weighted and short inversion time
inversion-recovery (STIR) images, articular car-
tilage shows high signal intensity and epiphyseal
cartilage shows very low signal intensity because

of the strong binding of water to macromolecules.

On these images, the primary physis demon-
strates a trilaminar appearance, with high signal
intensity in the resting and hypertrophic zones,
low signal intensity in the ZPC, and high signal
intensity in the metaphyseal spongiosa (Fig 4)
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Point
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Figure 3. Normal cartilage in the knee of a
4-year-old boy. (a) Coronal T1-weighted MR
image shows intermediate signal intensity in
the epiphyseal cartilage (). The ZPC has low
signal intensity (arrow), and the periphery of
the SOC contains hematopoietic marrow (ar-
rowhead) (b) Sagittal intermediate-weighted
MR image shows intermediate signal intensity
in the epiphyseal cartilage (x) and high signal
intensity in the physis (arrowhead). (c) Sagittal
gradient-recalled echo (GRE) MR image shows
high signal intensity in all forms of cartilage
and very low signal intensity in the bone.

Figure 4. Zonal distinction of the epiphysis
and physis. On a sagittal fat-saturated T2-
weighted MR image of the knee in a 7-year-old
boy, the primary physis (bracket) demonstrates
a trilaminar appearance (high-low-high signal
intensity) at the physis, ZPC, and metaphyseal
spongiosa more superiorly. The SOC is sur-
rounded by the secondary physis (arrow).

radiographics.rsna.org

(2). The secondary physis demonstrates similar
signal intensity characteristics (2). On GRE MR
images, all cartilage demonstrates high signal in-
tensity, while bone demonstrates very low signal
intensity because of increased susceptibility from
mineralized trabeculae (12).

MR imaging provides valuable insight into the
different stages of ossification. Before the appear-
ance of the SOC, the increase in free water and
increased cellular volume lead to T2 prolongation
that can be appreciated as high-signal-intensity
foci on T2-weighted images (13). At MR imag-
ing, preossification changes have been identified
in the trochlea of the humerus and in the poste-
rior femoral condyles (Fig 5) (13,14). However,
these changes are ubiquitous at other sites with

active endochondral ossification. In children aged
6-8 years, normal ossification of the femoral
condyles can have a misleading appearance at
imaging and may resemble juvenile osteochondri-
tis dissecans (JOCD). Irregular, spiculated, and
fragmented ossification has been described and
has no pathologic significance. Normal variants
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a. b.
Figure 6. Variants of ossification in a 4-year-old boy with knee pain and suspected JOCD. (a) Sag-
ittal intermediate-weighted MR image shows fragmentation of the SOC (arrow). This change does
not involve the weight-bearing portion, and the adjacent cartilage appears normal. (b) Sagittal
T2-weighted MR image shows normal bone marrow signal intensity without edema.

of ossification affect the non—-weight-bearing por-
tion of the condyles and are not associated with
marrow edema (Fig 6) (14).

After the development of the SOC, the med-
ullary cavity contains hematopoietic marrow
and demonstrates low signal intensity on T'1-
weighted images and high signal intensity on
water-sensitive images (1). Within 6 months of
its development, the marrow in the SOC un-
dergoes fatty transformation and demonstrates
high signal intensity on T 1-weighted images.
This process occurs first in the distal epiphysis
and then in the proximal epiphysis (1). In each
individual epiphysis, transformation starts in the
core of the SOC and progresses toward the pe-
riphery, where active endochondral ossification
is taking place (Fig 3a) (15). Conversion of mar-
row follows an analogous pattern in the shaft of
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Figure 5. Normal appearance of the distal
humeral preossification center in the elbow
of a 6-year-old girl. Coronal GRE MR image
shows a high-signal-intensity focus in the car-
tilage of the trochlea that corresponds to the
preossification center (arrow).

the bone, starting at the diaphysis (farthest from
the physis) and advancing toward the metaphy-
sis (1). However, this process is more gradual
and occurs over several years.

Persistent hematopoietic marrow seen in the
epiphysis at MR imaging can be misleading. A
hypointense rim seen at the periphery of the SOC
on T1-weighted images is normal and results from
the centrifugal direction of marrow transformation
(15). At times, there are patchy or hemispheric foci
of hematopoietic marrow in young children that
can persistent even after physeal closure. These
foci are especially common in the proximal hu-
merus and femur and are analogous to the flame-
shaped areas seen in the metaphysis of young
children (1,16). Persistent hematopoietic marrow
in the epiphysis has no pathologic significance.
Patchy foci of residual hematopoietic marrow
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Figure 7. Residual hematopoietic marrow. (a) Sagittal fat-suppressed T2-weighted MR image of the
foot in a 9-year-old girl shows scattered foci of high signal intensity in the tarsal bones. These foci cor-
respond to persistent red marrow and can be seen in healthy children. (b) Coronal T'1-weighted MR im-
age of the shoulder in a 16-year-old male adolescent shows low signal intensity in the peripheral aspect
of the humeral head (arrow). The signal intensity is similar to that of the red marrow in the proximal

humeral metaphysis ().

also can be seen in the tarsal and carpal bones of
asymptomatic children and decrease in frequency
with age (17).These foci demonstrate high signal
intensity on T2-weighted images and are often
seen bilaterally, predominantly in endosteal re-
gions. The signal intensity of persistent hematopoi-
etic marrow on T'1-weighted images should always
be higher than that of muscle because hemato-
poietic marrow contains approximately 40% fat
(Fig 7) (1,12). Marrow that demonstrates signal
intensity lower than that of muscle on T'1-weighted
images is always abnormal.

Contrast-enhanced MR Imaging

At MR imaging, gadolinium-based contrast
agents will demonstrate the perfusion of differ-
ent epiphyseal structures. After intravenous con-
trast agent administration, a band with early and
brisk enhancement in the juxtaphyseal metaphy-
sis likely corresponds to the metaphyseal spon-
giosa (1). Hematopoietic marrow is more richly
vascularized than fatty marrow (15); hence, the
metaphysis of young children enhances avidly.
The SOC also enhances, although to a lesser
extent. The physis shows a subtle enhancement
that is more obvious in younger individuals. On
postcontrast images, thin linear structures that
correspond to the cartilage canals can be ap-
preciated as they course through the low-signal-
intensity epiphyseal cartilage (3). The cambial
layer of the periosteum is richly vascularized and
also has discrete enhancement. Pixel-by-pixel
MR subtraction images (contrast-enhanced

signal intensity — unenhanced signal intensity)
can be obtained. Regions that are intrinsically
hyperintense on T'1-weighted images will have
high signal intensity on pre- and postcontrast-
enhanced images but not on subtraction images.
Areas of high signal intensity on subtraction
images represent enhancement. Subtraction im-
ages can better demonstrate subtle changes in
enhancement and can make perfusion abnor-
malities more conspicuous (Fig 8). In summary,
contrast-enhanced MR imaging allows evalu-
ation of the microvascular physiology of tis-
sues because enhancement seen on early phase
contrast-enhanced images reflects perfusion and
vascularity.

A technique called delayed gadolinium-
enhanced MR imaging of cartilage (dGEMRIC)
can be used to evaluate the molecular composi-
tion of the articular cartilage matrix (18). The
use of this technique has only been validated in
articular cartilage; in the cartilage of the epiphy-
sis and physis, vascular and cellular components
interfere with GAG evaluation. GAGs and gado-
pentetate dimeglumine (Gd-DTPA?) are nega-
tively charged at physiologic pH. Consequently,
the distribution of Gd-DTPA?* will be inverse to
that of GAGs. AT1 map obtained 1 hour after
contrast agent administration will demonstrate
T1 shortening in GAG-depleted regions, a find-
ing that represents early degenerative changes
(18). In cases of developmental dysplasia of the
hip and other childhood conditions, dGEMRIC
has been used to evaluate cartilage degeneration.
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Figure 8. Normal findings on MR images of

the shoulder in a 5-year-old boy with shoulder
pain. (a) Sagittal fat-saturated T'1-weighted
MR image demonstrates low signal intensity
in the epiphysis, a finding compatible with
normal fat saturation. (b) Sagittal postcontrast
T1-weighted MR image shows normal en-
hancement of the ossified epiphysis, with de-
piction of the epiphyseal vessels in the epiphy-
seal cartilage, physis, and vascular periosteum.
(c) Sagittal MR subtraction image confirms
enhancement in the osseous epiphysis and
clearly depicts the normal epiphyseal vessels in
the epiphyseal cartilage. Marrow enhancement
is also seen.

455

Teaching
Point

Metaphyseal-like Physiology

The outermost region of the SOC is richly vas-
cularized, contains hematopoietic marrow, and
is a site of endochondral ossification. Physiologi-
cally, this region is equivalent to a metaphysis
and responds similarly to insults. For example,
the hypervascular area at the periphery of the
SOC is vulnerable to blood-borne diseases

and can be affected by infection. Reconversion
from fatty to hematopoietic marrow, such as
that observed with colony-stimulating factors
and anemias, usually follows the reverse order
of normal transformation. Hence, reconver-
sion in the epiphysis starts in the periphery and
advances toward the center. At imaging, Harris-
Park growth recovery lines can be observed in
the epiphysis after a systemic insult has affected
the rate of growth. In the SOC, the Harris-Park
lines are circular instead of longitudinal because
of the spherical shape of the secondary physis
(Fig 9).

Pathologic Conditions
Developmental

Developmental Dysplasia of the Hip.—Devel-
opmental dysplasia of the hip (DDH) describes

a condition in which the femoral epiphysis has

an abnormal relationship to the acetabulum. The
development of the femoral head and acetabulum
are intimately related, and appropriate matura-
tion of the hip depends on a stable, well-located
femoral epiphysis (19). The incidence of DDH
has been reported as 1.5-20 per 1000 births
(20).The cause is uncertain but is considered
multifactorial because a combination of ana-
tomic and hormonal influences can alter normal
hip development. Mechanical conditions such

as oligohydramnios, breech positioning, neuro-
muscular disorders, and postnatal swaddling in
adduction with the hips extended contribute to
DDH. A family history of a parent or sibling with
DDH is another risk factor that warrants screen-
ing ultrasonography (US) (19). The prevalence
of DDH is nine times higher in girls because they
are more susceptible to the maternal hormones
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Figure 9. Metaphyseal-like phenomena in the periphery of the SOC. (a) Sagittal T1-weighted
MR image of the knee in a 13-year-old male adolescent with sickle cell disease shows reconver-
sion of the red marrow (arrow) in the periphery of the SOC. Reconversion occurs in the reverse
order of normal marrow transformation. The metaphyses of the tibia and femur also contain
hematopoietic marrow. (b) Sagittal T'1-weighted MR image demonstrates Harris-Park growth
recovery lines in the epiphysis (arrow) and metaphysis (arrowheads) in an 11-year-old girl after
fracture of the fibula (not shown). (c¢) Sagittal T2-weighted MR image of the knee in a 9-year-
old boy shows an abscess (primary epiphyseal osteomyelitis) that originates in the periphery of
the SOC and extends into the cartilage (arrow). The periphery of the SOC has metaphyseal-like
vascularity and is prone to blood-borne disease.

that contribute to ligamentous laxity. The left

hip is involved three times more often than the
right hip, likely because of in utero positioning.
Clinical detection of DDH usually occurs in the
early neonatal period because of the widespread
adoption of physical examination of the hips. The
earlier that a hip abnormality is detected and
treated, the better the prognosis will be (19).

In infants younger than 6 months, US is the
modality of choice for evaluating the hip because
the femoral head is predominately cartilaginous.
In older infants and young children, conventional
radiography plays a major imaging role. Infants
whose condition does not respond to simple har-
ness treatment or who are older than 3—-6 months
at initial diagnosis often require open or closed
hip reduction with spica cast immobilization
(21). In these cases, MR imaging is an invaluable
method for evaluating whether the hip remains
reduced after placement of the spica cast. MR
imaging also depicts obstacles to reduction, in-
cluding femoral head and acetabular incongru-
ency, labral interposition, capsular invagination
by the iliopsoas tendon, fibrofatty pulvinar, and
hypertrophy of the ligamentum teres of the trans-
verse acetabular ligament.

Treatment of severe DDH involves im-
mobilization of the hip in abduction to allow
the reduced stable femoral head to continue

remodeling the acetabulum. Unfortunately,
maintaining the femoral head in significant
permanent abduction with a spica cast leads to
avascular necrosis in more than 20% of cases,
and this complication is usually detected after
it results in osseous deformity. Because treat-
ment is often performed before the appearance
of the proximal femoral ossification center, gad-
olinium-enhanced MR imaging can be used to
detect abnormal blood flow to the cartilaginous
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Figure 10. Developmental dysplasia of the left hip in a 1-year-old girl. Images were obtained immediately after closed
hip reduction with spica cast placement. (a) Axial postcontrast fat-saturated T 1-weighted MR image shows a small
left femoral head with reduced enhancement (arrow) compared to that of the normal contralateral hip. (b) Axial MR
subtraction image better demonstrates the asymmetry in perfusion, with absent enhancement of the left femoral head

(arrow) and normal enhancement of the right femoral head.

proximal femoral epiphysis immediately after a
closed reduction. When DDH is unilateral, the
unaffected hip can serve as a control for normal
perfusion at imaging evaluation. A normal pat-
tern of enhancement at imaging demonstrates
the vascular canals of the epiphyseal cartilage
and primary spongiosa of the metaphysis (3,22).
A patchy pattern of enhancement appears not to
have a predictive value for subsequent osteone-
crosis. However, a global significant decrease in
or total absence of enhancement of the femoral
epiphysis is associated with a 10-fold increase in
the odds of developing avascular necrosis (Fig
10) (23). MR imaging is optimally performed
within 6 hours of surgery to allow manipulation
of the cast, if necessary.

Shoulder Dysplasia.—Developmental shoulder
dysplasia is most commonly caused by brachial
plexus palsy due to a traction injury to the nerve
roots of the brachial plexus (C5-T1) during
delivery. The incidence of this condition has
been reported as 1-1.5 per 1000 live births (24).
Predisposing factors include shoulder dystocia,
breech presentation, instrumental delivery, and
fetal macrosomia. The clinical diagnosis is made
by observing arm weakness within a brachial
plexus distribution at birth (24).

Most infants recover within the first 3 months
of life and improve to nearly normal function, but
approximately one-third of patients are left with
residual dysfunction. The most common deficit
involves weakness of the external rotators of the
shoulder (the infraspinatus and teres minor mus-
cles), which are innervated by the supraspinatus
and axillary nerves (C5-C6 nerve roots). Pro-
longed weakness of the external rotator muscles
leads to an internal rotation shoulder contracture;
periarticular capsuloligamentous tightness; and,

over time, a hypoplastic, posteriorly displaced hu-
meral head (25). If it is untreated, brachial plexus
palsy may result in shoulder dislocation and a
fixed articular deformity of both the glenoid and
humeral heads, with subsequent overgrowth of
the coracoid (26).

The glenohumeral joint does not completely
ossify until puberty. Thus, MR imaging is the
preferred method to evaluate the largely carti-
laginous humeral head and glenoid in children
younger than 5 years. Evaluation with computed
tomography may be useful in older children
(27). Imaging should include both shoulders
to allow comparison with the normal shoulder.
High-resolution GRE MR imaging sequences
best demonstrate the high-signal-intensity
hyaline cartilage of the humeral epiphyses and
glenoid fossae as well as the low-signal-intensity
labrum in young infants (25,27). Axial and
oblique coronal MR images of the shoulder
depict the degree of incongruity of the glenohu-
meral joint, shape of the humeral head, and ex-
tent of glenoid hypoplasia. In addition, glenoid
version can be readily measured at MR imaging
(27). Advanced shoulder dysplasia manifests as
a poorly developed posterior glenoid cavity and
labrum, with posterior displacement of the hu-
meral head (Fig 11). Severely affected children
will also demonstrate thinning of the superior
aspect of the glenoid cartilage and atrophy of
the shoulder girdle muscles (27).

Treatment options depend on the patient’s
age at diagnosis, the extent of glenohumeral dys-
plasia, and the reducibility of the subluxation or
dislocation (if present). Appropriate intervention
is aimed at achieving full passive range of motion,
maintaining a stable glenohumeral articulation,
and facilitating muscle rebalancing to enhance
glenoid remodeling (26).
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Figure 11. Shoulder dysplasia in a 19-month-old boy with left brachial plexus palsy. (a) Axial
GRE MR image of the normal right shoulder shows a well-formed proximal humeral epiphysis
with two partially ossified SOCs. There is a normal glenohumeral relationship with a well-formed
glenoid (arrow). (b) Axial GRE MR image of the left shoulder demonstrates posterior-inferior
subluxation of the humeral head, with glenoid hypoplasia (arrow) and a deficient labrum seen
posteriorly. The humeral head is small, with delayed maturation of the SOCs.

Blount Disease.—Blount disease, a develop-
mental abnormality of endochondral ossifica-
tion in the medial proximal tibial physis, causes
maldevelopment of the proximal tibial epiphysis
and varus and procurvatum deformity of the
tibia. Blount disease can ultimately lead to gait
deviations, limb-length discrepancy, and pre-
mature arthritis (28). Early-onset, or infantile,
Blount disease develops before the age of 4 years,
whereas late-onset disease is characterized as
juvenile (4-10 years of age) or adolescent (after
10 years of age). Bilateral involvement is com-
mon and more typically affects obese children

of African American or Scandinavian descent.
Because of the significant association of elevated
body-mass index with the need for surgical inter-
vention, biomechanics is thought to play a role in
morbidity (29).

Anteroposterior radiographs of the knees
obtained with the patient in a standing weight-
bearing position are used for initial evaluation
for Blount disease, and MR imaging is reserved
for advanced cases or patients for whom surgery
is planned. Early in the disease process, the me-
dial proximal tibial physis becomes widened be-

cause of disruption to endochondral ossification.

This is followed by delayed ossification of the
medial tibial epiphysis and secondary sloping of
the medial physis. The medial meniscus often
becomes enlarged and demonstrates increased
signal intensity on MR images (Fig 12) (30). In
patients with significant physeal injury, a bony
bridge may form.

Dysplasia Epiphysealis Hemimelica.—Dysplasia
epiphysealis hemimelica (DEH), also known as
Trevor disease, is a rare developmental disor-

der characterized by a lobulated osteochondral
overgrowth in the developing epiphysis (31). The
asymmetric growth usually is confined to either
the medial or lateral aspect of the affected epiph-
ysis. Histologic examination demonstrates a mass
protruding from the epiphysis, with a cartilagi-
nous cap reminiscent of that seen in osteochon-
dromas. The bone and cartilage in the lobulation
are disorganized and contain multiple areas of
endochondral ossification (31). The prevalence of
DEH is three times higher in boys than in girls,
and DEH most often affects the lower extremities
and the medial aspect of the joints (32).

DEH can manifest in three clinical forms: local-
ized DEH, which affects only one epiphysis; clas-
sic DEH, which affects more than one epiphysis
in a limb; and generalized or severe DEH, which
affects all epiphyses in a limb (33). DEH usually
manifests during childhood as pain in the affected
joints or a palpable mass. With disease progression,
growth arrest due to physeal involvement and an-
gular deformity caused by overgrowth can develop
(31). Because DEH has no malignant potential,
treatment is aimed at reducing pain and address-
ing deformities that affect mechanical function.
Simple surgical excision yields positive results and
can help prevent joint degeneration.

MR imaging is used to diagnose DEH, show
the extent of epiphyseal involvement, and evalu-
ate the articular cartilage. Abnormal cartilage
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Figure 12. Blount disease in a 4-year-old girl. Coronal GRE (a) and coronal T'1-weighted (b)

MR images show down-sloping of the medial aspect of the tibial physis (arrow) and abnormal high
signal intensity in the epiphyseal cartilage (arrowhead in a). The medial meniscus is enlarged, and
the physis is interrupted medially. Varus angulation of the tibia is also seen.

has intermediate signal intensity on T'1-weighted
images and high signal intensity on T2-weighted
images. As the lesion matures and calcifies, low-
signal-intensity foci are seen on images obtained
at all pulse sequences, and a cartilaginous cap
with high signal intensity on T2-weighted im-
ages becomes more conspicuous. Eventually the
mass ossifies and fuses with the SOC. The signal
intensity of mature lesions usually resembles that
of normal marrow (Fig 13). High signal intensity
secondary to mechanical stress can be appreci-
ated in the affected epiphysis, articulating bones,
and surrounding soft tissues (32).

Kohler Disease.—Kohler disease is a rare osteo-
chondrosis or apophysitis of the tarsal navicular
bone with a poorly understood etiology (34). It

Figure 13. Trevor disease in an 8-year-old
boy with knee pain. Coronal T'1-weighted
MR image of the left knee shows a normal
lateral condyle (arrowhead). The medial con-
dyle shows abnormal overgrowth of the SOC
(white arrow). Fragmentation of the tibial
SOC is also seen (black arrow).

occurs in children aged 3-10 years and is three
times more common in boys. Kohler disease is
usually unilateral and resolves spontaneously.
Diagnosis at radiography is challenging because
both the normal navicular and the navicular in
Kohler disease can appear fragmented, irregular,
and sclerotic (35). MR imaging can help distin-
guish Kohler disease from normal variations of
the navicular by demonstrating inflammation.
The navicular will demonstrate low signal inten-
sity on T'1-weighted images, high signal intensity
on water-sensitive images (36), and a lack of
gadolinium contrast enhancement (Fig 14). In
symptomatic children, treatment with rest and
sometimes a short-leg cast usually leads to reso-
lution without sequelae (34).

Trauma

Acute Trauma to the Physis.—Physeal fractures
are an important cause of morbidity before skel-
etal maturity. In children, 15%-30% of fractures
affect the physis, and 15% of these result in
growth disturbance (37). Abnormal growth can
result from direct damage to the physis or the
formation of a physeal bony bridge that tethers
growth. Bridges develop because of abnormal
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Figure 14. Kohler disease in a 7-year-old boy with a limp. (a) Sagittal T1-weighted MR image of the
foot shows a small low-signal-intensity ossification center in the navicular (arrow) (b) Sagittal postcontrast
T1-weighted MR image demonstrates absence of enhancement in the navicular (arrow) and edema in the

surrounding soft tissues (arrowhead).

Figure 15. Diagram illustrates the Salter-Har-

ris classification of physeal fractures. Dashed
red lines show the pathway of the fracture. In
the Salter-Harris type V fracture, arrows rep-
resent compressional forces.

communication between the epiphyseal and me-
taphyseal vessels. Physeal Salter-Harris fractures
(Fig 15) are divided into two categories on the
basis of the involved physeal regions: (@) horizon-
tal fractures without involvement of the germinal
or proliferative zone of the physis and (4) longi-
tudinal fractures that extend through all zones of
the physis into the epiphysis. Horizontal fractures
(Salter-Harris types I and II) result in bridge
formation in 25% of cases, whereas longitudinal
fractures (Salter-Harris types III and IV) result
in bridge formation in 75% of cases. The specific
physis affected by the fracture, however, is the
main determinant of the subsequent risk of growth
arrest. For example, fractures of the distal femur
and proximal tibia, although uncommon (1.4%
and 0.8% of all physeal fractures, respectively),
result in 35% and 16% of bony bridge formations,
respectively. In contrast, injuries that involve the
most common locations of physeal fractures, the
phalanges (37.4%) and distal radius (17.9%), sel-
dom result in growth arrest (8,38).

MR images clearly depict the linear course of
a fracture. In the bone, a fracture usually is sur-
rounded by substantial marrow edema, which
has high signal intensity on water-sensitive MR
images and low signal intensity on T'1-weighted
images. As the fracture violates the physis, the
normal trilaminar appearance on water-sensitive

Typel

MR images is lost. In the epiphyseal cartilage,
the fracture line is best demonstrated on T2-
weighted and proton-density-weighted MR
images (39) (Fig 16). The use of a gadolinium-
based contrast agent is not necessary.

MR imaging also allows early detection of a
physeal bridge. Focal loss of the normal signal
intensity of the physis is an early indication of a
developing bridge (8). This change is particularly
conspicuous on high-resolution GRE MR im-
ages, which depict the physis with high signal in-
tensity and the developing bony bridge with very
low signal intensity (12). Most bridges occur in
areas of physeal undulation, such as the center of
the distal femoral physis and the medial aspect of
the distal tibial physis (the Kump bump) (Fig 17)
(8). Areas of normal physeal undulation should
not be mistaken for a bridge. Factors associated
with a worse prognosis include fracture severity
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Figure 16. Lateral condylar fracture
in the elbow of a 5-year-old boy. Coro-
nal fat-suppressed T2-weighted MR
image shows a fracture affecting the
distal humeral physis and metaphysis
that extends into the cartilaginous
epiphysis (Salter-Harris IV) (arrow). A
small joint effusion and adjacent soft-
tissue edema are also seen.

Figure 17. Salter-Harris III fracture sequelae in the distal tibia of a 13-year-old male adoles-
cent. Coronal intermediate-weighted (a) and sagittal GRE (b) MR images of the ankle show

loss of continuity of the physis in the anteromedial region of the distal tibia with a bony bridge
(arrow in a and b).

(ie, comminution or displacement), younger age,
growth potential of the involved physis, and size
of the bony bridge. If a bony bridge develops,
three-dimensional reconstructions obtained from
isotropic GRE MR imaging sequences can be
used to map the bridge, determine the percent-
age of surface area affected, and guide treatment
(8). Small bridges may resolve spontaneously,
whereas larger ones may require surgical resec-
tion. Although no definitive treatment guidelines
exist, children with an established or developing
deformity who have 2 years or 2 cm of remaining
growth should be considered as candidates for
bridge resection (40).

Chronic Physeal Trauma.—Repetitive trauma,
such as that sustained by elite adolescent ath-
letes, may result in chronic damage to the physes.
Chronic stress to the physis disrupts the me-
taphyseal vessels, interferes with endochondral
ossification, and results in physeal chondrocytes
remaining in the metaphysis (41). Sports-related
activities can affect certain joints. Physeal knee
injuries occur in soccer, tennis, and football play-
ers; wrist injuries occur in gymnasts; and injuries
to the proximal humeral physes occur in baseball
players (42). Patients often present with chronic
pain at the site of the specific overuse injury
(11,12), and the injury can progress to growth
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Figure 18. Chronic physeal trauma. Sagittal T2-weighted MR image of the knee in a 12-year-
old male soccer player (a) and sagittal intermediate-weighted MR image of the wrist in a 13-year-
old male football player (b) show widening and irregularity of the physis (arrow in a and b), with
increased signal intensity in the adjacent metaphysis (arrowhead in a and b).

abnormalities and consequent deformity if the
stressor is not removed (41).

On MR images, the affected physis is widened
and irregular and demonstrates increased signal
intensity on T2-weighted images. The ZPC often is
effaced (Fig 18). In gymnasts with repetitive injury
to the distal radius, a decreased rate of distal radial
growth can result in positive ulnar variance and as-
sociated tears in the triangular fibrocartilage (43).
Early identification of these abnormalities allows
proper rehabilitation and changes to activity pat-
terns before permanent sequelae ensue (42).

Acute Osteochondral Injuries.—Acute osteo-
chondral injuries are the most common abnor-
mality found in older children and adolescents
with suspected internal derangement of the knee
(44). Because of increased participation by chil-
dren and adolescents in high-level sports activi-
ties, the prevalence of such injuries is increasing.
Patients often present with intermittent joint pain
and locking after trauma. Femoral lesions are
more common before physeal closure, whereas
patellar lesions are more common afterward (44).
In the setting of traumatic patellar dislocation,
osteochondral injuries in the inferomedial patella
and lateral femoral condyle and free osteochon-
dral fragments are seen at imaging in 38%, 38%,
and 42% of patients, respectively (45).

The Outerbridge classification can be used to
describe and classify acute osteochondral injuries
at MR imaging (44,46). A type 1 injury displays
thickening of the articular cartilage with abnor-
mal signal intensity; type 2 shows superficial loss

of cartilage thickness or fissuring; type 3 shows
deep loss of cartilage thickness or fissuring; type
4 is a “full-thickness” injury with abnormal signal
intensity of the subchondral bone; and type 5 is
associated with a free osteochondral fragment
(Fig 19).Type 1 and type 2 injuries are especially
difficult to diagnose because there are no abnor-
malities in the signal intensity of the underlying
bone (44). It is important to recognize these in-
juries at imaging because they increase the risk of
early joint degeneration. Osteochondral injuries
have a better prognosis in children and adoles-
cents because a growing child is able to repair the
cartilage damage better than an adult is.

Juvenile Osteochondritis Dissecans.—]JOCD is a
disease that manifests before physeal closure and
results in destruction of the subchondral bone and
articular surface (47). Given its distinct clinical
course, JOCD is considered to be different from
adult osteochondritis dissecans. Repetitive trauma
has been postulated as the most likely cause of
JOCD. Recent studies suggest that chronic epiphy-
seal trauma disrupts endochondral ossification at
the secondary physis (47) through a mechanism
similar to that of stress injuries to the primary phy-
sis (41). Genetic factors, ischemia, and ossification
abnormalities also play a role (48).

JOCD usually presents between the ages of 10—
15 years, when children tend to be more active.
Males are affected (60%—-80%) more often than
females (49). Symptoms include pain, clicking or
catching of the joint, and loss of function due to
intra-articular loose bodies. The most commonly
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Figure 19. Acute osteochondral injury in a 16-year-old male adolescent that was sustained while
playing basketball. (a) Sagittal fat-suppressed T2-weighted MR image of the knee shows an osteo-
chondral defect in the posterior third of the femoral epiphyseal cartilage (arrow) with associated
bone edema (). (b) Axial fat-suppressed T2-weighted MR image at the level of the distal femur

shows a loose osteochondral body (arrow) and joint fluid.

affected joint is the knee, followed by the ankle,
elbow, shoulder, and hip (49). In the knee, the
most common location is the posterolateral aspect
of the medial femoral condyle (51%). The weight-
bearing portion of the medial femoral condyle
and the medial aspect of the lateral femoral con-
dyle are affected in 19% and 7% of cases, respec-
tively. The patella infrequently is affected (48). If
JOCD is untreated, an osteochondral fragment
can detach from the osseous bed and result in loss
of articular surface congruence, loose bodies, and
early joint degeneration.

MR imaging is used to help establish diagno-
sis, determine lesion stability, and assess the need
for treatment. MR imaging criteria for lesion in-
stability include a line of high signal intensity on
T2-weighted images between the fragment and
the parent bone, cysts near the lesion, a fracture
in the articular cartilage, and a fluid-filled os-
teochondritis dissecans lesion (50). Recent work
suggests that a rim of high T2 signal intensity
predicts instability only when it has fluid signal
intensity and is surrounded by a low-signal-
intensity rim. In addition, cysts predict instability
only when they are multiple or very large (>5
mm) (Fig 20) (51). Recent evidence suggests
that some of the rounded regions of high signal
intensity seen on MR images could correspond
to cartilage rather than to cysts. Small lesions
that are deemed stable at MR imaging (low-
grade lesions) can be managed conservatively
with rest and restricted weight bearing. Large
lesions or those with features that suggest insta-

bility (high-grade lesions) usually require inter-
vention, which can include drilling to stimulate
healing, in-situ fixation, and autologous trans-
plantation in severe cases (49).

Infection

Acute Osteomyelitis.—In children, acute osteo-
myelitis is most commonly acquired hematog-
enously in the setting of bacteremia. The most
commonly isolated organisms are Staphylococcus
aureus, B-hemolytic Streptococcus, Streptococcus
pneumoniae, Escherichia coli, and Pseudomonas
aeruginosa (10). There has been an increasing in-
cidence of methicillin-resistant S aureus (MRSA)
and Kingella kingae infections in children younger
than 4 years (10).

In acute hematogenous osteomyelitis, the patho-
gen reaches the metaphysis via the nutrient artery.
In infants, there is an increased frequency of epi-
physeal and joint infections as a result of transphy-
seal blood flow (10). In children and adolescents
aged 2-16 years, very few blood vessels cross from
the metaphysis into the epiphysis; therefore, the me-
taphyses and metaphyseal equivalents are the most
common locations for acute hematogenous osteo-
myelitis (52,53). Less frequently, osteomyelitis can
develop primarily in the epiphysis. Primary epiphy-
seal infection typically arises in the periphery of the
SOC at the richly vascularized junction between
bone and cartilage (Fig 9¢). Epiphyseal osteomy-
elitis tends to be more chronic and destroys the
physis less often than does metaphyseal infection.
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Figure 20. JOCD of the medial femoral condyle in a 15-year-old male adolescent with knee
pain. (a) Coronal fat-saturated intermediate-weighted MR image shows multiple cysts (arrow) in
the medial femoral condyle, with adjacent marrow edema. (b) Sagittal fat-saturated T2-weighted
MR image shows a dominant large cyst (arrow) and rim of high signal intensity beneath the sub-
chondral bone.

a. b.

Figure 21. Osteomyelitis in a 15-month-old boy. (a) Sagittal postcontrast fat-saturated T1-
weighted MR image of the knee shows osteomyelitis in the distal femoral metaphysis, with a subperi-
osteal collection (arrow) that extends to the physis. The epiphyseal cartilage in the posterior aspect
of the femoral condyle shows a subtle enhancement defect (arrowhead). (b) Axial fat-saturated T2-
weighted MR image shows extension of the infection into the epiphyseal cartilage and SOC, with an
abscess in the location of the enhancement defect (arrow).

However, the infection can extend into the epiphy- deep soft-tissue swelling. In cases of primary

seal and physeal cartilage and lead to chronic defor- epiphyseal osteomyelitis, radiographs can demon-

mity and growth arrest (52,53). strate radiolucency in the affected portion of the
The clinical manifestation of osteomyelitis in SOC. MR imaging can delineate the full extent

the infant and young child can be diagnostically of disease by characterizing the marrow, cartilage,

challenging. Imaging plays a crucial diagnostic muscle, and subcutaneous tissues (10).

role and can aid in management. Plain radio- Evaluation for osteomyelitis includes a combina-

graphs primarily serve to exclude other patholo- tion of T'1-weighted and water-sensitive MR imag-

gies. Conventional radiographs can demonstrate ing sequences. In osteomyelitis, normal bone mar-

an obliteration of the fat planes that indicates row becomes infiltrated with inflammatory cells
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Figure 22. Septic arthritis in a 4-year-old boy with

a limp. (a) Coronal STIR MR image of the pelvis
shows a right hip effusion (arrow). (b, ¢) Coronal
postcontrast fat-saturated T'1-weighted MR (b) and
MR subtraction (¢) images demonstrate a nonenhanc-
ing femoral head (arrow in b and ¢), with normal en-
hancement of the contralateral femoral head.

and purulent material that demonstrates low signal
intensity on T 1-weighted images and high signal
intensity on water-sensitive images. Differentiating
these changes from normal hematopoietic marrow
in children can be challenging. In general, the T2-
weighted and STIR MR signal intensity of bone
marrow affected by osteomyelitis is higher than
that of normal hematopoietic marrow. Gadolin-
ium-enhanced fat-suppressed T 1-weighted images
aid in detecting intramedullary collections, sub-
periosteal collections, and soft-tissue abscesses by
demonstrating peripheral enhancement of foci with
low T signal intensity (10). In young children with
abundant epiphyseal cartilage, the use of intrave-
nous gadolinium contrast material is crucial. In-
volvement of the epiphyseal cartilage with abscess
formation and destruction of the physis manifests
as enhancement defects on postcontrast images
(Fig 21). These findings carry a poor prognosis
with increased risk of growth arrest. Furthermore,
findings at unenhanced T'1-weighted or fluid-sensi-
tive MR imaging can appear normal (53).

Septic Arthritis and the Epiphysis.—Septic ar-
thritis is caused by either hematogenous seeding
or direct extension into the joint space in children
with osteomyelitis or an adjacent soft-tissue infec-
tion. Septic joints are most commonly encoun-

tered in neonates and are most often seen in the
shoulder or hips, followed by the knee, elbow,
and ankle (10). The immature hip is particularly
prone to development of septic arthritis because
the metaphysis is intracapsular and allows easy
spread of infection. Multifocal joint involvement
is common in very young patients (54). Common
pathogens include S aureus, Streptococcus pyogenes,
S pneumoniae, and Neisseria gonorrhoeae (10). In
young patients, diagnosis is often delayed because
of challenges with clinical examination and a lack
of localizing symptoms.

MR imaging findings of a septic joint include
an effusion, enhancement of thickened synovium,
and reactive edema within the adjacent bone. Joint
infections may result in subluxation and avascular
necrosis of the epiphysis. MR imaging is helpful
in detection of an unsuspected epiphyseal infec-
tion. The rapid rise in intracapsular pressure that
occurs with septic arthritis can interfere with
epiphyseal perfusion, particularly in the hip (55).
Gadolinium-enhanced T'1-weighted MR subtrac-
tion images can depict subtle changes in perfusion
in the adjacent epiphysis that may indicate a joint
at risk for development of avascular necrosis (Fig
22). Appropriate intervention, including open de-
bridement, should be initiated as soon as possible
to limit long-term complications.
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The sequelae of septic arthritis are variable
and depend on the joint affected, patient age at
diagnosis, virulence of the organism, and time
from symptom onset to treatment (56). Suppura-
tive arthritis that occurs before the appearance
of the epiphyseal SOCs generally delays their ap-
pearance by months. This process often results in
irregular and small ossific nuclei and ultimately a
deformed joint. If joint infection occurs after the
ossific nuclei are present, the ossific nuclei may
undergo osteolysis and gradually redevelop as
small irregular nuclei with consequent epiphyseal
deformity (57). Flexion contracture and leg-
length discrepancy are common sequelae (57).

Vascular

Osteonecrosis.—Osteonecrosis is a condition in
which traumatic and nontraumatic insults cause de-
creased perfusion to the epiphysis and result in cel-
lular death. More than 20,000 new patients are af-
fected each year in the United States (58). The most
common site is the hip; other common sites are the
knees, shoulders, and ankles. Ischemia of the femo-
ral head accounts for nearly 10% of the 500,000
total hip replacements performed in the United
States annually (59). Approximately 10%—-20% of
cases have no clear identifiable risk factor and are
classified as idiopathic osteonecrosis (60). The goal
of imaging is to diagnose the disease at its earliest
stages so that optimal treatment can be instituted.
In children, osteonecrosis can have many
causes. Trauma can disrupt the arterial supply to
the epiphysis, as seen with femoral neck fractures.
Epiphyseal arterial microvascularity also can be
affected by vasculitides such as systemic lupus ery-
thematous or by radiation therapy (61). Elevated
pressure within the epiphysis related to venous
hypertension contributes to decreased epiphy-
seal perfusion and osteonecrosis, as seen with
abduction immobilization for hip dysplasia (62),
Legg-Calvé-Perthes (LCP) disease (63), sickle
cell anemia, synovitis, steroid therapy, and mar-
row storage diseases (eg, Gaucher disease). Intra-
vascular thrombosis, a condition seen with sickle
cell disease, can also lead to altered epiphyseal
perfusion with subsequent development of osteo-
necrosis. With ischemia, the marrow cells become
edematous and eventually die (11). Removal of
the devitalized bone and weakening of the existing
bone leads to collapse of the epiphyseal subchon-
dral bone. Eventually a reparative process ensues
and leads to reperfusion, with a front of repair sur-
rounding the ischemic region (11). In the growing
epiphysis, repair is usually through the established
peri-epiphyseal vessels. In some cases, there is
reperfusion through neovasculature that develops
across the physis and causes growth disturbance.

radiographics.rsna.org

In the very early phase of osteonecrosis, the
marrow fat demonstrates high signal intensity on
T1-weighted images, a finding thought to rep-
resent stagnant blood (64) that is best shown on
fat-suppressed T'1-weighted images (65). In the
weeks that follow, epiphyseal ischemia leads to
bone marrow edema, and epiphyseal signal inten-
sity will decrease on T'1-weighted images and in-
crease on water-sensitive MR images. Weakening
of the bony epiphysis leads to decreased height of
the epiphyseal subchondral bone, which gives rise
to a rim of high signal intensity on water-sensitive
MR images. Ultimately, further collapse and fi-
brosis follow and manifest as decreased marrow
signal intensity and a fragmented ossified epiphy-
sis that can be of very low signal intensity on both
T1-weighted and water-sensitive MR images. A
region of infarct is depicted as a serpiginous rim
of low signal intensity (Fig 23) or a double line
on water-sensitive MR images (63,65).

At several stages of disease, gadolinium-en-
hanced imaging aids in the evaluation of epiphy-
seal ischemia. In patients with joint pain, normal
radiographic findings, and normal or unclear
findings on unenhanced MR images, gadolinium-
enhanced imaging can add insight if a lack of
epiphyseal enhancement is demonstrated. In chil-
dren with established osteonecrosis, the pattern of
epiphyseal reperfusion can be demonstrated with
gadolinium-enhanced imaging (66). As previously
described, when the femoral head is reperfused
through the physis, transphyseal neovascularity
induces ossification and promotes physeal bony
bridging, which is related to a poor outcome (66).

Very early epiphyseal ischemia briefly restricts
diffusion, but virtually all children with osteone-
crosis present with a later stage of cellular break-
down and increased diffusion (67). Therefore,
findings of epiphyseal osteonecrosis are better
appreciated on apparent diffusion coefficient
(ADC) maps. An area of infarct will demon-
strate low signal intensity on diffusion-weighted
MR images and high signal intensity on ADC
maps. Perfusion- and diffusion-weighted MR
imaging are both useful because they each con-
vey a different degree of information over time.
In osteonecrosis, perfusion is initially decreased
and is followed by a later stage of abnormal in-
creased blood flow. Diffusion increases rapidly
and remains elevated throughout the disease
course (67).

LCP Disease.—L.CP disease is an idiopathic child-
hood hip disorder that leads to osteonecrosis of
the proximal femoral epiphysis and possible per-
manent deformity of the femoral head (63). It has
a reported incidence of 0.2-29 per 100,000 chil-
dren and is more common in Caucasian children.
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Figure 23. Avascular necrosis of the knee in a 13-year-old female adolescent after chemotherapy
for acute lymphoblastic leukemia. (a) Coronal T'1-weighted MR image shows serpiginous areas of
low signal intensity in the distal femoral epiphysis, proximal tibial epiphysis, and tibial metaphy-
sis. A low-signal-intensity rim delineates the areas of infarct. The ZPC in the central region of
the femoral physis appears effaced and eventually developed a bridge (not shown). (b) Coronal
T2-weighted MR image shows high-signal-intensity serpiginous rims. A front of unmineralized
cartilage that starts in the physis and extends into the tibial metaphysis (arrow) is due to disrupted

endochondral ossification.

LCP disease typically affects children aged 5-10
years, with girls being affected slightly earlier.
LCP disease is four times more common in boys
and is bilateral (typically asynchronous) in 10% of
cases. Although the cause is unknown, clinical and
experimental evidence suggests that disruption of
the blood supply to the growing femoral epiphysis
is a key pathogenic event (63). The proposed etiol-
ogy includes a variety of genetic and environmen-
tal factors. Genetic factors such as type II collagen
mutation, thrombophilia, and abnormalities in

the insulin-like growth-factor pathway predispose
children to femoral head ischemia. When suscep-
tible individuals are introduced to environmental
conditions such as repeated subclinical trauma or
mechanical overloading, LCP disease can be trig-
gered (63).

Prognostic indicators in LCP disease include
age of onset, extent of femoral head deformity and
fragmentation, lateral extrusion, physeal involve-
ment, and metaphyseal abnormalities (63,68).
Metaphyseal cysts and physeal abnormalities are
believed to be predictors of poor outcome. In a
study that used multivariate analysis, the prob-
ability of subsequent growth arrest was 100% for
patients with both epiphyseal and metaphyseal
abnormalities, 75% for patients with only physeal
interruption, and 50% for patients with only me-
taphyseal cystic changes (69). In established LCP
disease, the reperfusion pattern seen at imaging

also has prognostic value. Patients with increased
enhancement in the lateral pillar have a good prog-
nosis, whereas transphyseal reperfusion through
the remainder of the physis increases the risk of
growth arrest (66).

Most children who present with LCP disease
have abnormal findings at initial MR imaging,
even if the radiographic findings are normal. Be-
cause the anterior half of the femoral head is more
affected by osteonecrosis, sagittal MR imaging
is imperative to evaluate findings that are more
prominent anteriorly, such as marrow edema,
subchondral fluid, and collapse (70). Abnormali-
ties that are very anterior within the epiphysis
or metaphysis are difficult to fully appreciate on
coronal images and are best demonstrated on
sagittal images. Diffusion-weighted MR imaging
may also have an important role in prognosis when
there are metaphyseal changes. In LCP disease,
increased metaphyseal diffusion is associated with
transphyseal reperfusion and an increased risk of
growth arrest (Fig 24) (71).

Tumors

Chondroblastoma.—Chondroblastomas are rare,
benign, cartilaginous tumors (less than 2% of all
bone tumors) that affect the epiphysis of children
(72). About 75%-80% of chondroblastomas
involve the long bones, and the most common
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Figure 24. LCP disease in a 7-year-old boy with right hip pain. (a) Coronal T1-weighted MR image shows
collapse of the right capital epiphysis, with central necrosis and lateral extrusion of the femoral head (arrow).
Note the femoral notch on the left femoral head (a normal variant). (b) Coronal postcontrast T'1-weighted
MR image shows increased perfusion surrounding the region of necrosis (arrows). (¢, d) Sagittal oblique dif-
fusion-weighted (¢) and ADC (d) images show increased diffusion in the anterior aspect of the proximal right

femoral metaphysis (arrow).

locations include the proximal tibia, distal femur,
proximal humerus, and proximal femur (73). The
bones in the feet also are affected. Chondroblasto-
mas usually manifest during the second and third
decades of life and are twice as common in men as
in women (74). Clinical symptoms include pain,
usually of high severity; limitation of the adjacent
joint; local tenderness; and swelling (72,73).

On MR images, chondroblastomas are seen as
epiphyseal lesions with high T2 signal intensity
surrounded by a halo of edema in the adjacent
marrow and soft tissues (72). A characteristic
thin (<1 mm) low-signal-intensity ring that corre-
sponds to peripheral sclerosis is seen in more than
90% of lesions (Fig 25) (72,75). Fluid-fluid levels
similar to those observed in aneurysmal bone cysts
are seen in 20%—-30% of chondroblastomas (75).
Differential considerations include epiphyseal os-
teomyelitis and osteoid osteoma.

Other Tumoral Lesions.—Metastasis from a neu-
roblastoma can affect the epiphysis. Although
the spine is the most common site of metastasis,

metastasis from a neuroblastoma should be con-
sidered in the differential diagnosis of epiphyseal
lesions in infants and children younger than 3
years. On T'1-weighted MR images, skeletal metas-
tases appear as patchy areas of low signal intensity
because of the replacement of fatty marrow by
tumor. Heterogeneous enhancement with intra-
venous contrast material and high signal intensity
on fluid-sensitive MR images are also seen with
metastatic disease (76). Hematologic malignancies
such as leukemia or lymphoma typically manifest
with diffuse invasion of the marrow. The infiltra-
tive process replaces the fatty marrow and results
in very low signal intensity on T 1-weighted images
and high signal intensity on fluid-sensitive MR
images (77). Because of the diffuse nature of the
disease, the signal intensity of the marrow tends

to be homogeneous and can be misleading (Fig
26). Langerhan cell histiocytosis can also affect
the epiphysis. Diagnosis is challenging because

its imaging appearance is highly variable. Lesions
usually have low signal intensity on T 1-weighted
images and high signal intensity on fluid-sensitive
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Figure 25. Chondroblastoma in a 14-year-old male adolescent with knee pain. (a) Sagittal T1-
weighted MR image of the knee shows a low-signal-intensity lesion in the proximal tibial epiphysis
that is surrounded by a sclerotic rim of very low signal intensity (arrow) (b) Sagittal T2-weighted
MR image demonstrates a well-defined rounded lesion surrounded by abundant marrow edema
(arrowhead). An area of high signal intensity in the core of the lesion corresponds to the chon-

droid matrix (arrow).

a. b.

Figure 26. MR imaging findings in a 3-year-old boy with fever, right leg pain, and newly diagnosed leu-
kemia. (a) Coronal T'1-weighted image of the pelvis demonstrates diffuse low signal intensity throughout
the marrow and loss of the expected normal-appearing fatty epiphyses. (b) Coronal fluid-sensitive MR
image demonstrates diffuse increased signal intensity in both epiphyses, which are isointense with the me-
taphyseal marrow, findings consistent with diffuse marrow leukemic infiltration. More focal signal intensity
abnormality and soft-tissue edema are seen in the acetabular regions (right greater than left) (arrows),

findings that represent bone infarcts.

images and are surrounded by edema. Diagnosis
often requires tissue sampling (78).

Conclusion
Epiphyseal disorders are an important cause
of morbidity in children. Many of these condi-
tions, such as LCP disease and physeal fractures,

are unique to the developing skeleton, and their
manifestation varies with the degree of skeletal
maturation. Injury to the SOC and physis can
lead to early joint degeneration and growth ar-
rest. MR imaging helps to accurately characterize
various types of epiphyseal disorders, identify
early complications, and guide treatment.
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During infancy, normal transphyseal vessels serve as anastomoses between the epiphyseal and metaphy-
seal vascular beds. Fenestrations on the physis increase the epiphyseal vascular supply but allow patho-
logic conditions such as infection to spread. Transphyseal anastomoses decrease with age and completely
disappear at approximately 18 months of age.
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The outermost region of the SOC is richly vascularized, contains hematopoietic marrow, and is a site
of endochondral ossification. Physiologically, this region is equivalent to a metaphysis and responds
similarly to insults.
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Horizontal fractures (Salter-Harris types I and II) result in bridge formation in 25% of cases, whereas lon-
gitudinal fractures (Salter-Harris types III and IV) result in bridge formation in 75% of cases. The specific
physis affected by the fracture, however, is the main determinant of the subsequent risk of growth arrest.
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Involvement of the epiphyseal cartilage with abscess formation and destruction of the physis manifests as
enhancement defects on postcontrast images. These findings carry a poor prognosis with increased risk of
growth arrest. Furthermore, findings at unenhanced T'1-weighted or fluid-sensitive MR imaging can appear
normal.
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Prognostic indicators in LCP disease include age of onset, extent of femoral head deformity and fragmenta-
tion, lateral extrusion, physeal involvement, and metaphyseal abnormalities. Metaphyseal cysts and physeal
abnormalities are believed to be predictors of poor outcome.



