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Imaging of Pediatric Growth Plate 
Disturbances1

The growth plates, or physes, are visible on virtually all images ob-
tained in skeletally immature children. The proper function of these 
growth plates depends on an intricate balance between chondro-
cyte proliferation, which requires nourishment from the epiphyseal 
vessels, and chondrocyte death, which requires the integrity of 
the metaphyseal vessels. Therefore, injury to the growth plate (ie, 
direct insult) or vascular compromise on either side of the growth 
plate (ie, indirect insult) can cause growth plate dysfunction. Direct 
growth plate insults occur most commonly with Salter-Harris frac-
tures, and injuries that allow the transphyseal communication of 
vessels are at a higher risk for subsequent transphyseal bone bridge 
formation. Indirect insults lead to different sequelae that are based 
on whether the epiphyseal blood supply or metaphyseal blood sup-
ply is compromised. Epiphyseal osteonecrosis can result in slowed 
longitudinal bone growth, with possible growth plate closure, and 
is often accompanied by an abnormal secondary ossification center. 
In contrast, the disruption of metaphyseal blood supply alters en-
dochondral ossification and allows the persistence of chondrocytes 
within the metaphysis, which appear as focal or diffuse growth plate 
widening. Imaging remains critical for detecting acute injuries and 
identifying subsequent growth disturbances. Depending on the im-
aging findings and patient factors, these growth disturbances may 
be amenable to conservative or surgical treatment. Therefore, an 
understanding of the anatomy and physiologic features of the nor-
mal growth plate and the associated pathophysiologic conditions 
can increase diagnostic accuracy, enable radiologists to anticipate 
future growth disturbances, and ensure optimal imaging, with the 
ultimate goal of timely and appropriate intervention.
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After completing this journal-based SA-CME 
activity, participants will be able to:

■■ Identify the normal anatomy and physi-
ologic features of the primary growth
plate complex.

■■ Recognize the various imaging findings
commonly associated with direct and
indirect injuries to the primary growth
plate.

■■ Understand the goals of imaging and
various treatment approaches.

See www.rsna.org/education/search/RG.

SA-CME Learning Objectives

Introduction
Bone formation occurs by way of intramembranous and endochondral 
ossification. In general, flat bones develop by means of intramem-
branous growth and long bones develop by means of endochondral 
growth. With intramembranous growth, bone formation occurs di-
rectly from the mesenchyme. With endochondral growth, bone forma-
tion occurs on a cartilaginous framework at the growth plate (1,2).

Primary “discoid” and secondary “spherical” growth plates are 
found at the ends of long bones. The primary growth plate is responsi-
ble for the longitudinal growth of the bone. This growth plate is bound 
peripherally by the fibrous perichondrium. The secondary growth 
plate, or acrophysis, is responsible for the enlargement of the second-
ary ossification center (SOC) within the cartilaginous epiphysis and is 
the only growth center in smaller bones, such as the apophyses, carpal 
and tarsal bones, and sesamoid bones (1) (Fig 1).

The primary growth plate is a critical component of the immature 
skeleton. Impairment and dysfunction of this structure can result in 
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plate complex—which comprises the growth 
plate, epiphysis, and metaphysis—and the patho-
physiology of direct and indirect insults. The 
common imaging findings of growth disturbance 
such as bone bridge, differential longitudinal 
growth, and growth plate widening are also de-
scribed. Best examples are provided to illustrate 
the various injury patterns; however, multiple 
patterns often coexist, as most insults affect 
more than one component of the growth plate 
complex. Finally, the roles of imaging and ratio-
nales for treatment are addressed. This review 
is focused on events that involve the primary 
growth plate at the ends of long bones because it 
has been more thoroughly studied. Although we 
review the development and normal anatomy of 
the secondary growth plate, an in-depth discus-
sion of the pathologic processes that affect this 
structure is beyond the scope of this article.

Primary Growth Plate Complex
During the 6th week of embryonic development, 
mesenchymal cells differentiate into chondro-
cytes that are responsible for the formation of a 
cartilaginous model of the future skeleton. In the 
central portion of this cartilaginous anlage (future 
diaphysis), the chondrocytes hypertrophy and the 
matrix begins to calcify. During the 7th week, a 
periosteal sleeve forms. At the end of the 8th week, 
vascular invasion brings mesenchymal cells that 
differentiate into osteoblasts and osteoclasts (4). 
Osteoblasts manufacture an osteoid matrix on the 
calcified matrix to produce the primary ossifica-
tion center, while the osteoclasts are responsible 
for bone remodeling and formation of the med-
ullary cavity. As the primary ossification center 
grows and expands bidirectionally toward the ends 
of the bone, its leading edges become the primary 
growth plates (5,6). In the following sections, we 
review the (a) zonal anatomy and function of the 
growth plate, (b) normal anatomy and maturation 
of the epiphysis, and (c) endochondral ossification 
and vascular anatomy of the metaphysis (Fig 1).

Growth Plate
At birth, the primary growth plates are rela-
tively smooth and flat. Growth plate undulation 
increases with age in response to physiologic 
dynamic biomechanical forces (7,8). During child-
hood, the thickness of the growth plate remains 
relatively constant because of an intricate balance 
between chondrocyte proliferation and death. Nar-
rowing across the growth plate signals its closure 
and impending skeletal maturation. Closure starts 
at sites of major undulations, which occur centrally 
in the distal femur and proximal tibia but at the 
anteromedial Kump bump in the distal tibia. The 
final conversion of chondrocytes into bone leaves 

lifelong morbidity, including limb length discrep-
ancy, angular deformity, and altered joint bio-
mechanics. However, the exact clinical implica-
tions of the growth disturbance depend on the 
anatomic location, the severity of the deformity, 
and the remaining growth potential. For example, 
disturbances that involve the weight-bearing 
lower extremities in younger children are less well 
tolerated, are more likely to require intervention, 
and more often result in early osteoarthritis and 
joint replacement.

For proper function of the primary growth 
plate, the zonal arrangement and cellular function 
must be orderly and the vascular supply from the 
adjacent epiphysis and metaphysis must be intact. 
Injury to either the growth plate (direct injury) or 
the adjacent epiphysis and metaphysis (indirect 
injury) can lead to growth plate dysfunction and 
future growth disturbance. The most common 
insult mechanism is trauma, which can directly 
or indirectly injure the growth plate. Less com-
mon mechanisms include vascular compromise, 
infection, inflammation, radiation, and tumor (3); 
these insults are more likely to primarily affect 
the epiphysis and metaphysis and only indirectly 
injure or secondarily involve the growth plate. 
Indirect insults may cause very different sequelae 
based on whether the epiphyseal blood supply or 
metaphyseal blood supply is compromised.

In this article, we review the normal anatomy 
and physiologic features of the primary growth 

Teaching Points
■■ Primary “discoid” and secondary “spherical” growth plates 

are found at the ends of long bones. The primary growth 
plate is responsible for the longitudinal growth of the bone.  
This growth plate is bound peripherally by the fibrous peri-
chondrium. The secondary growth plate, or acrophysis, is 
responsible for the enlargement of the secondary ossification 
center (SOC) within the cartilaginous epiphysis. 

■■ For proper function of the primary growth plate, the zonal ar-
rangement and cellular function must be orderly and the vas-
cular supply from the adjacent epiphysis and metaphysis must 
be intact. Injury to either the growth plate (direct injury) or the 
adjacent epiphysis and metaphysis (indirect injury) can lead to 
growth plate dysfunction and future growth disturbance.

■■ For type IV Salter-Harris fractures, surgical restoration of the 
joint surface realignment is often required, and these injuries 
are more worrisome owing to the potential for transphyseal 
vascularity, which facilitates the recruitment of osteoprogeni-
tor cells and thus leads to subsequent bridge formation.

■■ Epiphyseal osteonecrosis can cause indirect growth plate dys-
function and thus lead to a combination of characteristic find-
ings with variable degrees of severity, such as an abnormal 
SOC, slowed longitudinal growth, and/or bridge formation.

■■ Metaphyseal vascular compromise leads to prolonged sur-
vival of hypertrophic chondrocytes, producing lengthening 
of the chondrocyte columns, which can appear as growth 
plate widening.
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Reserve Zone.—The reserve (germinal) zone 
contains an abundant extracellular matrix, disor-
ganized collagen fibrils, and randomly distributed 
chondrocytes. These chondrocytes are respon-
sible for storing nutrients (glycogen and lipids) 
and divide only sporadically. The oxygen tension 
at this level is low (5).

Proliferative Zone.—In contrast, in the prolifera-
tive zone, collagen fibrils are confined to longitu-
dinal septa and chondrocytes are organized into 
columns (5). These chondrocytes divide rapidly 
and contribute to the lengthening of the bone. 
The results of tritiated thymidine autoradio-
graphic studies (4,5) suggest that the top cell of 
each column is the true progenitor cell. The oxy-
gen tension is the highest in this zone, facilitating 

behind a physeal scar, which represents a residual 
zone of provisional calcification (ZPC) (2), leftover 
horizontal trabeculae at the site of the prior ZPC, 
or a combination of these entities. This process is 
often observed within a few years after the closure 
of the growth plate, but it can (rarely) persist into 
adulthood (9) (Fig 2).

At histologic analysis, the growth plate is 
found to be highly cellular (up to 75% by vol-
ume), with chondrocytes maturing as they move 
from the epiphyseal side toward the metaphysis 
(10). Three distinct zones of chondrocytes are 
recognized based on their microscopic cellular 
morphology and function: reserve, proliferative, 
and hypertrophic zones (Fig 1). It should be 
noted that we grouped ZPC within the hypertro-
phic zone (4,5).

Figure 1.  Drawing illustrates the anatomy at the end 
of a long bone (not drawn to scale). The distal ends of a 
long bone in a child contain cartilage and bone. There 
are three types of hyaline cartilage at this level: superfi-
cial articular cartilage, centrally located epiphyseal car-
tilage, and growth plate cartilage. The primary growth 
plate is responsible for longitudinal growth of the bone, 
while the secondary growth plate is responsible for the 
enlargement of the secondary ossification center (SOC), 
which ultimately provides shape to the proximal and 
distal ends of bones. Both growth plates contain chon-
drocytes arranged in zones: randomly distributed reserve 
cells (R), linearly arranged proliferative cells (P), and en-
larged hypertrophic cells (H) that undergo apoptosis 
at and near the zone of provisional calcification (ZPC). 
Within the primary metaphyseal spongiosa, calcified car-
tilage is replaced by laminar bone. The epiphyseal vessels 
often arise from the periosteum, travel in epiphyseal vas-
cular channels, and nourish the reserve and upper prolif-
erative zones. The metaphyseal vascular loops arise from 
terminal branches of central nutrient and peripheral me-
taphyseal vessels and terminate just proximal to the ZPC, 
leaving the hypertrophic zone relatively avascular. The 
perichondrium is responsible for the peripheral growth 
and provides support to the primary growth plate. The 
perichondrial vessels also supply the periphery of the 
growth plate, leaving the central growth plate relatively 
vulnerable to ischemic injury.
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Figure 2.  Normal sequence of bone maturation in three children of different ages. Coronal fluid-sensi-
tive magnetic resonance (MR) images in two boys (left and middle) and a girl (right) (a) and correspond-
ing illustrations (b) show that the epiphyses (* in a) are initially partially or completely cartilaginous but 
then are rapidly and progressively replaced by the enlarging SOC until only the articular cartilage (wavy 
arrow in a) remains. The thickness of the primary growth plate (arrowheads in a) stays relatively constant 
during development. At the onset of skeletal maturation, the growth plate narrows and becomes less hy-
perintense (straight arrow in a) and then finally closes completely; however, it can leave behind a physeal 
scar (curved arrow in a) temporally. Refer to the color key in Figure 1.

robust aerobic metabolism and mitochondrial 
uptake of calcium. The oxygen and nutrient sup-
ply comes from branches of the epiphyseal artery, 
which course within vascular channels through 
the reserve zone to nourish the upper prolifera-
tive zone (5). Animal study results (11) have 
shown that insult to this zone is likely to result in 
growth disturbance.

Hypertrophic Zone.—The hypertrophic zone 
prepares the matrix for calcification and triggers 
organized chondrocyte death (ie, apoptosis). This 
zone can be subdivided into the zones of matura-
tion, degeneration, and provisional calcification 
(4,5). Chondrocytes become depleted of glycogen, 
enlarge (up to fivefold), and undergo vacuolation. 
The vacuolation process leads to the production of 
cytoplasmic “holes,” induces nuclear fragmenta-
tion, and causes loss of cell membrane integrity. 
The metaphyseal arterial loops are found just 
short of the ZPC, leaving the hypertrophic zone 
avascular. Therefore, the oxygen tension is reduced 
by half and thus leads to anaerobic metabolism 
and mitochondrial release of calcium, facilitating 
matrix calcification. Initially, calcification occurs 
along the longitudinal septa. Further accumula-
tion of calcium salt deposits causes the creation of 
amorphous areas containing calcium phosphate, 
which give way to hydroxyapatite crystals that 
coalesce along the ZPC. This progressive matrix 
calcification hinders the diffusion of nutrients and 
oxygen, further ensuring apoptosis of the remain-
ing chondrocytes (5).

Perichondrium.—The perichondrium surrounds 
the periphery of the growth plate and contains 
the ossification groove of Ranvier and the ring of 
LaCroix. The groove of Ranvier is wedge shaped, 
surrounds the periphery of the growth plate, 
and is responsible for the transverse (latitudinal) 
growth of the growth plate. The ring of LaCroix 
is a dense fibrous band that provides mechanical 
support to the chondro-osseous junction and is 
continuous with the periosteum (5,12). Similar to 
the periosteum, the perichondrium is hypointense 
with all MR imaging pulse sequences. In contrast 
to the periosteum, however, the perichondrium 
is tightly attached to the underlying growth plate, 
acting as a barrier to the epiphyseal spread of 
metaphyseal subperiosteal pathologic processes 
(13,14). The perichondral vessels supply the peri-
chondrium and most peripheral aspects of the 
growth plate (Fig 1), making the central growth 
plate relatively vulnerable to insult. This vulner-
ability accounts for the “cupping” deformity that 
can result from ischemia (15) (Fig 3).

Epiphysis
During the perinatal period, the epiphysis is typi-
cally entirely cartilaginous, consisting of peripheral 
avascular articular hyaline cartilage and central 
vascularized nonossified epiphyseal hyaline car-
tilage. The epiphyseal nutrient vessels arise from 
periosteal vessels, travel in vascular channels (16), 
and are initially oriented along the long axis of the 
bone, with some channels extending across the 
growth plate into the metaphysis. These trans-
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Figure 3.  Causal mechanisms and stereotypical imaging findings of direct and indirect injuries of the growth plate. *Refer to the 
color key in Figure 1. †Although predominant patterns are presented, many cases involve more than one component of the growth 
plate complex. DDH = developmental dysplasia of the hip.

physeal channels disappear by the time a child is 
12–18 months of age (17). Immediately before the 
formation of the SOC, vascular channels coalesce 
centrally and take on a radial pattern of orienta-
tion (18) (Fig 4). This causes local chondrocytes 
to hypertrophy and release metalloproteinases 
(gelatinase B and collagenase-3) that break down 
the cartilaginous matrix (19), which subsequently 
becomes calcified and ossified (6).

The newly ossified SOC is initially spherical 
and is surrounded by an acrophysis with chondro-
cytes arranged in a zonal pattern that is analogous 
to their pattern in the primary growth plate (Fig 
1). The portion of the acrophysis that faces the 
primary growth plate closes first, producing a 
hemispheric SOC. With time, the acrophysis ex-
pands toward the periphery, replacing the nonossi-
fied epiphyseal cartilage so that at skeletal matura-
tion, only the articular cartilage remains (5,6) (Fig 
2). The MR imaging signal intensity of the SOC 
is based on the marrow content of this center, 

which initially comprises hematopoietic red mar-
row that is mildly hyperintense relative to muscle 
on T1-weighted MR images and hyperintense 
on fluid-sensitive MR images. However, within 
6 months of the radiographic appearance of the 
SOC, the marrow converts to fatty yellow marrow 
that is markedly hyperintense on T1-weighted MR 
images (20). As the SOC grows along its periph-
eral margin, the marrow conversion proceeds in a 
central to peripheral direction. A comprehensive 
review of the pathologic entities associated with 
the acrophysis is beyond the scope of this review.

Metaphysis
The main functions of the metaphysis are 
cartilaginous matrix removal, bone formation, 
and metaphyseal spongiosa remodeling (4). The 
primary spongiosa abuts the ZPC and contains 
calcified cartilage but little to no bone. One to 
two cells from the ZPC, endochondral ossifica-
tion occurs, with osteoblasts laying down bone on 
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Figure 4.  Epiphyseal vascular channels. (a) Longitudinal gray-scale ultrasonographic (US) 
image of the right hip in a 2-month-old boy with developmental dysplasia of the hip shows 
normal parallel orientation of the vascular channels (arrows) along the long axis of the bone. 
On histologic specimens (not shown), some of these channels extended across the growth 
plate into the metaphysis. Acet = acetabulum, FM = femoral metaphysis. (b) Sagittal contrast 
material–enhanced T1-weighted fat-saturated MR image of the knee of a 3-year-old girl with 
juvenile idiopathic arthritis shows the convergence of vascular channels (arrowheads) onto the 
SOC. The inflammation associated with uncontrolled arthritis makes these channels particu-
larly conspicuous. Thick enhancing synovitis (wavy arrows) also is present. 

calcified cartilaginous bars. The adjacent sec-
ondary spongiosa is responsible for internal and 
external remodeling. Internal (histologic) remod-
eling entails the removal of cartilaginous bars and 
the replacement of lamellar bone. External (ana-
tomic) remodeling involves peripheral remodel-
ing that leads to funnelization of the metaphysis 
(5). The metaphyseal blood supply is derived 
from a combination of centrally located branches 
that originate from the diaphyseal nutrient artery 
and contribute roughly 80% of the blood supply, 
and peripherally located metaphyseal vessels that 
penetrate the metaphysis and contribute roughly 
20% of the blood supply (3). These vessels form 
terminal vascular loops and capillary tufts within 
the spongiosa (5) (Fig 1). Localized vascular sta-
sis predisposes this area to hematogenous deposi-
tion of disease and ensures a low oxygen tension 
environment (4).

At MR imaging, the signal intensity of the 
metaphysis, with the exception of the primary 
spongiosa, reflects the composition of the underly-
ing bone marrow. The physiologic conversion of 
red marrow to yellow marrow occurs throughout 
life, but it progresses at a more rapid pace during 
childhood. In the long bones, marrow conversion 
starts in the epiphyses and apophyses, continues 
in the diaphyses, and is finally completed in the 
metaphyses—with conversion in the distal me-
taphysis occurring slightly earlier than that in the 
proximal metaphysis. Systemic stress can induce 
the reconversion from yellow marrow to red mar-
row in the exact opposite order. Therefore, it is 
not uncommon to encounter residual red marrow 
in the metaphyses of children, young adults, and 
those recovering from systemic stressors (21). In 

contrast, the primary spongiosa contains more 
cartilage than bone and is therefore hyperintense 
on fluid-sensitive MR images.

Growth recovery lines, also known as growth 
arrest lines, reflect the integrity of the underly-
ing growth plate. These lines are commonly 
found within the metaphysis and represent 
thickened, horizontally oriented trabeculae that 
form as a result of a temporary slowdown of 
longitudinal cartilage growth during a time of 
stress. These lines are thickest and most obvious 
when they are newly formed and within more 
rapidly growing metaphyses, such as those of the 
distal femur and proximal tibia (22). With time, 
these lines are displaced toward the diaphysis, 
remodeled, and finally disappear as metaphyseal 
bone converts to diaphyseal bone. Symmetric 
growth results in lines that parallel the con-
tour of the adjacent growth plate. An angled or 
obliquely oriented growth recovery line indicates 
tethering by an underlying transphyseal bridge, 
and continued growth will lead to progressive 
angulation deformities. Isolated growth recovery 
lines in the fibula or ulna increase the possibil-
ity of diffuse premature growth plate closure 
of the ipsilateral tibia and radius, respectively. 
Growth recovery lines are typically dark on all 
MR images and are best visualized against a 
background of bright yellow marrow on non–
fat-saturated MR images (Fig 5). These lines are 
often radiographically evident 6–12 weeks after 
the injury (23), which precedes a detectable 
bridge that typically occurs after 3 months (3). 
Research has shown that MR imaging outper-
forms radiography for earlier visualization of 
these lines by up to 6–7 weeks (24).
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Figure 5.  Growth plate bridge in a 13-year-old boy 8 months after a type IV Salter-Harris fracture. (a) Oblique ankle radiograph 
shows focal loss of the normal growth plate lucency at the Kump bump (arrow), a recognized site of major undulation of the distal 
tibial primary growth plate. (b) Findings on coronal T1-weighted (T1W) and T2-weighted fat-saturated (T2W FS) MR images confirm 
the presence of a small osseous bridge (arrows) crossing the physis, with adjacent focal bone marrow edema resulting from altered 
biomechanics. Note the angled growth recovery line (arrowheads), which results from asymmetric longitudinal growth between the 
medial and lateral portions of the distal tibial growth plate due to tethering at the bridge.

Imaging of Hyaline Cartilage
MR imaging is the preferred imaging modality for 
evaluating hyaline cartilage, which is radiolucent 
on radiographs and hypoattenuating on computed 
tomographic (CT) images. Hyaline cartilage is 
mainly composed of water (70% by volume) and a 
solid matrix that consists primarily of type II col-
lagen and large aggregating proteoglycan macro-
molecules. Therefore, hyaline cartilage is isointense 
on T1-weighted MR images and hyperintense on 
fluid-sensitive MR images, such as T2-weighted 
fat-saturated and short tau inversion-recovery 
(STIR) images.

Growth plate cartilage, epiphyseal cartilage, 
and articular cartilage are different types of hyaline 
cartilage and can be distinguished from each other 
on the basis of their different locations and signal 
intensities at fluid-sensitive and contrast-enhanced 
MR imaging (13) (Fig 6). At T2-weighted MR im-
aging, articular cartilage and growth plate cartilage 
are relatively more hyperintense than the adjacent 
epiphyseal cartilage, because articular cartilage has 
more organized collagen fibrils (2) and the water 
in growth plate cartilage is less tightly bound to 
macromolecules (25). Lengthening the echo time 
can further decrease the epiphyseal cartilage signal 
intensity and increase the contrast between epiphy-
seal cartilage and growth plate cartilage (25). 
Following contrast material administration, growth 
plate cartilage shows earlier and more pronounced 
enhancement compared with epiphyseal cartilage. 
Owing to the unique vascular channel anatomy of 
the epiphyseal cartilage, three distinct phases of 
enhancement are observed: vascular, canalicular, 
and cartilaginous enhancement, with the lat-
ter phase occurring after 5–10 minutes (18,26). 
The progressive involution of the vascular chan-
nels with increasing age contributes to the overall 

decreased enhancement of the epiphyseal cartilage 
(18,27,28). Cartilage-sensitive MR imaging se-
quences such as gradient-recalled-echo (GRE) im-
aging and spoiled gradient-recalled-echo (SPGR) 
imaging facilitate excellent contrast between the 
often bright cartilage and the dark bone and are ex-
cellent for identifying areas of growth plate closure 
(29,30) (Fig 7b). The main obstacles to using MR 
imaging more routinely in children are the possible 
need for sedation, limited immediate availability, 
and higher cost.

Direct Growth Plate Disturbances
Insult to the growth plate can be direct (affecting 
the growth plate), indirect (affecting the epiphysis 
and metaphysis), or both (Fig 3). The following 
section will focus on the pathophysiology and 
deformities that can result from fractures involv-
ing the growth plate, which are the most common 
cause of direct growth plate disturbance.

Growth Plate Fractures
Eighteen percent of all fractures in children involve 
the growth plate (31). In skeletally immature chil-
dren, fractures often are centered at or extend into 
the primary growth plate, which is a specific site 
of weakness and approximately two to five times 
weaker than the surrounding soft-tissue structures 
(32,33). These fractures are more common in 
boys, occur more frequently in the upper extremi-
ties (31,34), and are more prevalent during adoles-
cent growth spurts; they are 5% more common 
in persons 13–17 years of age than in those 5–12 
years of age (33). The greater prevalence of these 
fractures during growth spurts is postulated to be 
due to a combination of longitudinal growth out-
pacing bone mineralization, resulting in temporar-
ily more fragile bone (35); the increased ability of 
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Figure 6.  Normal differences in hyaline cartilage signal intensity in the knee of a 3-year-
old girl. (a) Sagittal T2-weighted fat-saturated MR image shows that the articular cartilage 
(wavy arrow) and growth plate cartilages (comprising primary growth plate [arrowhead] 
and acrophyseal [straight arrow] cartilages) are relatively more hyperintense than the 
epiphyseal cartilage () owing to greater organization of the collagen fibrils (in articular 
cartilage) and water molecules that are less tightly bound to macromolecules (in primary 
growth plate and acrophyseal cartilages). Note the focal decrease in signal intensity in 
the weight-bearing portion of the cartilage (*), which is related to the local displacement 
of water and often observed after the onset of walking (2). (b) Sagittal T1-weighted fat-
saturated MR image obtained 2 minutes after contrast material administration shows the 
growth plate cartilages (arrow and arrowhead) with homogeneous avid enhancement, 
as compared with the epiphyseal cartilage, in which only the vascular channels are en-
hanced. The canalicular and cartilaginous phases of progressive epiphyseal enhancement 
(not shown) occur 5–10 minutes after the contrast material administration. The trilaminar 
appearance of the growth plate reflects a combination of the bright cartilaginous portion 
of the growth plate, dark ZPC, and bright primary spongiosa. A joint effusion ( in a and 
b) with surrounding enhancing synovitis is present secondary to this patient’s underlying 
juvenile idiopathic arthritis.

this age group to generate force; and involution of 
the perichondral sleeve that stabilizes the chondro-
osseous junction (36).

With the Salter-Harris fracture classification 
system, these physeal fractures are subdivided on 
the basis of their radiographic appearance and/or 
causal mechanism (9). Although additional types 
and variants have been proposed, the original five 
fracture types remain the most widely utilized 
(36). Type I fractures, accounting for 6.0%–8.5% 
of growth plate fractures, are transverse cleavages 
through the growth plate. If the fracture extends 
into the ZPC and is of sufficient size to be radio-
graphically apparent, then a lamellar fragment is 
observed. Type II fractures, accounting for 73%–
75% of growth plate fractures, involve the metaph-
ysis; type III fractures, accounting for 6.5%–8.0% 
of growth plate fractures, involve the epiphysis; 
and type IV fractures, accounting for 10%–12% of 
growth plate fractures, involve the metaphysis and 
epiphysis (9). For type IV Salter-Harris fractures, 
surgical restoration of the joint surface realign-
ment is often required, and these injuries are more 
worrisome owing to the potential for transphyseal 
vascularity, which facilitates the recruitment of 
osteoprogenitor cells and thus leads to subsequent 

bridge formation (37–39) (Fig 4). Interestingly, 
in contrast to the commonly held belief that the 
growth plate fracture cleavage planes are typically 
limited to the dying chondrocytes of the hypertro-
phic zone (9,40,41), Jaramillo and colleagues (8) 
found that up to 64% of these fractures also in-
volve the reserve and proliferative zones. Relatively 
rare type V fractures account for less than 1% of 
growth plate fractures; this category is reserved for 
fractures involving longitudinal compression of 
the reserve zone of the growth plate. However, this 
injury can be diagnosed only retrospectively, after 
the development of a structural deformity resulting 
from premature growth plate closure (9,42,43). 
Controversies exist because these deformities are 
nonspecific and more likely to result from an elec-
trical injury, frostbite, or irradiation (44).

Although the Salter-Harris classification system 
is excellent for characterizing fractures, it lacks 
prognostic value. For example, in the distal tibia, 
the incidence of premature growth plate closures 
following type I and type II Salter-Harris fractures 
is 36%, which is not substantially different from 
the 38% incidence of these closures following 
type III and type IV Salter-Harris fractures (45). 
Rather, the anatomic location (9) and/or growth 
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Figure 7.  Growth plate closure in a 13-year-old girl 1 year after a type II Salter-Harris fracture. (a) Left: Posteroanterior radiograph 
of the injured left wrist shows central closure (bracket) of the primary growth plate. The ulnar variance remains neutral. An ulnar 
styloid fracture also is present. Right: Posteroanterior radiograph of the normal right wrist is shown for comparison. (b) Findings on 
a coronal GRE cartilage-sensitive MR arthrogram of the left wrist confirm the presence of a large area of central growth plate closure 
with normal peripheral growth plate cartilage (arrows).

plate contour seems to be more predictive of the 
prognosis. For example, fractures through the uni-
planar, relatively smooth growth plate of the distal 
radius are common but rarely cause growth arrest 
(31). Conversely, fractures through the multipla-
nar undulating growth plates of the distal femur 
and distal tibia are uncommon but lead to growth 
arrest in 40% of distal femoral fractures and 
20% of distal tibial fractures (46). This is because 
the fracture cleavage plane for these undulating 
growth plates typically extends into the adjacent 
epiphysis and metaphysis and is therefore more 
likely to lead to transphyseal vascularity, a precur-
sor to bridge formation (37).

Radiography remains the preferred initial 
imaging modality of choice for the detection of 
acute fractures, subacute healing response, and 
subsequent growth disturbances (9). Radiographs 
are readily available, do not involve patient seda-
tion, and enable quick and serial assessment. 
Rarely, an acute nondisplaced or crush injury 
isolated to the radiolucent growth plate can be 
subtle or completely radiographically occult 
and diagnosed only retrospectively on the basis 
of subsequent healing response and/or result-
ing growth disturbance. The awareness of this 
radiographic limitation has led to the use of CT, 
scintigraphy, and MR imaging.

CT provides excellent bone detail, which is 
helpful for the detection of tiny osseous bridges 
and surgical planning. Following acute fractures, 
CT can help to determine precise intra-articular 
alignment and identify small fracture fragments 
(9). The main disadvantages of CT are the radia-
tion exposure, inability to evaluate the cartilagi-
nous growth plate and epiphysis, and inability 
to assess osteochondral perfusion. Radionuclide 
studies are rarely used owing to the requirement 
for radiation exposure, lack of anatomic spatial 

resolution, and potential requirement for seda-
tion. MR imaging is used occasionally in the 
acute setting to assess equivocal cases. Acute 
fractures through the growth plate can cause 
high signal intensity on fluid-sensitive MR im-
ages (47,48), loss of the normal bright growth 
plate signal on GRE MR images, and a cleft of 
nonenhancement following contrast material 
administration (8). MR imaging can be used to 
concurrently evaluate the fractured area for pos-
sible vascular compromise, periosteal disruption, 
and surrounding soft-tissue injury. The results 
of previous studies (49–51) have not led to a 
consensus regarding whether MR imaging–based 
reclassification of growth plate fractures alters 
clinical management and prognoses. Therefore, 
MR imaging currently should be reserved for 
assessment of suspected occult (39,51,52) and 
complex fractures (49).

Soft-Tissue Physeal Interposition
The interposition of soft tissue into the growth 
plate following a fracture is uncommon; however, 
it is important to identify because open surgi-
cal reduction will be required if it is found. The 
trapped soft tissue is most commonly a torn piece 
of metaphyseal periosteum; less common entities 
include a ligament, tendon, muscle, or neurovas-
cular bundle. Soft-tissue interposition should be 
suspected when postreduction radiographs show 
persistent growth plate widening of more than 3 
mm. In these situations, the incidence of prema-
ture physeal closure increases to 60%, as opposed 
to an incidence of 17% in cases without growth 
plate widening (45). There is a higher rate of 
bridge formation for the interposed periosteum 
because of its natural propensity to form bone 
(53,54). At all MR imaging pulse sequences, the 
entrapped periosteum appears as a well-defined 
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band of low signal intensity extending from the 
bone surface into the growth plate (Fig 8).

Slipped Capital Femoral Epiphysis
A slipped capital femoral epiphysis is the most 
common cause of hip disease in obese adolescents 
(55,56), with an incidence of two per 100 000 
children. It is 2.5-fold more common in boys and 
can be bilateral in up to 37% of cases (56). Al-
though the exact cause of a slipped capital femoral 
epiphysis is unknown, leading hypotheses favor a 
combination of mechanical stress and hormonal 
imbalance (57). Histopathologic analyses reveal 
growth plate widening, architectural distortion 
with diminished cellularity, premature apoptosis, 
and an abnormal distribution of matrix proteins 
(58–61). It is uncertain whether these findings 
reflect a healing response to prior subclinical 
microslips (57) or a preexisting diseased growth 
plate that is predisposed to the acute slip (62). The 
fracture plane often involves the proliferative and 
hypertrophic zones (58). Although growth plate 
injury predominates, concurrent dysfunction of 
endochondral ossification (reflecting metaphy-
seal injury) is often observed, with chondrocytes 
extending into the metaphysis.

Radiographic findings often include growth 
plate widening and metaphyseal irregularity. Pro-
gressive posterior or posteromedial displacement 
and rotation of the femoral head relative to the 
neck produce an apparent diminished height of 
the femoral head on anteroposterior radiographs. 
The tenuous blood supply to the intracapsular 
femoral head epiphysis may be kinked or frankly 
disrupted during the slip and/or tamponaded 
owing to the increased intracapsular pressure. 
In up to 21% of cases, this results in epiphyseal 
osteonecrosis, which can lead to further indirect 
injury of the growth plate (36,63). MR imaging is 
increasingly being used to evaluate slipped capital 
femoral epiphyses and identify cases of preslip. 
MR imaging can be used to confirm growth plate 
widening, which is best depicted on T1-weighted 
images; assess possible associated bone marrow 
edema and joint effusion, which are best depicted 
on fluid-sensitive images (56); and evaluate femo-
ral head perfusion on contrast material–enhanced 
images (64). Cases of preslip are by definition 
radiographically occult, but MR images can show 
subtle growth plate widening with possible as-
sociated bone marrow edema and joint effusion 
(56,64). If left untreated, preslip will progress to 

Figure 8.  Periosteal interposition in a 14-year-old boy after a fracture. (a) Lat-
eral ankle radiograph obtained after the reduction and casting of a type II Salter-
Harris fracture (arrowheads) shows persistent anterior growth plate widening 
(double-headed arrow) measuring 3.4 mm. (b) Sagittal T1-weighted MR image 
confirms the presence of the fracture (arrowhead) and intraphyseal displacement 
of a torn low-signal-intensity metaphyseal periosteum (wavy arrow). (c) Left: 
Sagittal CT image obtained 1 year later shows an osseous bridge (bracket), with 
tethering of the growth recovery line (arrow) due to asymmetrically slowed lon-
gitudinal growth of the anterior tibia relative to the posterior tibia. Right: Sagittal 
CT image of the normal contralateral side is shown for comparison.



RG  •  Volume 37  Number 6	 Nguyen et al  1801

Figure 9.  Right knee deformity in a 2-year-old adopted boy. Anteroposterior radiograph (a) and coronal T1-weighted non-
enhanced (b) and contrast-enhanced fat-saturated (c) MR images show a small medial femoral SOC (arrow in a and b) with 
fragmentation and an absence of yellow marrow signal. The slower longitudinal growth across the medial distal femur results 
in apparent proximal displacement of the underlying growth plate (arrowheads in c), which remains open. Note the abundant 
nonossified medial epiphyseal cartilage (* in b and c).

a slipped capital femoral epiphysis (65). The goal 
in providing treatment is to stabilize the femoral 
head; however, currently, there is no consensus 
regarding the optimal technique, timing of inter-
vention (64,66), and whether fracture reduction 
protects against or further induces osteonecrosis 
(66). The rate of posttreatment osteonecrosis is 
widely variable and depends on the preoperative 
hip stability and surgical approach (63).

Indirect Growth Plate  
Disturbance Involving the Epiphysis

The growth plate is avascular and relies on an 
intact blood supply from the adjacent epiphysis 
and metaphysis to maintain chondrocyte prolif-
eration and ensure apoptosis. Epiphyseal osteone-
crosis can cause indirect growth plate dysfunction 
and thus lead to a combination of characteristic 
findings with variable degrees of severity, such as 
an abnormal SOC, slowed longitudinal growth, 
and/or bridge formation (47) (Fig 9). Epiphyseal 
osteonecrosis can be idiopathic or result from a 
variety of secondary causes.

Legg-Calvé-Perthes Disease
Legg-Calvé-Perthes disease is an idiopathic self-
limited osteonecrosis of the proximal femoral 
epiphysis that commonly occurs during late 
childhood, in children 5–10 years of age, with 
an incidence of 0.2–29.0 cases per 100 000 
children. It is more common in white children 
and boys (fourfold), and it can be bilateral in 
up to 10% of cases (19). The underlying patho-

physiologic mechanism is postulated to involve 
disruption of the femoral head blood supply 
in genetically susceptible individuals following 
subclinical trauma or mechanical loading (67). 
Between 3 and 8 years of age, only the medial 
circumflex artery supplies the proximal femoral 
epiphysis. This is in contrast to a dual arterial 
supply before 3 years of age with the addition 
of the lateral circumflex artery and after 8–10 
years of age with the addition of the artery of 
the ligamentum teres (68). Epiphyseal infarction 
often injures the primary growth plate, which 
consequently exhibits disorganization with 
uneven staining of the cartilage matrix (69), 
reduced collagen and proteoglycan granules, 
and increased large lipid inclusions at histo-
pathologic analysis (70). Although epiphyseal 
injury predominates, histopathologic examina-
tions commonly reveal additional metaphyseal 
involvement, with cysts and chondrocytes within 
the metaphysis (69,71).

The spectrum of deformity is based on the 
overall extent of injury. The proximal femur has a 
unique L-shaped bifid growth plate with medial, 
vertex, and lateral portions. The medial portion 
normally grows twice as fast relative to the lat-
eral portion and is the main contributor to the 
formation of the femoral neck. The lateral por-
tion is mainly responsible for the growth of the 
greater trochanter. The vertex, located between 
the medial and lateral portions, is the most active 
area of growth and therefore also the most prone 
to ischemia (72). Medial growth arrest causes a 
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short, wide femoral neck and coxa vara deformity, 
whereas vertex growth arrest causes a coxa valga 
deformity. True lateral growth arrest is uncom-
mon (3,72). The resulting deformity often reflects 
a combination of these extremes. Overall, pre-
mature growth plate closure has an incidence of 
12.8%, with the growth plate closing, on average, 
2–5 years earlier than the contralateral normal hip 
(73). The closure often begins at a metaphyseal 
peak, projecting toward the epiphysis, which then 
transforms into an osseous bridge during early 
adolescence and is followed by progressive closure 
of the remainder of the growth plate (Fig 10).

During the acute phase of disease, radiographs 
often show normal findings (69). MR images show 
bone marrow edema and decreased or absent 
enhancement in the proximal femoral epiphysis, as 
well as joint effusion (74). Since the anterior femo-
ral head is more often involved, sagittal images 
most accurately depict the full extent of involve-
ment (74). Studies have shown that MR imaging 
can be used to detect early growth plate involve-
ment (75), and the development of transphyseal 
enhancement is a risk factor for bridge formation 
(76). Poor prognostic indicators include older 
patient age (>7 years) at disease onset (77), severe 
head deformity (78), lateral pillar collapse (67), 
growth plate involvement (79,80), and metaphy-
seal lesions (71).

The radiographic appearance of Legg-Calvé-
Perthes disease during the subacute and reparative 
phases can be divided into four stages: avascular 
necrosis, fragmentation, regeneration, and healed 
(77,81). Untreated end-stage disease can cause 
an enlarged and deformed femoral head (coxa 
magna or coxa irregularis), relative trochanteric 
overgrowth, femoroacetabular impingement, and 
leg length discrepancy (77), with more than half of 
affected individuals developing disabling osteo-
arthritis by the 6th decade of life (67). Therefore, 
the goals in providing treatment are to contain the 
femoral head within the acetabulum and preserve 
joint congruity during the early fragmentation 
stage with use of bracing, abduction casts, and 
femoral and/or pelvic osteotomy (82).

Hyperabduction Osteonecrosis
Osteonecrosis can occur as a complication of open 
or closed hip reduction in children who have devel-
opmental dysplasia of the hip, with a prevalence of 
6%–47% (83). It is thought to be caused by hy-
perabduction and increased intracapsular pressure. 
Hyperabduction can cause anterior ischemia due to 
vascular obstruction and posterolateral ischemia due 
to compression of the epiphyseal vascular channels 
against the posterior acetabular rim (84). Increased 
intracapsular pressure is often attributed to ve-
nous congestion (85) and/or a dysplastic anatomy 

Figure 10.  Legg-Calvé-Perthes disease in a 2-year-old boy. (a, b) Anteroposterior pelvic radiograph (a) and T1-weighted nonen-
hanced (left) and contrast-enhanced fat-saturated (right) MR images (b) show early SOC fragmentation (arrows) and a lack of left 
femoral head enhancement (arrowhead in b) after contrast material administration. (c) Anteroposterior radiograph obtained 5 years 
later shows a flattened left femoral head with lateral uncovering by the acetabulum, as well as a short and broadened neck. The 
central metaphyseal bone peak (wavy arrow) and diffuse growth plate narrowing and irregularity raise concern for an impending pre-
mature growth plate closure. This patient is at risk for future joint incongruity, labral degeneration and tearing, coxa vara deformity, 
limb length discrepancy, and early osteoarthritis.
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(86,87). Premature growth plate closure occurs in 
up to 60% of cases with epiphyseal ischemia (88). As 
with Legg-Calvé-Perthes disease, with hyperabduc-
tion osteonecrosis, the medial and vertex portions 
of the proximal femoral growth plate are most often 
involved and the resulting growth deformity is based 
on the predominant site of injury (72) (Fig 11).

Posttraumatic Osteonecrosis
Fishtail deformity, an example of posttraumatic 
osteonecrosis, is the result of a rare delayed 
complication of distal humerus fractures, which 
may be supracondylar or condylar, displaced 
or nondisplaced, or with or without internal 
fixation (89–91). Patients typically present with 
a limited range of motion, pain, and cubitus 
valgus deformity during late childhood or early 
adolescence. Their delayed presentation—on 
average 5 years after the initial traumatic event 
(92)—is partially attributed to the late radio-
graphic appearance of the trochlear SOC, which 
typically occurs when the child is 7–10 years of 
age (91). Proposed causes include osteonecrosis 

Figure 11.  Left developmental dysplasia of the hip in a 10-month-old boy. (a) Intraoperative 
arthrogram shows a hypoplastic acetabulum (wavy arrow) with blunting of its superolateral rim 
and a superolaterally dislocated left femoral head (). (b) Axial contrast-enhanced T1-weighted 
fat-saturated MR image obtained after a successful reduction procedure shows a lack of enhance-
ment of the left femoral epiphysis, including the SOC (arrowhead). Note the normal right epiph-
ysis, with enhancement of the SOC (straight arrow) and cartilage vascular channels (curved ar-
row). (c) Anteroposterior pelvic radiograph obtained 9 months later shows interval growth of the 
right SOC (arrow), an absent left SOC, and a relatively narrow medial left femoral growth plate 
(short double-headed arrow), with asymmetrically blunted medial longitudinal growth (short 
bracket), compared with the medial right femoral growth plate (long double-headed arrow) 
and longitudinal growth (long bracket). These findings are in keeping with primary epiphyseal 
osteonecrosis that involves the medial growth plate. This patient is at risk for proximal migration 
of the greater trochanter, coxa vara deformity, and limb length discrepancy.

and/or premature growth plate closure (90). The 
lateral trochlea is a watershed area that is prone 
to vascular disturbances. It is located between 
the shaft, which is supplied by the nutrient 
artery, and the medial and lateral columns of the 
distal humerus, which are supplied by anterior 
and posterior segmental vessels (93).

Stereotypical imaging findings include a fo-
cal concavity of the central aspect of the distal 
humerus, which corresponds to a hypoplastic or 
absent lateral trochlear ossification center, with 
relatively normal growth of the remainder of the 
distal humerus; this process causes a “fishtail,” or 
inverted V configuration (Fig 12). Comparison of 
radiographs of the symptomatic and asymptomatic 
elbows is recommended, because the trochlear 
SOC is often multicentric, irregular, and granu-
lar, and, thus, there is wide variation in its normal 
appearances (89). The fishtail configuration can 
mimic the morphology of Hagemann disease, 
which is a rare self-limited idiopathic osteonecro-
sis of the trochlea; to date, there are only eight 
reported cases where more than half of these 
cases report mild antecedent injury. It is uncertain 
whether Hagemann disease is an entirely sepa-
rate disease or represents a milder form of fishtail 
deformity (89).

MR imaging can be used to delineate the 
underlying growth plate, evaluate the nonos-
sified trochlear anatomy, detect early osteoar-
ticular findings, and identify the development 
of osteochondritis dissecans of the capitulum 
due to increased lateral column loading (91). 
Symptomatic patients with intra-articular bodies, 
proximal migration of the forearm, and/or radial 
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Figure 12.  Fishtail deformity in a 15-year-old girl. (a) Anteroposterior radiograph shows a displaced supracon-
dylar fracture that was treated without immediate complications. (b, c) Anteroposterior radiograph (b) and cor-
responding coronal proton-density–weighted fat-saturated MR image (c) obtained 5 years later show a central 
concavity of the distal humerus (bracket in b) secondary to an almost completely absent lateral trochlea; these 
findings are theorized to be the sequelae of posttraumatic osteonecrosis of this watershed area. The medial troch-
lea (arrow) is present. Note the degenerative subchondral cysts (arrowheads in c) that developed as a result of 
chronic altered biomechanics.

head subluxation may require surgical restoration 
of the joint congruity with arthroplasty, débride-
ment, epiphysiodesis of the adjacent normal 
growth plate, and/or ulnar nerve transposition 
(89,91,92).

Tibia Vara
Blount disease, or tibia vara, is a relatively uncom-
mon disorder that causes a characteristic abnormal 
growth of the medial or posteromedial proximal 
tibia. The early-onset type, which occurs in chil-
dren 3 years of age or younger, is more likely to 
have bilateral involvement, while the later-onset 
type, which includes a juvenile form that occurs 
between 4 and 10 years of age and an adolescent 
form that occurs after 10 years of age, is more likely 
to affect males and African-American children (94). 
It is uncertain whether these two types represent 
a spectrum of the same disease process or are two 
distinct entities that manifest with similar features 
(94). The exact causal mechanism remains unclear, 
with leading theories favoring a combination of 
genetic predisposition and chronic stress (13,95). 
The abundance of nonossified epiphyseal cartilage 
makes MR imaging the ideal modality for study-
ing this entity. Findings include hypertrophy of the 
nonossified epiphyseal cartilage, delayed ossification 
and fragmentation of the medial SOC, metaphy-
seal displacement of the growth plate, and variable 
degrees of medial meniscus hypertrophy (Fig 13). 
Initial study results (96) suggest that MR imaging is 
more accurate than CT for detection of a transphy-
seal bridge. Surgical treatment involves varus cor-
rection osteotomy and, if a bridge is present, bridge 
resection (95).

Osteomyelitis
Osteomyelitis has an annual incidence of two to 13 
cases per 100 000 children in developed countries, 
with 33% of cases occurring in children during 
their first 2 years of life (21). The growth plate 
injury can be direct or indirect, depending on the 
child’s stage of development and the infectious or-
ganism. In infants, transphyseal vascular channels 
allow the spread of hematogenous infection from 
the metaphysis into the epiphysis (14). Epiphyseal 
infection, if severe enough, can cause epiphyseal 
ischemia that may indirectly injure the growth 
plate (97) (Fig 14). After a child is 12–18 months 
of age, the involution of transphyseal vessels leads 
to an increased incidence of metaphyseal osteo-
myelitis as a result of local vascular stasis within 
the terminal arterial loops (21). In contrast to the 
classic belief that the avascular growth plate serves 
as a barrier to the transphyseal spread of infection, 
relatively recent data indicate that up to 81% of 
patients 2–16 years of age with pyogenic infection 
have MR imaging findings of transphyseal spread 
that has been postulated to represent direct injury 
of the underlying growth plate (98). However, the 
long-term clinical implication of this imaging find-
ing has not yet been studied.

Meningococcemia occurs in 10%–20% of 
individuals who have diffuse meningococcal infec-
tion. The meningococcal endotoxin triggers diffuse 
vasculitis, thrombosis, and hemorrhage (99), 
which lead to multifocal ischemia (100). Skeletal 
deformities result from a combination of osteone-
crosis and osteoarticular infection. In infants and 
young children who have an abundance of radiolu-
cent cartilage and are often unable to localize their 
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Figure 14.  Growth plate injury in a 2-year-old girl with a his-
tory of neonatal methicillin-resistant Staphylococcus aureus–re-
lated sepsis. Anteroposterior pelvic radiograph shows an asym-
metrically smaller left femoral SOC (arrowhead), bilateral me-
taphyseal sclerosis, and relatively blunted growth of the vertex 
of the proximal femoral growth plates (arrows). These findings 
are probably the result of regional infectious and/or ischemic 
insults to the lateral epiphyses that also affected the adjacent 
growth plates. The relatively slower differential growth across 
the injured vertex places this child at risk for future coxa valga 
deformities and lateral femoral head uncovering.

Figure 13.  Tibia vara in a 10-year-old girl. (a) Anteroposterior radiograph of the left knee shows a characteristic Blount 
deformity of the medial proximal tibia, which includes abnormal metaphyseal “beaking” from metaphyseal downsloping, 
distal displacement of the growth plate (arrowhead), and fragmentation of the diminutive medial portion of the tibial 
SOC. (b, c) Findings on coronal proton-density–weighted MR images without (b) and with (c) fat saturation confirm  
displacement of the medial growth plate (curved arrow in c) with a small bridge (straight arrows). Note the normal lateral 
growth plate (arrowhead in c) and abundance of medial nonossified epiphyseal cartilage (∗). For a favorable surgical out-
come, resection of the bridge—if one is present—performed at the time of corrective osteotomy is required.

symptoms, it is notoriously difficult to detect the 
acute insults on screening radiographs. Rather, the 
growth disturbance becomes apparent years later, 
with findings of an abnormal SOC, angulation, 
and limb shortening (101,102) (Fig 15). There-
fore, follow-up with annual radiography until skel-
etal maturation is recommended for these patients 
to ensure the detection of early signs of growth 
disturbance (102,103). The surgical correction is 
based on the patient’s age and involves a combina-
tion of guided growth with selective epiphysiode-
sis, wedge osteotomy, or both.

Indirect Growth Plate Disturbance 
Involving the Metaphysis

In contrast to the nourishing epiphyseal vessels, 
the metaphyseal vessels do not supply blood to 

the growth plate. Instead, the main function of 
the metaphyseal vessels is to trigger chondrocyte 
apoptosis, matrix mineralization, and endochon-
dral ossification (15). Therefore, metaphyseal 
vascular compromise leads to prolonged sur-
vival of hypertrophic chondrocytes, producing 
lengthening of the chondrocyte columns, which 
can appear as growth plate widening (104). Laor 
and colleagues (15) found two distinct patterns 
of chondrocyte extension into the metaphysis, 
which often correlate with the mechanism of in-
jury: a focal “tongue” of persistent cartilage from 
focal injury versus a “broad band” from repetitive 
microtrauma. They also noted that the overall 
prognosis is better for patients with repetitive 
microtrauma, postulated to reflect less complete 
vascular disruption (Fig 16). The indirect growth 
plate injuries that result from single or limited 
insults to the metaphysis, such as metaphyseal 
fracture and treatment-related osteonecrosis, as 
well as those from repetitive insults to the me-
taphysis, such as overuse and recurrent fractures, 
are reviewed in the following sections. Rickets, 
hypophosphatasia, and mucolipidosis, which can 
cause apparent growth plate widening from failed 
mineralization and systemic metabolic imbal-
ances, are beyond the scope of this review.

Metaphyseal Fracture
Although metaphyseal injuries are more com-
monly encountered as part of type II and type IV 
Salter-Harris fractures, their pathophysiology and 
effect on the growth plate are better studied in 
children who have “bucket-handle” or “corner” 
fractures that are typically associated with non-
accidental trauma. The cleavage plane of these 
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exceeds the injury repair rate (35), and cases of 
these injuries are increasing because of growing 
participation in sports, sports subspecialization, 
and the increasing physical intensity of sports 
training (107). The spectrum of overuse osseous 
injuries includes growth plate stress underlying 
epiphyses and apophyses, diaphyseal stress reac-
tion and fractures, and osteochondral injuries 
(107). Common sites of stress are the distal radius 
and ulna in gymnasts; distal femur, proximal tibia, 
and distal fibula in runners; and proximal and 
distal humerus in baseball pitchers (9). Patients 
often present with chronic pain that is localized to 
the level of the growth plate, worsens during train-
ing, and is initially relieved with rest. Radiographs 
show widening of the growth plate, an indistinct 
ZPC, and subtle irregularity and sclerosis of the 
metaphysis (9). With gymnast wrist, these findings 
are commonly bilateral and involve the entirety 
or volar aspect of the distal radial physis, with up 
to 20% of radiographs also showing concurrent 
findings within the distal ulna. MR images show 
periphyseal edema and growth plate widening (9). 
Although the metaphyseal abnormality predomi-

Figure 15.  Growth disturbance in a 5-year-old boy with a history of meningococcemia. (a, b) Anteropos-
terior bilateral ankle radiographs (a) and coronal right ankle GRE MR image (b) show an osseous bridge 
(brackets) involving the right medial distal tibia. In a, the normal appearance of the left ankle is shown for 
comparison. The relatively normal appearance and function of the adjacent right lateral distal tibial growth 
plate (arrowhead) led to differential longitudinal growth and resultant varus alignment. (c) Axial reformat-
ted maximum intensity projection MR image obtained at the level of the growth plate is used with the 
following formula to estimate the percentage of the growth plate that is replaced by a bridge (arrowheads): 
(ab/ag) × 100, where ab is the area of the bridge and ag is the area of the entire growth plate. In this case, 
the bridge occupies less than 50% of the growth plate, making this patient a candidate for bridge resection.

fractures is centered within the primary spongiosa, 
causing focal disruption of normal endochondral 
ossification (105). In animal models, increased sig-
nal intensity on fluid-sensitive images and widen-
ing of the growth plate can be detected as early as 
24 hours after the injury. The progressive widening 
of the growth plate occurs in a linear fashion dur-
ing the first 2 weeks (47), which, theoretically, can 
be used to estimate the time between the initial 
injury and the imaging study (105). 

Treatment-related Osteonecrosis
Bone infarction occurs in 6.5%–15.0% of pa-
tients with acute lymphoblastic leukemia, which 
is the most prevalent subtype of acute leukemia in 
children. It is a common complication of chemo-
therapeutic treatment, and patients often present 
with nonspecific bone pain (21). If the osteonecro-
sis involves the juxtaphyseal metaphysis, then focal 
disruption of endochondral ossification may occur 
and lead to focal growth plate widening (Fig 17). 
If the focus of persistent metaphyseal chondro-
cytes abuts a growth recovery line and the margin 
of an infarct, then this suggests that the vascular 
insult, often from chemotherapy, led to both find-
ings and the height of the chondrocyte column 
corresponds to the time between insult and imag-
ing (15,106).

Overuse Injury
Sports-related growth plate injuries can be acute 
or chronic. Acute injuries occur with a variety of 
sports activities, and the overall prevalence ranges 
from 1% to 12%, with 0%–75% of cases resulting 
in growth disturbance (35). Chronic microtrauma 
is defined as repetitive submaximal stress that 
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Figure 17.  Metaphyseal osteonecrosis in a 5-year-old girl who had ankle pain following chemotherapy 
for acute lymphoblastic leukemia. Oblique left ankle radiograph (a) and corresponding coronal proton-
density–weighted fat-saturated (b) and sagittal T1-weighted (c) MR images show a growth recovery line 
(arrowheads) that parallels the underlying growth plate (curved arrow in a and b). Multifocal treatment-
related osteonecrosis (straight arrows in b and c) is present. A thickened band of nonossified growth plate 
cartilage (*) persists within the metaphysis owing to focal disruption of endochondral ossification as a 
consequence of the adjacent metaphyseal osteonecrosis. 

Figure 16.  Growth plate stress injury in a 14-year-old boy, a baseball pitcher, with shoulder pain. (a) Axillary radiograph 
shows subtle widening of the anterior humeral growth plate (arrow) and an indistinct adjacent ZPC. (b, c) Findings on oblique 
coronal T1-weighted (b) and T2-weighted fat-saturated (c) MR images confirm the presence of a physeal injury (arrowheads) 
with adjacent reactive bone marrow edema (). This location and appearance are typical of chronic growth plate stress injury 
of the humerus in young pitchers, better known as “little leaguer shoulder.”

nates, there is probably an associated injury of the 
growth plate and epiphysis, which explains the 
occasional cases of permanent growth arrest (108) 
and long-term deformity (109–111). If an overuse 
osseous injury is diagnosed early, conservative 
treatment involves time off from sports and brac-
ing, which enable the reconstitution of metaphy-
seal perfusion. Healing occurs with centripetal 
ossification of the metaphyseal cartilage rests, 
which leads to normalization of the growth plate 
and reconstitution of the ZPC (15,47) (Fig 18).

Insensitivity to Pain
Ten percent to 30% of individuals who have my-
elomeningocele will sustain fractures, with 10% 
of these cases involving the growth plate (9). 
The combination of sensory deficiency, muscu-
loligamentous laxity, and a demineralized state 
predisposes the lower extremities of these indi-
viduals to chronic stress resulting in refractures 
and delayed healing (112). Imaging findings 
can include growth plate widening, metaphyseal 
irregularity, and abundant surrounding callous 
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Figure 18.  Overuse osseous injury in a 13-year-old female gymnast with wrist pain. (a) Posteroanterior 
radiograph shows growth plate widening (arrowheads) and metaphyseal irregularity of the distal radius 
and (to a lesser extent) of the ulna due to repetitive microtrauma. These findings are bilateral and sym-
metric. The contralateral side is not shown. (b) Posteroanterior radiograph obtained 9 months later, after 
activity restriction, shows resolved growth plate widening, a reconstituted ZPC (wavy arrow), and no 
premature growth plate closure.

formation due to continued motion at the frac-
ture site (113). Although the pain and swelling 
mimic the clinical manifestations of osteomyeli-
tis, the lack of infectious symptoms, abundance 
of callous formation and sclerosis, and response 
to immobilization favor a healing fracture (Fig 
19). In equivocal cases, bone biopsy may be 
required to render a definitive diagnosis. Biopsy 
will reveal a thickened and disorganized hyper-
trophic zone and an additional vascularized zone 
of fibrous tissue adjacent to the metaphysis, 
(9). Treatment is focused on prolonged immo-
bilization with periodic radiologic monitoring. 
Occasionally, an isolated widening of the growth 
plate that normalizes with activity limitation and 
orthoses is observed. This finding has been pos-
tulated to represent a “prefracture” state that is 
more susceptible to injury; this results from the 
temporary disruption or delay in mineralization 
of the ZPC and osteogenesis (114).

Although we have reviewed direct and in-
direct growth plate insults as separate entities 
(Fig 3), it is important to remember that most 
insults are not limited to one component of the 
growth plate complex. Rather, they often affect 
multiple components and cause a combination 
of findings.

Imaging and Treatment of Growth 
Disturbance

Focal bridges and diffuse premature growth 
plate closure are the end results of permanent 
growth plate injuries. Up to 70% of bridges are 
posttraumatic (46,115) and can occur after all 
types of Salter-Harris fractures (36,43,45,116). 
The main prognostic factors of bridge forma-

tion include type of fracture, severity of injury, 
number of attempted reductions, and method of 
treatment (39). Bridge management is individu-
alized and based on a combination of patient 
factors—such as anticipated growth, anatomic 
location, and deformity characteristics—and im-
aging findings (38). Therefore, accurate depic-
tion of the location and extent of growth plate 
involvement will ensure the selection of the most 
appropriate treatment.

CT traditionally has been used to estimate 
the size of a bridge. On CT images, an osseous 
bridge appears as a focal loss of normal growth 
plate hypoattenuation with or without adjacent 
reactive sclerosis (Fig 8c). However, with CT, 
fibrous bridges can be missed and neither the 
cartilage nor the soft tissue can be fully assessed 
(38); this modality is also less accurate when ap-
plied to multiplanar and tortuous growth plates 
(117). Therefore, MR imaging is being used 
increasingly (39). Thin-section (<1-mm) three-
dimensional fat-saturated cartilage-sensitive MR 
imaging sequences such as GRE imaging with 
low (?20°) flip angles provide excellent contrast 
between bright cartilage and dark bone (29,30) 
and enable multiplanar reformations (118) that 
facilitate calculation of the bridge size (Fig 15c) 
(29). Large bridges with fatty marrow are best 
depicted on T1-weighted MR images, whereas 
small bony and fibrous bridges often have vari-
able signal intensity (39,46). Occasionally, tiny 
bridges are uncovered owing to the presence of 
adjacent bone marrow edema, which is produced 
in response to focal decreased flexibility at the 
site of tethering (Fig 20). Radiography should 
not be used, as it yields overestimations of the 
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Figure 20.  Incidental small osseous bridge in a 4-year-old boy with self-limited left knee pain after a minor playground 
injury. (a) Coronal proton-density–weighted MR image with fat saturation shows a central focus of disorganized growth 
plate signal intensity (arrowhead) with associated focal bone marrow edema (arrows). (b) Findings on subsequently 
obtained coronal CT images confirm the presence of a tiny osseous bridge (arrowhead). Given its small size and central 
location, this bridge can be treated with conservative therapy and serial radiographic monitoring.

true size of the bridge in more than one-third of 
cases (119). These pathologic bridges should not 
be confused with the focal periphyseal edema 
(FOPE) that occurs at stereotypical sites of early 
physiologic growth plate closure (120) (Fig 21).

Treatment can be nonsurgical or surgical. 
Nonsurgical treatment is reserved for patients who 
are nearing skeletal maturation and have small 
bridges that involve less than 30% of the total 
growth plate area and affect the central portions 
of the growth plate (119,121–123). It is believed 
that normal physiologic forces during normal 
growth are sufficient to overcome these small, 
central osseous bridges (Fig 20) (122). Surgical 
treatment includes bridge resection, epiphysiode-
sis, and bone lengthening—all of which involve 
risks of infection, recurrent bridge formation, and 
fracture (116). Bridge resection with interposition 
of inert material such as fat is reserved for patients 
who have more than 2 years or more than 2 cm of 
growth remaining (123) and involvement of less 
than 50% of the total growth plate (43,116,119). 

Despite successful bridge resection, premature 
growth plate closure often occurs, with continued 
imaging and clinical monitoring required until 
skeletal maturation (116). Guided growth with 
epiphysiodesis is more appropriate for patients 
who have more than 50% of the physis involved or 
multifocal growth plate involvement that predomi-
nantly affects the peripheral portions of the growth 
plate. This treatment involves ipsilateral hemiepi-
physiodesis to correct the angular deformity and 
contralateral epiphysiodesis to avoid limb length 
discrepancy. The goal is to prevent asymmetric 
growth at the expense of sacrificing the growth of 
the normal side. For an angular deformity that ex-
ceeds 20°, corrective osteotomy can be considered 
(116). Bone lengthening is reserved for patients 
who have a greater than 2-cm limb discrepancy 
or a substantial injury with minimal potential for 
residual growth (39). Therefore, it is important to 
recognize the development of growth disturbance 
early so that the least invasive treatment can be 
implemented (9,116).

Figure 19.  Chronic knee swelling in an 8-year-old boy 
with myelomeningocele. Anteroposterior (left) and lat-
eral (right) knee radiographs show generalized demin-
eralization, gracile bones, muscular atrophy, and intra-
articular bodies (wavy arrows), consistent with this pa-
tient’s history of a chronic neuromuscular disorder and 
neuropathic joint. Note the distal femur growth plate 
widening (straight arrows) and abundant surrounding 
periosteal reactions (arrowheads) as a result of repeti-
tive, recurrent, and untreated fractures in and about the 
growth plate. Although it was not performed in this 
case, physeal biopsy often reveals an abundance of hy-
pertrophic chondrocytes, reflecting endochondral ossi-
fication dysfunction and disorganization, in such cases.
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Figure 21.  Focal periphyseal edema in a 17-year-
old boy with an asymptomatic and healing troch-
lear osteochondritis dissecans. Coronal proton-
density–weighted fat-saturated MR image shows 
the start of physiologic proximal tibial growth plate 
closure centrally, with narrowing and a decreased 
hyperintense signal (bracket). This is in contrast 
to the more peripheral open growth plate (arrow-
heads). Often, there is associated subtle bone mar-
row edema (arrow), which has been postulated to 
reflect a stress response to focally increased rigidity.

Conclusion
For normal growth plate function, an orderly zonal 
arrangement of chondrocyte maturation and intact 
epiphyseal and metaphyseal vascularity are re-
quired. Injury to any or all three components of the 
growth plate complex (ie, growth plate, epiphysis, 
and metaphysis) can lead to a variety of growth 
disturbances that have characteristic imaging ap-
pearances and necessitate specific treatments.
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