®

Check for
updates

Lower Extremity Injuries in Adults
and Children: Evidence-Based

31

Emergency Imaging

Sarah D.Bixby and Stefan Puig

Key Points

* Radiography is the initial imaging strat-
egy in a child or adult with lower extrem-
ity injury in the emergency department
(ED) setting (strong evidence).

* However, many emergent radiographs
can be omitted without missing a clini-
cally significant fracture when well-
validated clinical decision rules, such as
the Ottawa knee and ankle rules in chil-
dren and adults, are followed (strong
evidence).

* Noncontrast computed tomography (CT)
is infrequently indicated for further char-
acterization of fracture patterns that may
require surgical fixation or in severely
injured patients in need of a rapid diag-
nostic work-up (moderate evidence).
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e Magnetic resonance imaging (MRI) is
much more sensitive for diagnosis and
characterization of soft tissue injury and
radiographically occult fractures, though
the decision to proceed to MRI depends
upon location of injury and findings on
initial radiographs (strong evidence).

Definitions and Pathophysiology

This chapter focuses on imaging the child, adoles-
cent, and adult presenting with lower extremity
trauma from the hip to the toe, with specific atten-
tion on conditions that require imaging, as well as
the most accepted imaging approach. Lower
extremity injuries are common in patients of all
ages, particularly in children who are active and
involved in activities that place stress on their grow-
ing bones. Overuse injuries are far more common in
the older child, adolescent, and young adult involved
in organized athletic activities, particularly high-
impact activities. Pediatric patients are at greater
risk of overuse injuries compared to their adult
counterparts because growing bones are relatively
weak, particularly when the growth plates are
unfused [1]. There are a number of lower extremity
injuries that are unique to children, which vary
depending on the age of the patient and the mecha-
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nism of injury. Since there are not (yet) enough
studies to support specific imaging recommenda-
tions of lower extremity injuries in pediatric
patients, this chapter will describe pediatric injuries
in more detail while it will discuss injuries affecting
adults and older children, for which evidence-based
imaging guidelines are available, only briefly.

Epidemiology

Lower extremity injuries have a high incidence
and place a major burden on health care. A data
analysis of the US National Electronic Injury
Surveillance System gave insight into the distri-
bution of lower extremity injuries in patients pre-
senting to US EDs [2]: The most common area of
injury is the lower trunk (28%), followed by the
ankle (20%), knee (16%), foot (15%), lower leg
(11%), toe (7%), and upper leg (4%). Strains and
sprains account for 36% of all lower extremity
injuries followed by contusions/abrasions (19%),
fractures (18%), and lacerations (8%). Fractures
are the most common injuries to the toe, lower
leg, and upper leg. Strains or sprains are the most
common injuries in the ankle, the knee, and the
lower trunk. Younger patients are more likely to
have ankle sprains, foot contusions/abrasions,
and foot strains/sprains. Older patients are more
likely to have lower trunk fractures and lower
trunk contusions/abrasions.

Overall Cost to Society

Injuries are a major cause of total health-care
costs in the industrialized world. An analysis of
hospital discharge registers of ten European
countries was used to estimate injury incidence
and costs per capita by sex, age, and type of
injury [3]. The patterns of costs by these criteria
were quite similar between countries. Costs per
capita increase exponentially in older age groups,
due to the combined effect of high incidence and
high costs per patient. Elderly women, young
children, and male adolescents are high-cost
groups. In lower extremity injuries, the highest
costs arise for fractures of the hip, pelvis, and

femur shaft (mean, 5530 € or $6083), followed
by complex soft tissue injury (mean, 3535 € or
$3889), fracture of the knee or lower leg (mean,
3504 € or $3854), and ankle fractures (2636 € or
$2900). This cost distribution may be similar for
the USA with higher mean costs per injury
because of the more expensive health-care sys-
tem as compared to Europe. Fractures of the hip,
pelvis, or femur shaft also raise the highest cost
per capita of all types of injuries and other loca-
tions than the lower extremities.

Goals of Imaging

The primary goal of imaging in patients present-
ing after lower extremity trauma is to identify
fractures that require immediate immobilization
and/or identify other explanations for pain and
disability. The ultimate goal of imaging is to assist
clinicians with appropriate treatment strategies to
allow the patient to ultimately return to normal
activities and avoid untoward complications.

Methodology

A Medline search (US National Library of
Medicine database) for original articles pub-
lished between 1966 and 2015 using Ovid and
PubMed search engines was performed using dif-
ferent key search terms including (pediatric)
lower extremity trauma, imaging (pediatric) knee
injury, imaging (pediatric) hip injury, imaging
(pediatric) ankle injury, imaging (pediatric) foot
injury, imaging (pediatric) fractures, (pediatric)
lower extremity imaging, (pediatric) osteochon-
dral lesions, traumatic hip dislocation, imaging
slipped capital femoral epiphysis, pelvic avulsion
fracture, femoral neck fracture imaging, physeal
fractures, traumatic patellar dislocation, Ottawa
ankle rules (children), and Ottawa knee rules
(children). The search was limited to human
studies written in English. Abstracts were
reviewed and selected based on applicability of
the subject matter and the overall methodology.
Additional articles were reviewed and selected
based on the references of the reviewed articles.
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Discussion of Issues

Which Imaging Modalities Are Used
in the Initial Evaluation of Lower
Extremity Injury?

Summary of Evidence There is strong evidence
to support the use of radiographs in the evaluation
of lower extremity trauma. While CT is not rou-
tinely used to evaluate fractures, it may be helpful
to surgeons for presurgical planning and manage-
ment (moderate evidence). MRI is considered on
a case-by-case basis depending on the area of
concern (strong evidence). While there are set-
tings in which ultrasound may be useful, ultra-
sound is operator dependent, and there is little
data supporting its routine use in the imaging
evaluation of injured patients (limited evidence).

Supporting Evidence

Radiography

With few exceptions, the initial imaging strategy
for a patient with concern for lower extremity
trauma is radiography [4-7]. Despite widespread
availability of more advanced imaging such as
computed tomography (CT) and magnetic reso-
nance imaging (MRI), radiographs remain the
first-line imaging tool for detection of fractures.
Standard radiographic views are acquired in two
orthogonal planes. Additional views may be indi-
cated depending on the anatomic area and the
clinical concern (Table 31.1). In pediatric
patients, comparison views of the unaffected
limb are not routinely helpful if the initial inter-
pretation is from a pediatric radiologist [8]. In
some specific fractures, additional cross-sectional
imaging may be necessary to determine an appro-
priate management plan. In the setting of normal
radiographs, cross-sectional imaging may be
warranted to evaluate for subtle fractures or soft
tissue injuries that are not visible on radiographs.
Radiographic approaches to specific injuries will
be described in the various subsections.

Table 31.1 Suggested radiographic views for both chil-
dren and adults of lower extremities after trauma

Body part Standard views

Hip Anteroposterior and cross-table or
frog-leg lateral of affected hip

Femur Anteroposterior and lateral

Knee Anteroposterior and lateral®

Tibia and Anteroposterior and lateral

fibula

Ankle Anteroposterior, oblique (ankle
mortise), and lateral

Foot Anteroposterior, oblique, and lateral

Calcaneus Harris-Beath (axial) and lateral

Used with permission from Ha AS, Porrino JA, Chew
FS. Radiographic Pitfalls in Lower Extremity Trauma.
AJR 2014;203:492-500

“Both oblique view and sunrise (skyline) view may be
added when a tibial plateau fracture or a patellar fracture,
respectively, is suspected

Computed Tomography

Computed tomography may be useful in patients
with displaced or complex fractures for a more thor-
ough evaluation of the fracture pattern and degree of
displacement of fracture fragments [4—7]. Computed
tomography may also be useful when a fracture
through a pathologic lesion is suspected, to better
characterize the lesion. CT is most often reserved
for patients for whom surgical management is
deemed likely. The multiplanar and 3D imaging
capabilities of CT allow surgeons to better under-
stand the fracture pattern before deciding upon the
most appropriate treatment strategy [9-12].
Computed tomography is otherwise not indicated in
routine characterization of fracture patterns.

Magnetic Resonance Imaging

Magnetic resonance imaging is useful for identi-
fying fractures that have no radiographic abnor-
mality as well as ruling out other pathologies
[4-7, 13]. The knee and the ankle are two of the
most commonly injured joints [14]. While MRI
findings in the knee often result in a change in
diagnosis that carries treatment implications for
the patient, MRI findings in the ankle rarely lead
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to a substantive change in therapeutic manage-
ment [14]. Magnetic resonance imaging is there-
fore most useful for evaluation of knee injuries
that are concerning for ligamentous injury or
internal derangement or as a problem-solving
tool when radiographs fail to identify a source of
pain in a patient with persistent pain after trauma,
such as stress fractures or muscle injury.

Ultrasound

Though there are reports that ultrasound (US) has
the ability to detect occult fractures in pediatric
patients [15, 16], the use of US is not routine in the
immediate work-up of a child with concern for
lower extremity fracture. There are some
indications for which US may be useful in conjunc-
tion with other imaging. Ultrasound is an excellent
means of assessing for joint effusion, particularly
within the hip where radiographs are insensitive
[17]. Ultrasound is also useful for evaluating
peripheral vascular injuries in the lower extremity
[18]. It also plays a unique role in the imaging of
neonates with concern for fracture, given that the
epiphyses of the long bones are unossified [19]. It
is also helpful in the detection of soft tissue injuries
such as muscle hernias [20] and intramuscular
hematomas [21]. Dynamic US is also useful in
evaluating tendon dysfunction and tendon tear [22,
23]. Given that this chapter primarily focuses on
evaluating for osseous injury after trauma, US will
not figure prominently into the subsequent discus-
sions despite the excellent capability of ultrasound
to evaluate for soft tissue injury.

What Is the Imaging Approach to Hip
Injury?

Summary of Evidence There are no strict or spe-
cific imaging recommendations for the pediatric
hip in the setting of an acute injury (limited evi-
dence). The decision to image, and which imag-
ing modalities are most effective, will depend on
clinical history and symptoms. In middle-aged
and elderly patients presenting with acute hip
pain, radiography is the established initial imag-
ing tool, although its diagnostic accuracy is not
very high (strong evidence). MRI is the most

appropriate modality to use in patients with
radiographically indeterminate findings (strong
evidence). Head-to-head comparisons of CT and
MRI showed the superiority of MRI in the evalu-
ation of hip injury (moderate evidence). Bone
scintigraphy and US play a minor or no role,
respectively, in hip injury of adults (limited
evidence).

Supporting Evidence

Pediatric Hip Injuries

Pelvic avulsion fractures occur in the active ado-
lescent population, particularly those engaged in
high-intensity sporting activities. In skeletally
immature patients, the pelvic apophyses serve as
attachment site of major tendons. Apophyses are
secondary growth centers with a physeal equiva-
lent, which renders them inherently weaker than
the adjacent bone. Pelvic avulsion injuries may
occur at different sites [24]. Apophyseal avul-
sions occur prior to physeal closure and are
caused by forceful contraction of the attaching
muscles. An anteroposterior (AP) radiograph of
the pelvis is sufficient in the initial evaluation of
most avulsion fractures, with an additional
oblique view when an anterior inferior iliac spine
(AIIS) (straight head of the rectus femoris) frac-
ture is suspected [25]. The fractures may be rec-
ognized on radiographs by the displacement of
an ossified apophyseal fragment [26, 27].
Magnetic resonance imaging is more sensitive
for unossified apophyseal fractures and has the
added advantage of detecting other causes of hip
pain [28]. Magnetic resonance imaging should be
considered if the clinical suspicion for an avul-
sion fracture is high in the setting of normal
radiographs. The degree of displacement of the
avulsed apophysis is important, particularly at
the ischial apophysis where displacement of
greater than 2 cm may result in an unstable
fibrous union [29]. As avulsion fractures heal,
they become more visible on radiographs as het-
erotopic new bone forms around the avulsed
fragment, oftentimes forming a bridge between
the fragment and the pelvis. When repetitive
forces are placed on a tendon insertion, a chronic
traction apophysitis may result [30]. These inju-
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ries are analogous to a nondisplaced Salter 1 frac-
ture and may be undetectable with radiographs in
the acute stages. Over time, the osteoblastic heal-
ing response leads to increased sclerosis on plain
radiographs such that the diagnosis can be made
without the need for advanced imaging.

Slipped capital femoral epiphysis (SCFE) is a
hip disorder often related to trauma but may also
be seen in children with other predisposing fac-
tors (e.g., obesity, hypothyroidism). SCFE is the
most common physeal injury of the proximal
femur. The femoral head is most often displaced
posteriorly and medially. Radiographs are the
preferred imaging modality [31-34], though
early or mild SCFE may have subtle radiographic
findings that may be overlooked [34].
Anteroposterior (AP) and frog-leg lateral radio-
graphs are the most recommended views. On the
frontal projection, the height of the femoral head
is diminished and the physis is widened. The
Klein line along the superior margin of the femo-
ral neck may remain normal on the AP view, and
therefore a frog-leg view is also recommended
[35] where the degree of posterior displacement
is best appreciated. When SCFE is suspected
clinically but radiographs are not definitive, MRI
may be performed for confirmation [36].
Magnetic resonance imaging findings of SCFE
include abnormal marrow edema around the phy-
sis in addition to physeal widening and/or fluid in
the physis [37].

Traumatic posterior dislocation of the hip is
an uncommon but serious injury in children
resulting from high-impact trauma. Often the
femoral head relocates spontaneously shortly
after the dislocation event. Imaging of the hips
and pelvis is critical in any patient who has sus-
tained high-impact trauma with complaints of
hip pain. Initial radiographs should consist of an
AP radiograph of the pelvis. If the femoral head
remains dislocated on this initial view, reduction
of the dislocation should take place before any
additional imaging. Imaging clues that suggest
that a transient traumatic dislocation event has
occurred include nonconcentric position of the
femoral head within the acetabulum on radiogra-
phy or cross-sectional imaging or a posterior
wall “fleck” sign (small fragment of bone adja-

cent to the posterior acetabular rim) on cross-
sectional imaging [38]. Radiographs and CT
both underestimate the presence of posterior
acetabular injury after hip dislocation [39].
Magnetic resonance imaging is more sensitive
for detecting bony, cartilaginous, and soft tissue
injuries following posterior hip dislocation in
children compared to CT [40, 41]. Patients who
experience reduction of the femoral head after a
traumatic dislocation often have posterior labral
avulsion and also suffer posterior wall acetabular
fractures and damage to the chondral surface of
the femoral head [42].

Fractures of the hip are rare in children and
comprise less than 1% of all pediatric fractures
[43]. Femoral neck fractures in children are most
often the result of high-energy rather than low-
energy traumatic events. Although they are rare
injuries, they are associated with a high rate of
complications, including a 20% risk of osteone-
crosis [44]. Radiographs of the child with a sus-
pected femoral neck fracture should include an
AP and cross-table lateral radiograph of the hip.
An AP view of the entire pelvis may be helpful to
evaluate for asymmetry in the proximal femoral
physes or to detect subtle fracture lines. When
radiographs are normal but a minimally displaced
fracture is suspected, cross-sectional imaging is
recommended over bone scintigraphy. Magnetic
resonance imaging is the most useful imaging
test for femoral neck stress fracture with a sensi-
tivity of 100%, versus 68% sensitivity of radio-
nuclide bone scans [45].

Adult Hip Fracture

The initial imaging study for suspected hip frac-
ture in low-energy trauma is radiography.
However, Ward et al. list a number of studies
showing that radiographs alone cannot reliably
exclude fracture in older patients while relevant
studies in younger patients are missing [7].
Therefore, in many cases, MRI is needed as fol-
low-up study, also because it reveals the extent
and morphology of proximal femoral fractures
more accurately [46—48]. Some studies have also
shown that MRI is useful in detecting other eti-
ologies for hip pain in patients in which a proxi-
mal femur fracture was suspected [49-51].
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Although MRI is a costly procedure, it may
help to shorten the time to surgery resulting in
cost savings, with a systematic review of 52 stud-
ies showing that delaying surgery was likely to
increase the rate of complications and the length
of hospital stay [52].

CT would be able to provide a diagnosis in a
more timely manner and has therefore been sug-
gested for the evaluation of radiographically
occult hip fractures in patients presenting to the
ED after high-energy trauma. The evidence,
however, is not (yet) very convincing because the
majority of studies comparing CT to MRI results
have shown the superiority of MRI in terms of
diagnostic accuracy [7].

As far as bone scintigraphy is concerned,
Ward et al. list several limitations, such as a
higher number of false-positive studies relative to
MRI, compromised cardiac and renal function in
elderly patients, increased bone turnover related
to osteoporosis, and time-consuming procedure
[7]. There is a lack of studies and currently, US
plays no role for an evidence-based imaging of
hip injuries in adults.

What Is the Imaging Approach
to Knee Injury?

Summary of Evidence There is strong evidence
that the Ottawa knee rules can be applied to chil-
dren >5 years of age and adults with high sensi-
tivity for detection of significant fractures.
Magnetic resonance imaging is more sensitive in
the evaluation of certain pediatric knee injuries
such as physeal fracture, juvenile osteochondritis
dissecans, and lateral patellar dislocation and
should be considered on a case-by-case basis on
the basis of clinical symptoms and history (mod-
erate evidence). Magnetic resonance imaging is
also a valuable and accurate diagnostic tool for
the diagnosis of meniscal, cruciate ligamentous,
and chondral knee injuries (strong evidence).

Supporting Evidence The Ottawa knee rules
(OKR) are a guideline aimed to aid clinicians in
determining when radiographs are indicated in
the case of knee pain/injury [53]. There are some

alternative guidelines available, but the OKR are
to date the ones that have undergone the most
extensive validation. According to the OKR,
radiographs are indicated if a patient is >55 years
old, and/or is unable to bear weight immediately
and in the ED, and/or has isolated tenderness of
the patella, and/or has tenderness at the head of
fibula, and/or has inability to flex the knee to 90°
[54] (Table 31.2). The reason for the necessity to
apply the OKR refers to the fact that only about
5% of patients with acute knee trauma have a
fracture on radiographs, while radiographs have
been routinely requested in up to 70% [53]. But
clinicians should exercise caution in relying
solely on a nonsystematic clinical examination,
because this may raise the likelihood of missing
certain knee injuries, such as fractures of the
patella, tibial spine, or fibular head [6].

The OKR can be applied with high sensitivity
(92-100%) for children over the age of 5 years
and adults, with a 30—40% predicted reduction in
radiography rates [6, 55, 56]. One study in par-
ticular found that the inability to bear weight was
the most sensitive predictor of fracture and would
not have missed any fractures in a population of
146 pediatric patients [57]. The proximal tibia
was the most common site for fracture in pediat-
ric patients after knee injury, representing 47% of
fractures [57]. Below is a discussion of several
unique injury patterns in the pediatric knee and
their imaging findings.

Specific Pediatric Knee Injuries

Transverse supracondylar fractures are the most
common type of distal femur fracture in young
children [58]. A supracondylar fracture is a frac-
ture whose center is closer to the knee joint than
the width of the femoral condyles and can be
diagnosed on the basis of radiographs. These
injuries are the result of forced hyperextension
after a fall from a height or the result of a direct
blow to the leg. Children between 5 and 13 years
are most commonly affected [59].

Distal femoral physeal fractures are more com-
mon in older children and adolescents. Salter 1
fractures may occur with a sports-related injury in
adolescent patients. Magnetic resonance imaging
may be helpful for the diagnosis of distal femoral
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Table 31.2 Clinical decision rules for radiography of Table 31.2 (continued)
k kl foot inj
acute knee, ankle, or foot injury Ottawa ankle rule
Ottawa ankle rule Trauma to the Trauma to the
Trauma to the Trauma to the Ottawa knee rule | ankle foot
Ottawa knee rule | ankle foot Knee imaging | An ankle A foot radiograph
Knee imaging An ankle A foot radiograph maybe required | radiograph series | series is only
maybe required | radiograph series | series is only if* is only required | required if
if* is only required | required if if
if Inability to bear | 3. Inability to | 3. Inability to
Adult weight both bear weight bear weight
Age 55 or older | There is any There is any immediately both both
pain in the pain in the and in the ED immediately immediately
malleolar zone | midfoot zone (four steps, after the injury | after the injury
Palpable And any of the | And any of the limping is OK) Efmd fm the ED ?nd fm the ED
tenderness of findings below findings below or four steps or four steps
head of fibula Radiography is indicated if at least one of these character-
Isolated 1. Bone 1. Bone istics is present [4—6]. These rules apply to both adults and
tenderness of tenderness at the | tenderness over children o o
patella (no other | posterior edge the base of the “If any of the above criteria are met, this patient may need

bone

or tip of lateral

fifth metatarsal

tenderness) malleolus

Inability to flex | 2. Bone 2. Bone

the knee 90° tenderness at the | tenderness over
posterior edge the base of the
or tip of medial | navicular

malleolus

Inability to bear

3. Inability to

3. Inability to

weight both bear weight bear weight
immediately both both
and in the ED immediately immediately
(four steps, after the injury | after the injury
limping is OK) | and in the ED and in the ED
for four steps for four steps
Child
There is any There is any
pain in the pain in the
malleolar zone midfoot zone
Palpable And any of the | And any of the
tenderness of findings below findings below
head of fibula
Isolated 1. Bone 1. Bone
tenderness of tenderness at the | tenderness over
patella (no other | posterior edge the base of the

bone
tenderness)

or tip of lateral
malleolus

fifth metatarsal

Inability to flex
the knee 90°

2. Bone
tenderness at the
posterior edge
or tip of medial
malleolus

2. Bone
tenderness over
the base of the
navicular

(continued)

knee imaging: The rule is sensitive to rule out fractures,
but not specific to suggest who may have a fracture

physeal fracture when radiographs are equivocal
[60, 61]. Salter 2 fractures are more common than
Salter 1 fractures of the distal femur, and may be
subtle and difficult to detect if there is no fracture
displacement, or the metaphyseal fracture line is
mistaken for an overlying fat plane. Salter 3, 4,
and 5 fractures of the distal femur are much less
common and are usually the result of significant
force such as motor vehicle collision.

Tibial tubercle fractures usually are sustained as
a result of jumping activities with forceful exten-
sion or passive flexion against a contracted quadri-
ceps muscle [24]. These injuries may occur prior to
the point of fusion of the physis of the tibial tuber-
cle. A defect in the anterior cortex of the tibial
tubercle is present, distinguishing this entity from a
similar condition, Osgood-Schlatter disease. In the
setting of a tibial tubercle fracture, the tubercle
may be frankly displaced, or the patellar tendon
may be disrupted at its attachment. There are three
types of tibial tubercle fracture: Type 1 fractures
occur in young adolescents and involve an avulsion
of the apophysis without injury to the epiphysis.
Type 2 fractures occur in the same age range, but
the fracture extends slightly into the epiphysis,
which is slightly lifted. Type 3 fractures occur in
older adolescents and include a fracture through
the epiphysis into the joint [24].
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While adults and older adolescents are prone
to mid-substance tears of the anterior cruciate
ligament (ACL), younger children who are still
actively growing are more likely to avulse the
tibial eminence at the attachment site of the ACL
than to rupture the ACL itself. There are three
types of tibial eminence fractures based on the
degree of displacement of the fracture fragment
into the joint space: Type 1 fractures are nondis-
placed, type 2 fractures demonstrate elevation of
the anterior fragment and no displacement poste-
riorly (a hinged fragment), and type 3 fractures
are displaced in their entirety [62].

Also termed “osteochondral defect,” juvenile
osteochondritis dissecans (OCD) is characterized
by abnormalities within the subchondral bone
and overlying articular cartilage at focal areas
within the knee. OCDs are a common cause for
knee pain in young patients who may present at
the ED. These lesions are characterized by altera-
tions in the subchondral bone and articular carti-
lage along the femoral condyles, patella, or
trochlear groove of the distal femur and may be
considered either stable or unstable by virtue of
the status of the overlying cartilage and the pres-
ence of fluid undermining the lesion at MRI [63].
The medial femoral condyle is the most common
site of involvement followed by lateral femoral
condyle, patella, and trochlea [64]. The cartilage
overlying the lesion may be intact, deficient, or
abnormally thickened. Even when the cartilage is
intact, however, the cartilage may still be abnor-
mal. These lesions are associated with abnormal
fibrovascular tissue at the cartilage/bone interface
which manifests as T2-bright cystic appearing
lesions at MRI [65].

Normal ossification variants of the femoral
condyles may mimic OCD on radiography and
MRI. The confusion between the two (normal
variation in ossification versus OCD) may also
explain why the prognosis is better for juvenile
OCD compared to adult forms. Ossification vari-
ants are also more common in patients with OCD,
but they regress spontaneously and do not evolve
into an OCD [66]. They are located within the
posterior third of the femoral condyle, lack sur-
rounding marrow edema, and generally have a
wedge-shaped configuration [66]. These ossifica-
tion variants regress spontaneously.

Knee Injuries in Older Children,
Adolescents, and Adults

Ligamentous sprains, soft tissue contusions, and
muscle strains far outnumber osseous lesions in
the lower extremity after trauma in general [6,
67], though in pediatric patients, ligamentous
injuries are less common than physeal injuries
[1]. The knee is a commonly injured joint, and
numerous studies have shown that MRI is the
imaging modality of choice to identify meniscal,
ligament, chondral, and nondisplaced bone inju-
ries around the knee [68]. A Segond fracture
which is seen on a radiograph is, while small,
clinically relevant because of its high association
with ACL tears and meniscal tears in most cases
[69].

Patellar fractures may be sustained by direct
trauma or an avulsion fracture at the site of ten-
don attachments. These fractures are caused by a
rapid contraction of the quadriceps muscle. The
patella has several central ossification centers,
and ossification progresses peripherally during
growth. The injury may not be visible on radio-
graphs if bone is not avulsed with the cartilage,
but the stripped cartilage may go on to ossify on
follow-up radiographs. Patella alta may be the
sole radiographic evidence of the injury. For
imaging findings of transient patellar disloca-
tion, MRI is more sensitive than radiographs,
including injury to the medial patellofemoral
ligament, bone contusions, and osteochondral
injuries [1, 6, 70].

In severely injured patients in which knee dis-
location, a tibial plateau fracture or another com-
plex knee injury is suspected, multidetector CT
may be a useful alternative to radiography and
MRI because it is fast and has demonstrated sat-
isfying diagnostic accuracy [6].

What Is the Imaging Approach
to Long Bone Fractures in Adults
and Children?

Summary of Evidence There are scarcely any
evidence-based guidelines or algorithms for the
imaging of long bone injury available. Therefore,
clinicians have to rely on professional judgment
when requesting imaging studies based on pre-
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senting signs and symptoms of the patient.
Radiography is the only imaging tool that is nec-
essary in most cases; however, this knowledge is
based rather on a large number of clinical obser-
vations and pictorial essays than on results of
diagnostic accuracy studies (moderate evidence).
Magnetic resonance imaging has replaced scin-
tigraphy and is superior to CT as confirmation
test used in the evaluation of stress fractures
(strong evidence).

Supporting Evidence The femur is the longest
and strongest bone within the body and therefore
requires a significant amount of force to cause a
fracture. Although these injuries are often associ-
ated with additional injuries including additional
fractures, dislocations, and ligamentous or
meniscal injuries of the knee [71, 72], isolated
femur fractures are more common in children
than in adults. Femoral diaphyseal fractures are
categorized based on the Arbeitsgemeinschaft fiir
Osteosynthesefragen or Society for Bone Healing
(AO) Foundation or Miiller classification [73].
The femur is a common location for pathologic
fractures, and it is important to scrutinize imag-
ing studies of the fractured bone for signs of a
focal lesion or a more diffuse, bone-weakening
process. Anteroposterior and lateral radiographs
are indicated in the evaluation of any potential
femur fracture. Cross-table lateral radiographs of
the femur can be performed without moving the
femur and are often the preferred lateral view in a
patient with significant pain or disability after
trauma. If the patient is able to move without sig-
nificant pain, and the injury is more distal in the
thigh, a frog-leg lateral view may be preferred.

If a femoral stress fracture is suspected, radi-
ography should be the initial imaging evaluation.
If radiographs are negative and symptoms per-
sist, the study should be repeated in 10-14 days
[74]. For further evaluation, MRI may be consid-
ered because it is very sensitive and specific and
outperforms other imaging modalities in this
regard [74].

Tibia fractures are the third most common
long bone fracture in children [75]. In younger
children, twisting injuries and low-energy falls
account for the majority of injuries, including the

classic toddler’s fracture. In older children, ado-
lescents, and adults, sports-related injuries and
motor vehicle accidents are the most common
mechanisms of injury. In 30% of cases, there is
an associated fibular fracture [76]. The internal
oblique radiograph increases the conspicuity of a
tibial toddler’s fracture and should be obtained if
the initial AP and lateral radiographs are normal,
and there is high clinical concern [77]. In a young
child who is non-weight-bearing, radiographs of
the tibia only are as effective as total lower
extremity radiographs when there are no localiz-
ing signs [78]. Radiation and cost can be spared
by reserving additional imaging to the non-
weight-bearing child for patients with localizing
signs and/or negative tibia radiographs [78].

Magnetic resonance imaging should be con-
sidered if there is a concern for a stress fracture
when no fracture line is noted on radiographs
[13, 74]. They most commonly occur at the pos-
teromedial tibial border.

Fractures of the tibial shaft vary in appearance
depending on the mechanism of injury. Spiral
fractures tend to be the result of a twisting injury,
such as rotating the body around a fixed foot. In
toddlers, the force required to cause a spiral frac-
ture may be insubstantial [77], whereas in older
children, adolescents, and adults, these injuries
are often the result of high-force injuries sus-
tained in sporting activities. Direct trauma to the
lower leg results in a transverse fracture through
the diaphysis. Buckle fractures (or torus frac-
tures) may be caused by axial-loading injuries or
compressive forces along the long axis of the cor-
tex, leading to buckling of the cortex. These may
occur in the proximal tibia or the distal fibula.
Lastly, bowing fractures are uncommon in the
lower leg and usually affect the fibula secondary
to an axial-loading injury that causes cortical
microfractures [78].

A fracture of the proximal fibula with an asso-
ciated ankle joint injury is termed a Maisonneuve
fracture after the French surgeon who first
described it in 1840 [79]. This type of fracture is
seen in 7% of ankle injuries [80]. This is a rare but
important fracture because it may be missed in the
setting of ankle injury if the pattern of injury is not
well understood. The presence of a Maisonneuve
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fracture indicates underlying ligamentous ankle
injury such as deltoid ligament tear, tibiofibular
ligament tear, or interosseous membrane rupture/
avulsion. Static images of the ankle may appear
normal, while stress images reveal widening of the
tibiofibular syndesmosis and lateral talar shift,
which is an unstable injury that may require opera-
tive fixation [81]. When these findings are noted,
dedicated imaging of the proximal fibula is useful
for detecting Maisonneuve fracture [81].

What Is the Imaging Approach
to Ankle and Foot Injuries?

Summary of Evidence Based on strong evidence,
clinical decision rules such as the Ottawa ankle
rules (OAR) and the low-risk ankle rule (LRAR)
are highly sensitive for predicting which patients
have sustained a significant foot or ankle fracture
that requires treatment. These rules may miss a
small number of insignificant fractures in very
young children who are either non-ambulatory or
nonverbal and unable to localize symptoms, and
therefore some variation in practice exists among
pediatric clinicians in deciding how and when to
image these youngest patients. For patients, both
adults and children of >5 years, meeting the cri-
teria of those rules, radiography is the primary
imaging modality and in many instances, the
only one required (strong evidence). Cross-
sectional imaging has a limited role in ankle and
foot injuries and may be considered on a case-by-
case basis when radiographs are normal or in spe-
cific injuries, e.g., in talus fracture or
osteochondral injury (moderate evidence).

Supporting Evidence The Ottawa ankle rules
(OAR) are guidelines meant to help physicians
determine the need for imaging after ankle and
foot injury [82] (Table 31.2). These rules have
been validated as an effective screening tool in
adults [5, 83-85] and state that tenderness over
the lateral malleolus, inability to bear weight, and
tenderness over the posterior tibia and fibula are
all indications for radiographs. Ottawa ankle
rules apply to patients who are ambulating and
who can verbalize pain symptoms [86, 87].

Application of clinical decision rules does have
the ability to decrease radiographs by up to 62%
[88-90]. Studies have shown that the OAR can be
applied also to children with excellent validity.
Sensitivity for detecting fracture in children
using OAR is 95-100% [86, 90-93] with an esti-
mate for overall reduction in radiograph by ~24%
[92, 93]. These results are similar to those
achieved for the evaluation of the OARs in adult
patients, shown, e.g., by a systematic review of
32 studies [94]. The low-risk ankle rule (LRAR)
is another clinical decision-based rule indicating
that radiographs are necessary in any child with
tenderness and/or swelling isolated to the distal
fibula and/or the adjacent lateral ligaments distal
to the tibial anterior joint line. The LRAR has
been shown to detect 100% of high-risk fractures
in children and reduce radiographs in 62.8% of
children with low-risk examinations [89]. The
LRAR is not widely known or applied by emer-
gency physicians in the USA [88].

Physeal Fractures in Pediatric Patients

Radiographs are the mainstay of imaging ankle
and foot injuries in the pediatric population [9].
The distal tibia is one of the most common loca-
tions for an epiphyseal injury in a child, second
only to the distal radius [95] and finger. As is
true of all physeal injuries, it may be difficult to
distinguish a subtle physeal fracture from the
normal irregularity and undulation of the physis.
There is a normal undulation within the medial
aspect of the distal tibial physis where physeal
fusion begins, which is termed “Kump’s bump”
[96]. Physeal closure of the distal tibia takes
approximately 18 months to complete once it
has begun and follows a typical pattern of clo-
sure. The distal fibula usually fuses 1-2 years
after the distal tibial physis. There are various
accessory ossification centers of the distal fibula
and tibia that contribute to growth and may be
mistaken for fractures. The os subfibulare is
present in 2.1% of the population [97]. These
accessory ossification centers may be mistaken
for fractures after an ankle injury, but the round
shape and well-corticated margins, as well as the
location, usually point toward the correct diag-
nosis. In some cases, the clinical history may be
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confounding, as patients may sustain stress inju-
ries at the accessory ossicles related to motion at
insertion sites of the talofibular ligaments
directly onto the ossicle [98]. A standard Salter 2
fracture of the distal tibia is the most common
ankle fracture with premature physeal fusion
occurring in 25% [99].

The triplane fracture is a distinct type of frac-
ture that occurs in the distal tibia of skeletally
immature patients near the end of growth. Aptly
named, the triplane fracture consists of three dis-
tinct components: a vertical epiphyseal fracture,
a horizontal physeal fracture, and an oblique
metaphyseal fracture. Minimally displaced,
extra-articular triplane fractures may be treated
conservatively, while surgery may be indicated
for fractures with >2 mm articular surface step-
off. While radiographs are usually diagnostic of
the fracture, computed tomography may be help-
ful in making this determination if there is con-
cern for displacement of fragments. Computed
tomography of complex tibial fractures does not
improve fracture classification or treatment deci-
sion, though it has been reported to help surgeons
plan surgery [100].

The juvenile Tillaux fracture is a Salter 3 frac-
ture with a vertical component through the
epiphysis and a horizontal fracture through the
physis. The insertion of the anterior inferior tib-
iofibular ligament on the lateral aspect of the dis-
tal tibial epiphysis results in various degrees of
avulsion and displacement of the lateral epiphy-
seal fracture fragment when such an injury is
sustained. The pattern of these fractures, particu-
larly the propagation of the fracture plane
through the lateral aspect of the physis, is very
much related to the ossification pattern of the
distal tibia, given that physeal fusion begins
anteromedially and progresses posteriorly and
laterally, such that the lateral portion of the phy-
sis may be the only portion that remains unfused
at the time of injury [101].

Radiographs remain the mainstay for diagno-
sis and characterization of distal tibia and fibular
fractures. Findings to note on radiographs include
the degree of epiphyseal displacement, widening
of the physis, and alignment of articular surfaces
[95]. Computed tomography is reserved for fur-

ther evaluation of injuries when surgery is being
considered [100]. Computed tomography or MRI
may be used to characterize and quantify the
amount of growth arrest and physeal bar forma-
tion after fracture healing.

Although the fibula is not the primary weight-
bearing bone in the ankle, distal fibular fractures
also occur though with less frequency than frac-
tures of the tibia. The physis of the fibula fuses
after the distal tibial physis [101], and therefore it
should not be concerning to see an open fibular
physis even if the tibial physis is fused. Salter
fractures of the fibula may be detected on radio-
graphs with soft tissue swelling centered at the
physis and widening or asymmetry of the physis
as clues to the presence of an underlying fracture.
About 7% of children with lateral malleolar ten-
derness after ankle sprain and normal radiographs
will have an occult distal fibular fracture, as evi-
denced by healing on follow-up radiographs
[102]. Radiographs often “overcall” the presence
of a Salter I fracture of the distal fibula when
compared to MRI [103]. Despite this, there is no
convincing evidence the support the routine use
of MRI for evaluation of distal fibular fractures
after ankle sprain [102, 103].

Sever’s lesion, otherwise known as calcaneal
apophysitis, is the most common overuse injury
seen in school-age children [67]. It is also the
most common cause of heel pain in skeletally
immature athletes. It is considered a self-limit-
ing condition characterized by heel pain with
running or jumping activities. The diagnosis is
most often made clinically by eliciting pain dur-
ing medial and lateral compression of the heel at
the attachment site of the calcaneal apophysis.
While radiographs are often requested to evalu-
ate for Sever’s disease, there are no radiographic
imaging signs that are considered to be sensitive
for the diagnosis. When radiographs are per-
formed, the goal is to evaluate for other pathol-
ogy that could explain the pain (such as calcaneal
fracture) rather than to confirm a diagnosis of
Sever’s [102].

The open epiphyseal plate is a potential site of
weakness in the developing pediatric skeleton.
Salter 1 fractures of the phalanges of the toes
may be subtle on AP radiographs of the foot, par-
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ticularly when nondisplaced. These injuries best
detected on oblique radiographs manifested as
widening and irregularity of the physes [26].

Intra-articular fractures of the great toe are a
unique fracture in the pediatric population. These
fractures often involve the proximal phalanx of
the great toe and are the result of hyperflexion
from a direct impact. The physis of the proximal
phalanx is located at the base of the phalanx and
is highly susceptible to injury. These fractures are
most common in children who are near skeletal
maturity. Radiographs are usually all that is
required for diagnosis and management planning
for these patients. In general, unless there is
>2 mm of displacement of the fracture fragment,
they are usually managed conservatively and
nonoperatively [103].

Specific Ankle and Foot Injuries
in Children, Adolescents, and Adults
Ankle sprains are common injuries in both chil-
dren and adults. Ligament injuries in the ankle are
the most frequent sports injury [104]. Most of
these injuries are inversion injuries with damage
to the lateral ligamentous structures in the ankle,
though uncommonly an eversion-type injury may
occur. The lateral collateral ligament complex is
the most commonly injured and consists of the
anterior talofibular (ATFL), calcaneofibular
(CFL), and posterior talofibular ligaments (PTFL).
Of these, the ATFL is the most commonly injured,
followed by CFL and then PTFL [104, 105].
“High” ankle sprains refer to an injury of the syn-
desmotic ligaments. On radiographs, the presence
of abnormal widening of the joint space may
point toward an underlying ligamentous rupture.
While MRI is more sensitive for detection of liga-
mentous injuries in the ankle of patients after a
sprain injury, MRI findings sometimes do not cor-
relate with clinical findings and do not bring addi-
tional therapeutic value to the work-up of the
patient in the acute setting [14, 106]. Therefore,
although MRI may detect ligamentous injury,
there is little evidence to support routine use of
MRI in the evaluation of ankle sprains.
Osteochondral lesions in the ankle are injuries
to the talus that involve both the bone and the

overlying cartilage. They can occur after a single
traumatic injury or as a result of repeated trauma.
Radiography cannot demonstrate cartilage or
bone contusions related to those lesions.
Therefore, MRI is the diagnostic modality of
choice to evaluate for these injuries [5].

A significant minority of patients with ankle
trauma are diagnosed with syndesmotic injury.
Due to limitations of the physical examination
and radiography in establishing the diagnosis,
MRI should be performed in cases which need
further evaluation and/or to avoid misdiagnosis
[5].

Talar fractures are relatively uncommon and
usually sustained after high-impact trauma.
There are multiple varieties of talar fractures,
defined by the anatomic areas involved with the
fracture (talar head, neck, body, etc.) [107]. The
lateral process talar fracture has an unusually
high prevalence in snowboarders, victims of
motor vehicle collisions, and falls secondary to
an external rotation force placed on a dorsiflexed
foot during axial loading [107]. These fractures
are frequently missed on radiographs [5, 108],
and CT imaging may be considered in patients
with negative ankle radiographs but a high
suspicion of injury. There are no strict imaging
recommendations in this regard.

Fractures of the foot are common in both
adults and children, and the metatarsals are
among the bones most commonly fractured.
Acute foot fractures of normal bones are usually
caused by the dropping of heavy objects on the
foot or by stress associated with abnormal repeti-
tive trauma. In deficient bones, insufficiency
fractures may result from normal stress. The
mechanism for metatarsal fractures differs
between older and younger patients. Patients
greater than age 5 years are more likely to frac-
ture a metatarsal while falling on a level surface
or twisting their foot, while younger patients
under the age of 5 years are more likely to frac-
ture a metatarsal after falling from a height.

Patients with concern for midfoot injury and
possible Lisfranc joint disruption should undergo
three-view radiographic evaluation of the foot,
with weight-bearing on at least the AP view [4].
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If radiographs are normal, MRI may then be con-
sidered on a case-by-case basis [4].

In suspected acute tendinous rupture or dislo-
cation in the foot, radiography may be indicated,
but findings often are negative. As second-line
imaging studies and if the patient’s condition
fails to improve, MRI or US has been suggested,
and both show similar sensitivities for tendon
injuries about the foot and ankle, specifically the
tibialis posterior tendon [5].

Take-Home Tables

See Tables 31.1 [109] and 31.2; highlight and
summarize suggested radiographic views for
lower extremity trauma and clinical decision
rules for radiography of acute knee, ankle, or foot
injury, respectively.

Take-Home Points
The Ottawa Knee Rule

The Ottawa knee rule was derived to aid in the effi-
cient use of radiography in acute knee injuries:

e The rule has been prospectively validated on
multiple occasions in different populations
and in both children and adults.

e Numerous studies found sensitivities for the
Ottawa knee rules of 98—100% for clinically
significant knee fractures. One study did find a
sensitivity of just 86%.

e Specificities for the Ottawa knee rules typically
range from 19% to 50%, though the rule is not
designed/intended for specific diagnosis.

*  When used appropriately, the amount of knee
X-rays obtained can be reduced by around
20-30%.

e The Ottawa knee rules are useful in ruling out
fracture (high sensitivity) when negative, but
poor for ruling in fractures (many false
positives).

Tips for Use of the Ottawa Knee Rule

* Tenderness of patella is significant only in an
isolated finding.

e Use only for injuries <7 days.

e “Bearing weight” counts even if the patient
limps.

Precautions for Use of the Ottawa
Knee Rule

e Clinical judgment should prevail if examina-
tion is unreliable:

Intoxication

— Uncooperative patient

Distracting painful injuries

Diminished sensation in legs

* Always provide written instructions.

e Encourage follow-up in 5-7 days if pain and
ability to walk is not better.

e The Ottawa knee rules should be applied to all
patients aged 2 and older with knee pain/ten-
derness in the setting of trauma.

e Patients without criteria for imaging by the
Ottawa knee rules are highly unlikely to have
a clinically significant fracture and do not
need plain radiographs.

e Application of the Ottawa knee rules can cut
down on the number of unnecessary radiographs
by 20-30%, which has proven to be cost effec-
tive for patients without reducing quality of care.

The Ottawa Ankle Rule

The Ottawa ankle rule was derived to aid in the
efficient use of radiography in acute ankle and
midfoot injuries:

e The rule has been prospectively validated on
multiple occasions in different populations
and in both children and adults.

e Sensitivities for the Ottawa ankle rule range
from the high 90% to 100% range for “clini-
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cally significant” ankle and midfoot fractures.
This is defined as a fracture or an avulsion
greater than 3 mm.

» Specificities for the Ottawa ankle rule are
approximately 41% for the ankle and 79% for
the foot, though the rule is not designed/
intended for specific diagnosis.

e The Ottawa ankle rule is useful in ruling out
fracture (high sensitivity), but poor for ruling
in fractures (many false positives).

Tips for Use of the Ottawa Ankle Rule

» Palpate the entire distal 6 cm of the fibula and
tibia.

* Do not neglect the importance of medial mal-
leolar tenderness.

e “Bearing weight” counts even if the patient
limps.

e Be caution in patients under age 18.

Precautions for Use of the Ottawa
Ankle Rule

* Clinical judgment should prevail if examina-

tion is unreliable:

— Intoxication

— Uncooperative patient

— Distracting painful injuries

— Diminished sensation in legs

— Gross swelling which prevents palpation of
malleolar tenderness

e Always provide written instructions.

e Encourage follow-up in 5-7 days if pain and
ability to walk is not better.

e The Ottawa ankle rule should be applied to all
patients aged 2 and older with ankle or mid-
foot pain/tenderness in the setting of trauma.

e Patients without criteria for imaging by the
Ottawa ankle rule are highly unlikely to have a
clinically significant fracture and do not need
plain radiographs.

e Application of the Ottawa ankle rules can
reduce the number of unnecessary radiographs
by as much as 25-30%, improving patient
flow in the ED.

Imaging Case Studies
Case 1

Figure 31.1a, b presents a 75-year-old woman
who has fallen and has left buttock pain.

Case 2

In Fig. 31.2a, b, a 46-year-old man presents with
a sports injury.

Case 3

In Fig. 31.3a, b, a 36-year-old man presents with
a sports-related injury.

Case 4

Figure 31.4a, b shows a 14-year-old male with

right AIIS (anterior inferior iliac spine)
avulsion.

Case 5

A Salter 1 fracture of the distal femur in a
13-year-old female is presented in Fig. 31.5a, b.

Case 6

Figure 31.6a, b presents a triplane fracture of the
tibia in a 12-year-old female.
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Fig.31.1 A 75-year-old woman with fall and left buttock
pain. (a) Frontal radiograph of the left hip does not reveal
a fracture. (b) Coronal proton density fat-suppressed
(PDFS) MR image shows a band of high signal (blue
arrow) through the femoral neck, which had correspond-

ing linear low signal on T1-weighted images, consistent
with a radiographically occult, nondisplaced fracture
(Images kindly provided by Dr. Kara Gaetke-Udager,
University of Michigan Health System, Ann Arbor, MI,
USA)
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Fig. 31.2 A 46-year-old man with a sports injury. (a)
Frontal radiograph of the knee shows that there is a mildly
displaced, small fracture fragment seen along the lateral
tibial plateau, consistent with a Segond fracture (blue
arrow). (b) Sagittal PDFS MR image shows a complete

INIYY3E LM

Fig.31.3 A 36-year-old man with a sports-related injury.
(a) Bilateral standing AP radiograph of the feet shows
asymmetric widening of the left Lisfranc joint with a min-
imally displaced fracture of the base of the second meta-
tarsal (blue arrow), consistent with a Lisfranc fracture/
dislocation. (b) Lateral radiograph of the left foot shows

tear of the anterior cruciate ligament (ACL) (block blue
arrow), which is associated with Segond fractures (Images
kindly provided by Dr. Kara Gaetke-Udager, University
of Michigan Health System, Ann Arbor, MI, USA)

dislocation of the first tarsometatarsal (TMT) joint with
the base of the first metatarsal mal-aligned with the cunei-
form (Images kindly provided by Dr. Kara Gaetke-
Udager, University of Michigan Health System, Ann
Arbor, MI, USA)
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Fig. 31.4 A 14-year-old male with right AIIS (anterior  pelvis demonstrates abnormal marrow signal within the
inferior iliac spine) avulsion. (a) Radiograph of the pelvis  right AIIS and the surrounding iliac bone with fluid sepa-
is normal. (b) Sagittal FSEIR images from an MRI of the  rating the apophysis from the bone (arrow)

Fig. 31.5 Salter 1 fracture of the distal femur in a  weighted magnetic resonance image with fat suppression
13-year-old female. (a) The AP radiograph of the knee of the knee demonstrates abnormal fluid signal within the
demonstrates abnormal widening of the distal femoral physis (black arrow) and abnormal marrow edema within
physis (black arrows). (b) Coronal proton density- the metaphysis
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Fig. 31.6 Triplane fracture of the tibia in a 12-year-old
female. (a) Lateral radiograph of the ankle demonstrates
widening of the distal tibial physis (white arrow) and frac-
ture line within the tibial metaphysis (black arrow). (b)
Coronal reformatted image from a CT study demonstrates

Future Research

* Recommendation for specific radiographic
views in the setting of pediatric hip injury:
algorithms for the specific views that are most
indicated in different clinical settings

e Indications for MRI in the acutely injured
child

e Indications for CT in the setting of lower
extremity injury in both children and adults
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